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Foreword

 

One of the aphorisms of the pioneer French ph ysiologist Claude Bernard might be paraphrased as:
“The regulation of its internal medium frees an animal from its e xternal environment.” The subject
of osmotic and ionic re gulation is the salt and w ater content of the internal en vironment. Protists
perform the re gulation at the surf ace of the cell. More ef ficiently, metazoa de vote a small part of
their surfaces to the task, pro viding a more stable medium for their cells and, in ef fect, carrying a
fossil ocean within. As a result, animals ha ve been able to adapt to fresh w aters (even rain water),
acid and alkaline w aters, saturated salt solutions, and deserts.

The comparative physiology of osmotic and ionic re gulation began with measurements of the
concentrations of blood or plasma of animals in a v ariety of conditions. This inevitably led to the
study of the regulation of salt and water movements across the body surface. Before the introduction
of isotopes, such mo vements could only be demonstrated by upsetting the equilibrium and mea-
suring the rate of restoration, which required v ery precise measurements. Ne vertheless, Homer
Smith was able to demonstrate in this w ay that marine teleosts drank sea water and e xcreted the
salt. The introduction of isotopes transformed the subject and made it possible to measure salt and
water movements when the animal w as in equilibrium. It w as soon disco vered that the fluxes of
water and ions were often much greater than the simple models had indicated.

As a wider range of animals w as examined, it was found that similar mechanisms had e volved
many times independently, and unsuspected excretory and secretory organs were discovered—from
orbital glands in birds and reptiles to epipodites in crustacea. As is often the case, although
comparative studies disclosed an e ver-increasing number of re gulatory systems, further w ork
showed that at the molecular level the range of transport mechanism was more limited. Pores, gates,
and ion transporters were once hypotheses, but advances in molecular biology have made it possible
to analyze them do wn to the atomic detail.

The regulation of the concentrations of ions and of w ater volumes is usually v ery complex. A
single on or of f control produces a fluctuating concentration. Several overlapping control mecha-
nisms, with comple x feedback loops, result in more stable re gulation. Intensi ve studies of the
mammal have discovered a surprisingly comple x system, involving several interacting hormones,
that regulates the volume and composition of mammalian plasma. The mammals may be unusually
sophisticated animals, but we have a long w ay to go before we ha ve fully analyzed the re gulatory
systems of other animals.

One is always astounded by the elegance and complexity of the solutions that natural selection
has developed to what might seem, at first sight, to be insoluble problems. Leaf-eating insects have
an almost sodium-free diet, although sodium is essential for nerv e function. By concentrating the
traces of sodium available around the nerves and making up the osmotic pressure of the hemolymph
with potassium and organic acids caterpillars thrive. Although water cannot be actively transported,
it is routinely manipulated by creating osmotic gradients. Some animals can e ven extract water
vapor from the atmosphere in this w ay. Similarly, although mammals ha ve not evolved the ability
to actively transport urea, the mammalian kidne y produces a concentrated salt solution by acti ve
transport and then uses this to concentrate urea. No doubt similar mechanisms remain to be
discovered.
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Apart from providing a suitable medium for the tissues, the composition of the internal media
in marine animals may provide buoyancy in pelagic marine animals. A reduction in the concentra-
tions of sulfate and magnesium ions in seawater results in a reduction in the density of the solution,
even when it is maintained isosmotic with sea water. This was first demonstrated in jellyfish but
may be used more widely in man y pelagic larvae.

It is al ways dangerous to attempt to predict where the ne xt advances may be made. We still
know little of the function of v esicles in the b ulk transport of w ater and ions, b ut new techniques
in microscopy and fluorescence look promising.

It is almost 70 years since August Krogh wrote his pioneering book, 

 

Osmotic and Ionic
Regulation in

 

 

 

Aquatic Animals

 

, and over 40 since Potts and P arry’s 

 

Osmotic and Ionic Regulation
in Animals

 

 appeared. It is indicati ve of the gro wth of the subject that as time passes the number
of authors needed to re view the subject gro ws exponentially. The time is ripe for a ne w survey of
the subject, and Dr . Evans is to be congratulated on the e xpert crew that he has recruited.

 

W.T.W. Potts
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Preface

 

I read Potts and Parry’s 

 

Osmotic and Ionic Regulation in Animals

 

13

 

 when it was published in 1964,
and I w as hooked. The structured and ele gant presentation made clear where the study of osmo-
regulation w as at that time and where it needed to go. It described the classic e xperiments of
Croghan, F orster, Lockw ood, K eys, Krogh, B. and K. Schmidt-Nielsen, Sha w, Smith, Ramsay ,
Robertson, Ussing, Wigglesworth, and others that established the basic patterns of osmore gulation
in both in vertebrate and v ertebrate animals. I w as luck y enough to spend the summer of 1965
working with Bill Potts in Ladd Prosser’ s training course at Woods Hole and then secured an NIH
PostDoc to continue studying with Bill at the Uni versity of Lancaster from 1967 to 1968. I w as
also fortunate to spend 3 months in late 1968 in Villefranche-sur-mer, France, in the lab of Jean
Maetz. Jean had probably the largest and most active group working in osmoregulation at that time.
His life was tragically cut short by an automobile accident in 1977. 

In the intervening years, various chapters and v olumes have reviewed osmoregulation in cells
and specific animal groups,

 

1–12,14–16

 

 but no treatment of this depth and breadth has appeared since
1979. For the past 40 years I ha ve thought about updating the original Potts and P arry, but I never
found the time to put together a re view of a field that was growing so rapidly . I had intended to
spend the first few years of retirement re viewing the literature and writing the book, b ut it imme-
diately became ob vious that one person could not properly re view osmore gulation in cells and
animals—hence, this edited volume. The authors have been recruited from four continents and for
their relative longevity in their respecti ve areas of e xpertise, as well as their writing styles. In so
doing, I hoped to generate a v olume that w as current, well-organized, and of interest to others in
this field, as well as colleagues and students in comparative and general ph ysiology.
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I. INTRODUCTION: MAINTAINING THE NONEQUILIBRIUM 
COMPOSITION OF LEAKY COMPARTMENTS

 

Living cells ha ve developed the ability to persist in the f ace of a fundamental contradiction. On
the one hand, the y preserv e an internal composition that is an optimal milieu for metabolic
processes that are essential to the maintenance of the li ving state and maintain the ability to
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regulate that composition as a defense ag ainst e xternal perturbations. On the other hand, the
maintenance of this en vironment and the nature of the associated re gulatory processes demand
that matter be continuously shuttled in and out of the cell. In other w ords, cells must maintain an
internal composition that is constant b ut is also not in equilibrium with its en vironment. Cellular
composition is maintained in a so-called “steady state” in the f ace of constant in and out traf fic
across the cell membrane.

This chapter focuses on tw o significant elements of cellular composition: water and small
solutes such as ions, sugars, and amino acids. The aim is to provide the foundation for a quantitative
understanding of osmoregulatory phenomena that makes intuitive sense and is also in accord with
physical reality. The emphasis is on basic principles that apply to all osmore gulatory phenomena
regardless of the or ganism or its en vironment. As such, much of what follo ws is de voted to
developing analytical tools and sound w ays of thinking so the content will continue to be useful
even as new osmoregulatory mechanisms, perhaps not even envisioned today, are discovered. Along
the way, we will point out conceptual pitfalls that we hope will be useful to the researcher and also
to the teacher who must deli ver these concepts to be ginning students.

 

A. N

 

ONEQUILIBRIUM

 

 C

 

ELL

 

 C

 

OMPOSITION

 

Even the most cursory glance at the tab ulated values for the composition of cells re veals striking
differences between the inside of cells and their external environment (Table 1.1). The term 

 

external
environment

 

, as used here, could refer to the interstitial fluid of vertebrates or invertebrates or, for
some single-celled organisms, to either pond w ater or seawater. The intracellular concentration of
potassium, for example, is typically of the order of 100 to 200 m

 

M

 

, and the e xtracellular concen-
tration is of the order of 2 to 20 m

 

M

 

, so transmembrane potassium gradients are generally tenfold
or greater. Sodium gradients, with some notable exceptions, typically have the opposite orientation,
sodium being more concentrated outside of cells than inside. Gradients of calcium are e ven more

 

TABLE 1.1
Samples of Solute Composition of Muscle Cells and Extracellular Fluids

 

Species ICF/ECF Na

 

+

 

K

 

+

 

Cl

 

–

 

Sepia officinalis

 

 (cuttlefish) ICF 31 189 45
ECF 465 22 591

 

Loligo forbesi

 

 (squid) ICF 78 152 91
ECF 419 21 522

 

Mytilus edulis (mussel) ICF 79 152 94
ECF 490 13 573

Carcinus maenus (green crab) ICF 54 146 53
ECF 468 12 524

Limulus polyphemus (horseshoe crab) ICF 126 100 159
ECF 445 12 514

Squalus acanthias (spiny dogfish) ICF 18 130 13
ECF 296 7 276

Rana esculenta (frog) ICF 10 124 2
ECF 109 2 78

Rattus norvegieus (rat) ICF 16 152 5
ECF 150 6 119

Note: ICF, intracellular fluid; ECF, extracellular fluid.

Source: Kirschner, L., Ed., Environmental and Metabolic Animal Physiology: Comparative Animal
Physiology, Wiley-Liss, New York, 1991. With permission.
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impressive, the concentration of this essential divalent cation typically being of the order of 10,000-
fold higher outside of cells than inside. So, how are these gradients that are so profoundly important
to the activities of the cell established and maintained?

Over the years, a number of e xplanations have been advanced to explain the differing compo-
sition of cells and their environment, including a proposal that some substances were simply unable
to cross the cell membrane (that is, the y were held to be impermeant). Another model, adv anced
by Gilbert Ling59 and developed to a considerable degree of sophistication, held that gradients such
as that of potassium arise due to specific associations of the ion with intracellular, macromolecular
constituents. These models envisioned the cell as a sort of gel-lik e, semisolid in which potassium
ions would behave differently than in free solution. This point of vie w has had vigorous propo-
nents,15,16,66,67 but enormous advances in our ability to accurately determine cell composition (and
the state of solutes and w ater in cells), as well as the de velopment of methods that enable us to
discern the properties of single proteins, often in simplified environments, have led to the demise
of these notions in f avor of a relati vely simple pump–leak model. According to this model, cell
composition is maintained by the coordinated acti vity of tw o sets of macromolecules: the pumps
(energy-converting, coupled transporters) and the leaks (non-energy-converting transporters). Here
we use the term pump to refer to any transporter that has the ability to couple a free ener gy source
to the transport of matter where the source might be adenosine triphosphate (A TP) or the free
energy inherent in a gradient of sodium or protons. The leak elements, channels, and so-called
facilitated transporters confer upon the cell membrane selecti ve leakiness or, more properly, selec-
tive permeability.

B. SELECTIVE PERMEABILITY AND ENERGY CONVERSION

The basis for osmore gulation lies in the stringent control of the w ater and solute content of body
fluid compartments. This regulation is achieved by surrounding the compartments with membranes
that are specially equipped to re gulate solute and w ater traffic by means of an array of transport
proteins that confer upon them the essential features of selective permeability and selective energy-
converting transport. Consider, for example, the plasma membrane surrounding a typical excitable
cell. In the resting state it may e xhibit significant permeability (i.e., leakiness; see below) to
potassium and be nearly impermeable to sodium. Less than a millisecond later, however, the sodium
permeability can increase by 100-fold. Lik ewise, some cell membranes are highly permeable to
D-glucose and sparingly permeable to the L isomer. Water permeation can vary widely from cell to
cell and in the presence of or absence of hormones such as antidiuretic hormone (ADH).30–32 These
are examples of selective permeability that is brought about by the presence in the plasma membrane
of specific proteins that create a selective permeation path through the lipid bilayer. Such pathways,
ion channels, water channels, nonelectrolyte channels, glucose transporters, etc., although critically
important to the regulation of fluid compartment composition, cannot explain the departure of cell
composition from equilibrium. This requires the addition of a second feature: the ability to carry
out the electrochemical work of transport—that is, the ability to use ener gy from the hydrolysis of
ATP or an ion gradient to dri ve the transport of a second species.

Historically, membrane transporters were defined operationally on the basis of their functional
attributes, usually related to qualities such as selectivity or the presence or absence of the coupling
of transport to some source of free ener gy. Thus, in the 1960s, one spok e of ion channels (e.g.,
sodium channels, potassium channels, and calcium channels) absent any knowledge of the molecular
entities that were responsible for their functional properties and with only a superficial appreciation
of the variety that might exist within a particular class. These operational definitions turned out to
be very accurate, however, and were v erified in the era of cloning beginning in the 1980s, during
which specific functional activities were link ed to specific membrane proteins. It is interesting in
this regard that Hodgkin and Huxley48,49 and Watson and Crick83 published their seminal papers in
the same 2-year period! 
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The application of cloning technology re vealed an underlying subtlety and comple xity in the
cellular repertoire of transporters that w as only hinted at in the earlier functional definitions, so
today we speak of families of membrane proteins, such as the family of potassium-selective channels
that now numbers dozens of members. F or channels and some transporters the adv ent of single-
channel, patch clamp recording made it possible to actually determine the functional attrib utes of
a single protein for which one kne w the primary structure and could predict (albeit with some
uncertainty) the topology within the membrane. The ability to identify the amino acid sequence of
specific transporters has led to the expression of amounts of protein (particularly for bacterial
transporters) sufficient to grow crystals and determine atomic-scale, three-dimensional structures.
The a vailability of atomic-scale structures for membrane proteins has gi ven rise to a rene wed
interest in structure–function studies aimed at determining how actual transport events are effected
by local changes in protein structure. 43

Figure 1.1 illustrates the varieties of transport proteins that we will encounter in our brief tour
through osmoregulatory mechanisms. Shown are channels for w ater, ions, and nonelectrolytes, as
well as energy-converting transporters, such as the nearly ubiquitous Na,K-ATPase and the calcium
and proton ATPases. Also indicated are cotransporters for glucose or amino acids that are dri ven
by the free ener gy in a sodium gradient, as well as countertransporters for protons, calcium, and
other species. The sections that follow explore these transporters from the perspective of energetics
and consider a fe w examples for which molecular mechanisms ha ve become apparent.

C. THE PUMP–LEAK MODEL: GENERAL EXPECTATIONS

The mechanistic questions that arise uni versally in the conte xt of pump–leak systems can be
appreciated by considering the simple, h ydraulic model sho wn in Figure 1.2. Depicted here are
two situations. In one, a pump fills a leaky can and in the other a pump empties a leaky can. The
can-filling example might represent the maintenance of intracellular potassium by a Na,K-ATPase.
In this e xample, equilibrium w ould be represented by equal le vels of w ater in the can and its
external environment—in this case, a bath comprising a lar ger can. This hydrostatic equilibrium
would represent the state of the system if the pump is turned of f: no pump, no leak. If we acti vate
the pump, water will flow into the can, raising the w ater level and causing an outw ard water leak

FIGURE 1.1 Depiction of the variety of transporters that might contribute to osmoregulation in cells. Shown
are energy-converting transporters, such as ATPase and transporters coupled to a sodium gradient, as well as
passive leak pathways for some nonelectrolytes and w ater.
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into the surrounding bath. (Here, we assume, for the sak e of simplicity , that the outer can is
sufficiently large that emptying the inner can does not change the le vel of the bath.) The outward
leak is slow at first, but as the water level rises in the can the hydrostatic pressure, the driving force
for outward water flow, increases so the leak rate increases correspondingly .

The rate of outward water leakage is a function of two parameters: the magnitude of the driving
force (hydrostatic pressure) and the w ater permeability of the can (the size of the hole). As the
water level rises, it will e ventually attain a value such that the outw ard leak of water just balances
the inw ard, pump-mediated w ater flow. At this point, the system is said to be in a steady state
(stationary state); that is, the w ater level in the can will be time independent as long as neither the
pump rate nor the leak rate changes. Note that the steady-state w ater level depends on both the
pump rate and the leak rate; for e xample, if we enlar ge the hole in the can, the steady-state w ater
level will be reduced, e ven though the pump rate is unchanged, because the same outw ard flow
can be achieved at a reduced h ydrostatic pressure.

This simple, mechanical analogy foreshado ws the questions that we will ask about the pump–
leak systems that are the molecular basis for osmore gulation. We need to identify the pumps and
leaks in the cell membrane and identify and quantify the dri ving forces, particularly those for leak
flows. To accomplish this, we will first develop some analytical tools based on thermodynamics.
This line of questioning also brings us f ace to face with the central biological question that we do
not consider in detail here—namely, that of selectivity. How do pumps and leaks select certain ions
or nonelectrolytes over others? How is it that a leak can allo w the flow of water but not ions and
vice versa? The molecular, even atomic, basis for selecti vity, or molecular recognition, is one of
the frontiers in biological transport. 24,68,86

D. THERMODYNAMIC TOOLS AND EQUILIBRIUM

Our thinking about the thermodynamics of solutions o wes an enormous debt to the w ork of J.
Willard Gibbs, a Yale physical chemist. In his no w legendary treatise, 42 “On the Equilibrium of
Heterogeneous Substances,” he set do wn the basic principles that no w permit us to describe the

FIGURE 1.2 Two h ydraulic pump–leak systems that you can b uild in your back yard to illustrate wh y
maintenance of the steady state depends on the properties of both the pump and the leak.
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thermodynamics of solutions in a concise, quantitati ve form. From the perspecti ve of membrane
transport, the goal is to derive, for solutes and water, a measure of the driving force for transmem-
brane movement that is akin to the role of hydrostatic pressure in determining the rate and direction
of water flow through a pipe. We usually think of this in terms of the weight of w ater producing
hydrostatic pressure, b ut we could also e xpress the dri ving force in terms of the dif ference in
potential ener gy associated with the h ydrostatic gradient. F or a pressure dif ference ( ∆P), the
difference in potential energy could be calculated by simply multiplying the pressure by the volume
of water moved.* The thermodynamics of Gibbs, developed to treat heterogeneous substances such
as solutions, enables us to e xpress concisely the potential ener gy of each component of a solution
and to compare it with its potential ener gy in any other solution that might be, for e xample, on the
other side of a membrane separating the tw o.

1. The Chemical Potential

For the sak e of simplicity , we be gin by considering a binary solution: a single, unchar ged solute
(s) dissolved in water. The chemical potential ( µi) for either component can be written as:

(1.1)

where µi
0  is the standard chemical potential, the necessary reference point for the potential ener gy

that is defined in more detail below. Xi is the mole fraction of the ith component, be it solute or
water, where the sum of the solute and solv ent mole fractions ( Xs + Xw) must equal 1.0. P is the
hydrostatic pressure, and νi is the partial molar v olume of the component, the v olume per mole of
the constituent. For water this value is 18 cm 3 per mole.

Note that µi has the units of free energy per mole; it is the partial free energy of one component
of a mixture, such that the total free energy, usually denoted G in honor of Gibbs, is gi ven by the
sum of these partial free ener gies:

(1.2)

where ni is the number of moles of the ith component. The analysis of the partial molar free energy
of components of a solution implied by Equation 1.1 has been of inestimable v alue in the analysis
of biological transport, b ut this form of the relation is not v ery useful because the dependence of
µi on composition is expressed in terms of mole fraction. Practical equations are derived by relating
the mole fractions of solute and solvent to the more commonly used measure of composition: molar
solute concentration. Considering first the solute we have for µs:

(1.3)

The mole fraction of the solute ( Xs) can be written as:

(1.4)

where ns and nw represent the number of moles of solute and solv ent, respectively, in the solution.
But, in dilute solutions, such as those commonly encountered in biology , ns << nw, so, to an
acceptable approximation, Xs is given by:

* The units of pressure are force/area, and the units of v olume can be thought of as area × height, so the product P × V
will have the units of w ork (or energy), or force × distance.

µ µ νi i i iRT X P= + +0 ln

G ni i=∑ µ

µ µ νs s s sRT X P= + +0 ln

X n
n ns

s

s w

=
+
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(1.5)

The molar concentration of s in the solution ( Cs) is simply the number of moles of s divided by
the total volume of the solution:

(1.6)

But, ns << nw, so, taking into account Equation 1.5, we can e xpress the mole fraction of a solute
in dilute solution in terms of concentration as:

(1.7)

 So, the practical e xpression for the chemical potential of the dilute solute can be written as:

(1.8)

or

(1.9)

where µi
*  = µs

0  + RT ln νw; that is, the value of the standard chemical potential of the solute differs
depending on whether composition is e xpressed as solute mole fraction or solute concentration.

For charged solutes, we must add an additional term to the partial molar free energy that reflects
the influence of the local electrical potential (V):

(1.10)

where the addition of the o verbar (µi), denotes the electrochemical potential of a charged species.
The last three terms in Equation 1.10 relate the partial molar free ener gy of the solute to three
parameters that we might reasonably e xpect to influence solute movement: solute concentration,
electrical potential, and hydrostatic pressure. The latter is generally of less importance because the
difference in h ydrostatic pressure across most cell membranes is v anishingly small. The term
standard chemical potential ( µi

*) can be more of a mystery intuiti vely. It is best thought of as
depending on ho w the ion (or nonelectrolyte in Equation 1.9) is solv ated; for e xample, ions (as
well as nonelectrolytes) are solvated by water inside and outside of cells, so typically no difference
exists in the standard chemical potential across a biological membrane. In other w ords, ∆µi

* = 0.
Differences in µi

*  will be significant, however, if we compare the state of an ion in w ater with its
state within a channel 24,68,86 or the state of a nonelectrolyte in w ater with its state after it has
dissolved into a lipid membrane. 30–32

2. Chemical Potential of Water

Recalling Equation 1.3, the chemical potential of w ater has three components:

(1.11)

X n
ns

s

w

=

C n
n ns

s

s s w w

=
+ν ν

X Cs s w= ν

µ µ ν νs s w s sRT C P= + ( )+0 ln

µ µ νs i s sRT C P= + +* ln

µ µ νi i s sRT C zFV P= + + +* ln

µ µ νw w w wRT X P= + +0 ln
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This fundamental relationship is only rarely used in biology, however, because it is more convenient
(although somewhat confusing) to e xpress the term RTlnXw in terms of solute concentration rather
than the mole fraction of w ater. For a binary solution comprised of w ater and a single solute ( s):

(1.12)

But, for dilute solutions, Xs << 1.0, so we can approximate Equation 1.12 by:

(1.13)

To convert to units of solute concentration, we recall Equation 1.7 ( Xs = νwCs) and, combining
this with Equation 1.11 and Equation 1.13, we arri ve at a relation for the chemical potential of
water comprised of three components:

(1.14)

One component is the standard chemical potential, one relates to the h ydrostatic pressure (P), and
a third represents the ef fect of w ater concentration that is (to confuse the enemy) e xpressed in
terms of solute concentration. This change in perspective is emphasized by the negative sign of the
term RTCs; as the solute concentration increases, the w ater concentration decreases! 22

II. WATER PERMEATION

An understanding of the movement of water across cell membranes is essential to an understanding
of the ph ysical basis for osmore gulation. The v olume of fluid compartments (intracellular or
extracellular) is for , practical purposes, equal to the v olume of w ater that resides therein, and the
(passive) distribution of water is determined entirely by the distrib ution of solutes.

A. DRIVING FORCES FOR WATER MOVEMENT

In one sense, water movements are incredibly simple; water permeation is a passive process. There
is no evidence for active water transport; water movement is driven entirely by the gradient of the
chemical potential of water. For biological membranes separating two aqueous solutions (for which
standard chemical potential of water will be the same), the transmembrane difference in the chemical
potential of water given by Equation 1.14 is:

(1.15)

which we can express in the practical units of pressure by dividing by the partial molar v olume of
water (νw) to yield:

 (1.16)

The driving force for passive water transport, as it is often described, is the dif ference between
the hydrostatic pressure gradient ( ∆P) and the gradient of “osmotic pressure” ( ∆π) where ∆π =
RT∆Cs. This conventional usage can be confusing because π is not a pressure; rather , π is a so-
called colligative property of the solution, a measure of composition. Likewise, ∆π is not a pressure
difference; it is an e xpression of the difference in water concentr ation across the membrane. The
association of ∆π with a pressure arises from an analysis of the equilibrium distrib ution of w ater

RT X RT Xw sln ln( )= −1

RT X RTXw sln = −

µ µ ν νw w w s wRTC P= − +0

∆ ∆ ∆µ νw w sP RT C= −( )

∆ ∆ ∆µ
ν

w

w
sP RT C= −
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across a membrane that is permeable to w ater but impermeable to solute and is configured such
that a h ydrostatic pressure can be applied to one side as indicated in Figure 1.3. If a single,
impermeant solute (s) is present on both sides of the membrane such that Cs (2) > Cs (1), then the
resulting concentration gradient of water will drive water from side 1 to side 2—that is, from high
water concentration to lo w water concentration. An equilibrium can be established by applying a
pressure to the piston on side 2 such that the w ater flow, denoted here as the v olume flow Jν (see
below) is reduced to zero. In this condition, ∆µw equals zero, and from Equation 1.16 we obtain
the classic van’t Hoff equation22 for the equilibrium osmotic pressure:

(1.17)

Here, ∆P, the difference in hydrostatic pressure, is numerically equal to the opposing dif ference in
osmotic pressure, ∆π. The unw ary are thus led to equate v alues of π with some sort of solute
pressure. In fact, a fair bit of nonsense has been written about presumed solute pressures that ha ve
no basis in reality ,6,45,61,63–65 but we can a void the linguistic pitf all simply by remembering that π
is not a pressure; it is a measure of w ater concentration e xpressed, for con venience, in terms of
solute concentration.

1. An Equation of Motion for Water Flow

Our analysis of osmotic equilibrium and the identification of two forces that can drive water flow—a
gradient of h ydrostatic pressure and a gradient of w ater concentration—leads naturally to an
equation of motion for w ater flow that is akin to Ohm’ s law for electrical current flow:

(1.18)

Here, water flow is measured as a volume flow (Jv
w) (e.g., cm3 per second); Lp, with a nod to Ohm’s

law, is denoted the hydraulic conductivity of the membrane, a quantitative measure of the leakiness
of the membrane to w ater.

FIGURE 1.3 A membrane that is permeable to w ater but impermeable to solute separates tw o solutions, 1
and 2. The solute concentrations are such that Cs (2) > Cs (1), so a gradient of water concentration will tend
to drive water from side 1 to side 2. Applying pressure to the piston will counter the osmotic flow and can
be adjusted to produce osmotic equilibrium.
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The ease with which we arri ved at Equation 1.18 hides a subtle and perhaps questionable
assumption that numerically equi valent values of ∆P and RT∆Cs would produce identical v olume
flows. Is the v alue of Lp, in f act, the same re gardless of whether the dri ving force is a dif ference
in hydrostatic pressure or water concentration? It turns out that Equation 1.18 does, indeed, describe
volume flow across solute-impermeable membranes, but it breaks down when the solute is permeant;
however, the volume flow equation can be rescued for solute-permeable membranes by including
a correction factor, the so-called reflection coefficient (σ), where σ = 1.0 for a solute-impermeable
membrane, and σ < 1.0 for a solute-permeable membrane. F or v olume flow across a solute-
permeable membrane, we obtain:

(1.19)

where the volume flow is superscripted by m to denote the measured v olume flow, which may be
equal to the sum of that due to w ater and that due to permeant solute:

(1.20)

(1.21)

where Jw and Js represent the molar flows of water and solute, respectively. Herein lies one of the
mechanistic issues that can be b uried in the reflection coefficient—that the total measured volume
flow and the v olume flow of water will differ in the case of a permeant solute (see also Section
II.E, below). In the case of a membrane containing w ater-permeable pores, we will see that the
permeability of the solute, reflected in a value of σ < 1.0, determines whether water moves through
pores by bulk flow or simple diffusion or some combination thereof. The critical point here is that
the interpretation of σ can be complicated because it depends on the nature of the underlying water
transport mechanisms, which we consider in the ne xt section.

B. MECHANISMS OF WATER TRANSPORT: 
DIFFUSION VS. BULK FLOW THROUGH PORES

Water mo vements across biological membranes are passi vely dri ven by the chemical potential
gradient of w ater. These passive flows fall into tw o categories: diffusional water flow, generally
through the lipid portion of the cell membrane, and the bulk flow of water through water-conducting
pores. The distinction is important mechanistically because pore-mediated w ater flow is orders of
magnitude more ef ficient than simple diffusion. Early measurements of w ater flow32 provided
evidence for water-conducting pores in cell membranes and foreshadowed the discovery of a family
of water-conducting pores, the aquaporins, that inhabit a wide v ariety of water-transporting mem-
branes and can be inserted into, or retrie ved from, cell membranes to ef fect the rapid alteration of
water permeability.30–32 We can contrast the tw o modes of w ater flow by comparing w ater move-
ments across a solute-impermeable, lipid membrane with that across a membrane containing pores
that conduct water but exclude solute.

C. CROSSING THE LIPID MEMBRANE BY SOLUBILITY–DIFFUSION: 
THE EQUIVALENCE OF OSMOTIC AND DIFFUSIONAL PERMEABILITY

Figure 1.4 diagrams tw o methods for measuring the w ater permeability of the lipid bilayer ,
represented here as a layer of oil. In Figure 1.4A, an osmotic gradient (a gradient of w ater
concentration) is imposed by bathing the two sides with solutions containing different concentrations
of an impermeant solute ( s). In Figure 1.4B, there is no gradient of w ater concentration (∆µw = 0,

J L P RT Cv
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p s= −( )∆ ∆σ

J J Jv
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RT∆Cs = 0), but radioactively labeled (tracer) water has been added to one side so the unidirectional
flux of tracer water can be measured. In neither case is there a h ydrostatic pressure gradient.

In the presence of a w ater concentration gradient produced by imposing a gradient of imper -
meant solute, water flow is generally measured as a v olume flow, where:

(1.22)

and the value of the hydraulic conductivity (Lp) is obtained. In the tracer flow experiment (conducted
in the absence of net v olume flow such that ∆Cs = 0; see Figure 1.4B), the flow of labeled w ater
is determined by sampling the cold side of the membrane periodically and determining the unidi-
rectional flow of tracer:

(1.23)

where Jw
*  is the flux of tracer that might be measured in such units as counts per minute (cpm)

per unit time, Am is the area of the membrane, and the v alue of Pd
*  is obtained.

FIGURE 1.4 Measurement of osmotic and dif fusional water permeability. (A) A lipid membrane containing
a water-conducting pore is e xposed to a w ater concentration gradient ( ∆P = 0). Water can mo ve down the
water concentration gradient from side 1 to side 2 by tw o routes: solubility–diffusion across the lipid bilayer
and bulk flow through the pore. (B) The same membrane no w separates tw o solutions configured such that
∆P = ∆Π = 0. Radioactive (tracer) water is added to side 1, and the rate of mo vement to side 2 is monitored.
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The mechanism of water transport across an oil membrane, be it measured by net v olume flow
or tracer flow, is identical; in either case, water crosses the lipid membrane by solubility–diffusion.
Water molecules must partition into the h ydrocarbon region of the bilayer on one side and dif fuse
across and e xit into the opposite solution. The partition coef ficient of water in oil (about 10 –6) is
sufficiently small to ensure that any water molecules, labeled or unlabeled, will beha ve as a dilute
component within the lipid membrane. This solubility–dif fusion mechanism is captured in the
familiar expression for the tracer (dif fusional) water permeability (Pd

*),  where:

(1.24)

and β* is the oil-w ater partition coef ficient for tracer water (assumed to be equal to that for b ulk
water), Dw

*  is the dif fusion coefficient for tracer water within the oil membrane (ag ain, assumed
to be equal to that for unlabeled w ater), δm is the thickness of the membrane, and νw and νm are
the partial molar v olumes of water and the oil membrane phase, respecti vely.

The terms in partial molar v olume arise because, follo wing Finkelstein,32 we here define the
water–membrane partition coefficient for tracer water (β*) as the ratio of the mole fraction of tracer
water just inside the membrane boundary , Xw

* (M ), to that in the b ulk solution, Xw
* (B); that is,

(1.25)

This differs from the more con ventional definition for a partition coefficient typically utilized for
uncharged solutes that is defined as the ratio of molar concentrations in each phase,30–32,34 but this
form facilitates the critical comparison between water permeation measured by tracer flow and that
measured by applying a gradient of water concentration. As shown in Appendix 1, the molar water
flow in the osmotic flow experiment (Jw) can be e xpressed as:

(1.26)

where ∆Cs is the gradient of solute concentration, and the term in brack ets is the osmotic w ater
permeability, denoted Pf because it is determined by measuring the v olume flow of water:

(1.27)

Comparison of Equation 1.24 and Equation 1.27 confirms our intuition that for a lipid (oil)
membrane:

(1.28)

The permeability coef ficient for water is predicted to be identical in either an osmotic flow
experiment or tracer dif fusion e xperiment, because in either case w ater must cross the lipid
membrane by means of simple solubility–diffusion—that is, by dissolving in the hydrocarbon phase
and diffusing across to the other side. The reader will note that Equation 1.26 contains the symbolic
dissonance characteristic of all e xpressions for osmotically dri ven water flow because we utilized
dilute solution approximations to e xpress the w ater concentration gradient in terms of solute
concentration.
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Another important expression for osmotic permeability is obtained by recalling the e xpression
for volume flow of water when ∆P = 0:

(1.29)

Substituting νwJw for Jν and recalling that:

(1.30)

we obtain the relation between the osmotic permeability ( Pf) and the h ydraulic conductivity (Lp):

(1.31)

For the lipid membrane, Pf and Lp represent the same coefficient in different units, an equality that,
in fact, holds regardless of the w ater permeation mechanism.

D. POROUS MEMBRANES, IMPERMEANT SOLUTE

Here, we consider water flow through pores that conduct water molecules but exclude solute—that
is, osmotic flow through water-filled pores as diagrammed in Figure 1.4A. In this example, water
flow is dri ven by an applied osmotic gradient, and the transmembrane dif ference in h ydrostatic
pressure is zero. Careful e xamination of this situation should result in a sort of double tak e. On
the one hand, to an observ er external to the pore, the ph ysics are transparently clear; a transmem-
brane difference in w ater concentration will dri ve water flow from side 1 to side 2. On the other
hand, if we peer inside the water-conducting pore we find, as specified, only pure water and not a
gradient of w ater concentration. What, then, is the local dri ving force for the b ulk w ater flow
through the pore? The answer, obtained by Alex Mauro, 32,61–65 is that a gradient of impermeant
solute creates, within the pore, a gradient of h ydrostatic pressure despite the f act that across the
membrane ∆P = 0! The origin of this pressure gradient lies at the interface between the water-filled
pore and the solute-containing b ulk solution. At the interf ace, the concentration gradient of w ater
tends to drive the escape of w ater from the pore with a consequent lo wering of the local pressure
within the pore on the solute-containing side of the membrane. Once this is realized, it is then no
surprise that water flow through pores is predicted to be identical whether dri ven by a h ydrostatic
or osmotic gradient, as indicated by Equation 1.18. 20,32

The water permeability of a porous membrane is e xpected to be higher than that of a simple
layer of oil because within the pores water can move by what is commonly referred to as bulk flow.
Bulk flow is more lik e water flow through a pipe in which w ater–water viscous interactions and
the resulting transfer of momentum predominate. We can g ain some appreciation for the w ater
permeability of a single, right circular pore by assuming that it is suf ficiently large to allow water
molecules to slide past one another as described by Poisseuille’s law which, for an applied pressure
(∆P), a pore of radius r, and length l, yields:

(1.32)

where jv is the v olume flow of w ater through a single pore, and η is the viscosity of w ater. The
quantity in parentheses is the predicted hydraulic conductivity of a single pore. The water perme-
ability (Pf) for such a pore is obtained from Equation 1.31, where Am = Ap, the pore area. Thus, Pf
for a single pore is gi ven by:
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(1.33)

The ratio of the osmotic w ater permeability to the dif fusional water permeability (Pf /Pd) has often
been used as an experimental test for the mechanism of water flow. The reason is seen by comparing
the results for our two simple models, the lipid membrane and the porous membrane. For the former
we found that Pf /Pd was predicted to be unity , reflecting the identical, solubility–diffusion mech-
anism for osmotic flow or tracer water flows. In the case of our simple, right circular pore, however,
the water permeability contains a term in r2, suggesting that bulk flow driven by an osmotic gradient
is more efficient due to the transfer of momentum between water molecules specified in Poisseuille
flow. For such a pore, tracer permeability w ould be determined in the absence of osmotic flow to
eliminate the solvent drag effect of bulk flow through the pore on the flow of labeled water. In this
setting Pd

w  is given by Pd
w  = Dw/l, where Dw is the dif fusion coefficient for tracer water in b ulk

water and l is the length of the pore. Note that there is no term in the partition coef ficient, because
the tracer w ater is assumed to mo ve from b ulk water in the bathing solution to b ulk pore w ater
such that β = 1. The ratio Pf

w/Pd
w  for a single, w ater-filled pore is, therefore:

 (1.34)

For a pore of radius 4 Å, Pf
w/Pd

w  would be predicted to be about 3, similar to that estimated for
the pores formed by the polyene antibiotics amphotericin-B and n ystatin in lipid bilayer mem-
branes.33,35,38,51

1. Unstirred Layers

In principle, the ratio Pf
w/Pd

w  is an e xperimental test for w ater flow through pores. In practice,
however, the determination and interpretation of Pf

w/Pd
w  can be confounded by at least tw o phe-

nomena: unstirred layers and single-file water flow.32 The term unstirred layer  refers to stagnant
layers of fluid that necessarily form at the membrane–solution interfaces. These layers present a
series resistance to the permeation of tracer w ater that becomes more important the greater the
intrinsic water permeability of the membrane. If, for computational purposes, we lump together
layers at tw o membrane–solution interf aces, we can obtain a relationship between the actual
permeability of the lipid membrane to tracer water (Pm) and the measured water permeability (Pmeas):

(1.35)

where P1 represents the tracer permeability of the stagnant slab of water characterized by an effective
thickness (δ1) so P1 = Dw/δ1, and:

(1.36)

If the water permeability of the membrane ( Pm) is sufficiently high (e.g., Pm = P1), then the v alue
of Pm is significantly underestimated, an effect that could produce the false impression that Pf
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is greater than 1.
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Unstirred layers also compromise the estimation of Pf
w  due to solute polarization, the accumu-

lation and depletion of solute (caused by solv ent drag) in the unstirred boundary layers. This
sweeping effect tends to decrease the actual osmotic gradient encountered by the membrane, leading
to an underestimation of Pf

w.

2. Single-File Water Pores

The case of the single-file pore deserves attention because this is the mechanism most lik ely to
pertain to the no w well-characterized w ater pores, the aquaporins. 4,40,53 Equation 1.34 gi ves the
(false) impression that, as pore radius is reduced, Pf

w/Pd
w  would approach unity for pores that are

the size of the w ater molecule. This extrapolation is undermined, ho wever, by the f act that when
water molecules cannot pass one another the mechanism of w ater flow is altered dramatically . In
the single-file pore, water flow driven by an osmotic gradient is, as intuition suggests, e xpected to
be more diffusion like. The frictional interactions between the water molecules and the pore walls,
rather than water–water viscous interaction, dominate the process. F or tracer water flow, however,
the mechanism differs strikingly from simple dif fusion. Tracer flow through a single file pore that
is occupied, on the a verage, by n water molecules is attenuated because, for one tracer molecule
to traverse the pore, the entire pore contents must move. Due to the low molar abundance of labeled
water in a tracer e xperiment, a water channel containing a single, labeled w ater molecule is most
likely to contain n – 1 unlabeled water molecules as well. 32 In the case of the single-file pore, the
ratio Pf

w/Pd
w  is, in fact, a measure of the number of w ater molecules occupying the pore:

(1.37)

E. REFLECTION COEFFICIENT

The reader will recall the general e xpression for volume flow measured across a membrane leak y
to solute:

(1.38)

where the term representing the dri ving force due to a w ater concentration gradient ( RT∆Cs) is
modified by σ, the reflection coefficient, to account for the modification of volume flow in the
condition of nonzero solute permeability. Although σ is often dismissed as an empirical correction
factor, it is instructi ve to consider its mechanistic significance in terms of our two permeation
models, the lipid bilayer (layer of oil) and the transmembrane, w ater-conducting pore.

1. σ for a Lipid Bilayer

The interpretation of σ for osmotic flow across a lipid bilayer is straightforw ard. In the presence
of a gradient of permeant solute, the measured (total) volume flow across the membrane (Jv

m ) now
has two, oppositely directed components—the v olume flow of water (Jv

m ) and the volume flow of
solute (Jv

s ) such that:

(1.39)

In the presence of a permeable solute, the measured total volume flow is less than the volume flow
of water by the amount of the oppositely directed v olume flow of solute; however, in the presence
of an osmotic gradient ( ∆P = 0), the v olume flow of water is identical to that seen with an
impermeant solute:
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(1.40)

whereas the measured (total) v olume flow is:

(1.41)

So, σ is simply the ratio of the measured (total) v olume flow to the v olume flow of water; that is,
inserting Equation 1.39:

(1.42)

Or, recalling that the molar flows of water and solute are gi ven by:

  (1.43)
We obtain for σ:

 (1.44)

For the lipid membrane, σ is simply a measure of the solute/solvent permeability ratio. The inclusion
of σ corrects our description of total volume flow for the contribution of the volume of solute flow.
Water flow, per se, is unaffected.

2. σ for Water-Conducting Pores

In the case of a w ater-conducting pore and a permeant solute, the ph ysical significance of σ is
less straightforward, so much so in f act that there is a f air bit of confusion in the older literature
regarding its ph ysical meaning. 32 In the case of a porous membrane, the counter flow of solute
will also, of course, diminish the measured total v olume flow, as with the lipid membrane. A
second ef fect, ho wever, is much more profound. If solute can enter the pore, the gradient of
hydrostatic pressure within the pore (created as a result of ∆Cs) is reduced or eliminated, depending
on the relative permeability of the solute. 32 In the case of a freely permeable solute, v olume flow
is reduced to zero because the intrapore pressure gradient is abolished. Now Jv

w  equals –Jv
s  because

solute and w ater are mixing in the pore as the y w ould in free solution. This all seems simple
enough, but the failure to recognize the effects of solute permeation on intrapore pressure gradients
has resulted in substantial confusion, particularly as re gards the interpretation of so-called anom-
alous osmosis or the wrong-way water flow as described in detail by Finkelstein32 and summarized
in Dawson.20

III. THE THERMODYNAMICS OF SOLUTE PUMPS AND LEAKS

To dissect the coordinated symphon y of pumps and leaks that act to maintain cellular solute
composition, it is convenient to begin, as we did with water, by exploring the energetics of the leak
pathways—that is, by identifying the driving forces for the passive leakage of ions or nonelectrolytes
across the cell membrane. It turns out that we can do this with a f air level of precision by utilizing
our thermodynamic tools, particularly the concept of equilibrium. We be gin by defining a leak
pathway as a flow of matter that is dri ven solely by external influences such as electrical potential
or concentration gradients. A leak flow may be regarded, in the thermodynamic sense, as a purely
dissipative flow or, as one often hears, purely passive. For a leak flow, no energy conversion occurs
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(except, of course, to heat, as in the heat ef fect of current flow through a resistor) nor coupling of
the flow to metabolic ener gy either directly or indirectly . The most ob vious example of a purely
dissipative element is an ion channel through which ions mo ve only when the y are dri ven by
transmembrane differences in electrical potential or ion concentration.

Ionic leak flows through a channel require a departure from equilibrium. This corresponds to
the intuitive notion that a departure from equilibrium will generally set in motion e vents that tend
to restore equilibrium. If a ball is rolled up an incline and released, it will roll do wn the incline of
its own accord, seeking, as it were, mechanical equilibrium. In the ball e xample, the force that is
the cause of motion is ob vious; gravitational attraction drags the ball do wn the incline just as a
flow of w ater is dri ven by a gradient of h ydrostatic pressure. A description of ionic equilibrium,
however, requires that we consider the net result of two driving forces, a difference in concentration
and a difference in electrical potential.

A. THE DRIVING FORCES FOR IONIC FLOWS

The dri ving forces for passi ve ion flows are easily identified. Ions move in the electrical field
produced by a dif ference in electrical potential across a membrane. A concentration gradient
imposed across a membrane will also result in passi ve ion flow from high to lo w concentration.
This much is pretty ob vious, especially when only one of these forces is present. In Figure 1.5,
however, we depict a nonequilibrium situation in which the passive movement of potassium through
an ion channel is dri ven by a combination of gradients of concentration and electrical potential.
Fortunately, we can treat the tw o forces indi vidually; that is, we can emplo y the principle of
superposition and treat the electrical potential dif ference and the concentration gradient as being
additive. The situation depicted in the figure, however, may initially cause some consternation.
Here we have an outwardly directed gradient of potassium (100 m M to 4.5 mM) and an electrical
potential difference that is ne gative inside of the cell by 60 mV . The two component forces are
inconveniently oriented in opposite directions, so, to determine the net result, we need to compare
the tw o forces quantitati vely in the same units. This turns out to be pretty simple using the
electrochemical potential of potassium that we de veloped earlier (in Section I.D). Using Equation
1.10 and taking the dif ference across the membrane (inside-outside) we arri ve at:

(1.45)

where the difference in the standard chemical potential (∆µi
* ) is zero because its value is presumed

to be the same inside and outside the cell. Similarly , the pressure dif ference across most cell
membranes is vanishingly small and is usually ne glected.

FIGURE 1.5 A hypothetical cell sho wing the potassium ion distrib ution and the membrane potential in the
steady state. The direction of passi ve movement of K + is determined by the balance between Vm and EK.
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The difference in electrochemical potential ( ∆µK) represents the total (or net) passi ve driving
force on potassium ions and has the units of Joules per mole of potassium. We can arrive at a more
user-friendly version by dividing through by zF to change the units to volts or millivolts, converting
to common logs (log10 = 2.3log e), and inverting the terms in potassium concentration (note sign
change!) to arrive at:

(1.46)

This form has the adv antage of corresponding to tw o widely used con ventions for the description
of the electrochemical driving force. First, the term Vi – Vo represents the most common definition
of the cell membrane potential (Vm), which is the potential of the inside with respect to the outside.
In practical terms, this means that using this con vention the sign of the membrane potential will
always have the sign of the inside of the cell. So, if we define Vm as Vi – Vo, then a Vm of –60 mV
means that the inside of the cell is more ne gative than the outside by 60 mV . Second, the term
(2.3RT/zF)log([K]o/[K]i) is the con ventional definition for what is referred to as the equilibrium
potential or reversal potential for potassium, denoted as EK. This leaves us with a practical equation
that is, in f act, one of the most useful in all of biology:

(1.47)

where:

This says that the total or net driving force on the potassium ions, e xpressed in electrical units,
can be described as the difference between two components, one the difference in electrical potential
(Vm) and the other the dri ving force due to the concentration gradient which, as the result of our
algebraic manipulations, is e xpressed here, like the electrical potential, in units of milli volts.

The equation for the total dri ving force accomplishes the essential goal of e xpressing the two
components of the total force in the same units  so they can be compared. With the knowledge that
at 25°C the term 2.3 RT/zF is approximately 60 mV, we can no w return to our pre vious dilemma
and immediately discern that the outward force due to the K+ gradient (81 mV) exceeds the inward
force due to the membrane potential (60 mV), so the net force (19 mV) will dri ve potassium out
of the cell. Returning to our earlier mechanical analogy , for potassium ions, do wnhill is out of the
cell.

Note that we ha ve not w orried too much here about the sign of the calculated forces. That is
because the sign con veys the orientation of the dri ving force (inw ard vs. outw ard), and, in this
example, the orientation of the dri ving forces is intuitively obvious. We can, however, look at this
in a more formal way and expand this analysis to an actual equation of motion for ions, also known
as Ohm’s law (see Section IV.A). Also, if we insert into Equation 1.47 the v alues for Vm (–60 mV)
and EK (–82 mV), we get the intuitively obvious result of 19 mV for the net outw ard-driving force
for potassium ions.

In developing Equation 1.47, we ha ve adopted implicitly a mechanical vie w of the movement
of potassium. The basic notion is that something mo ves if it is pushed. This perspective fits quite
nicely with the action of the difference in membrane potential, a measure of the electric field within
the membrane. Each indi vidual ion experiences a net force due to this electric field; that is, each
ion acquires a component of average velocity because it is pushed by the electric field. In the case
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of the dri ving force attrib uted to the concentration gradient ( EK), ho wever, we find that the
mechanical analogy, although it is very useful and produces the correct results, does not accurately
represent the underlying process. According to our de velopment, it w ould seem quite reasonable
to say that the concentration gradient is the dri ving force for ion flow. The deficiency in this
mechanical view is immediately apparent, ho wever, when we ask, “What is the dri ving force due
to the concentration gradient as e xperienced by an indi vidual ion?” Clearly , there is none! Ions
move down their concentration gradient by diffusion, a process that is driven by the random thermal
motions of the individual ions. The direction of net dif fusional flow is from high concentration to
low concentration, as a result of this random motion and the f act that there are more ions on one
side of the membrane than the other .19 Despite this conceptual discontinuity, however, expressing
the driving force in this thermodynamic form produces results that are in accord with e xperiment
(see Section IV).

B. DIAGNOSING ACTIVE TRANSPORT

The utility of the thermodynamic approach developed in the preceding section can be demonstrated
by considering the model cell diagrammed in Figure 1.6. Sho wn is the steady-state composition
of the cell and its surroundings along with the value of the membrane potential, Vm. Is there evidence
here for acti ve transport—transport that is coupled to some source of ener gy other than an elec-
trochemical potential gradient? Calculating ∆µ for Na+, K+, and Cl –, we find that all of the values
are nonzero. The steady-state distrib utions of all three ions are maintained away from thermody-
namic equilibrium. Put another way, each ion experiences a passive, electrochemical driving force
that is inw ard for Na +, outward for K +, and outw ard for Cl –. Referring to our pump–leak model,
this means that leak flows in this example must be inward for sodium, outward for potassium, and
outward for chloride. The fact that the ion distrib utions are not changing with time demands, for
each ion, an equal and opposite flow that is mo ving uphill—that is, ag ainst a pre vailing electro-
chemical potential gradient. These latter flows are, by definition, active or ener gy requiring; the y
require that the uphill flow be coupled to some source of free ener gy.

For most cells, the gradients of sodium and potassium typically observed are largely attributable
to the Na,K-ATPase that can couple the ef flux of Na+ and the influx of K+ to the free ener gy of
hydrolysis of ATP. A gradient of chloride such as that depicted in Figure 1.6 is generally attributable
to some sort of cotransporter such as the one that carries out the coupled transport of chloride

FIGURE 1.6 A hypothetical cell illustrating representative, steady-state, nonequilibrium distributions of Na+,
K+, and Cl –.
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together with sodium and potassium. This thermodynamic analysis does not reveal the mechanism
by which the gradients are produced, b ut it tells us unequi vocally that the observ ed gradients can
be maintained in the steady state only if some form of acti ve transport is operating to mo ve ions.
As a practical matter , it is important to note that the gradients of Na + and K+ shown in Figure 1.6
are typical, at least qualitati vely, for a wide v ariety of animal cells that utilize the Na,K-A TPase.
Chloride gradients in cells, ho wever, are a bit of a wild card. That shown in Figure 1.6 is typical
of cells that mak e up the epithelial cell layers that carry out transepithelial chloride secretion. In
such cells, chloride enters across the basolateral membrane and up an electrochemical gradient,
usually coupled to Na + (and K+) via a cotransporter .44,69 In contrast, the intracellular Cl – concen-
tration in some nerv e cells is such that the passi ve, electrochemical dri ving force is inward ([Cl]i
< 10 mM) so the Cl– efflux must be active and requires coupling to an energy-converting mechanism
such as a KCl cotransporter.69,74 In some skeletal muscle cells, the Cl– distribution is near equilibrium
(i.e., ECl = Vm).

Another approach to diagnosing active transport that is often used in connection with transport
across epithelial cell layers is to measure ion or nonelectrolyte flows under conditions that permit
passive, electrochemical dri ving forces to be completely eliminated. Such e xperiments are based
on the classic studies of sodium transport across sheets of isolated frog skin by Hans Ussing and
his colleagues.77 The sheets of skin (or intestine, etc.) are mounted so as to separate tw o identical
solutions and are v oltage clamped (see Section IV .C) so the transepithelial electrical potential
difference can be maintained at 0 mV. In this condition, Ussing and Zerahn80 observed net transport
of sodium (measured using a radioacti ve isotope) from the pond side to the blood side of the skin,
despite the fact that ∆µNa across the cell layer had been reduced to zero. This landmark experiment
was the first unequivocal demonstration of acti ve transport, and this test has been repeated man y
hundreds of times over the years as investigators have used the method to identify acti ve transport
of sodium, potassium, chloride, protons, and other substances across epithelial cell layers deri ved
from organs from a wide v ariety of species. It is important to note that the conclusions related to
the active nature of the transepithelial transport process are not compromised by the f act that the
frog skin is a multicellular, multilayered structure—an organ, one might say—comprised of multiple
cell membranes.

1. Flux Ratio Analysis

Another approach to the analysis of coupled transport is determination of the ratio of forw ard and
backward, unidirectional rates of transport—that is, the flux ratio. Operationally, this means mea-
suring (usually in separate experiments) the forward and backward, unidirectional rates for transport
of, for example, sodium by determining rates of radioacti ve tracer flow. Ussing and colleagues77–79

used this approach to analyze the ratio of one-w ay fluxes of sodium across sheets of isolated frog
skin. Using the Nernst–Planck equation for electrodif fusion77 as a starting point, the y showed that
if sodium crosses the frogs skin by simple dif fusion, uncoupled to an y energy-donating process,
the flux ratio is given by:

(1.48)

where (JNa)pb and (JNa)bp are the one-w ay fluxes from pond side to blood side and blood side to
pond side, respecti vely. [Na] p and [Na] b are the respecti ve concentrations of sodium, Vte is the
transepithelial electrical potential dif ference (defined such that the value of Vc has the sign of the
blood side of the skin), and z, F, R, and T have their usual meanings.

 Deviation of the flux ratio from this prediction indicates a departure from simple diffusion
suggestive of a coupled, ener gy-converting mechanism. Later analysis of the flux-ratio equation
emphasized its similarity to the relation between the ratio of the forward and reverse rate coefficients
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for a chemical reaction to the free-ener gy change between reactants and products. 13,14,17,18 In the
case of diffusion, Equation 1.48 can be re written as:

where ∆µNa is the difference in the electrochemical potential for sodium across the skin. For transport
that is not coupled to any driving force other than simple diffusion, the free-energy change inherent
in the transport e vent reflects only the passive, electrochemical dri ving force. Subsequent
derivations13,14,17,18 served to emphasize this point and underline the conclusion that the v alidity of
the equation does not depend on an y assumptions about the nature of the transport processes other
than the lack of any coupling of the flow, directly or indirectly, to any driving force apart from the
electrochemical potential difference.

2. Single-File Diffusion

The flux-ratio equation has also been utilized to analyze the movement of ions 50 and water32,33,38

through so-called single-file pores, pores that are suf ficiently narrow so indi vidual ions or w ater
molecules cannot pass one another . This sort of beha vior w as first recognized by Hodgkin and
Keynes,50 who measured fluxes of radioacti ve potassium across the membrane of the squid giant
axon. The resulting flux ratio differed from that predicted for simple diffusion, and they postulated
that the K+ channel pore could be occupied by more than one potassium ion at a time, a condition
that leads to a coupling of the flow of radioacti ve K + to the flow of nonradioacti ve (ab undant)
K+.18,54 Crystal structures have confirmed in atomic detail the basis for the binding of two or more
K+ ions within the selecti vity filter of K+ channels.23,84,85

C. COUPLED, ENERGY-CONVERTING TRANSPORT: FEASIBILITY ANALYSIS

Earlier we recognized that the term active transport could in principle be used to describe a range
of transport mechanisms sharing the ability to function as energy converters, in that the y possess
the ability to couple a source of free ener gy to the performance of electrochemical w ork. We also
noted that the source of the donated free ener gy could be an ener gy-yielding chemical reaction
such as the h ydrolysis of ATP or it could be an ion gradient (sodium for e xample) that could be
used to dri ve the transport of a second species. The free ener gy that is in vested (by the Na,K-
ATPase) in a transmembrane sodium gradient can be used to dri ve the uptak e of amino acids or
sugars or the e xtrusion of calcium or protons. The thermodynamic tools we ha ve developed can
provide some important insights into the mechanisms of these coupled transport processes. Any
such analysis is based on the First La w of Thermodynamics, the conserv ation of ener gy. If we
somewhat arbitrarily divide the coupled process into tw o parts, one energy-donating and the other
energy-utilizing, then the First La w says that the w ork done to ef fect the energy-utilizing process
cannot e xceed the ener gy a vailable from the ener gy-donating process. This simple inequality
provides an important check on our reasoning in relation to a coupled process, particularly as
regards the question of stoichiometry .

Consider, for example, a sodium/proton e xchanger (or antiporter) of the sort that is found in
many cell membranes. If the cell maintains an inw ardly directed sodium gradient of 140:14 m M
in the steady state, what is the maximum pH gradient that could be maintained? This simple
question brings us f ace-to-face with tw o important issues pertaining what we might think of as
feasibility analysis. The first is that we must admit that thermodynamics can never, in and of itself,
tell us what the actual steady-state proton gradient will be; that would require detailed knowledge
of the properties of both the ener gy converter (the antiporter in this case) and an y leak pathways.
From such details we might calculate the point at which the net proton flow would be zero, the
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steady state in which the pump rate and the leak rate are equal and opposite. The analysis of the
energetics of the coupled process can tell us, ho wever, what is the best we can do —what is the
maximum proton gradient possible under the specified conditions if there were no leak? When
we attempt this apparently simple calculation, ho wever, we run smack into the second
issue—namely, that of stoichiometry . The w ork a vailable from the Na + gradient, per transport
cycle, is simply:

 (1.49)

where nNa is the number of sodium ions transported per transport c ycle, ∆µNa is the Na + electro-
chemical potential gradient, and NA is Avogadro’s number, required because ∆µNa is in molar units;
therefore,

 

Similarly, the work done per cycle to move protons is gi ven by:

(1.50)

and the maximum proton electrochemical potential gradient achievable for a given value of ∆µNa is:

(1.51)

We have defined ∆µNa and ∆µH for convenience so they will both be positive numbers for an inward
gradient. The maximum gradient of protons depends, of course, on the magnitude of the Na +

gradient, but it also depends on the stoichiometry , the coupling ratio nNa/nH. The pivotal role of
stoichiometry becomes e ven more ob vious if we rearrange Equation 1.51 to yield an e xpression
for the maximum ratio of h ydrogen ion concentrations in the condition Vm = 0:

(1.52)

where α = nNa/nH. The stoichiometry or coupling ratio appears as an exponent. Whereas a 1Na:1H+

stoichiometry would produce, at best, a 10-fold gradient of proton concentration, a stoichiometry
of 2Na:1H would predict in the same condition a maximum possible proton gradient of 100:1! The
stoichiometry is a critical parameter in an y estimation of the ener getics of a coupled process.

Implicit in the fore going analysis of the ener getics of sodium–proton e xchange is the notion
that the stoichiometry is, in f act, constant. That is to say , the influx of sodium and outflow of
protons is tightly coupled; there is no slip, the coupling ratio does not v ary. The behavior of many
coupled process indeed appears to resemble that of a chemical reaction that occurs with a fixed
stoichiometry. Perhaps the best demonstration of this is the fact that, like a chemical reaction, these
coupled transport processes exhibit an equilibrium and can actually be reversed or driven backward
by manipulating the electrochemical driving forces. Let’s assume, for example, that the stoichiom-
etry of our sodium–proton exchange is 1Na:1H. This is not only typical for these proteins b ut also
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simplifies the analysis because for a one-to-one Na/H exchange no net charge transfer occurs during
the catalytic c ycle. As a result, the energetics of the c ycle are independent of the v alue of Vm.*
Imagine a cell membrane containing a 1Na:1H, sodium/proton e xchanger and having a negligible
proton leak. If an inw ard sodium gradient is maintained at a constant, 10:1 ratio by the Na,K-
ATPase, what is the prediction for the proton gradient? It w ould gradually increase until it reached
a value of 10:1, and then the inflow of sodium and efflux of protons would stop. The Na/H exchange
cycle w ould be at equilibrium. There w ould certainly be some transport e vents, e xchanging an
outside sodium for an intracellular proton and vice ver sa, but these w ould occur with the same
average frequencies so the net result w ould be zero flow. If the e xternal pH were maintained at
say, 6.5, the predicted maximum internal pH w ould be 7.5, 1 pH unit less acidic than the e xternal
environment.

Now, consider making the e xternal pH some what more acidic, say pH = 6.0. The energetics
predict that the exchange process should now reverse—protons should move down the now larger
proton electrochemical potential gradient, entering the cell and causing a net ef flux of sodium,
against the sodium gradient.8,9 A functional test for such an exchange would be to determine whether
it can be driven backward, or, better, can the transport cycle be driven in either direction depending
on the prevailing electrochemical potential gradients?

The dependence of the direction of the transport c ycle on the pre vailing electrochemical
potential gradient mirrors the ef fect of concentration on the direction of a chemical reaction
embodied in the la w of Le Chatlier . This behavior depends on the process ha ving a fixed stoichi-
ometry and has important implications for the ener gy economy of the cell. Substantial gradients
can be generated by co- or countertransport and maintained near or at equilibrium for the transporter,
thereby minimizing energy expenditure. It seems appropriate to view the entire subset of transporters
that utilize the sodium gradient as having been designed to utilize free energy that has been invested
in the sodium gradient by the Na,K-ATPases to drive other energy-requiring tasks, such as exporting
protons or calcium or importing sugars or amino acids or even neurotransmitters. In each case, the
transporter, although serving as an energy converter, is also clearly a leak pathway for sodium, and
therein lies the cost of the coupled e xport or import process. That cost is minimized, ho wever,
because the turno ver will cease when the coupled transporter is at equilibrium. Consider , for
example, the situation for a 3Na +:1Ca2+ exchanger46,47,58 that is w orked out in Appendix 2. When
external [Na]o = 140 m M, [Na] i = 14 m M, [Ca2+]o = 1 m M, and Vm equals –60 mV, the predicted
minimum v alue of internal calcium is 10 –7 mM. If [Ca 2+]i is of the order of this v alue, no net
turnover of the e xchanger occurs until intracellular calcium increases, perhaps due to the opening
of some calcium channels, in which case the e xchange cycle begins to operate until the gradient
is restored.

IV. ION FLOWS

A. ION PERMEABILITY AND CONDUCTANCE

Small ions such as sodium, potassium, and chloride mak e up a major portion of the osmotically
active solute population in cells and body fluids, so the distribution of these species is critical to
osmotic homeostasis. The steady-state distribution of ions is determined by the coordinated interplay
of a variety of transporters, including pumps, co- and countertransporters, and ion channels. These
elements are also k ey w orking components of salt- and w ater-transporting epithelial cell layers
such as those that mak e up much of the kidne y and g astrointestinal tract as well as specialized
organs such as fish gills and avian and elasmobranch salt glands. Ion channels are particularly
important for rapid changes in ion distrib ution because ion channels are designed to support high
throughput.

* This does not preclude some ef fect of Vm on the protein that could, in principle, alter protein conformation and, thereby ,
the rate of transport.
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Any operational definition of passive ion permeability is potentially complicated by two factors:
the existence of multiple parallel pathways by which any single ion can cross a membrane and the
fact that ion leak flows often are generally dri ven by some combination of ion concentration
gradients and the transmembrane electrical potential dif ference. Accordingly, the most general
operational definition of the permeability of an ion is based on the measurement (real or imagined)
of tracer flow across the membrane so as to define what we refer to as the tracer rate coefficient
(λ*). If we imagine determining the unidirectional flow of labeled potassium across a cell membrane,
the tracer rate coef ficient λK

*  is given by:

(1.53)

where JK
*  is the one-w ay flow of tracer and CK

*  is the concentration of tracer on the hot side of
the membrane. As operationally defined, however, this rate coefficient will be less than satisfactory
for analytical purposes for tw o reasons. First, it will reflect contributions from multiple transport
pathways, and, second, b uried in its v alue will be the influence of the transmembrane potential
(Vm) as a dri ving force for ion flow. The first problem is usually addressed through the judicious
use of various experimental conditions, in particular the use of inhibitors, to isolate specific transport
pathways. The influence of the membrane potential is in general more difficult but is relati vely
straightforward for a pathway of major importance to osmotic regulation—ion channels, which we
consider here. (It is important to note that an electroph ysiological approach to the analysis of ion
permeablility, which we do not consider here, is to measure the impact of ion substitutions on
reversal potentials. This approach is described in detail in Da wson.21)

Ion channel proteins allow ions to cross the normally ion-impermeable lipid bilayer by forming
pores that create a polar pathw ay through which an ion can mo ve by diffusion, and the movement
of ions through such channels can be described by two distinct, but related parameters: permeability
or conductance.21 Here, we e xamine the relation between these tw o parameters as an e xample of
how channel properties are assessed. For the sake of concreteness, we will consider a single channel
that is highly selecti ve for potassium. The conductance of the K + channel is most con ventionally
described using a form of Ohm’ s law:

(1.54)

In this equation of motion, iK represents the flow of potassium through a single channel measured
as an electrical current expected to be of the order of pico-amperes. The term in brackets is simply
the value of the total electrochemical potential dri ving force ( ∆µK), expressed an electrical units
(∆µK/zF), and γK is the single-channel conductance. The definition of γK is based on the determi-
nation of total charge flow measured as an electric current. As such, it represents a highly condensed
summary of the physical process by which an ion leaves an aqueous solution and enters the channel,
diffuses across the channel, and jumps out to rejoin the w ater molecules on the other side. Note
that the equation assumes that the same coef ficient (γK) describes the flow of potassium dri ven by
either a gradient of electrical potential (an electric field) or a gradient of potassium concentration,
despite the fact that the nature of these tw o driving forces is clearly quite dif ferent. In the case of
the electric field, each ion experiences a dri ving force due to the electric field in the membrane,
whereas EK represents a virtual force or “pseudo-force” that reflects the statistical tendency of ions
to move down the potassium concentration gradient. 19,37 In both cases, however, the mechanism of
ion flow is the same (simple dif fusion), so, as long as the dri ving forces are thermodynamically
equivalent, the equivalence of γK seems justified. Note that nothing in the development of Equation
1.54 requires that γK be constant. In f act, it is most lik ely that γK will vary with ion concentration
and voltage; that is, the i–V relationship for the channel will be nonlinear .21,36,37

λK
K

K

*
*

*= J
C

i V EmK K K= −( )γ
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How does the single-channel conductance relate to the permeability of the channel to potassium?
To explore this connection and its implications it is useful to consider the simplified case in which
Vm = 0 and the sole dri ving force for potassium flow is a transmembrane concentration gradient.
Ohm’s law predicts that in this condition:

(1.55)

An alternative description can be obtained by applying Fick’s law in the condition that Vm = 0; that is:

(1.56)

where jK is the net potassium flow through a single channel, and PK is the permeability of the single
channel to potassium which could be operationally defined in a hypothetical measurement of the
movement of labeled (tracer) potassium through the channel at Vm = 0:

(1.57)

(Pitfalls and complications in the interpretation of permeability are addressed in Da wson.21) For
the single-channel potassium current, we obtain:

(1.58)

We can connect these two very different-looking descriptions of single-channel current by analyzing
a very simple channel model: a cylindrical pore containing potassium ions that dif fuse as if in free
solution. As shown by Finkelstein and Mauro,36 we can derive an expression for the single-channel
current in the condition Vm = 0:

(1.59)

where [Θ] is the logarithmic mean of the K+ concentrations on the two sides of the membrane, that is:

 (1.60)

This value can be thought of as a measure of the a verage concentration of K+ within the pore. The
term in brackets is the single-channel conductance ( γK) where:

(1.61)

We see here that, e ven in the simplest channel model, conductance depends not only on ion
permeability b ut also on the abundance (concentration) of the conducted ions. Conductance is
proportional to ion concentration. If we plug in the e xpressions for Θ and EK we end up where we
started, with Equation 1.58:

(1.62)
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demonstrating that the two approaches produce the same result. It is instructive, however, to contrast
the intuitive sense of the physical basis for ion conduction conveyed by Equation 1.58 and Equation
1.59. In the latter , the driving force for K + flow is identified in the thermodyamically correct form
as EK, which depends on the potassium concentration gradient. The rate of ion flow for any given
value of EK is determined by the conductance ( γK) that reflects the channel permeability (PK) but
is also, itself, concentration dependent. In Equation 1.58, the thermodynamic dri ving force has
been obscured, b ut the current is sho wn to depend simply on the product of the concentration
difference and the permeability , as e xpected for simple dif fusion. The ef fect of these dif ferent
formulations on our view of the permeation process can be illustrated by comparing tw o different
ways of applying a transmembrane concentration dif ference of 50 m M K. In both cases, we let
Vm = 0. In one case, we impose a gradient of 55:5 mM K+ and in the other 150:100 mM K+. Equation
1.58 tells us immediately that for our model channel the current will be identical in either case,
because the transmembrane difference in K+ concentration is identical. Equation 1.59 arrives at the
same endpoint, but via a different path. The electrochemical driving force for K+ is clearly greater
for the 55:5-mM gradient; the concentration ratio is greater . How, then, can the currents be equal?
The answer is found in the conductance. The value of γK is larger for the 150:100-m M gradient
(because the a verage concentration of K + is greater) by an amount just suf ficient to compensate
for the reduced dri ving force and equalize the currents.

B. IONIC CURRENTS FROM CELLS TO CELL LAYERS

To fully appreciate the role of ion channels in the regulation of cellular composition, it is necessary
to consider the impact of an ensemble of channels as measured by the macroscopic conductance
determined, for e xample, in the whole-cell configuration of the patch clamp technique or in a
transepithelial voltage-clamp experiment. In the case of potassium, to choose one example, it would
not be unusual to find that a particular cell type was equipped with as many as three to six distinctly
different K+ channel types (different gene products) that are differentially regulated—that is, opened
or closed under dif ferent conditions. These might include channels acti vated by depolarization of
Vm, increases in cytosolic cAMP, Ca2+, or cell swelling. F or any single population of K + channels,
however, we can define a macroscopic K+ current (IK), that would be given by:

(1.63)

where gK
i  is the macroscopic conductance for a particular ensemble of NK

i  K+ channels and is
given by:

(1.64)

Here γK
i  is the single-channel conductance characteristics of a particular channel population, NK

i

is the number of these channels, and Po is the probability of finding a channel in the open state,
assumed here to be the same for all channels in the population. Equation 1.64 is a useful reference
for thinking about channel re gulation because contained within it are all of the means by which
cells can regulate their macroscopic conductance. Much of conductance regulation revolves around
the modulation of Po by factors such as v oltage and intracellular messengers, including phospho-
rylation. In addition, ho wever, channel number can be modulated by the insertion and retrie val of
channels from the cell membrane.

C. TRANSEPITHELIAL IONIC FLOWS AND THE SHORT-CIRCUIT CURRENT

The ability of epithelial cell layers, such as those that mak e up the lining of the g astrointestinal
tract, kidney tubules gills, and other or gans, to ef fect the net absorption and secretion of salt is a
key element of osmotic regulation. In many cases, epithelial cell layers can be isolated and studied
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under v oltage-clamp conditions so the ion flows can be detected as a transepithelial electrical
current. The simplest experimental configuration involves mounting a portion of the cell layer (e.g.,
a piece of intestine or bladder or gill epithelium) as a flat sheet separating two solutions configured
such that each bath contains two electrodes: one for measuring the transepithelial electrical potential
difference and another for passing electrical current across the cell layer . Chambers designed for
this purpose are uni versally referred to as Ussing chambers in recognition of the ground-breaking
studies by Koefoed-Johnson and Ussing56 on sodium transport across isolated frog skin. The unique
significance of this measurement is best appreciated by considering how a simple cell layer can be
represented by an electrical equi valent circuit as suggested in Figure 1.7. Here we depict a homo-
geneous layer of cells connected by tight junctions such that, on purely morphological grounds,
one can recognize a transcellular pathway comprised of the series arrangement of apical and
basolateral membranes of the epithelial cells and a paracellular pathway comprised of the tight
junctions and lateral intracellular spaces that lie between adjacent epithelial cells.

It is often found that, when an isolated epithelial cell layer is bathed on both sides by identical
solutions such that all transepithelial ion gradients are eliminated, it is ne vertheless possible to
measure a transepithelial electrical potential ranging from several millivolts to over 100 mV, generally
negative on lumen side. The origin of this transepithelial electrical potential dif ference can be
illuminated by the analysis of a simple equivalent circuit representing the cell layer. The paracellular
pathway (or shunt pathway) is represented in the equivalent circuit by a conductance, which accounts

FIGURE 1.7 An idealized epithelial cell layer and its equi valent circuit representation.
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for the f act that, in the presence of a transepithelial dri ving force (v oltage or ion concentration
gradient), ion flows can occur through this shunt, which bypasses the cells. The transcellular pathway
is represented by a transcellular conductance ( gc) and an electromoti ve force (emf) ( Ec). The tran-
sepithelial conductance (gc) represents the conductive properties of the series arrangement of apical
and basolateral cell membranes; the emf is the most concise description of the capacity of the cell
layer for electrogenic (char ge-transporting) ion transport and accounts for the observ ation of a
nonzero, transepithelial electrical potential in the absence of an y transepithelial ion gradients. The
latter observation constitutes unequivocal evidence for active ion transport across the cell layer .

The measured transepithelial potential ( Vt) can be related to the elements of the simple equi v-
alent circuit by treating it as a v oltage divider:

(1.65)

It is immediately apparent that the transepithelial potential is, as e xpected, dependent on the
electrogenic property of the cellular pathw ay, concisely represented by Ec. In addition, ho wever,
the value of Vt depends on the relati ve values of the cellular and paracellular conductances. This
sort of perspective has given rise to the general e xpectation that a leaky epithelial cell layer (gs >>
gc) should be characterized by a smaller v alue of Vte than a so-called tight epithelium (gs << gc), a
useful general guide. 39 The significance of the short-circuit current (Isc) is readily apparent if we
compute the current required to reduce Vt to zero. In this condition, current through the shunt path
(gs) must be zero due to the lack of an y driving force, so the short-circuit current is gi ven by:

(1.66)

Equation 1.66 makes it clear that Isc measures the properties of the cellular transport path, thereby
providing a sensiti ve, time-resolv ed assay of acti ve ion transport. Although we arri ved at this
perspective on the significance of Isc using a particularly simple example, the range of applications
for this approach is remarkably broad and has pro ven useful for characterizing a wide range of
transporting epithelia, including frog skin, intestine, airw ays, gills, and others. 29 Indeed, some 60
years after its introduction by Ussing and Zerahn, 80 the short-circuit technique remains a k ey
analytical tool in studies of epithelial transport.

V. A GLANCE AT THE MOLECULAR BASIS FOR 
SOLUTE AND WATER TRANSPORT

We close this chapter with a fleeting glance at the molecular basis for the solute and water transport
processes that are the basis of osmoregulation. This area of inquiry is undergoing a virtual explosion
as ever more crystal structures for transport proteins are obtained, particularly structures represent-
ing dif ferent transporting states of the same protein. The future of such studies clearly lies in
understanding the dynamic changes in protein structure that are the basis for the wide v ariety of
transport activities that underlie osmore gulation. Here, we aim to establish a frame work for the
motivated reader who can follo w these de velopments on his or her o wn. One e xcellent Web site
on membrane proteins can be found at http://portal.acm.or g/citation.cfm?id=1181568.1181585
(Bioinformatics, 22(5), 623–625, 2006).

A. CHANNELS AND TRANSPORTERS

For the purpose of structural cate gorization, it is useful to group all of the proteins eng aged in
transmembrane solute and water traffic into two categories: channels and transporters. In both cases,
the translocation event is accompanied by (or brought about by) some sort of conformational change.
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A channel is distinguished by the f act that, at some point during its conformational c ycle, it
represents an open pathway across the membrane through which ions, for example, can move under
the influence of an electrochemical potential gradient at a high rate, 106 per second or faster. Channel
proteins cycle through conformations that are open (conducting) or closed (nonconducting), and
the movement of protein segments underlying these opening and closing (gating) reactions are now
beginning to be resolv ed.57,60,75 A transporter can also be described as being gated, but in such a
way that a binding site (say , for sodium ions or glucose) is accessible from only one side of the
membrane at an y instant. These so-called alternating access  mechanisms can no w be visualized
in atomic detail. 1,7,12,43,52 

Transporter mechanisms are distinguished by a some what slower rate of turno ver because the
rate of solute transport is limited by the rate of the conformational change that must accompan y
the switch from the outw ard-facing to the inw ard-facing form of the protein. Within this simple
difference, the open pathw ay of channels and alternating access of transporters, lies the basis for
the unique features of both groups. The presence of an open pathw ay permits high rates of ion
translocation through channels, and alternating access provides the basic substrate for coupling the
transport event to some energy-yielding process, such as the hydrolysis of ATP. Emerging evidence
suggests that for some proteins, at least, the structural basis for this critical dif ference between
transporters and channels may be relati vely minor . In the case of the CLC f amily of chloride
channels, for e xample, the bacterial cousin, once thought to be an anion-conducting channel, has
been sho wn to be a proton–chloride antiporter . The translocation pathw ay of channel f amily
members differs from the transporter by a single glutamate residue. 2,3 Likewise, the product of the
cystic fibrosis gene, a chloride channel known as CFTR, is a member of a lar ge family of trans-
porters, a heritage that may become e ven more apparent when the mechanism of CFTR g ating is
fully resolved.41,82 The ubiquitous Na,K-ATPase is possessed of an underlying channel character
that can be re vealed by modifying the protein with a marine toxin that con verts the transporter to
a channel gated by permeant ions. 10,73

B. SELECTIVITY

The exquisite selectivity of transporters and channels has intrigued in vestigators for decades, and
the basis for this discrimination is no w being revealed at the atomic scale for membrane proteins.
Here, we consider tw o examples to whet the appetite of the reader: potassium selecti vity of K +

channels and water selectivity of the aquaporins. 

1. Physical Basis of Potassium Selectivity

One of the most enduring puzzles in biology is the ability of a potassium channel to select potassium
over the smaller univalent cation sodium. Sodium exclusion from the pore is so effective that highly
selective K+ channels basically do not conduct Na +. This Na+ exclusion is a critical f actor in the
creation of resting membrane potentials and a v ariety of e xcitability phenomena. Early theories
focused on two contributions to selectivity that might be grouped under the headings “chemistry”
and “geometry.” Eisenman’s approach emphasized chemistry—specifically, the electrostatic inter -
actions of permeant cations with specific, coordinating ligands, such as carbon yl oxygens, in
comparison to w ater coordination.27,28 Bezanilla and Armstrong,11 on the other hand, emphasized
the role of geometry . They advanced the snug-fit hypothesis, the notion that the geometry of the
intrachannel coordination site, lik e the cage of the potassium-selecti ve antibiotic valinomycin,25,26

rendered potassium coordination ener getically more f avorable than that of sodium. The advent of
atomic-scale structures for potassium channels pro vided the basis for a detailed appraisal of
selectivity theories and a reconsideration of the relative roles of chemistry and geometry. The first
crystal structure for the bacterial potassium channel (KcsA) revealed the ion-conducting pore and,
in particular, the long sought-after selectivity filter.23 The potassium selectivity filter is constructed



30 Osmotic and Ionic Regulation: Cells and Animals

in such a w ay as to orient backbone carbon yl oxygens to ward the center of the pore, where the y
can coordinate and stabilize visiting potassium ions, replacing, in a sense, the w aters of hydration
that stabilize potassium ions in the aqueous solution. The geometry of the potassium coordination
sites is controlled by the interaction of the corresponding amino acid side chains (oriented a way
from the pore) that interact with elements of the surrounding protein. The geometry of a functioning
selectivity filter is not expected to be rigid b ut instead to v ary in space and time due to thermal
influence.5

Valiyaveetil and Mackinnon 81 recently proposed that the K channel selecti vity filter exhibits a
sort of conformational selection. They proposed that the binding of a potassium ion to the potassium
channel selecti vity filter stabilizes a specific conformation that is favorable to K + conduction,
whereas the binding of the sodium ion does not. 81 Side-chain, protein-surround interactions may
determine the allowable conformations of the selecti vity filter and may be tuned in such a way as
to favor a conducting conformation that requires a bound K + for stability.

2. Water Selectivity of Aquaporins

The founding member of the aquaporin f amily, discovered by Peter Agre (who shared the 2003
Nobel Prize with Rod MacKinnon), w as originally named CHIP28 because it w as a 28-kDa red
cell membrane protein. 71,72 The subsequent disco very that e xpression of CHIP28 conferred w ater
permeability on cell membranes led to its identification as a water channel.72 Family members are
widely e xpressed in a v ariety of salt- and w ater-transporting or gans.4,53 It w as e xpected that a
channel that conducts w ater molecules would be highly conducti ve to protons. Protons e xhibit an
anomalously high mobility in w ater because the y can be passed from one w ater molecule to the
next, an effect that requires the reorientation of water molecules along the chain. Anomalously high
proton conductance is also observ ed in the gramicidin channel through which w ater molecules
must move in single file, a phenomenon referred to as a proton wire ef fect that is aided by the
reorientation of successi ve water molecules in the chain. 70 Aquaporin 7, ho wever, was found to
conduct water, but not protons! This surprising selectivity was explained by comparing experimental
results with molecular dynamics simulations of the single-file translocation of water molecules
through the pore. 76,87 As water molecules translocate in single file, the structure and electrostatic
properties of the pore pre vent the uniform orientation and reorientation necessary for the proton
wire effect, thereby blocking proton conduction.
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APPENDIX 1. OSMOTIC FLOW ACROSS A LIPID MEMBRANE

(See Finkelstein, 1987, and Da wson, 1992.) We assume here that dif fusional water flow through
the oil layer (lipid membrane) can be adequately described by Fick’s law, which for the molar flow
of water yields:

(A1.1)

where the term ∆Cw(M) refers to the concentration of w ater within the oil layer  where water is a
dilute component. Dw is the diffusion coefficient of water in the oil membrane, Am is the membrane
area, and δm is the membrane thickness.

To relate this description to the dif ference in w ater concentration between the tw o bathing
solutions we need to in vestigate the boundary condition at the interf ace between the layer of oil
and the b ulk w ater-containing solution. ∆Cw(M), the w ater concentration dif ference within the
membrane, can be written as:

(A1.2)

where the latter two terms refer to the concentration of water just inside the oil layer on either side.
To relate these to the w ater concentration in the solutions bathing the membrane, we define the
equilibrium partition coefficient (βw) as:

(A1.3)

which is that ratio of the mole fraction of water just inside the membrane to that in the bulk solution,
Xw(B).

Recalling our dilute solution approximation, we can e xpress Cw(M) within the membrane as:

(A1.4)

where νm is the partial molar v olume of the oil phase in which the w ater is dissolv ed. Inserting
Equation A1.3 we obtain the relation between the concentration of water within the lipid layer and
the mole fraction of water in the b ulk solution:

(A1.5)
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But, the mole fraction of water in the bulk solution (solute-containing) can be replaced with 1 – Xs,
which with Equation A1.5 yields:

(A1.6)

where Cs and νw refer to the aqueous bathing solution. Finally , for ∆Cw(M) we obtain:

(A1.7)

and for the molar w ater flow:

(A1.8)

where the term in the brack et represents the osmotic water permeability  (Pf):

(A1.9)

APPENDIX 2. ENERGETICS OF SODIUM–CALCIUM EXCHANGE

(See Dawson, 1991.) We assume a Na +/Ca2+ exchange with a fixed stoichiometry of 3Na +:1Ca2+.
The equilibrium point for this process w ould be described by:

(A2.1)

where we define the difference so an inw ardly direct gradient is a positi ve number.
Inserting the v ariables for concentration and v oltage and assuming no dif ference in pressure

or standard chemical potential, we obtain from Equation 1.45:

(A2.2)

where Vm = Vi – Vo. Inserting zNa = 1 and zCa = 2 yields:

(A2.3)

Inserting common logs and di viding by F we obtain:

(A2.4)

So, using 2.3(RT/F) = 60 mV and assuming that Vm = –60 mV, we see that the minimum intracellular
concentration of calcium will be 10 –7 M assuming [Ca2+]o = 1 mM.
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I. INTRODUCTION

Maintenance of a constant volume in the face of extracellular and intracellular osmotic perturbations
is a critical problem f aced by all cells. Most cells respond to swelling or shrinkage by acti vating
specific membrane transport or metabolic processes that serve to return cell v olume to its normal
resting state. These processes are essential for normal cell function and survi val. This chapter
provides an o verview of the cellular and molecular e vents underlying cell v olume homeostasis.
Our discussion is focused on animal cell volume regulation; however, where appropriate, we discuss
studies in bacteria and fungi that may pro vide insights into the molecular mechanisms of ho w
animal cells detect v olume changes and acti vate regulatory responses.

II. WATER FLOW ACROSS CELL MEMBRANES

The b ulk mo vement of w ater across a semipermeable membrane is termed osmosis. An ideal
semipermeable membrane is one that is permeable only to w ater. If such as membrane separates
solutions with different solute concentrations—for example, 0.1-M NaCl on one side and 1-M NaCl
on the other—water will move from the dilute into the concentrated NaCl solution. Water flow will
continue until the NaCl concentrations in both solutions are equalized. The driving force for water
flow is the concentration gradient for water. The concentration of water is higher in the 0.1-M NaCl
solution compared to the 1- M NaCl solution.
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Osmotic water flow across the membrane can be prevented by applying an opposing hydrostatic
force. The pressure required to stop w ater flow is termed the osmotic pressure. The mathematical
expression that defines osmotic pressure was derived by van’t Hoff:

(2.1)

where ∆π is the osmotic pressure dif ference, R is the g as constant, T is the absolute temperature,
and ∆Ci is the difference in solute concentration across the membrane.

Osmotic pressure is dependent upon the total concentration of dissolv ed solute particles. The
terms osmolality and osmolarity indicate the total number of dissolv ed particles present in a
kilogram of water and a liter of solution, respecti vely. One osmole is 1 mole of particles, which is
6.02 × 1023 individual particles. Osmolality and osmolarity are used interchangeably when referring
to the relatively dilute intracellular and e xtracellular solutions of animals.

The above discussion of osmosis is based on the simplifying concept that water flow is occurring
across a membrane permeable only to w ater. Real membranes are not quite so simple. All mem-
branes have finite solute permeabilities. Although many biologically relevant solutes have perme-
abilities substantially lower than water and behave as if the y were effectively impermeable, some
solutes have permeabilities approaching that of water. These high-permeability solutes diffuse across
the membrane down their concentration gradient. As they do so, the osmotic pressure driving water
flow is reduced. If the mo vement of solute is f ast enough, the concentrations of the solute on the
two sides of the membrane can become equalized before significant osmotic water flow occurs.

To account for the nonideal beha vior of membranes, Sta verman defined the term reflection
coefficient for solute i (σi) as:

(2.2)

where ∆πobs is the observed osmotic pressure and ∆πth is the theoretical osmotic pressure obtained
from Equation 2.1. The reflection coefficient is a dimensionless term that ranges from 1 for a solute
that behaves as if it were ef fectively impermeant (i.e., the solute is reflected by the membrane) to
0 for a solute whose permeability is similar to that of w ater. The effective osmotic pressure (∆πeff)
across a membrane generated by solute i is, therefore,

(2.3)

The flow of water (Jv) across a membrane is defined as:

(2.4)

where Lp is the hydraulic conductivity  coefficient of the membrane, and ∆P is the h ydrostatic
pressure difference across the membrane. The hydraulic conductivity coefficient is a measure of
the water permeability of the membrane. Cell membranes do not generate and maintain significant
hydrostatic pressure gradients. Thus, when considering water flow into and out of animal cells, the
∆P term in Equation 2.4 is usually ignored; ho wever, in organisms with relatively rigid cell walls,
such as bacteria, plants, and yeast, significant hydrostatic pressure gradients can be generated and
play important roles in dri ving water flow.

Water flow across most biological membranes occurs by simple dif fusion of w ater molecules
through the lipid bilayer; however, some cells possess specialized proteins that form transmembrane
water-selective pores termed aquaporins.104 Aquaporins dramatically increase cell membrane water
permeability.
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III. FUNDAMENTALS OF CELL VOLUME REGULATION

A. MECHANISMS OF CELL VOLUME PERTURBATION

Water is ef fectively in thermodynamic equilibrium across the plasma membrane of animal cells.
In other words, the osmotic concentration of cytoplasmic (πi) and extracellular (πo) fluids are equal
under steady-state conditions. Changes in intracellular or e xtracellular solute content generate a
transmembrane osmotic gradient (∆π). Cell membranes are freely permeable to w ater, so any such
gradient results in the immediate flow of w ater into or out of the cell until equilibrium is ag ain
achieved. Because animal cell membranes are unable to generate or sustain significant hydrostatic
pressure gradients, water flow causes cell swelling or shrinkage.

Cell volume changes are usually grouped into two broad categories: anisosmotic and isosmotic.
Anisosmotic volume changes are induced by alterations in e xtracellular osmolality. Under normal
physiological conditions, most mammalian cells, with a fe w noteworthy exceptions (e.g., cells in
the renal medulla and g astrointestinal tract), are protected from anisosmotic v olume changes by
the precise regulation of plasma osmolality by the kidne y; however, a variety of disease states can
disrupt the re gulation of plasma osmolality .127,229 In addition, man y nonmammalian animals ha ve
limited abilities to re gulate e xtracellular osmolality or are osmoconformers. The cells of these
animals can be e xposed to substantial osmotic stress during fluctuations in the osmolality of
extracellular body fluids.

Isosmotic volume changes are brought about by alterations in intracellular solute content. All
cells are threatened by possible isosmotic swelling or shrinkage. Under steady-state conditions,
intracellular solute le vels are held constant by a precise balance between solute influx and efflux
across the plasma membrane, as well as by the metabolic production and remo val of osmotically
active substances. A v ariety of ph ysiological and pathoph ysiological conditions, ho wever, can
disrupt this balance. 127,229 For e xample, the cell swelling that occurs in the mammalian brain
following a strok e or head trauma is an e xample of isosmotic v olume increase and is due to
intracellular accumulation of NaCl and other solutes.

B. CELL VOLUME REGULATION

Cells respond to volume perturbations by activating volume-regulatory mechanisms. The processes
by which sw ollen and shrunk en cells return to a normal v olume are termed regulatory volume
decrease (RVD) and regulatory volume increase (RVI), respectively (Figure 2.1A). Cell v olume
can only be re gulated by the g ain or loss of osmotically acti ve solutes, primarily inor ganic ions
such as Na +, K+, and Cl – or small organic molecules termed organic osmolytes.

Volume-regulatory electrolyte loss and g ain are mediated e xclusively by membrane transport
processes.112,145 In most animal cells, R VD occurs through loss of KCl via acti vation of separate
K+ and Cl– channels or by acti vation of K–Cl cotransporters. Re gulatory volume increase occurs
by uptake of both KCl and NaCl. Accumulation of these salts is brought about by acti vation of
Na+/H+ and Cl –/HCO3

–  exchangers or Na–K–2Cl cotransporters. Figure 2.1B illustrates the ion
transport systems commonly in volved in cell v olume re gulation. Activation of these transport
pathways is rapid and occurs within seconds to minutes after volume perturbation. Certain volume-
sensitive ion transport systems play multiple roles, participating in v olume regulation as well as
transepithelial salt and w ater movement and intracellular pH control.

Organic osmolytes are found in high concentrations (tens to hundreds of millimolar) in the
cytosol of all or ganisms from bacteria to humans. 242 These solutes play k ey roles in cell v olume
homeostasis and may also function as general c ytoprotectants. In animal cells, or ganic osmolytes
are grouped into three distinct classes: (1) polyols (e.g., sorbitol and myo-inositol), (2) amino acids
and their deri vatives (e.g., taurine, alanine, and proline), and (3) meth ylamines (e.g., betaine and
glycerophosphorylcholine).
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Organic osmolytes are compatible or nonperturbing solutes.242 They have unique bioph ysical
and biochemical properties that allow cells to accumulate them to high le vels or to withstand large
shifts in their concentration without deleterious effects on cellular structure and function. In contrast,
so-called perturbing solutes such as electrolytes or urea can harm cells or disrupt metabolic
processes when they are present at high concentrations or when lar ge shifts in their concentrations
occur; for e xample, ele vated electrolyte le vels and intracellular ionic strength can denature or
precipitate cell macromolecules. Ev en smaller changes in cellular inor ganic ion le vels can alter
resting membrane potential, the rates of enzymatically catalyzed reactions, and membrane solute
transport that is coupled to ion gradients. Thus, although animal cells typically use inor ganic ions
for rapid R VI follo wing shrinkage, the y will replace these solutes by nonperturbing or ganic
osmolytes when exposed to hypertonic conditions for prolonged periods of time.

Accumulation of organic osmolytes is mediated either by energy-dependent transport from the
external medium or by changes in the rates of osmolyte synthesis and de gradation.22,23 Volume-
regulatory organic osmolyte accumulation is typically a slo w process relative to electrolyte uptake
and requires many hours after initial activation to reach completion. Activation of organic osmolyte
accumulation pathways usually requires transcription and translation of genes coding for or ganic
osmolyte transporters and synthesis enzymes (Figure 2.2).

Loss of or ganic osmolytes from cells is elicited by swelling and occurs in tw o distinct steps.
First, swelling induces a v ery rapid (i.e., seconds) increase in passi ve organic osmolyte efflux via
channel-like transport pathw ays (Figure 2.2). 93,98 Downregulation of or ganic osmolyte synthesis
and uptak e mechanisms also contrib ute to the loss of these solutes from the cell. Ov erall, this

FIGURE 2.1 Cell volume regulation. (A) Cell swelling is induced by e xtracellular hypotonicity or by accu-
mulation of intracellular solutes, whereas shrinkage is induced by solute loss or increases in e xtracellular
osmolality. Cells respond to volume perturbations by activating regulatory mechanisms that mediate net solute
loss or accumulation. Volume-regulatory solute loss and g ain are termed regulatory volume decrease (RVD)
and regulatory volume incr ease (RVI), respectively. The time course of R VD and RVI varies with cell type
and experimental conditions. Typically, however, RVI mediated by electrolyte uptak e and RVD mediated by
electrolyte and organic osmolyte loss occur o ver a period of minutes. (B) Volume-regulatory electrolyte loss
and accumulation are mediated by changes in the acti vity of membrane carriers and channels. Activation of
these transport pathways occurs rapidly after the v olume perturbation.
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process is slo w. Cell swelling inhibits transcription of the genes coding for or ganic osmolyte
transporters and synthesis enzymes. 23,57 As transcription decreases, mRN A le vels drop and the
number of functional proteins declines o ver a period of man y hours to days.

IV. CELL VOLUME SIGNALS AND SENSORS

Volume-sensing mechanisms appear to be e xtremely sensitive; for e xample, studies by Lohr and
Grantham120 on the renal proximal tub ule and Kuang et al.105 on cultured corneal endothelial cells
have demonstrated that cells can sense and respond to v olume changes induced by osmotic pertur -
bations of only 2 to 3 mOsm. Our understanding of the mechanisms by which cells sense v olume
perturbations and transduce those changes into regulatory responses is limited. To further complicate
the picture, recent evidence suggests that cells can detect more than simple swelling or shrinkage.
Cells most lik ely possess an array of v olume detector and ef fector mechanisms that respond
selectively to the magnitude and rate of the v olume perturbation as well as the mechanism of
volume change (i.e., isosmotic vs. anisosmotic). 17,55,123,133,192 Such functionally distinct sensor and
effector pathways may af ford the cell simultaneous control o ver a v ariety of parameters, such as
intracellular pH and ionic composition, as well as v olume. The signals that cells may use to detect
volume perturbations f all into tw o broad cate gories: changes in mechanical force and changes in
cytoplasmic composition. In the follo wing sections, we describe possible cell v olume signals and
sensing mechanisms that may detect those signals.

A. CHANGES IN MECHANICAL FORCE

1. Mechanosensitive and Volume-Sensitive Channels

Swelling and shrinkage are mechanical perturbations and can impact cell architecture on global as
well as microdomain le vels. Changes in cellular architecture can ha ve two broad ef fects that are
relevant to cell volume sensing and activation of volume-regulatory mechanisms. Cell architecture
can directly af fect the arrangement of signaling comple xes and hence the acti vity of signaling
pathways. In addition, changes in cellular architecture can generate mechanical forces that directly
alter macromolecule conformation and function.

Volume changes can alter mechanical forces on macromolecules in two ways. First, cell volume
changes can deform the plasma membrane and in theory alter lipid bilayer tension, thickness, and
curvature, which may be sensed by membrane-embedded proteins (see Figure 2.3A). Second,
membrane proteins that are tethered to relati vely immobile e xtracellular matrix or c ytoplasmic
proteins may be displaced relati ve to those proteins during cell swelling or shrinkage. This

FIGURE 2.2 (See color insert following page 208.) Mechanisms of organic osmolyte accumulation and loss.
Shrinkage-induced organic osmolyte accumulation in animal cells is mediated lar gely by increased transcrip-
tion and translation (green arrows) of genes encoding Na+-coupled membrane transporters or enzymes involved
in organic osmolyte synthesis. During swelling, organic osmolytes are lost from animal cells largely by passive
efflux through channel-like transport pathw ays. In addition, cell swelling inhibits the e xpression of genes
involved in organic osmolyte accumulation.
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displacement in turn will alter mechanical forces on both membrane and e xtracellular/cytoplasmic
proteins (Figure 2.3B).

Mechanosensitive channels 72,198 are obvious candidates for sensing swelling- or shrinkage-
induced changes in mechanical force. Figure 2.3A and B illustrates tw o different mechanisms
by which mechanical force might re gulate channel g ating. Membrane channels may directly
sense mechanical force e xerted on the protein through the lipid bilayer (Figure 2.3A). The
Escherichia coli MscL (mechanosensitive channel large) channel exhibits this type of gating and
is the most e xtensively characterized mechanosensiti ve channel.197 Increases in tur gor pressure
during hypotonic stress activate MscL. The channel is poorly selecti ve and allows molecules as
large as 1 kDa to e xit the cell. Solute e xtrusion prevents cell lysis during e xtreme h ypotonic
shock. MscL is comprised of five identical sub units. The channel e xhibits mechanosensiti ve

FIGURE 2.3 (See color insert f ollowing page 208.)  Possible mechanisms of cellular mechanical force
detection and transduction. Panels A and B illustrate mechanisms by which ion channel gating can be modulated
by mechanical force; however, the function of any protein embedded in the plasma membrane may be subject
to similar mechanical regulation. (A) Bilayer model of mechanosensitive channel gating; changes in mechanical
force generated within the bilayer during cell swelling or shrinkage directly alter channel conformation and
gating. (B) Tethered model of mechanosensitive channel gating; the channel is tethered to relatively immobile
extracellular matrix and/or intracellular c ytoskeletal proteins. Mechanical force is placed on the channel
through tether proteins during swelling or shrinkage. (C) Mechanical-force-induced change in conformation
of an intracellular macromolecule; in addition to membrane proteins, mechanical force can alter the confor -
mation and hence function of intracellular macromolecules. The illustration shows a cytoplasmic protein (blue)
tethered to a membrane-embedded protein and a c ytoskeletal network. Cell swelling displaces the membrane
protein relative to the c ytoskeletal network, thereby stretching the c ytoplasmic protein. The resulting confor-
mational change could alter enzyme acti vity, expose functional domains such as phosphorylation sites, alter
protein–protein interactions, etc. Green arro ws in all panels indicate direction of applied mechanical force.
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gating when reconstituted in artificial membranes. As the membrane is stretched, force is exerted
on the protein at the lipid–protein interf ace which in turn alters channel conformation and g ates
it open.197

Mechanical force can also be transmitted to channels by tethering them to the c ytoskeleton or
extracellular matrix (Figure 2.3B). In this model, cell v olume changes displace the channel with
respect to relatively immobile intracellular and e xtracellular proteins. Mechanical force placed on
the channel through the tether proteins in turn alters channel conformation and gating. The tethered
model is best illustrated by studies of ion channels required for touch sensiti vity in the model
organism Caenorhabditis elegans. Nematodes sense gentle body touch by five “touch” neurons.
Forward genetic analysis has identified genes required for touch neuron mechanosensory functions.
Touch-insensitive mutant worms are mechanosensory abnormal, and the genes responsible for this
abnormality are termed mec. Approximately 15 mec genes have been identified to date. Several of
these genes are required for normal touch neuron de velopment. At least eight mec genes encode
proteins that have been postulated to form a mechanosensiti ve ion channel comple x.8,201

Both mec-4 and mec-10 encode ion-channel-forming proteins that share significant homology
with epithelial Na+ channels (ENaCs).8,201 Genetic, molecular, and biochemical studies indicate that
MEC-4 and MEC-10 proteins interact with c ytoskeletal and e xtracellular matrix proteins. Defor -
mation of the cuticle by touch is thought to displace e xtracellular proteins relati ve to the MEC-
4/MEC-10 channel. This displacement in turn exerts a mechanical force that alters channel g ating.
Recent elegant in vivo electrophysiological studies have demonstrated the presence of mechanically
gated cation currents in touch neurons, and null or loss-of-function mutations in various mec genes
abolish the currents or alter their properties. 144

It is important to stress that channels may be directly as well as indirectly re gulated by
mechanical force.29 In addition to the models sho wn in Figure 2.3A and B, it is concei vable that
mechanical stimuli may alter the conformation of one or more accessory proteins that in turn control
channel gating. Alternatively, mechanical force could alter the acti vity of signaling pathw ays that
regulate channel activity.

Numerous cell-v olume-sensitive ion currents ha ve been described. 90,112,231 Several channels
whose activity is modulated by cell volume perturbations have also been identified at the molecular
level. These include the TRP channels TRPV4,9,64,117,195,236 TRPV2,134 TRPM3,68 and TRPM7;142,143

the Drosophila TRPV channels IAV67 (“inactive”) and NAN97 (“nanchung”); the ClC anion channels
ClC-269,92 and CLH-3b;45,176 the human homolog of the tweety (hTTYH1) Cl– channel;200 the human
and mouse bestrophin Cl– channels hBest1 and mBest2;61 and the K+ channels KCNQ1, KCNQ4,70

KCNQ5,89 TREK-1,160 and TASK-2.137 Activation of a swelling-activated, outwardly rectifying anion
current, I Cl,swell, which is also kno wn as the v olume-sensitive, outw ardly rectifying Cl – channel
(VSOR), volume-regulated anion channel (VRA C), and v olume-sensitive organic osmolyte/anion
channel (VSO AC), is a ubiquitous response of animal cells to v olume increase. 146,193 The ClC
channel ClC-3 has been proposed to be the long-sought channel responsible for I Cl,swell;51 however,
ClC-3 knockout mice have normal I Cl,swell channel activity, making this h ypothesis untenable.5,230

The role, if any, that most of these molecularly identified channels play in cell volume regulation
is not fully defined. In addition, it must be stressed that it is unclear whether they are re gulated
either directly or indirectly by mechanical force. The exceptions to this generalization are TRPM7,143

TREK-1,160 and TRPV2, 134 which have been sho wn to be g ated by membrane stretch. IA V and
NAN play roles in Drosophila hearing,67,97 which clearly involves mechanical gating of ion chan-
nels.225 The Caenorhabditis elegans TRPV channels OSM-9 and OCR-2 are e xpressed in sensory
neurons and play an essential role in detecting both h ypertonic en vironments and mechanical
force.32,208 The function of these channels in mechanosensation suggests that h ypertonic environ-
ments may be detected by changes in membrane tension that lik ely occur when sensory neurons
shrink during e xposure to h ypertonic conditions. TRPV4 is acti vated by shear stress 64 and can
rescue OSM-9 loss-of-function mutants, 118 suggesting that it may detect cell v olume perturbations
through changes in mechanical force.



44 Osmotic and Ionic Regulation: Cells and Animals

2. Other Possible Sensors of Mechanical Force

In addition to ion channels, numerous other sensors of cellular mechanical force ha ve been iden-
tified. Any macromolecule in theory can function as a mechanosensor as long as mechanical force
of suf ficient magnitude to alter its structure is exerted on it (see Figure 2.3). 81 The acti vity of
phospholipase A 2 (PLA2), for e xample, is sensiti ve to membrane lipid-packing density .21 When
reconstituted in liposomes, PLA2 is activated by osmotic swelling, which causes membrane stretch-
ing and a reduction in lateral lipid packing (see Figure 2.3A). 114 Changes in mechanical forces on
DNA may af fect gene transcription. 16,66,99 Actin polymerization is sensiti ve to mechanical force, 26

as well as cell volume changes.30 Recent studies have shown that actin polymerization/depolymer-
ization regulates gene expression by modulating the mo vement of transcription f actors in and out
of the nucleus. 220

The Src (sarcoma) kinase substrate Cas is a c ytoskeletal associated scaffolding protein that is
involved in numerous signaling pathw ays.42 In HEK293 cells, Cas is phosphorylated in a stretch-
dependent manner . In vitro stretching of a Cas substrate domain protein dramatically increases
phosphorylation without changing Src kinase acti vity, and Cas stretching and phosphorylation are
detected in peripheral re gions of spreading cells where traction forces are high. 180 Taken together,
these results suggest that mechanical stretching of Cas exposes Src phosphorylation sites (see Figure
2.3C).

The ph ysical interaction of cells with their neighbors and the e xtracellular matrix (ECM)
controls numerous cellular processes. Adhesion of cells to the ECM requires transmembrane
proteins termed integrins that interact with the c ytoskeleton. An extensive body of e vidence has
shown that integrins play essential roles in cellular mechanotransduction.44,60,81 Integrins also func-
tion in the regulation of osmoprotective gene expression,131 as well as other osmotic stress-induced
signaling processes.19,185,227 

MEC-5 is an e xtracellular collagen that is required for mechanosensation in Caenorhabditis
elegans.8,201 Recent studies have demonstrated that cuticle collagens also play a role in re gulating
organic osmolyte accumulation in worms, possibly by detecting and transducing hypertonic stress-
induced mechanical signals. 111,232

Caveolae, membrane in vaginations 60 to 80 nm in diameter , play important roles in cellular
mechanotransduction.156 Studies by Eggermont and co workers have demonstrated that ca veolin-1,
a principal caveolae coat protein, controls ICl,swell activity.211,212,218 Interestingly, they have also shown
that targeting of Src kinase to ca veolae inhibits swelling-induced acti vation of I Cl,swell. Inhibition
does not require kinase function b ut is instead dependent on Src homology domains 2 and 3,
suggesting that Src disrupts a ca veolae signaling cascade that re gulates the channel. 210 A simple
and attractive hypothesis suggested by these studies is that cell v olume changes alter the confor -
mation of caveolae (as well as other membrane microdomains), which in turn causes rearrangement
of scaffolding proteins and associated signaling components such as kinases, phosphatases, and
their substrates. It is easy to en vision ho w such a rearrangement could bring kinases and their
targets into close apposition, allo wing phosphorylation to occur . Alternatively, rearrangement of
microdomain architecture could move kinases and substrates apart, allowing phosphatases to asso-
ciate with and dephosphorylate kinase tar gets.

B. CHANGES IN CYTOPLASMIC COMPOSITION

1. Intracellular Ionic Strength

Cell swelling or shrinkage leads to changes in intracellular w ater activity as well as the concen-
trations of intracellular solutes and macromolecules. A number of studies ha ve identified ionic
strength as a signal that acti vates or modulates v olume-regulatory mechanisms. As noted abo ve
(Section III.B), the swelling-activated K–Cl cotransporter plays an important role in RVD in animal
cells. Studies in fish71,133 and dog155 red cells have shown that the volume setpoint of the cotransporter



Volume Regulation and Osmosensing in Animal Cells 45

is sensitive to intracellular ionic strength. Specifically, as cytoplasmic inorganic ion levels rise, less
swelling is required to trigger cotransporter acti vation.

The ICl,swell channel (see Section IV.A.1) appears to play a critical role in R VD and may be an
important pathw ay for or ganic osmolyte ef flux.93,98 The molecular identity of the channel is
unknown, and the precise mechanism of swelling-induced activation is unclear; however, two groups
have demonstrated that c ytoplasmic ionic strength is an important modulator of channel acti v-
ity.24,55,138,224 Less swelling is required to activate the channel at reduced intracellular ionic strength.
Cytoplasmic ionic strength has a similar ef fect on swelling-induced or ganic osmolyte efflux from
trout red cells 71,133 and C6 glioma cells. 55 Strange and coworkers24,55 suggested that ionic strength
modulates the volume setpoint of the ICl,swell channel, whereas Voets et al.224 concluded that channel
activation is triggered by swelling-induced reductions in ionic strength. Similarly , Guizouarn and
Motais71 concluded that reductions in intracellular ionic strength acti vate the swelling-induced
organic efflux pathway in trout red blood cells.

The dif ferential ef fect of intracellular ionic strength on v olume-regulatory electrolyte and
organic osmolyte transport pathw ays may ha ve important ph ysiological implications.55 Isosmotic
swelling induced by net salt uptake increases cell inorganic ion content. In addition, cells that have
undergone RVI have elevated intracellular ionic strength. When cell swelling occurs concomitantly
with increased c ytoplasmic inorganic ion content, it is adv antageous for cells to use electrolytes
selectively for RVD via acti vation of an electrolyte-selecti ve transport pathw ay such as the K–Cl
cotransporter. The loss of organic osmolytes under such conditions would mediate RVD but would
also further concentrate intracellular electrolytes as cells undergo volume-regulatory water loss and
concomitant shrinkage. Changes in intracellular ionic strength may therefore play an important
role in coordinating the activities of various volume-regulatory transport pathways. This postulated
coordinated regulation could in turn contrib ute to the long-term maintenance of c ytoplasmic ionic
composition.

In addition to regulating RVD transport pathways, intracellular ionic strength may also regulate
the transcription of genes encoding or ganic osmolyte transporters and enzymes in volved in their
synthesis. This idea w as first proposed by Uchida et al.,215 who demonstrated that the acti vity of
aldose reductase, an enzyme required for the synthesis of the or ganic osmolyte sorbitol, increases
as a function of cellular inor ganic ion content.

Kwon and co workers ha ve e xtensively characterized the mechanisms of or ganic osmolyte
accumulation in the mammalian kidney. Increased transcription of genes encoding organic osmolyte
transporters and synthesis enzymes is controlled by a cis-regulatory element termed tonicity-
responsive enhancer, or TonE.58,174.202 TonE-binding protein (TonEBP) binds to TonE and stimulates
gene transcription.130 Hypertonic shrinkage stimulates TonEBP to translocate from the c ytoplasm
into the cell nucleus.37 Studies by Neuhofer et al.136 suggest that increased intracellular ionic strength
increases the acti vity and nuclear localization of TonEBP. Regulation of or ganic osmolyte ef flux
(see discussion abo ve) and e xpression of genes in volved in or ganic osmolyte accumulation by
cytoplasmic ionic strength would provide an important feedback mechanism that allows coordinated
regulation of both cell inor ganic ion levels and volume.

Any macromolecule whose conformation is sensitive to physiologically relevant shifts in ionic
strength could function as a cell volume sensor. In animal cells, no such sensor has been identified
at the molecular level; however, recent studies in bacteria ha ve demonstrated that cystathionine-β-
synthase (CBS) domains function as ionic strength and cell v olume sensors.13,124 The CBS domain is
a ubiquitous motif found in diverse proteins, including adenosine triphosphate (ATP)-binding cassette
(ABC) transporters, ClC channels and transporters, transcription f actors, and various enzymes.80

OpuA is an osmoregulatory ABC transporter that mediates the uptak e of organic osmolytes in
hypertonically stressed bacteria. When reconstituted in proteoliposomes, OpuA is acti vated by
shrinkage and by ele vation of luminal ionic strength. The threshold for ionic-strength-dependent
activation is sensiti ve to the content of anionic lipids in the liposome membrane. 166,239 Poolman
and coworkers13,124 have shown that deleting the CBS domains renders OpuA transport acti vity
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largely insensitive to intracellular ionic strength. Deletion of the 18-residue anionic C-terminus of
the protein shifts ionic strength sensiti vity to higher values. They propose that the cationic surf ace
of the CBS domains interacts with anionic membrane lipids and inactivates the transporter. Increas-
ing intracellular ionic strength disrupts this electrostatic interaction, leading to increased OpuA
activity. The anionic C-terminus is e xpected to be repelled a way from anionic membrane lipids,
which presumably modulates ionic strength sensiti vity by weak ening the interaction between the
membrane and CBS domains (see Figure 2.4A).

KdpD is a membrane-bound histidine kinase that re gulates hypertonicity-induced expression
of a high-af finity K+ uptake system in Escherichia coli . When reconstituted in liposomes, KdpD
autophosphorylation acti vity is increased by v esicle shrinkage and by increasing luminal ionic
strength.95 A cluster of five positively charged arginine and lysine residues is critical to the function

FIGURE 2.4 (See color insert f ollowing page 208.)  Examples of osmore gulatory pathw ays acti vated by
increases in intracellular ionic strength. (A) OpuA is a bacterial or ganic osmolyte transporter acti vated by
hypertonic stress. The cationic surf ace (shown by red shading) of the CBS domains interacts with anionic
membrane lipids (shown in green) and inactivates the transporter. Hypertonic stress and cell shrinkage increase
intracellular ionic strength (small red and green circles), which in turn disrupts this electrostatic interaction,
leading to increased OpuA activity. The anionic C-terminus (green) of OpuA is e xpected to be repelled away
from anionic membrane lipids which may modulate ionic strength sensiti vity by weak ening the interaction
between the membrane and CBS domains. (B) Model for regulation of Caenorhabditis elegans osmosensitive
gene expression by disruption of protein homeostasis. Hypertonic-stress-induced w ater loss causes ele vated
cytoplasmic ionic strength which in turn disrupts ne w protein synthesis and cotranslational protein folding.
Misfolded and incompletely synthesized proteins function as a signal that acti vates gpdh-1 expression and
glycerol synthesis. Glycerol replaces inor ganic ions in the c ytoplasm and functions as a chemical chaperone
that aids in the refolding of misfolded proteins. Loss of function of protein homeostasis genes also causes
accumulation of damaged proteins and acti vation of gpdh-1 expression.
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of KdpD. Single-point mutation of these amino acids to glutamine alters kinase and phosphatase
activity of the protein and its association with the membrane. 94 Anionic membrane lipids increase
kinase acti vity.190 Taken together , these findings suggest that, like OpuA, KdpD acti vity may be
modulated by ionic-strength-dependent changes in the interaction of the protein with the lipid bilayer.

Rather than detecting shifts in ionic strength per se, cells could detect macromolecular damage
induced by alterations in c ytoplasmic inorganic ion le vels; for e xample, elevation of intracellular
ionic strength can disrupt protein folding and protein synthesis.18,242 Recent studies in Caenorhabditis
elegans suggest that ionic-strength-induced protein damage functions as a signal that increases the
transcription of the gene encoding glycerol 3-phosphate deh ydrogenase-1 (GPDH-1), which is
required for synthesis and accumulation of the organic osmolyte glycerol during hypertonic stress.111

Using a GFP reporter of GPDH-1 expression and a genome-wide RNA interference screen, Lamitina
et al. 111 identified 122 genes that function as negative regulators of GPDH-1 e xpression. Loss of
function of these genes causes constituti ve expression of GPDH-1 and glycerol accumulation in
the absence of h ypertonic stress. The largest class of genes identified functions in protein homeo-
stasis and includes genes required for RN A processing, protein synthesis, protein folding, and
protein degradation. Protein homeostasis genes function to maintain le vels of properly folded and
functioning cellular proteins. Inhibition of these genes is expected to increase the levels of damaged
cellular proteins.141

Interestingly, protein damage induced by numerous stressors including heat shock does not
activate GPDH-1 expression.111 Previous studies have shown that hypertonic stress but not heat or
oxidative stress inhibits protein synthesis in yeast. 216 The initiation and elongation steps of protein
synthesis in vitro are inhibited by increases in salt concentration of as little as 10 m M, and this
inhibition is fully reversed by organic osmolytes.18 Disruption of elongation would cause accumu-
lation of incomplete and aberrantly folded polypeptides in the cytoplasm. Importantly, the majority
of the protein homeostasis genes identified by Lamitina et al.111 function in RNA processing, protein
translation, and cotranslational protein folding. Inhibition of these genes is predicted to disrupt
protein synthesis.

Taken together, the findings of Lamitina et al.111 are consistent with a model in which glycerol
accumulation is specifically activated by h ypertonicity-induced increases in intracellular ionic
strength that disrupt new protein synthesis and cotranslational folding. Increased levels of damaged
or denatured proteins act as a signal that triggers increased GPDH-1 e xpression. Accumulation of
organic osmolytes such as glycerol is e xpected to stabilize protein structure and decrease protein
misfolding and aggregation,6,79 which in turn would autoregulate pathway activity (see Figure 2.4B).

2. Intracellular Inorganic Ions

In addition to ionic strength, changes in the concentration of specific ions could function to signal
cell v olume perturbation; for e xample, the acti vity of se veral ion channels, cotransporters and
exchangers is sensiti ve to intracellular Cl – levels.7,77,148,151,175,245,246 Furthermore, intracellular Cl –

regulates a v ariety of other proteins and ph ysiological processes, including the transmembrane
molecular motor prestin, 38 G-protein signaling, 76 and e xocytotic secretory acti vity in endocrine
cells.214 Interestingly, recent studies by Delpire and co workers ha ve sho wn that the acti vity of
PASK/SPAK (proline alanine-rich Ste20-related kinase) and the closely related kinase OSR1 (oxi-
dative stress response 1) is regulated by physiologically relevant levels of intracellular Cl–.62 PASK,
OSR1, and the Caenorhabditis elegans homolog GCK-3 (germinal center kinase 3) play critical
roles in regulating volume-sensitive Na–K–2Cl and K–Cl cotransporters 3,50,63,132,222,223 and a swell-
ing-activated C. elegans ClC channel46,177 (see Section V.A.2). GCK-3 also plays an essential role
in systemic osmotic homeostasis in C. elegans.28

BetP is a bacterial Na +-coupled glycine betaine uptak e system that is acti vated by h ypertonic
stress in vivo and when reconstituted in liposomes.173 Hypertonicity-induced activation is mediated
by increases in internal K + concentration.172,181 Mutagenesis studies indicate that the transporter
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C-terminus is required for osmosensing. 162,183 Schiller et al. 182 suggested that shrinkage-induced
increase in intracellular K + concentration induces a conformational change in the C-terminus of
BetP. This conformational change in turn disrupts the interaction of the positively charged C-terminus
with negatively charged membrane lipids, leading to transporter acti vation.

3. Intracellular Water Activity

Water activity affects the h ydration state and thus the conformation and function of macromole-
cules.170,171 It is conceivable then that changes in intracellular water activity in osmotically stressed
cells may function as a signal to acti vate osmoregulatory effector mechanisms. A possible sensor
that detects water activity is Escherichia coli ProP, a H+-coupled organic osmolyte transporter that
is activated by h ypertonic stress. 239 When reconstituted in proteoliposomes, ProP is acti vated by
increasing concentrations of e xtracellular solutes that cause v esicle shrinkage. Interestingly, ProP
is also acti vated when medium osmolality is increased by the addition of poly(eth ylene)glycols
(PEGs) that permeate the v esicle and cause no measurable shrinkage. 167 Furthermore, loading
proteoliposomes with PEGs of a specific size activates ProP.36 Wood239 has proposed that cytoplas-
mic and luminal PEGs and proteins compete with ProP for w ater of h ydration. As water activity
is decreased during h ypertonic stress, ProP is partially deh ydrated, and this deh ydration in turn
alters the conformation and acti vity of the transporter .

4. Macromolecular Crowding

Most in vitro studies of biochemical processes emplo y relatively dilute solutions of reactants and
the proteins that catalyze their reaction. The cytoplasm of a real cell is considerably more compli-
cated. Typically, 5 to 40% of the total c ytoplasmic volume is occupied by macromolecules. 1,53,54

(See Medalia et al. 128 for electron tomographs that illustrate the cro wded nature of the cytoplasm.)
Thus, an intracellular macromolecule functions in an en vironment that is cro wded with other
macromolecules. It is now widely appreciated that macromolecular cro wding has profound effects
on the equilibria and kinetics of biological reactions; for e xample, the addition of macromolecular
polymers such as polyeth ylene glycol, glycogen, or Ficoll to the reaction mixture stimulates the
activity of T4 polynucleotide kinase 74,75 and DNA ligase several orders of magnitude. 73,163 Macro-
molecular cro wding alters biological reactions by altering the rates of dif fusion of reactants,
thermodynamic activities, and association and dissociation kinetics of macromolecules and their
substrates.1,53,54

Given the dramatic ef fects of cro wding on biochemical processes, it stands to reason that
changes in cro wding change reaction rates and kinetics. Macromolecular cro wding is altered an y
time a cell swells or shrinks. Zimmerman and Harrison 248 were the first to suggest that swelling-
or shrinkage-induced changes in macromolecular cro wding could provide cells with a mechanism
to detect volume perturbations. Studies by Colclasure and Parker33,34 on resealed dog red cell ghosts
suggested that the activities of the swelling-activated K–Cl cotransporter and the shrinkage-activated
Na+/H+ exchanger are regulated not by cell volume per se but by the concentration of intracellular
proteins. Parker and Colclasure 154 suggested that macromolecular cro wding regulates kinases and
phosphatases that control transporter acti vity (see Section V.A.2). Minton et al. 129 explored this
idea in detail using modeling approaches. Their results suggest that, in the cro wded cytoplasmic
environment, the association of a soluble re gulatory kinase with an insoluble (i.e., membrane-
associated) transporter is much more sensiti ve to cell volume changes than would be suggested by
mass action alone. Association of the kinase with the transporter results in a net increase in
transporter phosphorylation and concomitant change in acti vity.

Replacement of intracellular macromolecules with sucrose triggers cell shrinkage in perfused
barnacle muscle fibers that is dependent on plasma membrane verapamil-sensitive Ca2+ channels
and Ca 2+ influx.199 RVD in this cell type also requires Ca 2+ influx via verapamil-sensitive Ca 2+
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channels that presumably acti vates volume-regulatory solute ef flux pathways.11 Summers et al. 199

proposed that macromolecular crowding governs the association of an inhibitory regulator with the
Ca2+ channels. Dilution of macromolecules with sucrose or by cell swelling decreases cro wding
and increases the fluid volume accessible to the inhibitor . This in turn alters the association
equilibrium of the channel and putati ve inhibitor, leading to channel acti vation.

V. CELL-VOLUME-SENSITIVE SIGNALING MECHANISMS

When a signal indicating cell v olume perturbation has been detected, it must be transduced into a
regulatory response. Transduction may be direct as is the case for mechanosensiti ve channels such
as MscL or the ionic-strength-sensiti ve OpuA transporter. Alternatively, cell volume changes may
trigger signaling pathways that activate downstream effector mechanisms. In the following sections,
we review well-characterized and emer ging signaling proteins and pathw ays that are sensiti ve to
cell volume changes.

A. OSMOTICALLY REGULATED PROTEIN KINASES

Changes in protein phosphorylation control innumerable cellular processes, and protein kinases are
one of the largest protein families in eukaryotes.125 In humans, protein kinases can be di vided into
as many as 209 subf amilies. Cellular osmotic stress has been sho wn to modulate the acti vity of
signaling pathw ays in volving members of the mitogen-acti vated Ste20, WNK, and Src kinase
families.

1. Mitogen-Activated Protein Kinases

Mitogen-activated protein kinases, or MAPKs, are a lar ge f amily of eukaryotic serine/threonine
kinases that re gulate the e xpression and acti vity of genes in volved in di verse cellular processes,
including the cell c ycle, cell gro wth, differentiation, cell death, and multiple stress responses. 169

Activation of MAPKs typically requires a cascade of protein phosphorylation e vents that includes
at least three kinases in series; a MAP kinase kinase kinase (MAPKKK) phosphorylates and
activates a MAP kinase kinase (MAPKK), which then phosphorylates and acti vates one of the
MAPKs.234 In some cases, an upstream MAP kinase kinase kinase kinase (MAPKKKK) or small
GTP-binding protein is kno wn to initiate a signaling cascade by acti vating a MAPKKK. At least
12 MAPKs subfamilies are present in mammals. The best characterized subf amilies are the e xtra-
cellular-signal-regulated kinases 1 and 2 (ERK1/2), stress-acti vated or c-Jun N-terminal kinases
(JNK1–3), and p38 MAPKs ( α, β, χ, and δ).169 Members of all three of these subf amilies are
activated by hyper- or hypotonic stress.10,102,107,157,237

ERK1/2 appear to be ubiquitously acti vated by h ypertonicity in mammalian cells, b ut their
function in cell v olume re gulation v aries with cell type. An early study found no e vidence for
ERK1/2 re gulation of h ypertonicity-induced or ganic osmolyte accumulation in Madin–Darby
canine kidney epithelial cells.108 In contrast, ERK1/2 inhibition reduces organic osmolyte accumu-
lation in inner medullary collecting duct cells 102 and intervertebral disc cells. 213 Because ERK1/2
are activated by gro wth factors and play a role in cell proliferation, the y may also mediate cell
survival by suppressing apoptotic signals initiated during h ypertonicity.187

ERK1/2 are also activated by hypotonicity in some cell types;157 however, as with hypertonicity,
no consensus has been reached on whether ERK1/2 acti vation contributes to v olume regulation.
Pharmacological and dominant-negative inhibition of ERK decreases R VD in some cells 150,188 but
not in others. 27,52,147,226

Overexpression of dominant-negative mutant JNKs decreases survi val of mouse inner med-
ullary collecting duct cells e xposed to h ypertonicity but does not alter cell v olume recovery or
organic osmolyte accumulation. 238 Instead, JNKs re gulate h ypertonicity-induced expression of
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cyclooxygenase 2, 243 a c ytoprotective gene and the Na,K-A TPase,25 an ion pump essential for
intracellular ion homeostasis. Thus, the role of JNKs during h ypertonicity may be to promote cell
survival instead of controlling cell-v olume-regulatory mechanisms. JNKs are also acti vated by
hypotonicity, and pharmological inhibition of kinase acti vity decreases RVD in mammalian renal
and corneal epithelial cells. 27,150 More studies are needed, ho wever, to define the mechanism of
JNK-mediated volume regulation and to determine if JNKs are volume sensitive in other cell types.

The best characterized osmotic signaling pathway in eukaryotes is the high-osmolarity glycerol
response (HOG) pathw ay, of the b udding yeast Saccharomyces cerevisiae.78,100,178 In yeast, tw o
parallel branches of the HOG pathw ay are defined by their dependence on one of two transmem-
brane proteins, Sln1 or Sho1. Within each branch, h ypertonic stress acti vates a MAPK cascade.
Both of these cascades terminate on Hog1, the single yeast p38 MAPK homolog (Figure 2.5).
Hog1 acti vates transcription of genes that mediate synthesis of glycerol, the dominant or ganic
osmolyte of S. cerevisiae.

Sln1 is a membrane-bound histidine kinase sensor that forms a phosphorelay system together
with two other proteins, Ypd1 and Ssk1.78,100,178 Under stable osmotic conditions, Sln1 is constitu-
tively active and phosphorylates Ypd1, which then transfers its phosphate group to Ssk1. Phospho-
rylation of Ssk1 is thought to pre vent it from interacting with and acti vating the MAPKKKs Ssk2
and Ssk22. During hypertonic stress, Sln1 is inhibited, Ypd1 and Ssk1 lose their phosphate groups,
and Ssk1 interacts with Ssk2 and Ssk22. The interaction with Ssk1 triggers autophosphorylation
of the MAPKKKs, which then phosphorylate and acti vate Pbs2, the MAPKK that acti vates Hog1.

Sho1 is a fungi-specific protein that contains four transmembrane domains and a C-terminal
domain that interacts with do wnstream signaling components.78,100,178 Sho1 was originally thought
to be an osmosensor lik e Sln1, b ut studies of Raitt et al. 168 indicate that it instead functions as a

FIGURE 2.5 (See color insert following page 208.)  Osmotically activated p38 MAPK signaling cascades in
yeast and mammals. Green arro ws and red lines indicate acti vation and inhibition, respecti vely. Ph ysical
interactions are indicated by overlap of components. MAPKKKs, MAPKKs, and MAPKs are colored orange,
red, and green, respecti vely. In yeast, there are tw o signaling branches upstream from Pbs2, a MAPKK that
activates the p38 MAPK Hog1. The Sln1 branch is comprised of the Ypd1 and Ssk1 phosphorelay system
that regulates the acti vity of tw o redundant MAPKKKs, Ssk2 and Ssk22. Increased osmolality inhibits this
phosphorelay system and allows Ssk1 to interact with and activate Ssk2 and Ssk22. Cdc42 in the Sho1 signaling
branch is acti vated by increased osmolality and in turn acti vates Ste20, a MAPKKKK. Ste20 then acti vates
the MAPKKK Ste11. The ef ficiency and specificity of the Sho1 cascade is modulated by the scaffolding
functions of Sho1, Cdc42, and Ste50. In mammals, Rac, MEKK3, MKK3, and p38 MAPK are thought to
comprise a cascade that is homologous to Cdc42, Ste11, Pbs2, and Hog1. OSM acts as a scaf fold for Rac,
MEKK3, and MKK3.
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scaffolding protein that pro vides docking sites for kinases upstream from Hog1. Recent w ork of
Tatebayashi et al. 203 suggests that tw o transmembrane mucin proteins function upstream of Sho1
as osmosensors.

A recent study of Sho1 signaling demonstrated that Cdc42, a Rho-type GTP-binding protein,
becomes activated during h ypertonic stress via an unkno wn mechanism.204 Activated GTP-bound
Cdc42 then binds and acti vates Ste20, a MAPKKKK. 204 Cdc42 and Ste20 interact with Ste50, a
possible cofactor for Ste20. Ste50 also interacts with Ste11, a MAPKKK that is activated by Ste20.
Sho1 binds to Ste11 and brings it close to its substrate Pbs2, the MAPKK that acti vates p38
MAPK.78,100,178 The specificity and efficiency of the phosphorylation steps of this signaling pathway
are enhanced by the scaf folding functions of Cdc42, Ste50, and Sho1 233 (Figure 2.5).

Vertebrate p38 MAPKs are also acti vated by cellular osmotic stress. 106,187 Studies with phar -
macological inhibitors, dominant negative kinases, and siRNA suggest that p38 MAPKs play a role
in h ypertonicity-induced transcription of genes that mediate or ganic osmolyte accumulation in
cultured mammalian cells. 101,102,135,186,213 Until recently , ho wever, little w as kno wn about the
upstream signaling mechanisms that activate p38 MAPKs during hypertonicity. Using siRNA, Uhlik
and co workers217 demonstrated that MEKK3 (mitogen-acti vated, e xtracellular-regulated kinase
kinase kinase 3), a MAPKKK with homology to yeast Ste11, and MKK3 (mitogen-activated protein
kinase kinase 3), a MAPKK, function to activate p38 MAPK. Yeast 2-hybrid screening demonstrated
that MEKK3 interacts with a novel gene product termed osmosensing scaffold for MEKK3 (OSM).
OSM also interacts with the actin c ytoskeleton, and Rac, a Rho-type GTP-binding protein. Rac is
activated by h ypertonicity, and a dominant-ne gative form of the protein inhibits h ypertonicity-
induced activation of p38 MAPKs. Uhlik and co workers217 have proposed a model in which Rac,
OSM, MEKK3, and MKK3 activate p38 MAPKs during hypertonic stress similar to Cdc42, Ste20,
Sho1, Ste11, and Pbs2 in yeast (Figure 2.5).

The downstream targets of p38 MAPK are not clearly defined. Like Hog1 in yeast, p38 MAPK
may regulate the activity of transcription f actors that control the e xpression of genes required for
organic osmolyte accumulation. As discussed above, TonEBP regulates the transcription of organic
osmolyte synthesis and transporter genes. 130 Dahl et al. 37 demonstrated that TonEBP is phospho-
rylated in hypertonically stressed MDCK cells. Se veral studies have suggested that p38 and other
MAPKs,101,135,149,186,213 as well as other types of kinases, 59,82,83,101 play a role in TonEBP activation.
Direct phosphorylation of TonEBP has not been demonstrated for an y kinase, and the molecular
mechanisms by which these kinases regulate TonEBP are unknown.91 In addition, Lee et al.113 have
demonstrated that truncated versions of TonEBP lacking phosphorylation sites can still induce gene
transcription during h ypertonicity. Thus, the precise role of kinase signaling in or ganic osmolyte
accumulation in animal cells remains uncertain.

As with ERK1/2 and JNKs, p38 MAPKs are also sometimes acti vated during h ypotonic
stress,150,188,226,227 but their role in cell v olume re gulation is not well defined. Pharmacological
inhibition of p38 MAPKs decreases R VD in trout and rat hepatoc ytes52,226 but has no ef fect on
volume regulation in rabbit150 and human epithelial cells. 188 Interestingly, p38 activation and RVD
require the activity of Src kinases and inte grins in swollen rat hepatocytes.227

Hog1 and p38 MAPKs demonstrate that at least one pathw ay of osmotic stress signal trans-
duction has been conserv ed from yeast to v ertebrates; ho wever, multiple cell v olume signaling
pathways appear to have evolved in metazoans that function independently from p38 MAPKs. This
diversity of osmotic signal transduction mechanisms may reflect the diversity of cell types or the
diversity of cell v olume sensor and ef fector mechanisms that e xist in metazoans.

2. Ste20 and WNK Kinases

As discussed above (see Section III.B), swelling-activated K–Cl and shrinkage-activated Na–K–2Cl
cotransporters play central roles in R VD and RVI (see Figure 2.1A). Swelling-induced acti vation
and shrinkage-induced inacti vation of the K–Cl cotransporter are mediated by serine/threonine
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dephosphorylation and phosphorylation, respecti vely. The con verse is true for the Na–K–2Cl
cotransporter; shrinkage-induced activation is mediated by phosphorylation, and swelling-induced
inactivation is brought about by dephosphorylation. Pharmacological, transport, and molecular
studies suggest that a type 1 protein phosphatase (PP1) mediates dephosphorylation of both
cotransporters40,50,88,121,191 and that kinase activity and phosphorylation are sensiti ve to cell-volume
changes.86,87,122 Parker153 proposed that a common cell v olume sensor and signal transduction
pathway coregulates K–Cl and Na–K–2Cl cotransporter acti vity.

Considerable progress has been made recently in identifying components of the v olume-
sensitive kinase cascade. Delpire and coworkers165 demonstrated that the Ste20-related kinase PASK
and OSR1 interact with the N-termini of both K–Cl and Na–K–2Cl cotransporters. Genetic analysis
of mating in the b udding yeast S. cerevisiae led to the disco very of ste, or sterile, genes. Ste20 is
the founding member of a lar ge serine/threonine kinase superf amily and, as discussed abo ve
(Section V.A.1), functions to regulate hypertonicity-induced glycerol accumulation in yeast.78,100,178

The Ste20 kinase superfamily is divided into the PAK (p21-activated kinase) and GCK (germinal
center kinase) kinases. 39 These two groups are further subdi vided into PAK-I–II and GCK-I–VIII
subfamilies. P ASK and OSR1 are v ertebrate members of the GCK-VI subf amily, which also
includes Drosophila Fray and Caenorhabditis elegans GCK-3. Ste20 kinases re gulate numerous
fundamental cellular processes, including apoptosis, stress responses, morphogenesis, c ytoskeletal
architecture, cell cycle, and oocyte meiotic maturation. 39

Dowd and Forbush50 provided the first evidence that PASK plays a role in regulating shrinkage-
induced activation of Na–K–2Cl cotransport. Subsequently, several groups have demonstrated that
both OSR1 and PASK phosphorylate Na–K–2Cl and K–Cl cotransporters and re gulate their activ-
ity.3,63,132,222,223

The initial studies of Piechotta et al. 165 suggested that PASK and OSR1 were not important
regulators of cotransporter acti vity. In addition, Gagnon et al. 63 observed that PASK coexpressed
with either K–Cl or Na–K–2Cl cotransporters in Xenopus oocytes has no ef fect on transport
activity under basal or osmotic stress conditions; however, when PASK is coexpressed with WNK4,
dramatic activation of the Na–K–2Cl cotransporter and inhibition of the K–Cl cotransporter are
observed.65

WNK4 is a member of the with no lysine (K) family of serine/threonine kinases.221,240 Humans
have four WNK kinases, and rare mutations in WNK1 and WNK4 cause pseudohypoaldosteronism
type II (PHAII), an autosomal dominant form of hypertension.235 WNK1 and WNK4 control blood
pressure by re gulating the acti vity of ion transport pathw ays that mediate salt transport in distal
renal tubules of mammals. 96,109

Delpire and coworkers164 identified WNK4 as a binding partner of PASK. Subsequent biochem-
ical studies have demonstrated that WNK1 and WNK4 bind to, phosphorylate, and acti vate PASK
and OSR1. 3,63,132,222,223 Taken together , these studies indicate that WNK1 and WNK4 function
immediately upstream from PASK and OSR1 to reciprocally regulate the activity of both Na–K–2Cl
and K–Cl cotransporters (Figure 2.6A).

The mechanism of cell-shrinkage acti vation of WNK1 w as in vestigated by Zagórska and
coworkers.247 Using HEK 293 cells, the y demonstrated that WNK1 kinase acti vity, measured as
OSR1 phosphorylation levels, was specifically stimulated by hypertonicity but not other cell stres-
sors. Phosphorylation of a specific serine in WNK1, S382, acti vates the kinase, b ut inhibition of
p38 MAPKs, ERK1/2, and JNKs has no effect on WNK1 activation. WNK1 expressed in Escherichia
coli transautophosphorylates at S382, suggesting that WNK1 may self-re gulate its acti vity in
response to cell v olume changes. Hypertonicity also stimulates rapid mo vement of WNK-1 from
a diffuse localization to discrete intracellular v esicles. Further work is necessary to determine the
exact mechanism of WNK1 activation by cell shrinkage.

Caenorhabditis ele gans oocytes e xpress a ClC type of anion channel, CLH-3b, that is
activated by swelling and ooc yte meiotic maturation. 176 Channel activation is triggered by PP1-
mediated serine/threonine dephosphorylation.177 The PASK/OSR1 homolog GCK-3 interacts with
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the cytoplasmic C-terminus of the channel. Coexpression of GCK-3 and CLH-3b in HEK293 cells
dramatically inhibits channel activity, and RNA interference knockdown of the kinase constitutively
activates CLH-3b in w orm oocytes (see Figure 2.6B). 46

Like PASK and OSR1, GCK-3 interacts with the single Caenorhabditis elegans WNK homolog
WNK1. Both kinases are required for whole animal osmore gulation and for survi val during
hypertonic stress, and the y appear to function in a common signaling pathw ay.28 C. elegans and
mammals are separated by hundreds of millions of years of evolution.14,15,219 These results as well
as those from studies in C. elegans oocytes46,176,177 demonstrate that GCK-VI and WNK kinases
play highly conserv ed and e volutionarily ancient roles in osmore gulation and cellular osmotic
stress signal transduction.

WNK and GCK-VI kinases fit the model of a single, common cell volume signal transduction
pathway that re gulates both shrinkage- and swelling-induced transport pathw ays as proposed by
Parker.152,153 Future studies are necessary to identify the sensors that acti vate WNK and to address
whether signaling through WNK and GCK-VI kinases is required for cell v olume regulation.

FIGURE 2.6 (See color insert following page 208.) Models of phosphorylation and dephosphorylation events
that regulate the acti vity of v olume-sensitive Na–K–2Cl and K–Cl cotransporters in mammalian cells and a
volume-sensitive ClC type of anion channel in Caenorhabditis elegans. The relative activities of kinases and
ion transport pathw ays are indicated by size. Green arro ws and red lines indicate acti vation and inhibition,
respectively. Physical interactions are indicated by overlap of components. (A) During shrinkage in mammalian
cells, Na–K–2Cl cotransporters are acti vated and K–Cl cotransporters are inacti vated by phosphorylation via
PASK or OSR1. Dephosphorylation via a type 1 protein phosphatase (PP1) inacti vates Na–K–2Cl cotrans-
porters and acti vates K–Cl cotransporters during cell swelling. WNK1 and WNK4 interact with P ASK and
OSR1. Cell shrinkage acti vates WNK1 and WNK4 via unkno wn mechanisms. Activated WNK1 or WNK4
then phosphorylates and activates PASK and OSR1. An unknown phosphatase is thought to dephosphorylate
and inactivate PASK and OSR1 during cell swelling. (B) In C. elegans oocytes, the ClC channel CLH-3b is
inactivated by the P ASK/OSR1 homolog GCK-3 by a mechanism that requires kinase acti vity. CLH-3b is
inhibited by GCK-3 during cell shrinkage and meiotic arrest; inhibition by GCK-3 is removed and the channel
is activated by the PP1 homologs GLC-7 α and GCL-7β during cell swelling and meiotic maturation.
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3. Src Kinases

Src kinases are c ytoplasmic tyrosine kinases that ha ve well-defined roles in cell growth, differen-
tiation, cell adhesion, carcinogenesis, and immunity .20,205 These kinases are also  emerging as
important regulators of cell v olume and v olume-related cellular processes. 31 The first Src kinase,
v-Src (viral-sarcoma), was isolated from a cancer-causing retrovirus and shown to be a constitutively
active mutant tyrosine kinase oncogene. The wild-type, cellular form of this kinase w as named
c-Src or Src. Activation of Src kinases can be comple x but usually involves dephosphorylation of
a C-terminal inhibitory tyrosine residue. 31 Interestingly, this residue is missing from the mutant
oncogene form of Src. The Src kinases are the lar gest subfamily of nonreceptor tyrosine kinases
and include Src, Yes, Fgr, Blk, Lck, Hck, L yn, and Yrk kinases.20,31,205

Hypotonicity and hypertonicity activate different Src kinases;31 however, a role for most osmot-
ically sensitive Src kinases in v olume regulation has not been established. The best e vidence for
Src regulation of cell v olume is from studies on R VD ion transport pathw ays; for e xample, red
blood cells from Fgr and Hck knock out mice have threefold greater K–Cl cotransporter acti vity.41

De Franceschi et al. 41 have suggested that Fgr and Hck ne gatively regulate a protein phosphatase
that activates the K–Cl cotransporter . 

Lck is acti vated by h ypotonicity, and RVD and I Cl,swell activity are inhibited in human T cells
that lack functional Lck. 115 In rat hepatoc ytes, pharmacological inhibition of Src pre vented hypo-
tonicity-induced activation of ERK1/2 and p38 MAPKs and reduced RVD, suggesting that Src may
regulate RVD via MAPKs. 227 Lck and Lyn may also re gulate swelling-induced or ganic osmolyte
efflux from red blood cells of an elasmobranch,103 suggesting that Src re gulation of R VD is
conserved among distantly related v ertebrates. Finally, studies using pharmacological inhibitors,
dominant-negative kinase, and kinase-deficient cell lines suggest that Fyn contributes to h yperto-
nicity-induced activation of TonEBP by a mechanism independent from p38 MAPKs. 101

As discussed abo ve, TRPV4 is acti vated by cell swelling. 9,64,117,195,236 Pharmacological studies
in cultured rat nociceptors suggest that h ypotonicity-induced activation of TRPV4 is mediated by
Src kinases.2 Xu et al.241 demonstrated that hypotonic stress induces phosphorylation of TRPV4 at
tyrosine 253 (Y253). They also sho wed that L yn is acti vated by cell swelling, that the kinase
interacts with the channel and mediates phosphorylation, and that mutation of Y253 to phenylalanine
blocks hypotonicity-induced channel activation. Other investigators, however, have been unable to
reproduce many of these findings. Vriens et al. 228 could find no role for Lyn or Y253 in swelling-
induced activation of TRPV4 and instead concluded that v olume-dependent channel re gulation is
mediated by arachidonic acid metabolites (discussed in Section V.B).

B. EICOSANOIDS

PLA2 catalyzes the hydrolysis of cellular phospholipids to generate arachidonic acid. Arachidonic
acid can be further metabolized by lipoxygenases to generate leuk otrienes.35 As discussed earlier
(Section IV.A.2), PLA2 is sensitive to lipid packing density and can be acti vated by swelling when
reconstituted into liposomes. 21,114 Studies in se veral cell types ha ve sho wn that both PLA 2 and
lipoxygenase activity are required for R VD.85 In addition, arachidonic acid and leuk otrienes have
been shown to regulate the activity of K+, Cl–, and organic osmolyte efflux pathways.85,110,112,159,196

Vriens et al 228 have also sho wn that swelling-induced acti vation of TRPV4 is inhibited by PLA 2
blockers and blockers of cytochrome P450 epoxygenase. They suggest that swelling activates PLA2,
leading to arachidonic acid production. Cytochrome P450 epoxygenase con verts arachidonic acid
into 5′,6′-epoxyeicosatrienoic acid (5 ′,6′-EET), which in turn acti vates TRPV4.

C. INTRACELLULAR Ca2+

Intracellular Ca2+ ([Ca2+]i) is a ubiquitous second messenger that regulates numerous diverse cellular
processes.12 Swelling-induced increases in [Ca2+]i and Ca2+-dependent RVD have been observed in
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several vertebrate cell types. 112,158 In addition, studies in cnidarian 126 and crustacean 11 cells have
demonstrated that R VD is Ca 2+ dependent. The underlying R VD transport pathw ays that are
regulated by [Ca2+]i are poorly defined. Pasantes-Morales and Mulia158 have carefully reviewed the
literature and noted that swelling-acti vated Cl– and organic osmolyte ef flux mechanisms are Ca2+

independent in most cell types, whereas swelling-acti vated K+ channels are commonly re gulated
by [Ca2+]i changes. The biophysical properties of these channels suggest that they are BK, or maxi-
K+, channels.

1. Ca2+ Entry

Changes in [Ca 2+]i can be brought about by increases in Ca 2+ influx or release from intracellular
stores.12 In a variety of vertebrate cell types, an extracellular source of Ca2+ is required for swelling-
induced increases in [Ca 2+]i and for RVD.119,184,188,207,209 Several recent studies ha ve indicated that
TRP channels mediate swelling-induced Ca 2+ entry. Arniges et al. 4 used siRNA in human airw ay
cells to demonstrate that TRVP4 is required for swelling-induced acti vation of Ca 2+-dependent
KCNN4 potassium channels and R VD. Becker et al. 9 have shown that human k eratinocytes have
a robust RVD that is completely block ed by removal of extracellular Ca2+ or by exposure to Gd3+,
an inhibitor of TRPV4. Furthermore, the y showed that Chinese hamster o vary cells that do not
express TRPV4 lack an RVD response; however, RVD can be rescued by heterologous e xpression
of TRPV4. Swelling-induced Ca 2+ entry via TRPV4 may also re gulate RVD in human sali vary
epithelial cells.119 In HeLa cells, extracellular Ca2+ removal, TRPM7 inhibitors, and TRPM7 siRNA
block RVD, suggesting that TRPM7 mediates swelling-induced Ca 2+ entry.143 Calcium entry may
also be mediated by swelling-induced acti vation of TRPM368 and TRPV2.134

2. Intracellular Ca2+ Release

Depletion of intracellular Ca2+ stores or inhibition of Ca2+ store release has been shown to partially
inhibit swelling-induced increases in [Ca 2+]i and RVD in se veral vertebrate cell types. 179,189,209,244

Release of Ca 2+ from intracellular stores is mediated by inositol 1,4,5-trisphosphate (IP 3) or ryan-
odine receptor Ca 2+ channels;12 however, little direct e vidence supports the in volvement of these
channels in swelling-induced Ca 2+ signaling and RVD.158

D. RHO GTP-BINDING PROTEINS

Rho GTP-binding proteins are a ubiquitous eukaryotic family of Ras-related GTPases that includes
22 members in mammals. 48,84 Rho GTPases are small (~21-kDa) signaling molecules that switch
between inactive GDP-bound and acti ve GTP-bound states. In the acti ve GTP-bound state, Rho
GTPases interact with multiple proteins and ha ve well-characterized roles in re gulating the poly-
merization of the actin cytoskeleton. The activation state of GTPases is controlled by a large number
of regulatory proteins, including guaninine nucleotide e xchange factors (GEFs) that replace GTP
for GDP, GTPase-activating proteins (GAPs) that stimulate intrinsic GTP ase activity, and guanine
nucleotide dissociation inhibitors (GDIs) that block spontaneous acti vation.

As mentioned above, Rac and Cdc42 are Rho GTP ases that are acti vated by hypertonic stress
and initiate p38 MAPK cascades in mammalian and yeast cells, respecti vely.47,78,100,116,178,217 Rho,
another Rho GTPase, is activated in less than 1 minute by hypertonicity in mammalian renal tubule
cells.49 Cell shrinkage and increased intracellular ionic strength can acti vate Rho GTPases, but the
underlying molecular mechanisms by which this occurs are unknown.48,49 Hypertonic stress-induced
activation of Rho GTP ases functions to control c ytoskeletal remodeling in the corte x, which is
thought to help cells withstand ph ysical forces imposed by v olume changes.48 Rho GTPases also
function to re gulate p38 MAPK cascades in yeast and mammals that control the transcription of
genes required for or ganic osmolyte accumulation. 78,100,178,217
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Rho GTPases may also play a role in controlling RVD. Activation of ICl,swell has been proposed
to be regulated by Rho GTPases in at least three different vertebrate cells types.56,139,140,206 In NIH3T3
cells, overexpression of constitutively active RhoA increases the rate of RVD, the rate of swelling-
activated K+ and taurine efflux, and the magnitude of ICl,swell.161

VI. CONCLUSIONS AND FUTURE PERSPECTIVE

The ability to tightly control solute and w ater balance during osmotic challenge is an essential
prerequisite for cellular life. Cellular osmotic homeostasis is maintained by the re gulated accumu-
lation and loss of inor ganic ions and or ganic osmolytes. The effector mechanisms responsible for
osmoregulatory solute accumulation and loss in animal cells are generally well understood; however,
major gaps exist in our understanding of the signals and signaling pathw ays by which animal cells
detect dif ferent types, rates, and magnitudes of v olume perturbations 192 and acti vate v olume-
regulatory mechanisms.

Over the last few years, some molecular insight into osmotically sensitive signaling mechanisms
has been g ained. In our opinion, the most significant breakthrough has been the discovery of the
role of Ste20 kinase and WNK signaling in re gulating v olume-sensitive K–Cl and Na–K–2Cl
cotransporters in mammals 43,96,194 and a v olume-sensitive anion channel 194 and systemic osmotic
homeostasis in Caenorhabditis elegans.28 Nematodes and mammals are separated by hundreds of
millions of years of e volution,14,15,219 demonstrating that Ste20/WNK signaling is e volutionarily
ancient and likely represents an essential and highly conserv ed osmosensing pathway in animals.

As detailed in Section V, other osmotically sensitive signaling components have been identified
in animals. F or the most part, the specific regulatory targets of these components are unclear . In
addition, it is unclear whether signaling mechanisms that ha ve been identified or postulated are
specific to certain cell types and experimental conditions or whether they represent more universal
mechanisms by which cells respond to v olume perturbations. We also have little understanding of
how volume regulation and v arious osmotic stress signaling pathw ays are coordinated with other
cellular processes.

Perhaps the most vexing problem is the nature of the signals that indicate to cells that their volume
has been perturbed and the sensing mechanisms that detect those signals. It is lik ely that v olume
regulation and other osmotic stress responses require the inte gration of a number of dif ferent signals
and signal transduction pathw ays. Considerable understanding of osmosensing has been obtained in
bacteria and yeast by forw ard genetic analysis. Similarly, forward as well as re verse genetic analysis
of osmotic stress responses in model or ganisms such as Caenorhabditis ele gans should pro vide
important insights into ho w animals detect cell v olume changes. Elucidation of v olume-sensing
mechanisms and signaling pathways represents the most pressing and significant challenge in the field
and is essential for a full, integrative understanding of cell volume control and related cellular processes.
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I. INTRODUCTION

Protozoa, or protistans as a whole, are single-celled or ganisms that li ve in w ater or a moist
environment. The percentage of solutes dissolv ed in the w ater varies from mere trace amounts in
freshwater streams to increasing concentrations in se wage treatment plants, in brackish w ater, and
in the ocean. Li ving in a wide range of en vironments, protozoa, particularly those that lack cell
walls, developed ways of coping with sudden or prolonged changes in their surroundings.

Many w all-less species such as Paramecium rely on a contractile v acuole comple x (CVC)
(Figure 3.1) to maintain their w ater balance both under normal en vironmental conditions as well
as during dramatic h ypoosmotic changes in their en vironment.3,6,62,92 This or ganelle apparently
quickly accumulates much of the excess water that passes by osmosis across the plasma membrane
of the cell and stores this w ater briefly in a vacuole before e xpelling the fluid, along with any
accompanying solutes, from the cell. In this way, the CVC provides both a constant water-regulating
organelle and a fast-responding mechanism for coping with a potentially catastrophic change in
environmental osmolarity. For more long-term adaptation, however, and for adjusting the cytosolic
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osmolarity level and the ionic balance to a new plateau, protozoa have other mechanisms that adapt
their internal osmolarity to their surroundings. Like other organisms (see Chapter 2), protozoa have
pathways located in their plasma membranes that re gulate the o verall volume of the cell, in both
regulated volume decrease (RVD)54,101 and probably also regulated volume increase (RVI).54 Trans-
port mechanisms have been identified or postulated for moving osmolytes into the cytosol and out
of the cytosol to adjust the osmolarity of the cell relati ve to the external osmolarity so the interior
of the cell will always remain hyperosmotic to the outside. One of the better studied osmoregulatory
mechanisms that does not rely in part on a CVC is that of the glycerol re gulatory system in yeast
cells,49 which is used for re gulated volume decrease (see Chapter 2). Whether such a system is
used by protozoa is not kno wn.

Thus, the CVC is a unique, osmolarity-sensiti ve organelle limited primarily to single-celled
algae and protozoa. Although this organelle was eliminated as multicellular or ganisms evolved, it
has survived to the present time in the single-celled zoospore stage of some multicellular fungi and
in se veral kinds of cells (amoeboc ytes, pinacoc ytes, and choanoc ytes) of freshw ater sponges. 15

Presumably, a k ey role for CVCs in w all-less protists, that of ensuring ag ainst rupture of their
plasma membranes when exposed to the low osmolarities of hypoosmotic environments, was taken
over by other cellular or tissue specializations, such as the introduction of the elimination of organic
osmolytes across the plasma membrane as in yeast, or it w as no longer required by cells of
multicellular organisms where indi vidual cells or tissues were protected ag ainst large osmolality
fluctuations by the surrounding cells or by specialized nephridial organs.

Although the CVC as a separate organelle has not been passed on to higher forms of life, some
of its unique membrane structures and functions were, no doubt, retained and no w form the basis
for how higher or ganisms deal with their o wn osmoregulatory challenges. Thus, further study of
how primitive cells solv ed problems the y faced in their en vironments can continue to shed light
on how the essential properties of these systems changed and e volved in higher or ganisms.

FIGURE 3.1 (See color insert f ollowing page 208.)  A contractile v acuole complex (CVC) of Paramecium
multimicronucleatum labeled with monoclonal antibodies (mAbs). Texas red-tagged mAb (red) labels the G4
antigen of the membranes of the smooth spongiome that mak e up the contractile vacuole (that lies at the hub
of this CVC), the radiating collecting canals of the radial arms, and the ampulli. This antibody also cross-
reacts with antigens in the membranes of the pellicle of the cell. The flourescein-tagged mAb (green) labels
the A4 antigen found only as part of the V-ATPase that is particularly ab undant on the decorated tub ules of
the CVC. The decorated tubules attach peripherally to each radial arm distal to the ampullus.
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Recent studies on the CVC and its rele vance to cellular v olume regulation in protistans ha ve
dealt with (1) the in vivo  ionic contents of the contractile v acuole (CV), both in standard saline
solution and when cells were subjected to dif ferent external ionic and osmotic conditions; (2) the
regulation of cellular v olume and the relati ve roles of possible transport systems in the plasma
membrane vs. the in volvement of the CVC in v olume regulation; and (3) the in volvement of an
aquaporin water channel in the swelling of the CV , as well as the role played by acidocalcisomes
(accessory vesicles that contain aquaporin) in osmore gulation in some CVCs (see Section II.G).
In addition, a number of recent studies on Dictyostelium and Paramecium have identified, by
molecular biological techniques that include forming constructs with green fluorescent protein,
several other proteins associated with their CVCs (see Section II.G).

Our o wn lab has completed studies on the ionic contents of in vivo  CVs of Paramecium
multimicronucleatum (see Section II.D). These studies show that the major in vivo ions of the CVC,
at least in Paramecium, are K+ and Cl–. The cation presumably enters the CVC as the result of an
exchange process occurring across the CVC membrane in which K+ or other cations are exchanged
for protons that have been pumped into the lumen of the CVC as a consequence of the h ydrolytic
activity of the vast number of proton-translocating V-H+-ATPase enzymes located in the membranes
of the CVC. In Paramecium, the chloride anion will probably be cotransported with K + or will
follow through chloride channels attracted by the positi ve electrical gradient that is formed inside
the CVC lumen. Under some conditions, cations other than K + can also accumulate in the CV of
the Paramecium, such as Na + and Ca2+, when these ions are present in significant amounts in the
external medium. Thus, although the principal osmolytes in the CV are K + and Cl–, the CVC may
accumulate other cations if K + ions are limited or if other cations in the c ytosol such as Ca 2+ must
be eliminated from the cell.

The amount of fluid expelled will usually follo w an in verse relationship to the osmolarity of
the external medium; at higher osmolarities, less fluid will be expelled from the cell. Ev en in very
high external osmolarities, ho wever, the CV will continue to eliminate fluid at a reduced rate as
the osmolarity of the c ytosol will al ways be adjusted upw ard to maintain it h yperosmotic to the
external medium. The CVC is thus an osmolarity-sensiti ve organelle that accumulates and e xpels
water and (to some e xtent by default) osmolytes.

The relatively large size of the CVC in Paramecium has made it possible to study the functions
and contents of this organelle by electrophysiological and biophysical techniques when it has so far
not been possible to do so in man y smaller protozoa. As may be true of most CVCs, the CVC of
Paramecium has a tw o-membrane compartment system. One compartment has proton pumps that
set up the electrochemical gradient (positive inside), and a second compartment has membranes that
undergo a cycle of spontaneous tension increase followed by relaxation apparently controlled by its
own internal molecular components and timing mechanism. Paramecium also has the unique ability
to keep the K+ concentration inside the CVC at a relati vely constant level of 2.0- to 2.4-fold higher
than that in the c ytosol over a wide range of e xternal osmolarities and conditions that alter the K +

activity of the c ytosol. How this K + ratio is sensed and re gulated is not currently understood. By
itself, the CVC does not set the le vel of osmolarity in the c ytosol, as this parameter is determined
more by the ion transport mechanisms in the plasma membrane, by the free amino acid composition
of the cytosol, and by the accumulation or production of other organic osmolytes produced by the cell.

II. CYTOSOLIC OSMOLARITY AND THE 
CONTRACTILE VACUOLE COMPLEX OF PROTOZOA

A. CYTOSOLIC OSMOLARITY

Freshwater protozoa have a cytosolic osmolarity under normal growth conditions that ranges roughly
between 50 and 110 mOsmol/L and is hyperosmotic to the environment.94,129 In the ciliate Tetrahy-
mena pyriformis , the c ytosolic osmolarity w as reported to rise linearly as cells were adapted to
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increasing external osmolarities, at least in an external osmolarity range from 40 to 170 mOsmol/kg
of cells.31,112 Amoeba proteus was found to ha ve a c ytosolic osmolality of ~240 mOsmol/L when
cultured in a medium containing 0.7 mg KCl, 0.8 mg CaCl 2, and 0.8 mg MgSO 4–7H2O per liter.86

Paramecium multimicronucleatum cells living in an external environment having an osmolarity
from 4 to 64 mOsmol/L e xhibit a relati vely constant c ytosolic osmolarity of ~75 mOsmol/L. 109

Thus, the cytosol of this cell, like other freshwater protozoa, is also hyperosmotic to its environment;
however, as the en vironmental osmolarity increased be yond 75 mOsmol/L, it w as observed that
the osmolarity of the cytosol dramatically increased stepwise rather than linearly when three critical
cytosolic osmolarities were e xceeded.109 These three k ey osmolarities were at approximately 75,
160, and 245 mOsmol/L (see Figure 3.2A). When these barriers were approached or crossed, water
segregation by the CVC w as temporarily disrupted. Once disruption had occurred, time w as
necessary for w ater se gregation to restart. During this time, the c ytosolic osmolarity rapidly
increased to the ne xt plateau level of either 160 or 245 mOsmol/L.

B. STRUCTURE OF CVCS

The contractile v acuole of the CVC appears in w all-less, single-celled or ganisms to be a single-
membrane-lined compartment.6,92 Based on electron microscopy, the membrane of the CV itself is
decorated with neither ribosomes nor an e xtensive cytosolic coat such as clathrin or the COPI or
COPII coats of some membranes of the endoc ytic and biosynthetic pathways,5,6,46,47 and they lack,
for the most part, the luminal polysaccharide lining such as occurs in lysosomes and some stages
of food vacuoles.5,6 Molecules usually associated with clathrin have been reported to be associated
with the CV membrane of Dictyostelium in developmental stages66,88 or under certain experimental
treatments.46 The major specialization noted so far is its tendency to be continuous with a meshwork
of tubules or with much smaller v esicles that ha ve a pe g-like decoration and, in some cells, an
uncharacterized luminal lining. In se veral cases, the c ytosolic decorations are kno wn to be V-type
proton-translocating ATPase complexes (V-H+-ATPases).32,47,76 Genes encoding some of the subunits
of the V-ATPase complex have been cloned and sequenced from a fe w protozoa.34,124,125

In the smallest CVs, which appear in the small green alg ae such as Chlamydomonas69 and in
the zoospores of Oomycetes such as Phytophthora,76 the CV is composed of vesicles that are either
undecorated or decorated on their cytosolic sides with these pegs. Some of these vesicles will fuse
together to form a v acuole as w ater crosses their membrane. In Chlamydomonas reinhartii, this

FIGURE 3.2 (A) The cytosolic osmolarity of Paramecium multimicronucleatum increases in steps rather than
linearly as the e xternal osmolarity increases. Plateaus e xist at approximately 75, 160, and 245 mOsmol/L.
(From Stock, C. et al., J. Exp. Biol. , 204, 291, 2001. With permission.) (B) The K + activities of both the
cytosol (open circles) and CV (closed circles) also increase in steps as the e xternal osmolarity rises. (C) The
cytosolic (open circles) and CV (closed circles) Cl – activities also increase in steps with increasing e xternal
osmolarity. (B and C from Stock, C. et al., J Cell Sci ., 115, 2339, 2002. With permission.)
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vacuole eventually passes its content to the exterior of the cell through the plasma-membrane-lined
flagellar pocket. In this case, the CV may not fuse with the plasma membrane in the con ventional
way but one or a number of minipores may open between the closely opposed CV membrane and
the plasma membrane to allow for exocytosis of the fluid content of the contractile vacuole.69 Such
an exocytic mechanism was first proposed for the CVC of a trypanosomatid protozoan, Leptomonas
collosoma.67

Some algal cells such as Poterioochromonas show a particularly clear dif ference between the
CV membrane that is undecorated and the decorated flattened or tubular membranes that bind to
and extend from the smooth CV membrane. 126 These tubules do not appear to e xpand to become
part of the CV membrane, as neither their c ytosolic pegs nor their luminal fibrous contents are
found to be part of the CV membrane proper. In other algae, the decorated tubules are more spherical
and, after fusion with the CV membrane, remain as decorated patches protruding from the CV
surface into the c ytosol.44,45

In ciliates, the number of CVs per cell or some of the parameters of the CV c ycle (e.g., CV
volume and rate of e xpulsion) vary positively or ne gatively depending on the size of the cell. 70

Flagellated protozoa usually ha ve one or tw o small CVs located in a pock et at the base of the
flagellum. Amoebae, such as Amoeba proteus, have one CV, which is not fixed in place but can lie
close to the nucleus and then migrate to the uroid (posterior) re gion, where it will dock at and fuse
with an apparently unspecialized region of the plasma membrane.1,23 Giant amoebae, such as Chaos
carolinensis,98 have many CVs, as does the ciliate Ichthyophthirius, the causati ve agent of white
spot disease of freshwater fish.18 Dictyostelium discoideum has an extensively studied CVC system
that consists of one or tw o main bladders, which originally were reported to contain the mark er
enzyme alkaline phosphatase, 97 but the reliability of this mark er has been questioned recently .21

Extending from these bladders is a netw ork of tub ules and smaller e xpanded compartments that
remain close to the cell surf ace.47 All of these membranes, when vie wed in quick-frozen, deep-
etched replicas and in replicas of freeze-dried fragments of disrupted cells, bear V-ATPase pegs of
15 nm; e ven the lar gest bladders that fuse with the plasma membrane ha ve pe gs.46,47 Using an
antibody specific for the B-subunit of the V1 subcomplex of the V-ATPase holoenzyme, Heuser et
al.47 showed that these 15-nm pegs clump in the presence of this B-subunit antibody which confirms
that they contain components of the V-ATPase complexes. A monoclonal antibody (mAb) specific
for the 100-kDa accessory protein of the V-ATPase of Dictyostelium and other antibodies such as
that to calmodulin were used to fluorescently label the tubules and saccules 33,130 of this CVC  in
interphase as well as in di viding cells.131

The CVC seems to ha ve reached its lar gest size and comple xity in the ciliated protozoa. F or
electron micrographs of such CVCs in the ciliates, see appropriate chapters in Allen’s website
(www.pbrc.hawaii.edu/allen): Tetrahymena, Chapter 18, Figures 50 and 55;  Paramecium, Chapter
9; Nassula, Chapter 16, Figure 15; Vorticella, Chapter 19, Figures 1i and 24 to 27; Coleps, Chapter
11, Figure 7a; and Didinium, Chapter 13, Figure 9. Most ciliated protozoa ha ve one or tw o CVs
(but occasionally man y more) that are composed of a smooth undecorated membrane that is in
contact with a three-dimensional spongiome of membranes that encircles or e xtends from the CV.
This peripheral mass of membranes includes both smooth and decorated tub ules that are not easily
distinguished from each other in transmission electron micrographs of man y ciliates. Presumably,
the smooth membranes can become part of the CV membrane to provide for CV enlargement while
the decorated tubules do not become part of the e xpanding CV membrane. The decorated or pe g-
bearing membranes, for most of the time, remain as tub ules even when the y are continuous with
the smooth, undecorated membrane meshw ork.73,74 Under hyperosmotic stress, however, exposure
to cold or during cell di vision all or some of these tub ules in Paramecium round into vesicles and
separate from the smooth membranes of the radial arms. 34

The CVs of ciliates are not free to mo ve about in the cell but are attached to the surf ace of the
cell, each at an indentation of the plasma membrane called a CV pore.72 This pore (or often several
closely spaced pores) is located at a specific location on the surface of the cell. Where the pore is
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located seems to be unique to dif ferent groups of ciliates; for e xample, in Tetrahymena two pores
lie near the posterior end of the cell and both are attached to the same CV .7 In Vorticella, several
pores are attached to one CV that opens into a pellicle-lined chamber that in turn opens into the
peristome region of the cell (see Allen’s website, Chapter 19, Figures 1i and 24 to 27). In Para-
mecium, which typically has tw o CVs per cell, pores are found on the dorsal somatic surf ace of
the cell, one on the anterior -dorsal half and one on the posterior -dorsal half of the cell. Only one
pore is associated with each CV. In most ciliates, if not all, the pores are short cylindrical or funnel-
shaped indentations of the plasma membrane whose c ytosolic surfaces are each supported by one
or more helically wrapped microtubules. Five to ten bands of microtubules originate from or against
these helically w ound pore microtub ules and radiate out o ver the CV membrane where the y are
bound to and hold the CV ag ainst the bottom of the pore. In most ciliates, these bands of
microtubules are relatively short and do not e xtend much beyond the surface of the expanded CV.
In Paramecium, however, these radiating microtub ules extend far from the CV membrane where
they pass into the c ytosol, remaining near the cell surf ace, for many micrometers.8,34 The number
of microtubular ribbons determines the number of radial arms (Figure 3.1), as well as the number
of collecting canals and thus the o verall radial shape of the CVC. 

Only in the peniculine ciliates, to which Paramecium belongs, are such elaborate CVCs found.
Thus the comple xity of the CVC seems to ha ve reached its ape x in Paramecium and its close
relatives. In these ciliates, the CVC has a strict spatial separation of smooth membranes from
decorated membranes so these two populations of membranes are easily distinguished in transmis-
sion electron micrographs as well as in immunologically labeled fluorescence micrographs (Figure
3.1). Only the smooth spongiome is in contact with the microtub ular ribbons, and these ribbons
permit the formation of the long collecting canals in Paramecium by allowing the tubular smooth
spongiome to form linear ro ws of 40-nm circular connections that lie between the subdi visions of
the ribbons where the tub ules then expand into the canals. 43

In summary , man y CVCs are composed of at least tw o pools of membrane: (1) a smooth
membrane that can expand from a tubular form into fluid reservoirs including the CV, ampulli, and
collecting canals, and (2) a decorated form that maintains a tub ular or small-v esicule shape with
a greatly reduced volume-to-surface area ratio. This latter decorated form can fuse with the smooth
form but does not appear to fuse with the plasma membrane and does not contact microtub ules.
The smooth form can fuse both with the decorated form and with the plasma membrane and, in
Paramecium, it also binds to microtubules.120 In Dictyostelium, both tubules and bladders have only
one type of membrane based on their decoration with pe gs,46,47 although biochemically two types
of membranes were reported. 87 Chlamydomonas has also been reported to ha ve only one type of
membrane.69 A third pool of membrane, consisting of v esicles called acidocalcisomes, has been
observed in the smaller miroor ganisms, including Trypanosoma,28,75 Chlamydomonas,102 and Dic-
tyostelium,71 that can apparently fuse with some part of the CVC. The spongiome membrane pools,
once the y are formed in the cell, appear to remain separate from other endomembranes in the
cytoplasm, including the endoplasmic reticulum, the Golgi cisternae, the endosomal membrane
system, and the digesti ve vacuole membrane system. 36 CVC membranes must originate from the
endoplasmic reticulum and pass through the Golgi stacks as their membranes form and become
differentiated, but the process of ne w CVC membrane formation has not been studied in detail.
CVC membranes appear to be slo w to break do wn, as no trace of these membranes has been
observed inside autophagosomes, which are most often seen in Paramecium to contain the break-
down products of mitochondria.

C. EFFECTS OF EXTERNAL OSMOLARITY ON CVC MORPHOLOGY

The rate of fluid segregation and expulsion by the CVC ( RCVC)109 varies as the external osmolarity
of the bathing solution varies. When the cell is placed in solutions h ypoosmotic to the cytosol, the
rate of fluid accumulation increases. This may be detected as an increase in the maximum CV
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diameter before fluid expulsion, as a decrease in time between successi ve CV expulsions, or by a
combination of both parameters. No morphological change in the fine structure of the CVC was
noted following relatively small hypoosmotic changes. The usual maximum size of a CV adapted
to standard saline in Paramecium multimicr onucleatum is 13 µm in diameter ,50 while CVs of
Amoeba proteus can be 27 to 45 µm in diameter .23,86 The filling and expulsion cycle of P. multi-
micronucleatum growing in 80 mOsmol/L is completed in about 10 sec. 50 In the epimastigotes of
Trypanosoma cruzi , the CVC c ycle lasts 60 to 75 sec; 15 in the zoospores of Phythophthora, the
cycle is completed in 6 sec; 76 and, in Dictyostelium, it is completed in 3 to 4 sec. 37

Morphological changes in the w ater segregation system of Paramecium multimicronucleatum
occur when cell cultures are subjected to pronounced decreases in e xternal osmolarities or when
cell cultures ha ve been subjected to a high e xternal Ca 2+ concentration.53 These changes in volve
the production of: (1) longer and bifurcated radial arms, (2) more radial arms per CVC, and (3)
the development of additional CVCs per cell. The maximum number of CVCs observ ed in one P.
multimicronucleatum cell was seven.53 Additional CVCs over the usual interphase number had been
reported before, 8,57 but this phenomenon is no w kno wn to be triggered either by a significant
decrease in the external osmolarity or by a significant rise in the external calcium concentration.53

On the other hand, an equally lar ge increase in external K+ concentration was not found to lead to
extra CVCs.53

The response of the CVC to h yperosmotic conditions can also be comple x. When the cell is
placed in h yperosmotic solutions, the rate of w ater accumulation will soon f all to zero and the
CVC will become inactive. In high hyperosmotic conditions, the decorated tubules around the radial
arms, at least in Paramecium, will disappear and can no longer be detected immunologically when
V-ATPase-specific mAb labeling is used.39,52 Instead, in these cases, the mAb becomes dispersed
throughout the cytosol. Observed by electron microscopy, the decorated tubules will have lost their
tubular shape and will ha ve expanded into v esicles of v arious sizes that are no longer connected
to the smooth spongiome. 34,52 If the cell remains in the high h yperosmotic solution long enough,
around 8 hours, the decorated tub ules will gradually reappear around the radial arms, and CVC
activity will be partially restored. 52 If the cell is returned to a h ypoosmotic medium, the decorated
tubules begin to reappear in 20 min and the CV will return to full acti vity within 1 hr .39

D. IONS AND OSMOLYTES OF THE CYTOSOL AND CVC

The older literature on inor ganic ion concentrations (K +, Na+, and Cl –) in the c ytosol of protozoa
was summarized by Prusch. 94 K+ is present in most freshw ater protozoa at a concentration of ~25
to 35 mmol/kg wet weight of cells, with amoebae generally containing concentrations near the low
end of the range. The marine ciliate Miamiensis avidus  has a c ytosolic K + concentration of 74
mmol/kg. The concentration of Na + in the cytosol was more variable and generally lower, ranging
from 0.5 to 20 mmol/kg, with the e xception of the marine ciliate, which had a Na + concentration
of 88 mmol/kg. Cl – was low in both freshw ater and marine cells, measuring 0.36 to 16 mmol/kg,
much lower than the Cl– concentration in the external medium, which measured up to 550 mmol/L
in saltwater. Only in the amoebae Chaos carolinensis and Amoeba proteus were the Cl – concen-
trations in the cytosol considerably higher than in the e xternal medium. In these earlier studies, in
no case was enough Cl– reported in the cytosol to counterbalance all inorganic cation concentrations
present.

Studies performed to determine if acti ve transport of ions is occurring across the plasma
membrane and if this acti ve transport is coupled reported that Na + and K + are apparently both
transported actively in Acanthamoeba but they were not coupled. 63 In Amoeba proteus, both Na +

and K+ are actively transported across the plasma membrane, K + is actively accumulated, and Na +

is actively eliminated.96 The ability of the cell to regulate Na+ was dependent on Ca2+ in the external
medium. Both Na + and K+ can be acti vely transported in Tetrahymena, whereas Cl – is apparently
distributed passively.10,30
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Marine and brackish water ciliates, as expected, had much higher cytosolic osmolarities which
resulted from a summation of their inor ganic ions and free amino acid concentrations, as well as
other unspecified intracellular participants that might include organic osmolytes. The marine ciliate
Miamiensis avidus , a f acultative parasite li ving on the seahorse, has lo wer concentrations of Na +

and Cl– in its cytosol than are present in the e xternal environment.55 These ions vary with changes
in salinity, increasing with increased salinity b ut always remaining lower than their concentrations
in the e xternal medium. The cytosolic concentration of K + was much higher than the e xterior K+

concentration, but this was affected less by changes in salinity than were the Na + and Cl– concen-
trations. Osmolarities changed rapidly , within 10 min. A 30-min e xposure to a changed e xternal
osmolarity caused swelling or shrinkage of the cell under h ypoosmotic or h yperosmotic stress,
respectively. The cells then returned to their approximate original v olume in about 90 min. The
total cytosolic osmolarity of M. avidus that resulted from both inorganic ions and free amino acids
was about 540 mmol/kg cells in sea water. The free amino acid concentration w as 317 mmol/kg
cells, and alanine, glycine, and proline made up 73% of the free amino acids. 56 The concentration
of free amino acids increased and decreased with salinity changes; 25% seawater resulted in a 76%
reduction in free amino acids, and 200% sea water resulted in an increase of 22% free amino acids
over that in 100% sea water. These changes were completed in 20 min and were apparently the
result of the metabolic release of bound amino acids during h yperosmotic stress rather than amino
acid uptake from the medium. 56

The brackish water ciliate Paramecium calkinsi can be adapted (over a month) to osmolarities
from 10 to 2000 mOsmol/L but it does not divide above 1000 mOsmol/L. It uses both or ganic and
inorganic osmolytes for osmoregulation. Cells exposed to hyperosmotic changes will increase their
free amino acid concentrations, particularly alanine and proline, b ut this requires se veral hours in
the case of alanine and much longer in the case of proline. Upon e xposure to hypoosmotic stress,
however, much of the free alanine and proline of the cell are released from the cell (within 5 min),
and these can be reco vered in the e xternal medium. Thus, free amino acids, particularly alanine
and proline, play an important role in osmore gulation when the protozoan is subjected to h ypoos-
motic stress, b ut the increase of free amino acids in the c ytosol w ould be too slo w to quickly
reestablish the required h yperosmotic cytosol when the cell is under h yperosmotic stress.24 Dicty-
ostelium also secretes half or more of its load of amino acids, particularly glycine, alanine, and
proline, when it encounters h ypoosmotic stress.107

The in situ ionic contents of the CVC have only recently been determined in a living protozoan
cell. Earlier attempts to determine CVC osmolarity relied on micropuncture and freezing point
depression techniques and, for ionic content, on helium-glo w photometry to collect and assay
cellular fluids.98,104 This led to the conclusion that the CV fluid of an amoeba was hypoosmotic to
the c ytosol. This finding has been difficult to reconcile with generally accepted ideas of water
permeability of cellular membranes, based on the obvious accumulation of fluid within the CV, and
has required some innovative speculation as to how water could accumulate against a hypoosmotic
gradient in the CV , a question still unresolv ed in cells such as Dictyostelium.46,107 Recently, with
the use of ion-selective microelectrodes, it has been possible to actually measure the ionic activities
of several major inor ganic ions present in li ving Paramecium multimicronucleatum, both in the
cytosol of the cell and at the same time in the CV of the cell. 110 In cells adapted to a 24-mOsmol/L
standard saline solution that did not contain Na + (as used by Paramecium electrophysiologists83),
the cytosol had a 22.6 K + activity (all ionic acti vities are in mmol/L) compared to 56.0 in the CV ,
3.9 of Na+ in the cytosol (presumably carried over in the cell from the pre vious culture conditions)
compared to 4.7 in the CV, and 27.3 of Cl– in the cytosol compared to 66.5 in the CV. Ca2+ activity
in the c ytosol w as too lo w to measure by this ion-selecti ve microelectrode technique b ut w as
measurable at 0.23 in the CV. Thus, the major inorganic ions in the CV of Paramecium are K+ and
Cl–. These results show that the cytosolic Cl– activity in freshwater protozoa is actually much higher
than the older determinations had reported (see Table 1 in Prusch). 94 Thus, Cl – can act as the
counterbalancing anion for most, if not all, of the free inor ganic cations present in the c ytosol and
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in the CV. It is not yet kno wn, however, if K + and Cl – are the major osmolytes in the CVCs of
other cells that ha ve this organelle.

A potentially important finding was that the ratios of both K + and Cl – activities in the CV
compared to the K + and Cl– activities in the c ytosol were maintained at between a 2.0- and 2.4-
fold higher level in the CV over that of the cytosol, and these ratios stayed within this narrow range
even as the ion concentrations in the c ytosol and CV increased as the e xternal osmolarity w as
increased from 24 to 164 mOsmol/L (see Table 3.1).110 This suggests the presence of a mechanism
in the cell, probably in the CV membrane, that maintains the K + and Cl – activities of the CV at
2.0 to 2.4 times that of the c ytosol. The activities of these two ions within the CV and presumably
the overall osmolarity of the CV are therefore re gulated by the c ytosolic osmolarity and by the
individual ionic activities in the cytosol, rather than the CVC determining or regulating the cytosolic
ionic composition or the overall cytosolic osmolarity. Thus, the CVC does not control the osmolarity
of the c ytosol; rather , the c ytosol, with a possible contrib uting role by the CVC membrane,
determines the osmolarity of the CV .

As was the case for c ytosolic osmolarity (Figure 3.2A), the indi vidual ionic acti vities of K +

and Cl – increased in both the c ytosol and CV in steps instead of linearly (Figure 3.2B and C).
These steps occurred at the same e xternal osmolarities as the increases in c ytosolic osmolarity, at
~75 and ~160 mOsmol/L. It seems likely that either K+ is actively transported into the cytosol from
the external medium together with Cl – or active K+ transport is follo wed by Cl – moving through
Cl– channels. These two ion species may then be mo ved together or separately into the CV , and
water will enter both the c ytosol and the CVC passi vely by osmosis.

As already mentioned, the presence of dif ferent single ion species or a mixture of ion species
outside the cell combined with changes in e xternal osmolarity will ultimately af fect the cytosolic
osmolarity and cytosolic ionic composition as well as the osmolarity and ionic composition of the
CVC fluid (Figure 3.3) in a complex way. Single-ion species or a mixture of ion species outside
the cell will also affect the rate of fluid expulsion by the CVC (RCVC).111 When the bathing solution
to which Paramecium was adapted for 18 hr contained: (1) 2-mmol/L K + in MOP-KOH buffer,
(2) 2-mmol/L Na + in MOP–NaOH b uffer, (3) a mixture of 1-mmol/L K + and 1-mmol/L Na + in
MOP–KOH buffer, or (4) 2 mmol/L of the or ganic cation choline without b uffer, it was observed
that the fluid segregation (or expulsion) rate (RCVC) was the same in cells adapted to either K + or
Na+ alone; however, when K + and Na+ were both present at 1 mmol/L each, thus making a total
of 2 mmol/L, RCVC was almost twofold higher (Table 3.2). In the solution enriched in the or ganic
cation choline, RCVC was about half the rate of that in Na + or K+ alone. The sum total of K +, Na+,
Ca2+, and Cl – activities in the CV fluid remained about equal in cells adapted to K+ or Na+ alone
for a particular external osmolarity (e.g., 24 mOsmol/L), b ut when both K + and Na+ were present

TABLE 3.1
Ratios of K+ and Cl– Activities in the CV Fluid Compared to Those in the Cytosol

External 
Osmolarity 
(mOsmol/L)

Adaptation Solution/Experimental Condition

K+-
Containing

Choline- 
Containing

Ca2+-
Containing Furosemide DMSO

K+ Cl– K+ Cl– K+ Cl– K+ Cl– K+ Cl–

24 2.5 2.4 2.4 2.1 2.3 2.4 2.4 2.5 2.5
64 2.4 2.5 — — — — — — — —

104 2.1 1.9 — — — — — — — —
124 2.3 2.0 2.5 2.0 2.4 2.0 — — — —
164 2.1 2.3 — — — — — — — —

Source: Stock, C. et al., J. Cell Sci., 115, 2339, 2002. With permission.
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together the sum total of their ionic activities within the CV was significantly higher. The presence
of both K+ and Na+ in the adaptation solution did not lead to an increase in the cytosolic osmolarity
but did increase the estimated osmolarity of the CV fluid (due mostly to the rise in Na+ activity in
the CV); consequently, the osmotic gradient between the cytosol and the CV fluid was significantly

FIGURE 3.3 Ionic activities of (A) Cl –, (B) K +, (C) Na +, and (D) Ca 2+ in the c ytosol (white bars) and CV
fluid (black bars) of Paramecium multimicronucletum as a function of the external osmolality. The left column
is of cells adapted to 24 mOsmol/L (Ai to Di), and the right column to 124 mOsmol/L (Aii to Dii). The two
adaptation osmolalities also contained four ionic conditions: (1) 1-m M K+ plus 1-m M Na+; (2) 2-m M Na+

alone; (3) 2-mM K+ alone; and (4) 2-m M choline alone as the mono valent cations. (Numerical values for the
CV fluid are reported in Table 3.2). Vertical lines represent SD. (From Stock, C. et al., Eur. J. Cell Biol ., 81,
505, 2002. With permission.)
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higher when both K + and Na + were present together . All of the abo ve v alues determined for
124-mOsmol/L-exposed cells were higher by equi valent amounts (the e xternal osmolarity had
been increased by adding sorbitol). Thus, cells adapted to a mixture of K + and Na + exhibited a
higher osmotic gradient across the CVC membrane than if either K + or Na + had been present
alone. Water also flowed into the CVC faster which was reflected by the higher RCVC in the mixture
of K+ and Na+.111

When adapted to the or ganic cation choline, most corresponding v alues were significantly
lower—50 to 80% or more lo wer, except for the c ytosolic osmolarity, which w as lower by only
~25%. The CVC w as still acti ve in cells in choline b ut its RCVC in an e xternal osmolarity of 124
mOsmol/L w as only 3 fL/sec (one femtoliter = 10 –15 L) compared to 33 fL/sec when in a 24-
mOsmol/L adaptation solution—a 10-fold decrease. 111

Na+ was accumulated significantly in the CVC and the cytosol only when e xternal Na + was
present together with K +. This probably indicates that a significant part of the Na+ in Paramecium
is cotransported with K + across both membranes. Some Na + cotransport was previously proposed
for Tetrahymena pyriformis .10,31 At the higher 124-mOsmol/L  osmolarity a higher amount of Na +

was present in both the c ytosol and the CV when the cells had been adapted to K + solution alone
rather than to Na + solution alone. On the other hand, K + was taken up much more rapidly when
the cells were adapted to K + alone, in both the c ytosol and CV, as opposed to when a mixture of
Na+ and K+ was present (Figure 3.3).

Exposing cells to a medium with high levels of calcium, as would be expected, did not produce
a significant rise of calcium in the cytosol but did result in a profound accumulation of calcium
activity in the CVC fluid.110 The calcium activity in the CVC of calcium-exposed cells in an external

TABLE 3.2
Overview of Ionic Activities in Contractile Vacuole, Overall Cytosolic Osmolarity, 
Estimated Osmotic Gradient across the Contractile Vacuole Membrane, Rate of Fluid 
Segregation, and Membrane Potential of Contractile Vacuole Complex in Paramecium 
multimicronucleatum Cells Adapted to 24- or 124-mOsmol/L Solutions Containing 
K+ + Na+, Na+, K+, or Choline as the Monovalent Cation

Adaptation Solution

Monovalent 
Cation Species

24 mOsmol/L 124 mOsmol/L

K+ + Na+ Na+ K+ Choline K+ + Na+ Na+ K+ Choline
aCl–CV (mmol/L) 96 77 67 33 244 187 131 66
aNa+CV (mmol/L) 20 5 5 4 38 4 10 4
aK+CV (mmol/L) 23 24 56 14 51 57 141 50
aCa2+CV (mmol/L) 23 25 0.2 0.7 51 29 0.7 1.2
ΣaionCV (mmol/L) 162 131 128.2 51.7 384 277 282.7 122.2
Osmc (mOsmol/L) 60 56 66 32 168 165 178 132
Osmotic gradientCV

a 102 75 62.2 19.7 216 112 104.7 –9.8
RCVC (fL/sec) 131 67 69 33 34 20 18 3
VCVC (mV) 81 95 84 93 79 87 84 87

a Estimated by subtracting Osmc from ΣaionsCV .

Note: aionCV , Cl –, Na +, K +, and Ca 2+ activities in the contractile v acuole; ΣaionCV, the sum of all ion acti vities in the
CV; Osmc, the o verall cystosolic osmolarity; RCVC, the rate of fluid segregation; VCVC, the CVC membrane potential.
The values shown are rounded numbers.

Source: Stock, C. et al., Eur. J. Cell Biol. , 81, 505, 2002. With permission.
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osmolarity of 24 mOsmol/L w as between 20 and 25 mmol/L, whereas in 124-mOsmol/L-e xposed
cells it w as 50 mmol/L. This huge increase o ver the acti vity in the c ytosol was true only in cells
adapted to Na + plus K+ or in Na + alone; very little calcium w as found in the CVs of K +-adapted
or choline-adapted cells. This indicated that calcium entered the cell in association with Na + rather
than with K +, but once in the c ytosol Ca2+ is quickly transferred to calcium storage sites, such as
the alv eolar sacs of ciliated protozoa 42,93,108 or it is transferred to the CVC compartments for
excretion from the cell. 110,111

Although each CVC in Paramecium is estimated to ha ve millions of V-H+-ATPase enzymes,
the fluid of the CV does not become acid as it does in phagosomes that have f ar fe wer V-H+-
ATPases per unit of membrane area.32,51 By using ion-selective microelectrodes filled with a cocktail
sensitive to H+ activity, the in vivo pH of the CV fluid was found in Paramecium to be only mildly
acid (pH of 6.4), whereas that of the c ytosol of the same cell w as neutral (pH of 7.0). Altering the
external osmolarity from 24 or 124 mOsmol/L had no ef fect on the pH of either the c ytosol or the
CV. Thus, most of the protons inside the CVC lumen are either not present in ionic form or the y
are quickly e xchanged for cations (K +, Na+, and Ca 2+) during the import of these cations into the
CVC that help to gi ve rise to some of the +80-mV luminal electrochemical char ge across the CV
membrane.118 The primary role of the V-ATPases in the CVC membrane is clearly to ener gize the
CVC membrane rather than to produce a strongly acidic compartment.

E. ELECTROPHYSIOLOGY OF THE CVC OF PARAMECIUM

Electrophysiological techniques were used to determine if the CVC of Paramecium had an electrical
potential across its membrane, as well as to estimate the membrane fusion and fission events that
occur and the resistance/conductance of its membranes to ion flow. A fine-tipped microelectrode
was inserted into the li ving CV and an electrical potential of +80 mV w as recorded relative to the
cytosol.118 A continuous recording of se veral filling and expulsion cycles of the same CV sho wed
that, just before e xpulsion, the electrical potential dropped precipitously to a le vel near +10 mV
(Figure 3.4). In addition, input capacitance measurements made at the same time indicated that the
radial arms had become disconnected from the CV shortly before e xpulsion of the CV concomitant
with the CV under going a rounding or contraction process. Thus, at the time of e xpulsion, the CV
was no longer in continuity , with its electrogenic source pro viding most of the +80-mV electro-
chemical potential of the CVC. The electrogenic source w as therefore found to apparently reside
in the V-type proton pumps arrayed on the decorated tub ules that, in turn, are found only along the
radial arms. At this point, the CV membrane fused with the plasma membrane at the bottom of the
CV pore, and the CV w as emptied by cytosolic pressure.84 The pore then closed by fission, and the
CV membrane w as resealed ag ainst the e xterior of the cell. After resealing, the CV re gistered a
brief period of ne gative potential before the electrical potential quickly returned ag ain to +80 mV
as the several radial arms quickly reassociated with the CV. Input capacitance, which was low during
the expulsion phase, rapidly returned to its earlier higher plateau v alue, indicating that the radial
arms had once ag ain fused with the membrane of the collapsed CV . These measurements also
showed that the conductance (the reciprocal of input resistance) was high when the radial arms were
attached to the CV b ut fell rapidly when the CV w as no longer attached to the decorated tub ules
via the smooth spongiome located along the radial arms. Thus, the CV membrane itself seems to
have little electrical conductance compared to the total of all the membranes of the CVC.

By determining the diameter of the CV and the membrane area of the CV , it w as evident that
the visible CV itself did not suddenly return to its maximum diameter (Figure 3.4). As expected,
the microscopically visible CV gre w more or less linearly during the filling phase following the
initial emptying of the engorged ampulli into the CV;118 however, the input capacitance measurements
showed that the total membrane area of the CVC system had rapidly reconnected with the CV
membrane long before the microscopically visible CV had returned to its maximum diameter . This
confirmed that the CV during expulsion did not v esiculate into a myriad of indi vidual vesicles but
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underwent a process of total membrane tub ulation where the membrane of the CV re verted into a
three-dimensional array of contiguous 40-nm tub ules that maintained continuity with a single CV
system or with its radial arms (Figure 3.5). Apparently, the only fission occurring along the radial
arms was when the membrane of each arm separated as a unit from the CV membrane prior to
rounding. During CV e xpulsion, the collapsed CV could not be detected by light microscop y, so it
superficially appeared that the CV had vanished; however, as fluid flowed back into the CV com-
partment from the reconnected radial arms, the tub ules from the collapsed CV ree xpanded to form
the membrane of the once again microscopically visible CV (see Allen’s website, Chapter 9, Video 1).

FIGURE 3.4 Electrophysiological parameters of a microelectrode-impaled contractile v acuole of a Parame-
cium multimicr onucleatum cell during three successi ve e xocytotic c ycles. (A) A series of 60 consecuti ve
images of the contractile v acuole profile taken at 2-sec interv als. Some frames (0–59) are numbered. Black-
bordered images correspond to the fluid expulsion phases (e1–e3). (Bi) The contractile vacuole membrane area
in each frame. (Bii) Input capacitance of the or ganelle. (Biii) Membrane potential of the or ganelle with
reference to the cytosolic potential. (Biv) Input resistance of the or ganelle. (From Tominaga, T. et al., J. Exp.
Biol. 201, 451, 1998. With permission.)
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To confirm that the radial arms are the sites of the electrogenic engines of the CVC of
Paramecium, compressed cells were studied. 39 In these compressed cells, CV potential w as found
to increase in steps after the expulsion phase (systole), with each step representing the reattachment
of one or a fe w radial arms with the CV . Compressing the cell seemed to interfere with and slo w
reattachment of the arms. In noncompressed cells, arms seem to reattach simultaneously. A stepwise
reduction in CV potential was also observed in these compressed cells at the start of rounding prior
to opening of the CV pore.

The number of functional V-ATPases did not directly determine the rate of fluid segregation
in the CVC nor did dif ferent osmolarities significantly change the CV membrane potential.39 The
CV membrane potential rose to +80 mV or slightly higher and stayed there in cells adapted to
external osmolarities from 4 to 124 mOsmol/L. The rate of fluid segregation by the CVC ( RCVC)
was reduced from 98 to 20 fL/sec as cells were adapted upward through this range of osmolarities.
No changes in the final immunologically fluorescent images of the radial arms were observed in
cells that had changed from a RCVC of 98 fL/sec to 20 fL/sec, which supported the conclusion that
the number of functional V-ATPases did not change significantly. When hypoosmotically adapted
cells were changed to a much higher hyperosmotic condition (from 4 mOsmol/L to 124 mOsmol/L)
for 30 min and then returned to the original h ypoosmotic conditions, it w as observ ed that the
fluorescently labeled decorated tubules of the radial arms had disappeared and the potential of
the tubulated CV membranes had f allen drastically. This was based on the f act that 20 min after
the return of the cell to a h ypoosmotic standard saline solution, as radial arm fluorescence began
to reappear, the CV potential w as now only +44 mV. The potential reached +80 mV by 60 min.

FIGURE 3.5 During systole the CV membrane collapses into 40-nm tubules (arrows) that tend to lie crossways
to the microtubular ribbons (arrowheads) that extend from the CV pore. Transmission electron micrograph of
chemically fixed, broken cell; electron opaque material entered the disrupted CV prior to or during tubulation.
Scale bar, 0.2 µm.
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RCVC that had fallen to 0 increased o ver time from 58 fL/sec at 20 min to ~100 fL/sec at 60 min.
Hypoosmotic environments (going directly from 124 mOsmol/L to 4 mOsmol/L) had no ef fect
on the CV membrane potential but did result in an increase of RCVC from 20 fL/sec at 124 mOsmol/L
to 103 fL/sec at 4 mOsmol/L. No change w as observed in the fluorescent images of the radial
arms during this drastic h ypoosmotic change.

Exposure of cells to 30 nmol/L of concanamycin B, an inhibitor of V-type ATPases, for 30 min
resulted in a 50% decrease from +80 to +40 mV of CV membrane potential in 4-mOsmol/L-adapted
cells, and the RCVC decreased 43%.39 These experiments help to confirm that the membrane potential
is generated by v oltage-producing processes occurring in the CVC membranes. These processes
involve the V-ATPase enzymes that pump protons into the lumen of the decorated tub ules. When
the cell is placed in a strongly h yperosmotic environment, the V-ATPase holoenzymes f all apart,
the CV membrane loses most of its electrochemical potential, and the CVC is no longer functional
in eliminating w ater and electrolyte ions from the cell. It then tak es 60 to 120 min for the total
population of V-ATPases to reassemble, for the +80-mV CV membrane potential to be restored,
and for the fluid segregation rate to return to its normal acti vity level.39

Because the CV potential remains the same at widely dif ferent external osmolarities but RCVC
changes significantly under this same range (i.e., decreasing with increasing osmolarity), it appears
that the CV potential is k ept at a maximum to pro vide for the e xchange of K + and other cations
for protons. Such an e xchange may than be follo wed by the attraction of Cl – into the CV lumen
by the positi ve electrical gradient of protons, or Cl – may enter by cotransport of K + and Cl– into
the CV lumen. A CV pH of 6.4 argues for proton exchange as the CV only becomes mildly acid.111

The resultant accumulation of ions in the CVC (K + and Cl– are 2.0 to 2.4 times higher) pro vides
the osmotic gradient that will support the flow of water into the CVC by osmosis. The sum of the
activities of the common inorganic ions in the CV is much higher than the acti vities of these same
ions in the c ytosol that contribute to the lo wer osmolarity of the c ytosol (see Table 3.2).111

F. MEMBRANE DYNAMICS OF THE CVC

Because of its apparent periodic contractility , the contractile v acuole has f ascinated observers of
protozoa from the v ery early days of microscop y. At the end of a c ycle of filling, the CV was
observed to fuse with the cell membrane and to disappear from vie w as its contents were released.
It was generally assumed that this contractility was caused by an actin–myosin cytoskeletal system
that surrounded the CV ; ho wever, no such system has e ver been observ ed either by electron
microscopy or by immunological labeling techniques. Only recently has it been possible to be gin
to understand what precedes fusion of the CV with the plasma membrane and what happens to the
CV membrane once fusion occurs. A combination of electron microscop y, electrophysiology, and
biophysical techniques has led to a partial understanding of the e vents that occur at the end of the
filling phase (diastole) and during the expulsion phase (systole).

Electron microscopy of Paramecium demonstrated that the CV membrane during systole col-
lapses not into a flattened sac but into a meshw ork of 40-nm tub ules (Figure 3.5), which branch
from each other to form a meshwork that remains bound to the noncontractile microtubular ribbons
radiating from the cytosolic funnel-shaped surface of the CV pore.4,85,120 The particular combination
of molecular components that mak e up the bilayer of the CV membrane probably ensures that the
membrane returns to a tub ular form when the internal h ydrostatic pressure of the CV is released.
Bending energy is stored in the membrane when the tub ules are forced into a more planar shape,
and this energy is released when the membrane is allowed again to become tubular.84 Although this
bending energy is not suf ficient to account for the rapid expulsion of the fluid from the CV in a
living cell, it does seem to be suf ficient to expel the fluid at the lower rate observ ed when a CV
was still able to fuse with the plasma membrane of a ruptured cell where the c ytosolic pressure
had been eliminated. 84
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Not only does this smooth part of the CV spongiome membrane e xist as a highly curv ed
membrane when it is at its lo west ener gy state, b ut it also has other unique properties that are
revealed during the rounding phase of the CV that occurs just before systole. At this point, an
innate timing mechanism is triggered that leads to an increase in tension within the CV membrane
of 35 times its resting le vel (Figure 3.6). 115,116 This timing mechanism is a unique property of the
smooth spongiome membrane itself and may in volve an enzyme system that is dependent on
adenosine triphosphate (ATP) as its ener gy source. These enzymes may bring about a re versible
modification of the membrane structure. Any isolated part of the fragmented smooth spongiome
membrane can under go its o wn cycle of rounding and relaxing as long as suf ficiently undiluted
cytosol is still present that contains ATP and other undetermined cof actors.114,119 No master pace-
maker exists to re gulate the rounding and relaxing c ycles of all v esicles derived from the same
CVC to keep their cycles in phase. Even the cycles of the two parts of the same isolated CV, when
it is pinched in tw o by a microneedle, will soon go out of phase with each other (see Allen’s
website, Chapter 9, Video 3).114

The isolated CV of Amoeba proteus has also been sho wn to contract when in the presence of
ATP and appropriate ions. 86,95 No fibrous system has been reported to be associated with this CV,
not even microtubules. Nishihara et al. 86 showed that isolated CVs from Amoeba proteus would
suddenly shrink or b urst after 2 to 3 min of e xposure to l-mmol/L ATP. Only the ATP nucleotide
had this ef fect. Though these results remain une xplained, the studies suggest that a mechanism
such as that observed in Paramecium may cause apparent contraction of the CV of Amoeba proteus
when this organelle is freed from the cell and supplied with ATP.

Thus, what w as percei ved as contraction in the CV actually is a periodic rapid b uildup of
membrane tension which has the ef fect, in Paramecium, of causing the CV to round up and to
proceed to separate from its attached ampulli and their collecting canal e xtensions. Just before the
CV membrane fuses with the plasma membrane, the CV seems to be gin to relax, as its diameter
increases slightly, indicating that relaxation of the membrane tension has be gun prior to the actual

FIGURE 3.6 (A) A trace of the output voltage of a position sensor that follows the tip of a cantilever pressed
against an in vitro CV. The output voltage varies with the force ( F) generated by the rounding/relaxing c ycle
of the in intro CV. (B) A single tension ( Tcv)-developing cycle of an  in vitro CV. (C) Each image labeled by
a letter was taken at the time corresponding to each letter beside the trace of (A) F and (B) Tcv. (Adapted from
Tani, T. et al.,  J. Cell Sci., 114, 785, 2001. With permission.)
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fusion of the CV with the pore membrane. 113 Once the CV and plasma membrane bilayers ha ve
completely fused, the natural fluid properties of the bilayer will cause the initial pore opening to
expand to the edge of the pore indentation. The contents of the CV will be pushed out of the cell
by the cytosolic pressure, which is a product of ongoing osmosis into a cytosol that is hyperosmotic
to the environment.84 This is also presumed to be true in other cells such as Dictyostelium.12 It is
at this time that the CV membrane collapses into the meshw ork of 40-nm tubules. The meshwork
of tubules effectively closes the pore, and this allo ws the pore membrane to separate from the CV
membrane by the fission of the last single, small 40-nm membrane neck that links the CV membrane
to the pore membrane.

Fluid does not reenter the CV lumen until the CV has reattached to the ampulli. Fusion probably
requires the same complement of fusion proteins as those known to be present in membrane fusion
sites uni versally. The gene coding for the N-ethylmaleimide-sensitve f actor (NSF) 80 protein in
Paramecium has been cloned in P. tetraurelia and localized by anti-NSF antibody to the junctions
between the ampulli and the CV , among other cellular sites. 60 This protein re gulates interactions
of the soluble NSF attachment protein (SNAP) receptors (SNAREs). Genes for both synaptobrevin-
like and syntaxin-lik e SN AREs that are specific for the CVC of P. tetraurelia have also been
identified.61,103 SNAREs from both the vesicle membrane and target membrane must be complexed
in trans configuration before fusion can occur.106

Fluid continues to flow into each ampullus during systole, sho wing that the entire mechanism
required for fluid accumulation is present in each radial arm but not in the CV itself. The one
component known to be present in the radial arms that is not in the CV in Paramecium is the array
of V-ATPase holoenzymes present only in the decorated tub ules. The membrane of the decorated
tubules differs from the smooth spongiome. Although this membrane forms 50-nm tub ules when
the V-ATPases are complete and or ganized into helices, it loses its tub ular shape and v esiculates
when the cell is placed under hyperosmotic stress or is subjected to cold.32,52 Under these conditions,
the V-ATPases disassemble, at least in part. Membranes of the decorated tub ules are thus funda-
mentally dif ferent from the 40-nm tub ule-forming, smooth spongiome, because these decorated
membranes revert to a spherical shape, not a tubular shape, at their lowest energy state. Tubulation
of the membrane of the decorated tub ules may depend on the helical associations of the complete
V-ATPase holoenzymes, which promote reshaping of the spherical, more planar membrane into
bundles of 50-nm tub ules, probably one b undle per each lar ge vesicle.2

G. COMPARING CVCS

A close comparison of the CVC of Paramecium with that of the CVC of Dictyostelium is useful
and informative, as these two cells, although vastly different in size and structural complexity, have
CVCs that share important features and tak en together help us understand what is unique about
the CVC that sets it apart from other or ganelles in cells. The CVC of Dictyostelium is composed
of one or tw o relatively large 1- to 3- µm-diameter, membrane-limited bladders or CVs that are
connected to a meshwork of secondary saccules by membrane tub ules that in motile cells lie close
to the substrate-facing surface of the cell.47 All of these structures are studded with V-ATPase pegs,
although the observation of a pe g in a deep-etch replica does not tell us if the enzyme is, in f act,
complete and capable of pumping protons. 46,47 The bladders lie close to the plasma membrane and
are associated with this membrane by a layer of palisade-like connections, which, in all likelihood,
include the protein drainin, 12 Rab-like GTPase proteins,17,41 and membrane fusion complexes con-
sisting of, at a minimum, SN AREs, SNAPs, and NSF proteins. Surrounding the c ytosolic side of
this docking site is an annulus of actin filaments that is in contact with the plasma membrane but
does not extend over the CV membrane itself.46 Fusion of these two membranes is followed by the
contraction and emptying of the CV but not, under normal conditions, the mixing of the components
of the plasma membrane with the CV membrane. 36,46 The CV first rounds before fusion and then
collapses after fusion is completed; its membrane flattens and tubulates during systole but does not
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vanish into the c ytosol. The tubules of the CV can be refilled to restore the bladder.36,47 The V-
ATPase pegs remain with the CV membrane and actin remains only on the luminal surf ace of the
plasma membrane. Only when e xperimental conditions were used w as intermixing of these tw o
membranes seen, and under these conditions clathrin-coated re gions arose, and coated v esicles
would form that could potentially collect the intramembrane CV components into coated pits to
reorganize the CV.46

The contraction of the CV during systole, although thought in the past to be actomyosin
driven,27,35 is probably not 46 because cytosolic pressure and the release of bending ener gy in the
CV membrane are suf ficient for fluid release, as has been calculated for Paramecium.84,85 No
F-actin has e ver been seen bound to membranes of the CVs in Dictyostelium46 or Paramecium.5
Heuser and his coworkers20,22,38,47 concluded that an asymmetrical distribution of phospholipids in
the CV membranes may account for the contraction of the CV as its membrane rapidly tub ulates
during systole. The transient presence of a protein kno wn as LvsA (for lar ge-volume sphere A)
in Dictyostelium which is related to a protein in mammalian cells that has a sphingomyelinase
activating activity can be used in support of this conclusion. 26,37 This protein is associated with
the CV only in late stages of the CV cycle and during the return of the more planar CV membrane
to a tub ular form. LvsA is required for the localization of calmodulin to the CV membrane in
Dictyostelium.37

Thus, contraction of the CV during systole may be, in part, a return of the more planar membrane
of the CV to a tub ular form; ho wever, as mentioned abo ve, experiments with isolated CVs from
Paramecium have shown that, during the rounding phase of the CV prior to systole, the tension of
the CV membrane increases 35-fold, and this increase in tension is apparently ATP driven.115 Thus,
we know that the CVs of both Paramecium and Dictyostelium will automatically return to a tubular
form during systole (possibly with the aid of phospholipid-altering enzymes) so their underlying
CV membrane bilayers seem to be similar in this respect. The V-ATPase pegs on the CVCs of
Dictyostelium are not or ganized into helical patterns as the y are on the decorated tub ules of
Paramecium,2 so this pattern w as not required for membrane tub ulation of the spongiome in
Dictyostelium, nor is it required for tub ulation of the smooth spongiome of Paramecium.

Unfortunately, little is kno wn about the tension in the CV prior to systole in Dictyostelium
except that the CV has been reported to round up as it does in ciliates.36,38 The lumen of the bladder
then separates from the tub ules by membrane fission, or the tubules may simply constrict so their
lumens become disconnected from the bladder’ s lumen.38 As in Paramecium, cytosolic pressure is
also thought to be suf ficient to produce fluid discharge from the open CV in this cell. 12

We conclude that contraction of the CV probably has two parts: (1) a rapid buildup of tension
immediately prior to systole that results in the rounding of the CV and its detachment from the
tubules and the bulk of the CVC, and (2) the rapid return of the CV membrane to a tub ular form
after CV membrane fusion with the plasma membrane. Both aspects are visible and measurable
in Paramecium,114,115 but in Dictyostelium a b uildup of tension has not yet been documented,
only tubulation of the CV. In Paramecium, any part of the smooth spongiome when isolated from
the rest of the CVC can c ycle between a membrane with increased tension (rounding) and one
with relaxed tension (tub ulation) (see Allen’s Web site, Chapter 9, Videos 2 and 5). The CVC
membrane of Dictyostelium has not yet been studied in vitro, but the f act that an y part of its
fragmented CVC membrane during mitosis or in multinuclear cells can undergo rounding38 prior
to systole which then leads to tub ulation during systole strongly suggests that this membrane
may under go the same tension increases follo wed by relaxation and tub ulation that occur in
Paramecium. Do isolated CV membranes from Dictyostelium continue to round and relax in
vitro, as such membranes do in Paramecium, independent of the ability of the v esicle to accu-
mulate additional fluid? A positive answer to this question w ould establish that the membranes
of CV or ganelles are indeed unique and are strikingly dif ferent biophysically from most other
membranes of living organisms. Such membranes may fall under the category of the little-studied
cubic membranes.9
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Molecular biological studies of the CVC are more advanced in Dictyostelium than in Paramecium
or other protozoa. Se veral early studies were focused on the proteins of the indi vidual subunits of
the V-ATPase that is enriched in CVC membranes. 68,117,128 Similar studies have now been performed
on the V-ATPase subunits of Paramecium tetraurelia,124,125 and one report on P. multimicronucleatum
has been published.34 Other studies have dealt with the small GTPases of the Rho family of proteins
and its Rac subf amily, as well as on the Rab f amily of regulatory proteins and the proteins that, in
turn, regulate these small GTPases by promoting the release of guanosine diphosphate (GDP) from
the GTPase to allow a guanine e xchange factor (GEF) to insert a guanosine triphosphate (GTP) in
its place. Two Rabs, Rab D and Rab 11, ha ve been identified in the CVC of Dictyostelium that
presumably act as molecular switches for re gulating some aspect of the CV acti vity.17,41 Another
protein, DRG, which has a GTP ase-activating domain (i.e., a GAP), has been identified in Dictyos-
telium; it functions in both the Rac (actin-modifying) and Rab (membrane-trafficking) pathways and
appears to be important in CVC re gulation.64 Also, a Rho GDP-dissociation inhibitor (RhoGDI-1)
that might also act on both the Rho and Rab pathways has been localized to the CV in Dictyostelium.99

Copine A (CpnA), another protein associated with the CV of Dictyostelium, is a soluble calcium-
dependent, membrane-binding protein that may be in volved in membrane traf ficking pathways or
signaling pathways. CpnA has been localized to the CVC as well as other organelles and may only
localize to the CVC membrane during a rise in c ytosolic calcium concentration.25 Another protein
recently found to associate with the CV of Dictyostelium is a protein kno wn as VwkA for its v on
Willebrand Factor A-like motif that contains a conserved α-kinase catalytic domain that is reported
to be present in myosin hea vy-chain kinases (MHCKs). This f actor may influence myosin II
abundance and assembly at the CV membrane of Dictyostelium.14

These studies ha ve re vealed proteins that are for the most part peripherally or transiently
associated with the CV of Dictyostelium. Currently, their roles seem to be mostly re gulatory and
are not yet precisely understood. They will lik ely be sho wn to be important in CV function or
development in the future as more becomes kno wn about the complete pathw ays involved. Such
studies are obviously just beginning, and it is necessary to e xpand these studies to other cells that
have CVCs and to complete the entire pathw ays in Dictyostelium. 

Studies of another CVC-possessing or ganism that is of significant medical interest is that of
the parasite Trypanosoma cruzi, the causative agent of Chag as disease. Chagas disease is a major
problem in Latin America, where it has infected more than 11 million people and 40 million more
are at risk. 121 This parasitic flagellate has a CVC adjacent to its flagellar pocket that consists of a
vacuole and spongiome. The CVC has a pulsation c ycle that lasts 60 to 75 sec. 19 Recent w ork
shows that the membranes of the CVC contain an aquaporin w ater channel. The gene for this
protein w as cloned and a polypeptide with a molecular mass of 24.7 kDa (23 residues) w as
produced.79 The polypeptide had similarities to other kno wn aquaporins, including the signature
Asn–Pro–Ala motif that forms an aqueous channel through the membrane bilayer .90,127

Not only was the aquaporin found to be part of the CVC in this cell b ut it was also present in
the membranes of acidocalcisome vesicles.28,29 These vesicles have a high content of pyrophosphate
(PPi), polyphosphate (poly P), calcium, and magnesium, as well as other elements. 105 In addition,
membranes of acidocalcisomes also contain tw o types of proton pumps, a V-H+-ATPase as well as
a p yrophosphatase (V-H+-PPase) proton pump, and the y also ha ve a v acuolar Ca 2+-ATPase. As
mentioned above, these v esicles, first described in Trypanosoma cruzi , have also been found in
Chlamydomonas reinhardtii102 and Dictyostelium discoideum71 and seem to be link ed to the func-
tioning of the CVC. 28,100 Placing epimastigotes of T. cruzi under h ypoosmotic stress caused the
acidocalcisomes to migrate to and apparently fuse with the CVC, as fluorescently labeled acidocal-
cisomes accumulate at and cause the CV to fluoresce more brightly. Acidocalcisomes themselves
can swell by 50% when the y are exposed to hypoosmotic conditions.100

Thus, fusion of acidocalcisomes with a CVC would add free amino acids (mainly arginine and
lysine), pyrophosphates, and polyphosphates (that may be reduced to inorganic phosphate), as well
as the inor ganic ions present in their lumens, along with the inte gral membrane comple xes
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V-ATPases, V-H+-PPases, v acuolar Ca 2+ pumps, and aquaporins to the CVC. This contrib ution
would favor movement of w ater osmotically into the CVC; ho wever, how widespread acidocalci-
somes are in cells containing CVCs has not been determined. We have never observed electron-
opaque vesicles around a CVC nor such bodies fusing with the CVC in electron micrographs of
intact Paramecium cells.

H. THE ROLE OF CVC IN OSMOREGULATION

Cellular osmoregulation involves at least two interacting processes: (1) the acquisition or production
of osmolytes that are dissolv ed in the cytoplasmic fluid phase of the cell, and (2) the balancing of
cellular water, which constantly flows into the cell by osmosis to maintain the cytosol at its required
hyperosmotic level. Thus, the primary role of the CVC is to facilitate the second process, to sequester
excess water from the cell and to e xpel this water to the exterior of the cell. Paramecium does this
principally by transferring the inor ganic ions K + and Cl – to the CVC at a le vel 2.0 to 2.4 times
higher than that in the cytosol (Figure 3.7). A secondary function is to sequester and excrete cations
such as Ca 2+ and Na+ from the cell.

To accomplish this, the CVC membranes must contain mechanisms such as cation/H+ exchang-
ers and cotransporters for concentrating K + and Na +, Ca 2+ pumps such as those identified in

FIGURE 3.7 Summary of the inorganic ions in the standard saline solution, the c ytosol, and the rounded CV
of Paramecium multimicr onuleatum just before fluid expulsion (systole). In situ  cytosolic and CV ionic
activities in mmol/L and pH were determined with ion-selective microelectrodes inserted into living cells.109,110

The osmolarities of the saline solution and cytosol were determined as reported.108,109 The presence and location
of aquaporin, cation/H + exchangers, and anion channels are only speculati ve. The location of V-H+-ATPase
was determined by immunofluorescence and electrophysiology.32,39,117 Abbreviations: CV, contractile vacuole;
AP, ampullus; CO, collecting canal; DS, decorated spongiome; P , CV pore; MT , microtubular ribbon; CM,
cell membrane.
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Dictyostelium,77,78 and/or anion channels for the entry of Cl – into their lumens. Although such
mechanisms remain to be studied in detail, it is no w clear that the membranes of the CVC are
highly enriched in V-ATPases. These V-ATPases are not used to form a highly acid compartment
but are important for ener gizing the membrane to establish the +80-mV luminal electrochemical
charge and for providing protons that are then available to be exchanged for the cations that increase
the osmolarity of the CV and so promote osmosis across the CVC membrane.

Water then enters the CV by osmosis, probably through aquaporin w ater channels, as we first
postulated for Paramecium118 and which is no w confirmed by molecular techniques for the CVCs
of trypanosomes.13,29 Periodically, an innate timing mechanism, which in Paramecium is not tied
to the v olume of the CV , triggers the CV to round up and at the same time to separate from its
radial arms and proton pumps. This precedes the fusion of the CV membrane with the plasma
membrane and the opening of the CV pore so e xpulsion of the contents of the CV, both osmolytes
(such as K + and Cl–) and w ater, occurs. After CV emptying, both the plasma membrane and CV
membrane separate and reseal, and the collapsed and tubulated CV membrane will fuse again with
each ampullus. The ampulli will empty their accumulated fluid content into the tubules of the
collapsed CV which will cause these tub ules to swell into a v acuole.

This scheme implies that only those osmolytes that are trapped in the CV during rounding will
be expelled from the cell during the e xpulsion process. Osmolytes remaining in the radial arms
will be retained as the y are no longer in continuity with the CV during systole. During each c ycle
the cell will maintain its K + and Cl – levels in the CVC using the ener gy of the proton gradient
produced by the huge number of V-ATPases in the CVC membrane for the import of additional
cations. Currently , no e xperimental e vidence has demonstrated a mechanism for retrie ving and
returning osmolytes from the rounded CV back to the c ytosol during the very short period of time
that the CV is separated from the CVC and is in the rounded phase. An osmolyte retrieval mechanism
in the CV membrane would probably defeat much of the purpose of water segregation and expulsion
by the CVC, as water would rapidly flow out of the CV back into the c ytosol as the osmolytes are
retrieved from the CV, particularly as the CV membrane no w seems to contain aquaporins.

In contrast to what w as reported for amoebae,98,104 the osmolarity of the CV of Paramecium is
not hypoosmotic (hypotonic) to the cytosol.109,110 Earlier techniques used to measure the osmolarity
and ionic contents of the CV in amoebae may ha ve been inadequate to pro vide reliable results, so
these earlier studies should be repeated with impro ved techniques, preferably on li ving cells. In
Paramecium not only do we find K+ activity 2.0 to 2.4 times higher in the CV than in the c ytosol
but we also find Cl– activity equally as high or higher (when the Ca 2+ concentration is high
externally) which can account for most if not all of the counterbalancing anions.

III. CELL VOLUME CONTROL IN PARAMECIUM 
AND PARASITIC PROTOZOA

A. VOLUME ADAPTATION TO THE EXTERNAL OSMOLARITY

1. Adapted Cells Remain Osmotically Swollen

We previously found that the cytosolic osmolarity (Ccyt) of a Paramecium multimicronucleatum cell
changed stepwise at ~75 or 160 mOsmol/L when the adaptation osmolarity ( Cadp) is continuously
changed. That is, Ccyt is ~75, ~160, and ~245 mOsmol/L when Cadp is (1) less than 75, (2) more
than 75 but less than 160, and (3) more than 160, respectively (see Figure 3.2A and Figure 3.8B).109

This finding implies that an active change in Ccyt takes place when the external osmolarity is changed
beyond these osmolarities. Hereafter , these tw o osmolarities (~75 and ~160 mOsmol/L) and also
~245 mOsmol/L (see the le gend for Figure 3.8) will each be termed a critical osmolarity (CN), as
these cause an active change in Ccyt (i.e., an activation of a h ypothetical osmolyte-transport mech-
anism).54 This finding also implies that Ccyt will normally be higher than Cadp, and, therefore, an
adapted cell will remain osmotically sw ollen.
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FIGURE 3.8 (A) Cell volume (v); (B) cytosolic osmolarity (Ccyt); (C) hydrostatic pressure of the cytosol with
reference to the e xternal (adaptation) solution ( Pcyt); and (D) b ulk modulus of the cell ( MB) in Paramecium
multimicronucleatum cells plotted against the adaptation osmolarity (Cadp). A filled circle labeled v corresponds
to the reference cell volume (1.0) (i.e., the volume of the cell adapted to 84 mOsmol/L, which is the osmolarity
of the axenic culture medium). All cell volumes are presented as the v alues relative to the reference v olume.
Three filled circles labeled vN correspond to the natural volumes of the cells for three Cadp ranges (Cadp < 75,
75 < Cadp < 160, and Cadp > 160 mOsmol/L). CN represents the critical osmolarities for three stepwise changes
in Ccyt (75, 160, and 245 mOsmol/L). In B, C, and D, the v alues for respecti ve parameters were estimated
based on the assumption that the amount of the osmotically nonacti ve portion of the cell ( vna) is 20% (black
lines) and 40% (gray lines) of the reference cell v olume. The left gray column is for Cadp ranging from 0 to
4 mOsmol/L; the right gray column is for Cadp ranging from 204 to 245 mOsmol/L. These Cadp ranges in gray
are none xperimental, and all the v alues in these re gions were obtained by e xtrapolation. (Modified from
Iwamoto, M. et al.,  J. Exp. Biol., 208, 523, 2005. With permission.)
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The extent of swelling depends on the osmotic pressure of the c ytosol with reference to the
external solution (πcyt), which is proportional to the difference between Ccyt and Cadp. πcyt is written as:

(3.1)

where R and T are the gas constant and the absolute temperature, respecti vely.

2. Osmotic Pressure Balances Hydrostatic Pressure in Cytosol in Adapted Cells

In an adapted cell, πcyt equals or balances the h ydrostatic pressure in the c ytosol with reference to
the external solution (Pcyt). Pcyt is generated when an elastic membrane and its associated cytoskeletal
structures, which surround the cell, are e xpanded as the cell is osmotically sw ollen. The balance
can be written as:

(3.2)

If either one or both of these pressures become modified, the cell volume will change until a ne w
balance between these pressures is established (Figure 3.9). The cell elasticity, or physical resistance
to swelling or shrinking, can be represented as the modulus of v olume elasticity—that is, the b ulk
modulus (MB). The MB of a Paramecium cell adapted to an osmolarity ( Cadpn) is defined as:

(3.3)

where n stands for the nth experiment among a series of e xperiments with v aried Cadp, and n+1
stands for the ( n + 1)th e xperiment emplo ying a Cadp that is slightly dif ferent from that in the
preceding nth experiment; v is the volume of the cell in either e xperiment n or n + 1, and πcytn can
be written as:

(3.1′)

3. Volume of the Cell Adapted to a New Osmolarity Will Always Change 
as Adaptation Osmolarity Changes

The volume of a cell (v) that has been adapted for several hours to a given Cadp will then continuously
change as the Cadp is continuously raised in an osmolarity range from 4 to 204 mOsmol/L. The
value for v relative to that in the original culture medium emplo yed (84 mOsmol/L) changes by a
ratio of ~1.16 to ~0.87 as Cadp changes from 4 to 204 mOsmol/L (Figure 3.8A). 54

4. Estimation of Ccyt, πcyt, and MB of Cells Adapted to Varied Cadp

The hypothetical osmolyte-transport mechanism responsible for the stepwise change in Ccyt
 is not

activated by a change in Cadp within a range where no critical osmolarity ( CN) is crossed, so the
number of osmolytes in the c ytosol (N) remains unchanged re gardless of a change in v due to a
change in Cadp.54 Within such a Cadp range, Ccytn can be written as:

(3.4)
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FIGURE 3.9 (See color insert f ollowing page 208.)  Mechanoosmotic model of a Paramecium cell in an
(A) isosmotic, (B) h ypoosmotic, or (C) h yperosmotic solution. The model is dra wn as a c ylinder with a
semipermeable piston (bar labeled SM) that is fixed to the bottom of the c ylinder by a coil spring ( MB).
The piston and the coil spring correspond to the semipermeable cell membrane and its elasticity (the b ulk
modulus of the cell), respecti vely. The inside and outside of the c ylinder correspond to the c ytosol and the
external solution, respectively. Medium gray corresponds to the c ytosolic osmolarity (Ccyt), lighter gray to
an osmolarity of the e xternal solution ( Cext) lower than Ccyt, and dark er gray to a Cext higher than Ccyt. A
dotted area in the c ylinder corresponds to an osmotically nonacti ve portion of the cell ( na). The corre-
sponding cell shape is sho wn below each model. When Cext = Ccyt (A), no osmotic w ater flow takes place
across the piston, so the coil spring is neither e xpanded nor compressed; that is, the cell is neither sw ollen
nor shrunken. The length of the coil spring in this situation corresponds to its natural resting length. The
corresponding cell volume is thereby termed the natural cell volume (vN). When Cext is lowered below Ccyt
(B), water osmotically flows into the cylinder through the piston (water inflow, Qvπ; downward blue-bordered
black arro w). Qvπ is proportional to the osmotic pressure of the c ytosol with reference to the e xternal
solution so πcyt (upward black arro w) can be obtained from Equation 1, where A is the area of the
semipermeable cell membrane and Lp is the hydraulic conductivity of the membrane. A hydrostatic pressure
in the cytosol with reference to the e xternal solution Pcyt (downward white arrow) is generated as the coil
spring is e xpanded by the w ater inflow (the cell is osmotically sw ollen) and causes a w ater outflow from
the cylinder through the piston (upw ard blue-bordered white arro w labeled QvP), which is proportional to
Pcyt (Equation 2). QvP cancels Qvπ and the o verall water flow across the piston becomes 0 when the cell
swells to a le vel where Pcyt = πcyt and, therefore, QvP = Qvπ (Equation 3). In versely, when Cext is raised
beyond Ccyt (C), the w ater osmotically lea ves the c ylinder through the piston (the w ater outflow; upward
blue-bordered black arrow labeled Qvπ), so the coil spring is compressed (the cell is osmotically shrunk en).
A negative hydrostatic pressure with reference to the e xternal solution is thereby generated in the c ylinder
and causes a water inflow through the piston (downward blue-bordered white arrow labeled QvP). The overall
water flow across the piston becomes 0 when the coil spring is compressed to a le vel where Pcyt = πcyt and,
therefore, QvP = Qvπ (Equation 3). F or discussion see Baumg arten and Feher.11 Abbreviations: vna, volume
of the osmotically nonactive portion of the cell ( na); v, cell volume; ∆v, volume change after changing the
external osmolarity.
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where vna is the volume of the osmotically nonactive portion (nonaqueous phase) of the cell (Figure
3.9). For each Cadp range (Cadp < 75, 75 < Cadp < 160, or 160 < Cadp < 245 mmol/L), N can be
written as:

(3.5)

because Ccyt = CN and v = vN, when Cadp = CN.
The values for Ccytn, πcytn, and MBn can be estimated from the data in Figure 3.10A and Figure

3.8A according to Equations 3.1 to 3.5 based on the assumption that vna remains constant in the
specific Cadp range employed, as represented in Figure 3.8 (B, Ccytn; C, πcytn; D, MBn). The value
for vna is not a vailable at present so we emplo yed two different plausible v alues for vna: 20 and
40% of the cell v olume of cells gro wing in the original culture medium (84 mOsmol/L) for the
estimation (black and gray lines in Figure 3.8B, C, and D correspond to 20 and 40%, respectively).
Changes in these parameters caused by a change in Cadp are essentially the same for the two different
vna cases; that is, πcyt is highest (greater than ~1.6 × 105 Pa) at its lower Cadp values in each range,
where the dif ference between Ccyt and Cadp is largest, and it is almost 0 at the highest Cadp values
because, at these v alues, their difference is essentially 0 (Equation 3.1).

That the cell v olume decreases continuously as the adaptation osmolarity increases (Figure
3.8A), e ven though the c ytosolic osmolarity increases stepwise (Figure 3.8B), implies that the
resistance by the cell to v olume change (its MB) also increases stepwise at each critical osmolarity
as Cadp increases. MB is highest at the highest Cadp values in each osmolarity range, and the highest
value in each Cadp range is larger in the higher osmolarity range (~12, ~17, and ~114 × 105 Pa at
75, 160, and 245 mOsmol/L for Cadp, respectively). For an easier understanding of the mechanoos-
motic behaviors of a Paramecium cell, a cell model is presented in Figure 3.9 that is consistent
with the mechanoosmotic behaviors exhibited by the cell when the external osmolarity is changed.

B. REGULATORY VOLUME CONTROL

1. Time Course of Change in Cell Volume after Changing the External Osmolarity

When a cell adapted to a specific Cadp is transferred into another solution with an osmolarity ( Cstm)
different from the Cadp, the πcyt changes so the cell volume will change until a ne w balance for πcyt
and Pcyt is established (Equations 3.1 and 3.2). The time courses for the changes in v olume of 16
groups of cells adapted to different Cadp after they were each transferred into a different stimulatory
Cstm are shown in Figure 3.10. Cadp and Cstm for each group are visualized by v ertical arrows in
each corresponding inset. Downward and upward arrows correspond to a decrease and an increase,
respectively, in the external osmolarity upon subjection of a cell to the stimulatory Cstm. The number
at the tail end of each arro w indicates the Cadp and the number at the head end indicates Cstm in
mOsmol/L. The length of each arrow corresponds to the amount of change in the external osmolarity
upon subjecting the cell to Cstm (black, gray, and light gray arro ws correspond to 60, 40, and 20
mOsmol/L of change, respectively). A horizontal bar that crosses an arrow corresponds to a CN (75
or 160 mOsmol/L) and is placed on the same osmolarity scale with that for the arro ws. When the
arrow crosses a horizontal bar , the external osmolarity is changed be yond a CN (Figure 3.10A, C,
D, F, H, I); when the arro w does not cross a horizontal bar , the external osmolarity is changed in
an osmolarity range where no CN is crossed (Figure 3.10B, E, G, J). Some representative microscope
images of the cells adapted to dif ferent Cadp before and 15 and 30 min after subjecting the cell to
a different Cstm are shown in Figure 3.11.

2. Activation of RVD

When the e xternal osmolarity is decreased ( Cstm < Cadp; see Figure 3.10A–E, do wnward arrows),
cell volume increases with time to a higher level (osmotic swelling). The cell volume then resumes
its initial le vel only if the osmolarity decrease crosses a CN (Figure 3.10A, C, D; see also Figure

N C v vN N na= −( )
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3.11B). By contrast, the cell v olume stays at the higher le vel if no CN is crossed (Figure 3.10B, E;
see also Figure 3.11A). These findings imply that an outward-directed osmolyte-transport mecha-
nism that decreases Ccyt (with subsequent cell volume decreases) is activated when Cstm is decreased

FIGURE 3.10 Time courses of change in cell volume after decreasing (A–E) or increasing (F–J) the external
osmolarity in 16 dif ferent groups of Paramecium multimicronucleatum. Black, gray , and light gray circles
correspond to changes in the e xternal osmolarity by 60, 40, and 20 mOsmol/L, respecti vely. Arrows in the
insets show (1) the direction of the osmolarity change (i.e., downward corresponds to its decrease and upward
to its increase), and (2) the de gree of change in the osmolarity (i.e., the long black, medium gray , and short
light gray arrows correspond to 60, 40, and 20 mOsmol/L changes, respecti vely). The number at the tail end
is the adaptation osmolarity ( Cadp), and that at the head end is the changed osmolarity ( Cstm) in mOsmol/L. A
horizontal bar across the arro w corresponds to a critical osmolarity ( CN), where the change in osmolarity has
crossed a CN. The value for the CN is shown as a number beside the bar . See the te xt for details. (Adapted
from Iwamoto, M. et al., J. Exp. Biol., 208, 523, 2005. With permission.)
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beyond a CN. This osmolyte-transport mechanism corresponds to a regulatory volume decrease (RVD)
mechanism (see Chapter 2).

It is clear from the figures that the following are not directly correlated with the acti vation of
RVD: (1) the amount of decrease in the external osmolarity, represented as the length of a downward
arrow; (2) the maximum amount of swelling of the cell, represented as a peak or plateau v alue for
cell volume; and (3) the rate of increase in cell v olume, which corresponds to the tangent to the
time course of cell v olume change after decreasing the e xternal osmolarity.

As is sho wn in Figure 3.8C, Pcyt of an adapted cell is highest when Cadp is lowest—that is,
close to CN in a given Cadp range (as at ~75 in the Cadp < 75 mOsmol/L range or ~160 in the 160
< Cadp < 245 mOsmol/L range), as the cell is maximally sw ollen at this Cadp value (Figure 3.8A).
If a cell adapted to an osmolarity in one of the abo ve Cadp ranges is subjected to an e xternal
osmolarity lower than the CN at the lo wer end of the range, the cell w ould be e xpected to swell
more than the maximal value observed and Pcyt should increase beyond the highest value obtained.
In contrast, however, Pcyt does not e xceed the highest v alue when the adapted cell is subjected to
an osmolarity increase within the specific Cadp range. It is therefore concluded that an increase in
Pcyt beyond the highest v alue is a primary f actor required for acti vation of RVD.

Currently, we do not kno w how an increase in Pcyt beyond the highest v alue (the threshold
value) will cause RVD to be activated. There might be a pressure sensor or a tension sensor in the
cell membrane that is triggered by osmotic swelling of the cell that may , in turn, activate the RVD
system to release osmolytes from the cell across its membrane.

FIGURE 3.11 Four sets of three consecuti ve pictures of a representati ve cell each obtained from a dif ferent
group of Paramecium multimicronucleatum cells adapted to one of four dif ferent osmolarities taken at 0, 15,
and 30 min, respecti vely, after changing the e xternal osmolarity by 60 mOsmol/L. (A) A 144-mOsmol/L-
adapted cell was subjected to 84 mOsmol/L. (B) A 84-mOsmol/L-adapted cell was subjected to 24 mOsmol/L.
(C) A 4-mOsmol/L-adapted cell w as subjected to 64 mOsmol/L. (D) A 64-mOsmol/L-adapted cell w as
subjected to 124 mOsmol/L. A white arrowhead points to an indentation of the cell caused by osmotic shrinkage
of the cell. The top of each cell image corresponds to the anterior end of the cell. A number on the upper left
corner of each picture is the time in minutes, after changing the e xternal osmolarity, when the picture w as
taken. Scale bar, 50 µm. (From Iwamoto, M. et al.,  J. Exp. Biol., 208, 523, 2005. With permission.)
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The threshold Pcyt is approximately1.5 to 1.9 × 105 Pa (Figure 3.8C). The threshold membrane
tension estimated from the Pcyt value approximates 2 N/m, which is thousands of times lar ger than
the threshold tension required for acti vation of some mechanosensiti ve ion channels. 40,81 This high
pressure must be countered by the expansion of a cytoskeletal system that lines the plasma membrane
or the cell pellicle, which has a high b ulk modulus. The tension in the plasma membrane, where the
hypothetical RVD mechanism is thought to reside, when e xpanded to the same degree as the cytosk-
eleton, would appear to be much lo wer than that of the estimated tension in the c ytoskeletal lining.

3. Activation of RVI

When the e xternal osmolarity is increased ( Cstm > Cadp; Figure 3.10F–J, upw ard arrows), the cell
volume decreases with time to a lo wer value. It then resumes its initial v alue when the osmolarity
increases beyond a CN (Figure 3.10F, H, I; see also Figure 3.11D). In contrast, cell volume remains
at the lower value when the increase in e xternal osmolarity occurs within a range where no CN is
crossed (Figure 3.10G, J; see also Figure 3.11C). These findings imply that an inward-directed
osmolyte-transport mechanism that increases Ccyt (cell volume consequently increases) is activated
when Cstm is increased beyond a CN. This osmolyte-transport mechanism corresponds to a regulatory
volume increase (RVI) mechanism. As is similar to the case for R VD, the amount of increase in
the external osmolarity (the length of the upw ard arrows), the maximum amount of decrease in
cell v olume (the lo wer peak or plateau v alue for cell v olume), and the rate of decrease in cell
volume (the tangent to the time course of cell v olume change) after increasing the e xternal
osmolarity are not directly correlated with the acti vation of RVI.

As shown in Figure 3.8C, Pcyt of an adapted cell is almost 0 when Cadp is highest in a specific
Cadp range where no CN is included (as at ~75 in the Cadp < 75 mOsmol/L range or ~160 in the 75
< Cadp < 160 mOsmol/L range), as the cell is neither sw ollen nor shrunk en at a Cadp that is close
to CN. If a cell adapted to a gi ven osmolarity is subjected to an e xternal osmolarity higher than CN
at the border of this Cadp range that includes the given osmolarity, Pcyt should become negative and
the cell would shrink. Because Pcyt never becomes negative when the external osmolarity is increased
within the given osmolarity range, it is therefore concluded that a decrease to 0 or a ne gative Pcyt
is the primary factor required for activation of RVI. The cell shrinks and the cell membrane wrinkles
when Pcyt becomes 0 (Figure 3.11D, white arrowhead). A 0 or negative pressure sensor or a wrinkle-
sensitive mechanosensor must be in volved in the acti vation of RVI.

4. Regulatory Volume Control Involves K+ Channels of the Cell Membrane

When a stimulatory solution contains 10 mmol/L tetraethylammonium (TEA) (a potent K+ channel
inhibitor), adapted cells that w ould normally be stimulated to under go RVD or R VI are not so
stimulated. In these cells, the v olume increases (upon decreasing the e xternal osmolarity) or
decreases (upon increasing the external osmolarity) to a new plateau level without returning to their
initial volumes. In the presence of 30 mmol/L of K +, RVD is also inhibited so the cell v olume
increases without showing a resumption of the initial v olume after decreasing the e xternal osmo-
larity to a point that R VD should have been activated. On the other hand, R VI is enhanced so cell
volume is restored more quickly then normal after increasing the e xternal osmolarity to a point
where RVI would normally be activated.54 These findings strongly suggest that K+ channels in the
plasma membrane of the cell are involved in regulatory volume control mechanisms in Paramecium
in both R VD and R VI. Involvement of se veral kinds of K + channels in re gulatory cell v olume
control has been demonstrated in se veral cell types. 11,48,81,89 (Also refer to Chapter 2.)

C. CELL VOLUME CONTROL AND CVC ACTIVITY

Four representative time courses of change in the CVC acti vity presented as RCVC after changing the
external osmolarity by 60 mOsmol/L are sho wn in Figure 3.12. In Figure 3.12A, a 164-mOsmol/L-
adapted cell was subjected to 104 mOsmol/L; the e xternal osmolarity was decreased beyond a CN
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of 160 mOsmol/L so RVD was activated and the cell volume returned to normal. The corresponding
time course of change in cell volume is shown in Figure 3.10A. In Figure 3.12B, a 144-mOsmol/L-
adapted cell w as subjected to 84 mOsmol/L; the osmolarity change w as made without crossing a
CN so RVD was not activated and the cell volume remained higher than normal. The corresponding
time course of change in cell volume is shown in Figure 3.10B. In Figure 3.12C, a 104-mOsmol/L-
adapted cell w as subjected to 164 mOsmol/L; the e xternal osmolarity w as changed be yond a CN
of 160 mOsmol/L so R VI w as acti vated and the cell v olume approached a normal v alue. The
corresponding time course of change in cell v olume is shown in Figure 3.10F. In Figure 3.12D, an
84-mOsmol/L-adapted cell w as subjected to 144 mOsmol/L; the osmolarity change w as made
without crossing a CN so RVI w as not acti vated and cell v olume remained belo w normal. The
corresponding time course of change in cell v olume is shown in Figure 3.10G.

In the cases of osmolarity decrease, RCVC appeared to increase in parallel with an increase in cell
volume; that is, RCVC increased as cell volume increased after subjection of the cell to a 60-mOsmol/L
decrease in the e xternal osmolarity. RCVC then decreased when the cell v olume resumed its initial
value after acti vation of R VD (compare Figure 3.12A with Figure 3.10A), while RCVC remained
higher when the RVD was not activated; therefore, the cell volume also remained higher (compare
Figure 3.12B with Figure 3.10B).

FIGURE 3.12 Four representative time courses of change in the rate of fluid segregation and dischar ge by
the contractile vacuole (RCVC) after changing the e xternal osmolarity by 60 mOsmol/L in Paramecium multi-
micronucleatum. (A) A 164-mOsmol/L-adapted cell was subjected to 104 mOsmol/L. (B) A-144 mOsmol/L-
adapted cell w as subjected to 84 mOsmol/L. (C) A 104-mOsmol/L-adapted cell w as subjected to 164 mOs-
mol/L. (D) A 84-mOsmol/L-adapted cell w as subjected to 144 mOsmol/L. An arrow in each inset sho ws the
direction of change in the e xternal osmolarity; the do wnward arrow (A, B) corresponds to a decrease, while
the upward arrow (C, D) to an increase. A number at the tail end sho ws the adaptation osmolarity and that at
the head end sho ws the changed e xternal osmolarity in mOsmol/L. A horizontal bar that crosses the arro w
corresponds to a CN, indicating that the change in the e xternal osmolarity crossed a CN. A number beside the
bar is the osmolarity of the CN. (From Iwamoto, M. et al., J. Exp. Biol., 208, 523, 2005. With permission.)
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Ccyt decreases as the cell osmotically swells. The reduction of Ccyt, therefore, appears to be
involved in enhancing the RCVC activity. It is highly probable that control by the cell of the ratio
of osmolarity in the CV fluid (CCVC) to c ytosolic osmolarity ( CCVC/Ccyt) is a primary f actor for
determining the RCVC activity. When the ratio increases o ver the ratio existing before changing the
external osmolarity , RCVC will become higher . When the cell resumes its initial v olume after
activation of RVD (Figure 3.10A), Ccyt is assumed to decrease to the same e xtent as the decrease
in external osmolarity. We previously reported that the ionic activities of the K+ and Cl– ions in the
CV fluid are reduced stepwise similar to the overall cytosolic osmolarity that follows RDV activa-
tion.110 Thus, the CV fluid is also affected by RD V activation, and the cell k eeps its ratios of K +

and Cl– activities in the CVC to those in the Ccyt more or less constant at ~2.4 (Table 3.1).110 RCVC,
therefore resumes its pre vious value as the cell v olume resumes its initial v alue (Figure 3.12A).
Quantitative analysis of the relationship between the CCVC/Ccyt ratio and RCVC is necessary to
understand the control mechanism of the rate of w ater segregation by the CVC ( RCVC).

On the other hand, the time course of change in RCVC after increasing the e xternal osmolarity
by 60 mOsmol/L w as essentially the same, independently of whether R VI w as activated or not
(compare Figure 3.12C and D with Figure 3.10F and G, respecti vely), That is, RCVC became 0
immediately after the cell was subjected to an increase in the external osmolarity. It began to recover
around 30 to 40 min after increasing the e xternal osmolarity and then gradually increased with
time. These findings imply that a decrease in cell volume or a concomitant increase in Ccyt or a
decrease in CCVC/Ccyt, caused by an increase in the e xternal osmolarity, is not directly correlated
with the inhibition of RCVC. In f act, as e xplained earlier, we ha ve determined that the decorated
tubules, which bear the electrogenic V-ATPases, immunologically disappear when the cell is
subjected to increases in e xternal osmolarity, and it tak es 60 to 120 min for the CVC membrane
potential to return ag ain to its plateau v alue of +80 mV .39 RCVC cannot return to normal until the
decorated tubules with their V-ATPases are reattached to the CVC.

It is unlik ely that the CVC of Paramecium regulates the overall cell volume during either R VD
or RVI by e xtrusion of c ytosolic water and osmolytes through the CV . The initial rapid increase in
RCVC when the cell is subjected to a decreased external osmolarity will buffer the cell against mechan-
ical disruption that could result from a lar ge initial osmotic swelling. Similarly, the rapid decrease in
RCVC to 0 upon subjecting the cell to an increased e xternal osmolarity would eliminate the ef fects of
continued CVC activity upon the cell if e xcessive osmotic shrinkage were to occur . Dunham and his
colleagues31,112 had earlier suggested a role for the CV in buffering the osmotic changes in cell volume.

D. PARASITIC PROTOZOA

Physiological responses to h ypoosmotic stress ha ve been studied in parasitic protozoa, such as
Trypanosoma,101 Giardia,91 Crithidia,16 and Leishmania.122 These parasitic protozoa encounter a
wide range of fluctuation in external osmolarity as the y progress through their life c ycles; that is,
a single life cycle that begins in the gut of the intermediate host (insects) may end in the cytoplasm
of the definitive host (mammals). Docampo and his collaborators101 demonstrated that Trypanosoma
cruzi showed RVD in response to h ypoosmotic stress in their v arious life-cycle stages. The major
osmolytes responsible for RVD are neutral and anionic amino acids instead of K + and Cl–, which
are the predominant osmolytes responsible for R VD in man y cell types, including Parame-
cium.11,48,65,89,110 The efflux is assumed to be mediated by some putative osmotic swelling-sensitive
organic anion channels.58,59 They also demonstrated that e xternal Ca2+ ions were indispensable for
triggering RVD in T. cruzi. It is generally accepted in man y cell types that e xternal Ca2+ ions that
enter the c ytosol through osmotic swelling-sensiti ve Ca 2+ channels in the plasma membrane are
the mediators of RVD.65,123 Interestingly, control of the c ytosolic Ca2+ concentration by using Ca 2+

ionophores showed little ef fects on the amino acid ef flux responsible for RVD. They concluded
that, although Ca2+ appears to play a role in modulating the early phase of amino acid ef flux, it is
not a key determinant of the final outcome of RVD.
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IV. FUTURE WORK ON PROTOZOAN OSMOREGULATION 
AND VOLUME CONTROL

One of the most pressing questions w aiting to be answered in CVC research is the osmolarity of
the CV in protozoa other than Paramecium. Most Dictyostelium researchers seem to have accepted
the unproven conclusion that the CV of this cell is h ypoosmotic to the c ytosol.46,107 This must be
confirmed or disproved using in situ techniques that can be applied to the living cells of these small
protozoa. In addition, the ion channels and osmolyte transport systems of the plasma membrane
and CVC membranes must be explored with regard to their possible osmoregulatory and water and
osmolyte secretion acti vities: biochemically, molecularly, and proteomically . Finally, as with the
osmolarity of the CV, the number of organisms investigated must be increased to look for differences
in the CVC c ycle that may be re vealed in different species.

Physiological studies on the re gulatory volume control in Paramecium have only just be gun;
therefore, various conventional physiological approaches are now required to compare physiological
characteristics of this specific cell with other cells for which more detailed physiological studies
have already been completed. The comparison will potentially lead to a better understanding of
physiological mechanisms underlying cell v olume control. Some suggested e xperiments include
the following: (1) Continuous measurement of the cellular membrane potential after changing the
external osmolarity would reveal the dynamic change in the c ytosolic K+ concentration associated
with RVD or RVI, as the resting membrane potential of Paramecium is dependent predominantly
on K+.83 (2) Continuous monitoring electrically with a Ca 2+-sensitive microelectrode110 or photo-
metrically using a Ca2+-sensitive dye of the cytosolic Ca2+ concentration after changing the external
osmolarity would reveal the possible in volvement of Ca 2+ in modulating RVD or RVI. (3) Exam-
ination of the ef fects of appropriate channel inhibitors on the time course of cell v olume change
would reveal the ion channels that directly or indirectly participate in R VD or RVI.

To characterize RVD or R VI, simultaneous monitoring of associated cellular e vents such as
changes in cell v olume, cytosolic osmolarity, membrane potential, c ytosolic activities of K + and
Cl–, etc. are indispensable. We are de veloping a no vel intracellular osmometer .82 The tip of the
probe of the osmometer is ~2 µm in diameter so it can be inserted into the cell together with other
microelectrodes for measuring membrane potential and ion acti vity. The basic principles of the
microcapillary osmometer are illustrated in Figure 3.13. At present, the semipermeable Cu2Fe(CN)6
plug at the tip of the probe is too short li ved (~3 min) to be v ery useful. Development of a long-
lasting (at least 1 hr) semipermeable plug is necessary for the practical use of this technique.

The probe without a semipermeable plug can be used for monitoring the change in the h ydro-
static pressure of the cytosol after changing the external osmolarity. Measurements of the cytosolic
pressure are indispensable for estimation of the volume of the osmotically nonactive portion of the
cytoplasm as well as the b ulk modulus of the cell.
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I. MOLLUSCAN HABITATS

A. SALINITY AND THE DISTRIBUTION OF MOLLUSCS IN AQUATIC HABITATS

Living organisms occupy a wide range of aquatic habitats that dif fer greatly in w ater and solute
chemistry. The primac y of salinity as a determinant of species richness in aquatic habitats is
exemplified by Remane’s curve (Figure 4.1). 169 The number of species in marine habitats and in
freshwaters is lar ge. Fewer species are found in brackish w aters, and e ven fewer in h ypersaline
environments. Freshw aters can be “hard, ” with higher concentrations of di valent ions such as
calcium, magnesium, and carbonate than mono valent ions such as sodium and chloride, or the y
can be “soft,” with higher concentrations of Na + and Cl– than Ca2+ and CO3

2– .  Hypersaline waters
that support life range from marine salinity (35‰) to 300‰. This diversity of habitats has resulted
in the evolution of a variety of mechanisms involved in the maintenance of cellular and organismal
salt and w ater balance in aquatic or ganisms. Molluscs are found in freshw ater, brackish w aters,
seawater, and h ypersaline w aters; the numbers of species in the ph ylum found in each habitat
conforms to Remane’s curve.41
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B. TERRESTRIAL MOLLUSCS

Gastropods have invaded terrestrial habitats and are widely distributed. Some snails are amphib-
ious, moving between aquatic and terrestrial habitats. Additionally, a few species of bivalves that
occur in high intertidal habitats may be out of the w ater for longer periods of time than the y are
submerged.63 These bivalve species are at least semiterrestrial and can breathe air with surprising
facility.36,136

II. SALT AND WATER BALANCE

In all animals, the c ytoplasm and the e xtracellular fluid are in osmotic equilibrium; however, the
ionic composition of the tw o media are dissimilar in that the cells of all animals ha ve relatively
high concentrations of K + and low concentrations of Na +. This ratio is (with a fe w e xceptions)
reversed in the e xtracellular fluid. The low permeability of cell membranes to Na + coupled with
the high extracellular concentration of Na+ results in a Donnan effect in the extracellular fluid. This
balances the Donnan ef fect inside the cell due to c ytoplasmic proteins that are ne gatively charged
at cytoplasmic pH and cannot cross the plasma membrane. As long as the dif fusive movements of
Na+ and K + across the plasma membrane are counterbalanced, the cell will maintain its v olume
and structural integrity. The membrane-bound protein Na+,K+-ATPase compensates for the diffusive
influx of Na+ and efflux of K+; the function of this enzyme represents a v ery large portion of the
energy budget of all cells. 1

Any change in the osmotic concentration of the e xtracellular fluid will perturb the diffusion
gradients for water and ions across the cell membrane, with deleterious consequences for cellular
function. Osmotic regulation, then, has two components: (1) maintenance of cellular water content
or volume and (2) maintenance of the ionic composition of the c ytoplasm and the e xtracellular
fluid. Kirschner110 termed the ph ysiological mechanisms involved in osmotic and ionic re gulation
as either evasive or compensatory. The former act to minimize the dif fusion gradients at exchange
surfaces (i.e., cell membranes, body w all); the latter balance dif fusive movements of w ater and
ions by transport in the opposite direction. The diversity of habitats occupied by molluscs and the
phylogenetic di versity of in vasion of dilute and terrestrial habitats in the ph ylum ha ve led to
extensive research on the osmore gulatory physiology of the group.

FIGURE 4.1 The relative number of species in aquatic habitats as a function of the osmotic concentration
of the en vironment; 1100 mOsm is equi valent to 35‰, or oceanic salinity . (Adapted from Remane, A. and
Schlieper, K., The Biology of Brackish Water, Wiley Interscience, New York, 1971.)
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A. MARINE OSMOCONFORMERS

In most marine molluscs, the osmotic concentration of the hemolymph is roughly equal to that of
the ambient seawater.146,194 Osmoconformers that can tolerate only a v ery narrow range of external
salinities are termed stenohaline, and species with a wider range of salinity tolerance are euryhaline
(Figure 4.2A and B). Within the ph ylum Mollusca, entire classes, such as the cephalopods, sole-
nogasters, monoplacophorans, polyplacophorans, and aplacophorans, contain only marine steno-
haline species, whereas other classes (e.g., Bivalvia, Gastropoda) have numerous euryhaline species.
The range of salinity tolerance of osmoconforming molluscs can be remarkable. 147,159 In these
animals, any change in the external osmotic concentration results in a similar change in the osmotic
concentration of the extracellular fluids (Figure 4.2). The animals are also generally isoionic to the
external medium. The concentrations of Mg 2+ and SO 4

2– in the hemolymph of osmoconforming
molluscs are the same as that of sea water.112,119,146,174,182 These animals produce a urine that is
isosmotic to the hemolymph (see Table 4.6).

FIGURE 4.2 The relationship between the osmotic concentration of the hemolymph and the osmotic con-
centration of the environment for typical aquatic molluscs: (A) stenohaline osmotic conformer; (B) euryhaline
osmotic conformer; (C) oligohaline animal; (D) freshw ater bivalve. The dotted line is the isosmotic line.
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Evasive strategies found in euryhaline animals include a reduction in the permeability of the
body wall to water and ions.110 Although differences in the permeability of the body w all to water
exist among molluscs that inhabit marine, brackish, or freshw aters, they are not lar ge enough to
be adapti ve.166 In an osmoconforming animal, a reduction in the osmotic permeability of the
epithelium to w ater is useful only during the initial adjustment to osmotic shock, when it w ould
serve to decrease the rate of w ater movement across the body w all and give the cells more time to
adjust. Indeed, exposure of isolated pieces of mantle tissue from the euryhaline mussel Geukensia
demissa to 50% seawater for a few hours results in a decrease in diffusional permeability to water.33

No change is observ ed in the permeability of the mantle to w ater and ions in animals acclimated
to media of v arying salinity for se veral weeks.37 This is to be e xpected, because when the e xtra-
cellular fluids and ambient medium come into equilibrium, no further osmotic movement of water
occurs.

B. ION REGULATION IN OSMOCONFORMERS: STORAGE OF AMMONIA

Because the density of li ving tissue is higher than that of sea water, maintenance of position in the
water column may represent a lar ge cost of energy for a pelagic animal. In at least ten f amilies of
squid, lar ge amounts of ammonia are sequestered in the tissues to decrease the density of the
animals.200 The ammonia is stored in specialized coelomic compartments or in v esicles disbursed
through the tissues. The pH within the ammonia storage areas is lower than that of the hemolymph,
ensuring that the ammonia is in the form of the ammonium ion; concentrations can e xceed 500
mM.200 Molluscs that harbor lar ge numbers of symbiotic alg ae, such as giant clams of the genus
Tridacna, take up ammonia from the surrounding medium to pro vide nitrogen to the symbionts.
Young animals with no symbiotic alg al cells excrete ammonia, but as the clams gro w and acquire
a higher density of symbionts the y take up ammonia from the medium during the day and e xcrete
ammonia only at night, when the symbionts are not photosynthesizing. 66

C. VOLUME REGULATION IN OSMOCONFORMERS: THE CELLULAR RESPONSE

Studies have shown that the maximal concentration of K+ in the cytoplasm of animal cells is about
200 to 300 mM.110 This holds for a variety of cells from marine molluscs (Table 4.1). Other cations
and anions increase the total osmotic pressure of the c ytoplasm of marine animals to about 500 to

TABLE 4.1
Intracellular Concentrations of Ions in Molluscs

Intracellular Concentration 
(mM)

Species (Class) Habitat Cell Na+ K+ Cl– Ref.
Mytilus edulis (B) M Muscle 79 152  94 Potts162

Mytilus edulis (B) M Nerve 105 206 — Wilmer209

Eledone cirrhosa (C) M Muscle 33 167 55 Robertson171

Sepia officinalis (C) M Muscle 31 189 45 Robertson171

Loligo pealei (C) M Nerve 50 400 60 Hill et al. 91

Elysia chlorotica (G) M Nerve 300 450 325 Quinn and Pierce 168

Aplysia californica (G) M Nerve 67 232 12 Sato et al. 176

Acmaea scutum (G) M Muscle 46 162 29 Weber and Dehnel203

Anodonta cygnea (B) FW Muscle 5 21 2 Potts162

Viviparus viviparus (G) FW Muscle 8 15 4 Little117

Note: B, bivalve; C, cephalopod; G, g astropod; M, marine; FW, freshwater.
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600 mOsm.110 Because the cytoplasm is in osmotic equilibrium with extracellular fluid that has the
same osmotic concentration as sea water (1100 mOsm), there is a seeming deficit in the osmotic
concentration of the c ytoplasm. In molluscs, this deficit is made up by a mixture of amino acids
and quaternary amine compounds. The cells adjust to changes in the osmotic concentration of the
extracellular fluids by either increasing or decreasing the size of this pool of organic osmolytes.
The mix of organic osmolytes varies greatly among species and e ven among different populations
within a species (Table 4.2),113 but the amino acids that mak e up the b ulk of the c ytoplasmic pool
are limited to only a few of the amino acids found in proteins (Table 4.2). Usually, taurine, alanine,
glutamic acid, and glycine mak e up the majority of the pool. These amino acids are thought to be
compatible solutes that, e ven in relati vely high concentrations, ha ve little ef fect on the tertiary
structure of proteins. 190,210

The response of isolated tissues and cells to changes in the ambient osmolality has been studied
in a wide variety of molluscs. Cells exposed to increases in the osmotic concentration of the bathing
media shrink, and if v olume re gulation occurs it is accompanied by a rapid increase in the
concentration of c ytoplasmic osmolytes. An extensive literature on the accumulation of or ganic
osmolytes during regulatory volume increase is available, but data on increases in the concentrations
of inorganic ions are fe w.

Baginski and Pierce 13 have shown that the increase in the c ytoplasmic pool of amino acids
during prolonged acute h yperosmotic stress is a highly or ganized process. Both the gills and
ventricle of Geukensia demissa demonstrate a rapid initial increase in the concentration of alanine;
the increase reaches a maximal v alue after 24 hours and then declines. The amount of proline
increases during the first 6 days of hyperosmotic adjustment. A concurrent, but slower, increase in
glycine peaks after 2 weeks. The cytoplasmic levels of taurine sho w a very gradual increase o ver
2 months. During this latter phase, the concentrations of first proline and then glycine decrease.

A thorough study of the biochemistry in volved in the early phases of the increase in the
cytoplasmic amino acid pool has been published. 17 The metabolic sources of alanine include
synthesis from pyruvate13 and protein catabolism followed by transamination.34,79 The slow rate of
taurine accumulation is probably a function of limited synthetic capacity , b ut the biochemical
pathways involved in the synthesis of taurine in molluscs have not been studied. Quaternary amines,
such as glycine betaine and proline betaine, ha ve also been sho wn to increase in the tissues of
some molluscs during hyperosmotic stress.39,45,152,158 Whether this response is a general one among
molluscs is as yet unkno wn; relatively few species ha ve been studied. Betaine has been found in
cephalopod tissues.171 Most of the enzymes in volved in increasing the size of the amino acid pool
in molluscs are localized in the mitochondria, suggesting that these mechanisms may be compart-
mentalized and therefore re gulated in concert. 17 Studies have shown that the enzymes in volved in
the production of glycine betaine in o ysters are also in the mitochondria. 158

Cells exposed to a decrease in the osmotic concentration of the ambient medium initially swell
due to an influx of water; in most cells, a re gulatory volume decrease occurs. The mechanism is a
reduction in the osmotic concentration of the c ytoplasm accomplished by the release of osmolytes
to the e xtracelluar fluid. The osmolytes released from the cells include inor ganic ions and the
constituents of the c ytoplasmic pool of or ganic molecules.4,168,189,209

Although the release of amino acids from isolated tissues is often equated with v olume regu-
lation, studies in which the release of osmolytes and actual changes in cell v olume ha ve been
measured are scarce. Studies of the red blood cells from the clam Noetia ponderosa have measured
both volume regulation and changes in osmolytes, resulting in a model for the control of the release
of cytoplasmic amino acids during h yperosmotic volume regulation.4,5 Exposure of these cells to
hypoosmotic media results in an influx of Ca2+, possibly through a stretch-acti vated channel.151 In
N. pondersosa red cells, the efflux of amino acids and volume regulation are inhibited by phenothi-
azine inhibitors of calmodulin action. 151 Calmodulin is present in these cells, 154 and hypoosmotic
stress induces the phosphorylation of plasma membrane proteins. 148 Taken together, these results
suggest the follo wing model: Cellular swelling in response to h ypoosmotic stress acti vates a



112 Osmotic and Ionic Regulation: Cells and Animals

TABLE 4.2
Primary Constituents of the Cytoplasmic Amino Acid Pool in Marine Molluscs

Mollusc πext Tissue
Amino Acids
(% of Total) Ref.

Bivalves
Anadara trapezia 1100 Adductor Tau (31), Gly (31) Ivanovici et al. 99

Arca umbonata 1100 Soft tissue Tau (79) Simpson et al. 188

Noetia ponderosa 840 Adductor Gly (25), Asp (21) Amende and Pierce 3

840 Foot Tau (62) Amende and Pierce 3

840 Gill Tau (71) Amende and Pierce 3

Mytilus edulis 1180 Adductor Gly (52), Pro (18) Gilles75

1100 Adductor Tau (34), Gly (29) Zachariassen et al. 211

1060 Adductor Tau (46), Gly (35) Shumway et al. 185

500 Adductor Tau (64) Deaton et al. 43

Mytilus californianus 980 Gill Tau (72) Silva and Wright186

Modiolus modiolus 1060 Adductor Tau (51), Gly (31) Shumway et al. 185

Modiolus squamosus 730 Mantle Tau (79) Pierce146

Geukensia demissa 1190 Mantle Ala (35), Tau (19) Pierce146

1160 Ventricle Tau (57), Gly (23) Baginski and Pierce 12

1090 Gill Tau (66) Neufeld and Wright141

Saccostrea commercialis 1100 Adductor Tau (32), β-Ala (23) Ivanovici et al. 99

Crassostrea virginica 1000 Mantle Tau (64) Heavers and Hammen 86

Chesapeake Bay 920 Adductor Ala (60) Pierce et al. 157

Atlantic 920 Adductor Tau (50), Ala (19) Pierce et al. 157

Crassostrea gigas 1060 Adductor Gly (38), Tau (26) Shumway et al. 185

Chlamys opercularis 1060 Adductor Gly (72) Shumway et al. 185

Glycymeris glycymeris 1180 Adductor Tau (56), Asp (11) Gilles75

Mya arenaria 630 Adductor Ala (37), Gly (35) DuPaul and Webb64

630 Adductor Gly (54), Tau (19) Shumway et al. 185

1000 Gill Gly (42), Tau (17) DuPaul and Webb64

Scrobicularia plana 1060 Adductor Ala (38), Gly (28) Shumway et al. 185

Cardium edule 1060 Adductor Tau (42), Gly (22) Shumway et al. 185

Mercenaria mercenaria 1060 Adductor Tau (39), Gly (31) Shumway et al. 185

Macoma balthica 230 Soft tissue Ala (36), Glu (13) Sokolowski et al. 191

Gastropods
Pyrazus ebenius 1100 Foot Tau (25), Ala (22) Ivanovici et al. 99

Thais hemastoma 990 Foot Tau (75) Kapper et al. 104

Amphibola crenata 1070 Foot Gly (14), Glu (12) Shumway and Freeman 184

Nassarius obsoletus 1000 Digestive gland Tau (52), Glu (13) Kasschau105

Purpura lapillus 1100 Foot Tau (53), Ala (11) Hoyeaux et al. 97

Patella vulgata 1100 Foot Tau (74) Hoyeaux et al. 97

Elysia chlorotica 920 Whole animal Glu (61) Pierce et al. 159

Busycon perversum 1100 Soft tissue Ala (31), Tau (25) Simpson et al. 188

Fasciolara distans 1100 Soft tissue Tau (50), Gly (19) Simpson et al. 188

Siphonaria lineolata 1100 Soft tissue Ala (31), Tau (28) Simpson et al. 188

Polynices duplicata 1100 Soft tissue Tau (65) Simpson et al. 188

Oliva sayana 1100 Soft tissue Tau (42), Ala (21) Simpson et al. 188

Hydrobia ulvae 1100 Soft tissue Gly (37), β-Ala (27) Negus140

Chitons
Acanthochitona discrepans 1180 Foot Tau (64) Gilles75

Cephalopods
Loliguncula brevis 1100 Soft tissue Tau (59), Gly (21) Simpson et al. 188

Lithophaga bisulcata 1100 Soft tissue Gly (50), Tau (46) Simpson et al. 188

Architeuthis sp. 1100 Muscle Glu (13), Asp (10) Rosa et al. 172
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calcium-selective. stretch-activated channel in the plasma membrane. The resulting influx of Ca2+

binds to calmodulin, and the calcium–calmodulin comple x activates a kinase that phosphorylates
targets in the plasma membrane. The phosphorylation of these membrane proteins then acti vates
an amino acid ef flux pathway, probably a nonselecti ve amino acid–anion channel.

This model, however, is clearly not general to all molluscan cells. Both v entricles from Geu-
kensia demissa and Noetia red cells have been subjected to identical e xperiments investigating the
control of amino acid release. Dif ferences between the v entricles and the red cells in response to
these treatments are summarized in Table 4.3. Calmodulin seems to be in volved in the release of
amino acids from Noetia red cells, but it does not appear to have a role in this process in Geukensia
ventricles. Also, although phorbol esters increase the amino acid release from v entricles, they have
no effect on amino acid release from the red cells b ut do increase the release of K +. This result
suggests that a mechanism that involves the activation of protein kinase C is involved in the release
of amino acids from the v entricles of Geukensia. Consistent with this idea is the finding that the
amount of diacylglycerol increases in ventricles exposed to hypoosmotic seawater; the turnover of
inositol-1,4,5-triphosphate, however, is unaf fected.38 Phorbol esters also potentiate the release of
amino acids from gills of Geukensia and ventricles of the clam Mercenaria mercenaria exposed
to hypoosmotic seawater.35,38

The physiological function of the ventricle in bivalves would seem to require a mechanism for
control of v olume re gulation that is dif ferent from the Noetia red cell model. The v entricle is
composed of muscle cells that are rh ythmically active; some of the Ca 2+ that activates contraction
enters the cell with the action potential. 40 In these cells, the mechanical acti vity w ould activate
stretch-activated channels, and the action potential w ould initiate v olume re gulation with each
contraction of the heart, e ven in isosmotic conditions.

 The release of amino acids from v entricles of the clam Mercenaria mercenaria is increased
by the neurotransmitter 5-h ydroxytryptamine and the molluscan neuropeptide FMRF amide.35 In
addition, a neuropeptide isolated from neurons in the abdominal g anglion of the sea hare, Aplysia
californica, has been sho wn to af fect the w ater content of the animal. 204 These data suggest that
the central nervous system is involved in adjustment to osmotic stress. In summary , the control of
volume regulation in molluscs has been investigated in detail in only a few types of cells (and only
in bivalves); significant differences have been observed; and nothing is known about the variety of
mechanisms that may be present in other types of cells or in other molluscan classes.

TABLE 4.3
Response of Noetia Red Cells and Geukensia Ventricles to Experimental Treatments

Result

Treatment Noetia Red Cells Geukensia Ventricles Refs.
Hypoosmotic Ca2+ free Decreased FAA release Increased FAA release Amende and Pierce, 5 

Pierce and Greenberg149

Hypoosmotic high Ca 2+ Increased FAA release Decreased FAA release Amende and Pierce, 5 
Pierce and Greenberg149

Hypoosmotic + verapamil Decreased FAA release No effect Amende and Pierce, 5 
Deaton (unpublished)

Hypoosmotic + Co 2+ Increased FAA release No effect Amende and Pierce, 5 
Deaton (unpublished)

Hypoosmotic + phorbols Increased K+ release Increased FAA release Pierce et al., 155 Deaton38

Hypoosmotic + dintrophenol Decreased FAA release Increased FAA release Amende and Pierce, 5 
Pierce and Greenberg149

Hypoosmotic + trifluoperazine Decreased FAA release No effect Pierce et al., 155 Deaton 
(unpublished)
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D. VOLUME REGULATION IN OSMOCONFORMERS: THE ORGANISMAL RESPONSE

An acute change in the ambient salinity presents an osmoconforming animal with an osmotic
gradient between the ambient medium and the extracellular fluid. If it has a shell that closes tightly
or can be sealed with an operculum, the animal can isolate its soft tissues from the en vironment
by retreating into the shell. This behavior may shield the animal from en vironmental changes that
are short li ved, such as those caused by tidal c ycles in an estuary . When the change in ambient
osmotic concentration is prolonged, despite the capacity for anaerobic metabolism in man y mol-
luscs,49 the animal must e ventually emerge or open to feed, to release nitrogenous w aste, and to
exchange respiratory g ases. As the e xtracellular fluid comes to osmotic equilibrium with the new
ambient osmotic concentration, the cells of the animal g ain or lose w ater by osmosis; this results
in weight g ain or loss by the or ganism. Molluscs can control the rate of e xposure to the altered
ambient medium by changing the g ape of the shell (bi valve) or degree of withdrawal (gastropod),
the diameter of the inhalant and e xhalant siphons, and the rate of beating of the cilia on the gills
that propel water through the mantle ca vity.29,30,147

Animals exposed to an increase in the ambient osmotic concentration lose w ater (Figure 4.3).
Depending on the species and the magnitude of the osmotic stress, the animal may or may not
regulate its w ater content.69,147,194 In animals that are able to re gain volume, the mechanism is an
increase in the c ytoplasmic concentration of osmolytes. The source of or ganic osmolytes for
hyperosmotic volume regulation is an area of some contro versy. Studies have shown conclusively
that molluscs can tak e up amino acids from sea water.126 The critical question is whether the
concentration of these molecules in the environment is high enough for the molluscs to accumulate
enough of them to contrib ute to v olume regulation. The measurement of amino acids in natural
waters is not a straightforw ard proposition; published estimates can v ary over several orders of
magnitude, and those on the high end are probably erroneous. 65,68 At present, the role of uptak e of
amino acids from the medium in v olume regulation is unclear, but the evidence suggests that it is
negligible.84 Some studies have suggested that amino acids released into the hemolymph by cells

FIGURE 4.3 Volume regulation in Mytilus edulis. Animals (with shells held open with pegs) were transferred
from 600 mOsm to 300 mOsm (filled circles, solid line) or from 300 mOsm to 600 mOsm (open circles,
dotted line) at time 0. (Adapted from Gaine y, L.F., Comp. Biochem. Physiol., 87A, 151–156, 1987.)
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exposed to h ypoosmotic stress may be transported back into the cells during a subsequent h yper-
osmotic stress, as may occur during an estuarine tidal c ycle.193 Whatever the contributions of these
uptake mechanisms are, it is clear that the cells of molluscs exposed to hyperosmotic media produce
amino acids by synthesis and by catabolism of proteins. 17

Animals exposed to a decrease in the ambient osmotic concentration g ain water (Figure 4.3).
Over time, the v olume of the animal returns to ward the initial, preosmotic stress v alue. Both the
time course and the de gree of completion of this v olume regulatory response vary among species
and depend on the magnitude of the osmotic shock. 69,147,184 Hypoosomotic volume regulation is
accomplished by the release of cytoplasmic osmolytes into the blood and the excretion of osmolytes
by the animal. This brings the three compartments (c ytoplasm, e xtracellular fluid, and ambient
medium) into osmotic equilibrium.

These osmolyte molecules are not excreted by the animal after they are released from the cells.
The rate of e xcretion of amino acids in molluscs e xposed to reduced osmotic concentrations does
not show a mark ed increase. 14,87,124,192 Instead, the rate of e xcretion of ammonia increases. This
suggests that the amino acids released into the e xtracellular fluid are taken up and deaminated in
some tissue in the animals. Bartber ger and Pierce14 have shown that the amino acid content of the
mantle of the mussel Geukensia demissa does not change when the animals are exposed to decreased
external salinity. A taurine transporter in the epidermal tissues of the mussel Mytilus galloprovin-
cialis has been cloned; the protein is induced in the mantle by e xposure to h ypoosmotic media.94

These observations are consistent with the notion that the amino acids released into the extracellular
fluid by other tissues are taken up by the mantle and deaminated; the carbon skeletons of the amino
acids are presumably polymerized and conserv ed while the ammonia is e xcreted.

The existence of a relationship between the salinity tolerance and capacity for re gulation of
volume in animals was proposed 50 years ago.181 In the intervening years, this hypothesis has been
explored in a variety of molluscs. Lange116 found that tissue water content changed less in euryhaline
species relative to stenohaline species e xposed to a v ariety of e xternal salinities. The euryhaline
clam Polymesoda caroliniana has a greater capacity for v olume regulation than the stenohaline
species Corbicula manilensis ,69 and the tissue amino acid pool is lar ger in the euryhaline mussel
Geukensia demissa than in the stenohaline mussel Modiolus americanus.146 Gainey and Greenberg73

linked the capacity for changes in the amino acid pool to salinity tolerance, but more recent studies
suggest the available data do not support this h ypothesis.41,72

E. VOLUME REGULATION IN OSMOCONFORMERS

Given the complexity of volume regulation at both the cellular and organismal level, it is instructive
to ask whether conditions in the natural environment are ever associated with the responses evoked
in the typical laboratory experiments described above. A few studies have subjected intact animals
or isolated gills to fluctuating changes in ambient osmolality with the periodicity and magnitude
of those that are typical for a tidal cycle in an estuarine habitat. The results suggest that when intact
animals are exposed to short-term changes in the ambient osmolality, no volume regulatory response
occurs.182,183,185 At the cellular level, results vary among cell types. Ventricles of Geukensia demissa
do initiate v olume regulation in response to a moderate change (100% to 60% sea water) in the
ambient medium, but cells in the gills and mantle, as well as circulating hemoc ytes, do not.141 The
failure of some tissues to respond to a change in the osmolality of the medium may be due to the
energetic cost of processing the amino acids that w ould be released. 84,151

Many studies of the responses of molluscs to both h ypoosmotic and hyperosmotic stress have
shown that the volume regulatory responses of bivalves to increases in salinity and to decreases in
salinity are not symmetrical.26,69,71,131,146,181,193 When Mytilus edulis was transferred from 600 to 300
mOsm, the osmotic concentration of the hemolymph decreased at a rate of about 10 mOsm/hr .71 In
contrast, the rate of increase in the hemolymph osmotic concentration in mussels transferred from
300 mOsm to 600 mOsm was about 200 mOsm/hr. The volume regulatory response of the animals
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is also asymmetrical. Transfer to hyposomotic media results in a smaller initial increase in weight
and a more rapid return to the original weight than does a hyperosmotic shock of the same magnitude
(Figure 4.3). The comparatively slower rate of equilibration between hemolymph and ambient in
animals exposed to hypoosmotic rather than h yperosmotic media may be due to a reduction in the
permeability of the body wall to water, a decrease in movement of water through the mantle cavity
(due to inhibition of the lateral cilia of the gills), and an increase in urine production. 71 Acute
changes in the ambient salinity depress the activity of the lateral cilia of isolated gills, but the effects
on the cilia are similar for hypoosmotic and hyperosmotic stresses.143 A comprehensive explanation
of the rapid equilibration between medium and extracellular fluids during hyperosmotic stress awaits
further research. The slower volume regulatory response is probably due to limits on the rate of
accumulation of amino acids in the c ytoplasm of the cells of the animals.

Animals that are osmotic and ionic conformers ha ve little need for the kidne y to be in volved
in salt and water balance. Curiously, the rates of urine production in marine molluscs (e.g., Octopus,
Haliotis) are of the same order of magnitude as those found in freshw ater bivalves (see Table 4.6).
The purpose of such high rates of urine production in marine animals is unclear , but they may be
necessary for the e xcretion of wastes such as hea vy metals.

F. OLIGOHALINE MOLLUSCS: MIXED CONFORMITY AND HYPERREGULATION

A select group of molluscs that includes both bi valves and g astropods inhabits brackish w aters.
These animals cannot li ve in marine salinities b ut are osmoconformers in concentrated brackish
water and hyperosmotic regulators in dilute brackish waters (Figure 4.2C). These species are capable
of re gulating v olume when e xposed to a modest increase or decrease in the ambient osmotic
concentration.59,87,88,129 The environmental salinity that initiates the transition from conformity to
hyperregulation is 60 to 70 mOsm and 125 to 150 mOsm for bi valves and gastropods, respectively
(Table 4.4). The blood osmotic concentration of oligohaline species acclimated to freshwater is not
different from that of freshw ater species. The available data suggest that a blood osmotic concen-
tration of about 40 mOsm may be the lo w limit for molluscs in freshw aters.

In an animal that is maintaining the osmotic concentration of the hemolymph abo ve that of the
ambient medium, the influx of water and efflux of ions are continuous. The lower osmotic concen-
tration of the hemolymph of oligohaline bi valves relative to that of oligohaline g astropods when
the animals are in very dilute media (Table 4.4) means that diffusive movements of water and ions
between the extracellular fluid and the dilute medium are comparatively lower in the bivalves. The
filter-feeding habit of bi valves may expose large surface areas of permeable tissues to more w ater
than the respiratory currents in nonpulmonate freshw ater snails. Data on the relati ve size of the
respiratory surfaces in gastropods and molluscs provide some support for this idea. Ghiretti 74 cited
data for the surface area of the gills in a v ariety of molluscs. Values for gastropods range between
7 and 9.3 cm 2/g wet weight. The values for bi valve gills are 13.5 cm 2/g. Numerous v alues are
available for v entilation rates among bi valves but there are no comparable data for g astropods. If
this hypothesis is correct, g astropods in dilute media w ould be expected to have lower ventilation
rates than bivalves.

All hyperregulating animals must produce a lar ge volume of urine to maintain v olume and
be capable of taking up ions from the medium by acti ve transport. Because urine production
increases the loss of ions, these oligohaline animals presumably produce urine that is hypoosmotic
to the extracellular fluids; however, data pertinent to this question are rare (see data for Assiminea
grayana in Table 4.6). Measurements of sodium and chloride fluxes have not been done in an y
oligohaline species, but data are a vailable for Corbicula fluminea, a freshwater species that can
tolerate dilute brackish w ater.31 If an animal is in a steady state, comparison of the equilibrium
potential for an ion calculated with the Nernst equation to the measured electrical potential across
the body w all can be used to assess whether or not the ion is in equilibrium across the body
wall. If a substantial dif ference is found, the ion is being mo ved across the body w all by active
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transport.110 The transepithelial potential of the clam Corbicula fluminea acclimated to artificial
freshwater is –7 mV, whereas the calculated equilibrium potentials for Na + and Cl– are, respec-
tively, –89 and –74 mV.133 This result indicates that neither ion is in equilibrium across the body
wall. The Na+,K+-ATPase acti vity of the mantle and kidne y tissue, b ut not gill, of se veral
oligohaline bi valves increases when the animals are acclimated to dilute media belo w the
breakpoint separating osmotic conformity from osmotic re gulation.32,175 Oligohaline molluscs
can live in freshw ater but cannot reproduce in this habitat. Unlik e freshw ater molluscs, these
animals are unable to survi ve long-term e xposure to deionized w ater, presumably because the
capacity of their ion uptake mechanisms is too low. Because they are capable of volume regulation
over a relatively wide range of salinity (as osmoconformers) and ionic re gulation in very dilute
media, these species are often considered transitional forms on the evolutionary path from marine
habitats to the in vasion of freshw aters.41,73

G. FRESHWATER MOLLUSCS

Both bivalves and gastropods are well represented in freshwater habitats. Independent invasions of
freshwaters by a v ariety of bi valve and g astropod taxa ha ve occurred numerous times. 2,40,135 In
general, the osmotic concentration of the hemolymph of freshw ater bivalves is lower than that of
freshwater gastropods (Table 4.5). In many of the bivalves, the concentration of bicarbonate ion in
the hemolymph is equal to or higher than that of chloride (T able 4.5). Molluscs that are fully
adapted to freshwater, like all freshwater animals, produce urine that has a lo wer osmotic concen-
tration than that of the hemolymph, although the urine/blood ratio is considerably higher than that
found in freshw ater fishes (Table 4.6). 110 The rates of urine production in freshw ater gastropods
are generally higher than those reported for freshw ater bivalves; this is consistent with the more
concentrated hemolymph of g astropods (Table 4.6).

TABLE 4.4
Osmoregulation in Selected Oligohaline and Freshwater Molluscs

Species Class πint in FW πext Break Ref.

Oligohaline animals
Polymesoda caroliniana  B 48 60 Deaton31

Rangia cuneata  B 41 60 Deaton31

Mytilopsis leucophaeta  B 40 70 Deaton et al. 42

Melanopsis trifasciata  G 120 150 Bedford15

Potamopyrgus jenkinsi  G 125 125 Duncan62

Assiminea grayana  G 180 150 Little and Andrews123

Freshwater animals
Corbicula fluminea  B 53 70 Deaton31

Limnoperna fortunei  B 40 70 Deaton et al. 42

Elliptio lanceolata  B 42 40 Gainey and Greenberg73

Ligumia subrostrata  B 47 50 Dietz and Branton 55

Lampsilis teres  B 50 50 Jordan and Deaton 101

Lampsilis claibornensis  B 46 50 Deaton31

Pomacea bridgesi  G 100 100 Jordan and Deaton 101

Lymnaea stagnalis  G 95 100 De With46

Viviparus viviparus  G 80 95 Little117

Note: The e xternal osmotic concentration abo ve which the animal is an osmotic conformer and belo w
which it is a h yperosmotic regulator is the πext break. The osmotic concentration of the hemolymph of
animals acclimated to freshwater is the πint. Osmotic concentrations are in mOsm. B, bivalve; G, gastropod.
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Freshwater molluscs also tak e up ions from the dilute medium ag ainst an electrochemical
gradient. In the unionid mussel Ligumia subrostrata, the calculated equilibrium potentials for Na+

and Cl– are, respectively, –85 and –65 mV .133 The measured transepithelial potential is –15 mV ,
indicating uptake of both ions by an acti ve mechanism.133 The site of extrarenal uptake of ions is
assumed to be the gills, and data comparing the rate of sodium uptak e by isolated demibranchs
and intact unionid mussels are consistent with this h ypothesis; for e xample, the rate for tw o
demibranchs from Ligumia subr ostrata accounts for that of the whole animal (T able 4.7). In
unionid mussels, the w ater channel epithelium of the gills contains groups of nonciliated cells
that are pack ed with mitochondria b ut lack other common or ganelles (e.g., Golgi, endoplasmic
reticulum); these cells also ha ve extensive apical microvilli. This morphology is characteristic of

TABLE 4.5
Ionic Composition of the Hemolymph of Freshwater (FW) and Terrestrial (T) Molluscs

Species Habitat π Na+ K+ Ca2+ Cl– HCO3
– Ref.

Bivalves
Dreissena polymorpha FW 36 11.5 0.5 5.2 14.5 5.1 Horohov et al. 93

Corbicula fluminea FW 53 26.7 1.0 5.2 24.3 2.5 Deaton31

Carunculina texasensis FW 45 15.4 0.5 4.7 11.4 11.6 Dietz51

Anodonta grandis FW 55 19.5 0.5 5.8 16.1 11.2 Dietz51

Anodonta cygnea FW 42 15.6 0.5 8.4 11.7 14.6 Potts161

Anodonta woodiana FW 45 15.8 0.5 — 13.7 — Matsushima and Kado 130

Ligumia subrostrata FW 47 20.6 0.6 3.6 12.5 11.5 Dietz51

Lampsilis claibornensis FW 46 27.1 0.9 3.2 11.7 6.4 Deaton31

Margaritifera margaritifera FW — 14.4 0.5 7.8 11.4 — Chaisemartin21

Margaritifera hembeli FW 39 14.6 0.3 5.2 9.3 11.9 Dietz51

Sphaerium transversum FW 45 15.2 0.4 2.8 14.2 9.0 Dietz53

Gastropods
Viviparus viviparus FW 81 34.0 1.2 5.7 31.0 11.0 Little117

Pomacea depressa FW 140 55.7 3.0 6.6 52.0 19.0 Little120

Pomacea lineata FW 135 49.8 2.4 7.2 41.3 23.4 Little120

Theodoxusa fluviatilis FW 105 45.0 2.2 2.3 32.8 11.3 Little121

Lymnaea stagnalis FW — 55.3 1.7 4.4 36.2 28.3 De With and Sminia 47

Lymnaea trunculata FW 137 49 2.4 8.3 32.1 18.4 Pullin167

Pila globosa FW — 126 19.3 30.7 191.0 — Saxena177

Eutrochatella tankervillei T 74 27 1.2 3.2 24 12.5 Little121

Helix pomacea T 158 59.3 4.5 10.0 49.2 40 Wieser206

Arion ater T 216 62 2.7 2.3 — — Roach170

Achatina fulica T 212 65.6 3.3 10.7 72.2 13 Matsumoto et al. 128

Strophocheilus oblongus T 166 38 2.4 12.3 53 23.5 DeJorge et al. 44

Tropidophora cuvierana T 198 89 3.5 8.0 77 13.5 Rumsey173

Tropidophora ligata T 294 127 5.7 12.2 124 — Rumsey173

Tropidophora fulvescens T 206 86.0 4.9 9.7 75.5 — Rumsey173

Pomatais elegans T 280 110 6.0 16.5 106 11.0 Rumsey173

Orthalicus undulatus T 126 35 3.0 7.3 — — Burton19

Sphincterochila candidissima T 134 53 3.1 7.7 — — Burton19

Eobania vermiculata T 168 71 3.8 5.7 — — Burton19

Cepaea nemoralis T — 88 4.6 2.0 65.6 — Trams et al. 198

Maizamia wahlbergi T 64 26 1.8 4.5 24.5 — Andrews and Little 9

Incidostoma impressus T 80 30 1.2 3.7 24 — Andrews and Little 9

Poteria lineata T 82 31 1.8 5.1 25 13.7 Andrews and Little 9

Poteria yalluhsensis T 86 36.8 2.4 8.3 27.3 11.7 Andrews and Little 9
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ion-transporting cells in a wide v ariety of animals and suggests that the mitochondria-rich cells
in the w ater channels of the gill may be responsible for the uptak e of ions. 106 The Km values for
the influx of ions are similar in bivalves and g astropods and not dif ferent from those for other
freshwater animals.110 Rates of uptake are also roughly similar for bivalves and gastropods; a few
clams ( Sphaerium tr ansversum, Corbicula fluminea, Dreissena polymorpha ) ha ve higher rates
(Table 4.7). The higher rates of ion flux in the latter two species may reflect their comparatively
recent invasion of freshwater.41

The uptake of sodium and chloride ions occurs independently in unionid mussels, Corbicula
fluminea, and freshwater pulmonates.46,53,133 In Dreissena polymorpha , Cl– uptake is dependent on
Na+.93 The mechanism of sodium uptak e in the unionid mussels in volves exchange of H + for Na+

and Na+,K+-ATPase. Chloride uptake has been associated with a Cl–,HCO3
–-ATPase,54,57 but the data

TABLE 4.6
Urine Production in Molluscs

Species πext

 Urine/Hemolymph 
Ratio 

Urine 
Production Refs.

Bivalves
Anodonta cygnea  FW 0.67 1.9 Picken,154 Potts161

Margaritana margaratifera  FW 0.09 3.4 Chaisemartin21

Hyridella australis  FW 0.60 — Hiscock92

Gastropods
Strombus gigas  1100 0.96 3 Little119

Nerita fulgurans  1100 1.01 — Little121

Haliotis rufescens  1100 1.0 6–21 Harrison81

Hydrobia ulvae  500 1.0 — Todd197

Turritella communis  1100 1.0 — Avens and Sleigh 11

Buccinium undulatum  1100 1.0 — Avens and Sleigh 11

Littorina saxatalis  1100 1.0 — Avens and Sleigh 11

Assiminea grayana  1150 0.96 — Little and Andrews123

 FW 0.56 — Little and Andrews123

Viviparus viviparus  FW 0.28 15 Little118

Viviparus malleatus  FW — 42 Monk and Stewart139

Lymnaea peregra  FW 0.70 — Picken144

Pomatia lineata  FW 0.23  5.7 Little120

Neritina latissima  FW 0.63 — Little121

Potamopyrgus jenkensi  FW 0.83 — Todd197

Achatina fulica  T 0.72 4.4 Martin et al. 127

Pomatais elegans  T 0.98 — Rumsey173

Tropidophora cuvieriana T 1.02 — Rumsey173

Tropidophora fulvescens  T 1.03 — Rumsey173

Tropidophora ligata  T 1.10 — Rumsey173

Parachondria angustae  T 1.00 — Rumsey173

Licinia nuttii  T 0.97 — Rumsey173

Annularia sp.  T 1.03 — Rumsey173

Helix pomatia  T — 10.3 Vorwohl201

Archachatina ventricosa  T —  8.4 Vorwohl201

Cephalopods
Octopus dofleini  1100 1.0 2.6 Harrison and Martin 82

Note: Urine/hemolymph ratio is calculated from osmolality or Na + concentrations; πext is in mOsm; rates of urine
production are µL per g wet weight per hr .



120 Osmotic and Ionic Regulation: Cells and Animals

supporting this mechanism are inconclusi ve. More recent models of the mechanism of Cl – uptake
in freshwater animals implicate Cl –/HCO3

– ion exchangers and V-type H +-ATPases (see Chapter 3
in this volume). The activity of Na+,K+-ATPase in the gills of freshwater mussels is higher than that
of the gills of oligohaline bivalves in freshwater.57,175 Some species demonstrate evidence of a diurnal
rhythm in the uptak e of ions, with rates being higher during darkness. 77,134 The uptake of ions by
freshwater bivalves is stimulated by serotonin and cAMP; serotonergic synapses are abundant in the
gills.60,61,93,179 Prostaglandins ha ve been sho wn to inhibit the uptak e of sodium ions in unionid
mussels.76 If kidney tissue from freshwater snails acclimated to dilute seawater is incubated in extracts
of the visceral ganglion, the spaces between the epithelial cells and the basal infoldings of the cells
expand; this morphological change mimics that induced by placing the animals in distilled w ater.108

These observations suggest, ag ain, that the components of osmotic re gulation are inte grated and
controlled by messenger molecules released from the nerv ous system.

Freshwater molluscs ha ve a limited tolerance for brackish w ater. Populations of freshw ater
species persist in, for e xample, dilute brackish w ater in the Baltic Sea, 169 but such instances are
rare. Laboratory studies have shown that long-term exposure of freshwater molluscs to media more
concentrated than about 200 mOsm is fatal (Table 4.8). The cells of freshwater molluscs accumulate
amino acids in hyperosmotic media; the capacity of this mechanism seems to be lower in freshwater
gastropods than in freshw ater bivalves.101 Direct comparison of the rates of increase in the le vels
of amino acids in isolated tissues from oligohaline and freshw ater bivalves (Table 4.9) suggests
that unionid mussels ha ve a relati vely limited ability to accumulate amino acids. Dif ferences
between an oligohaline and a freshw ater species of Corbicula are small  in either the initial rapid
rate, when the largest increase is probably alanine, or a longer term rate during which increases in
other amino acids occur . For reasons that are unclear , full adaptation to freshw ater seems to be
accompanied by a loss of tolerance for dilute brackish w ater.

TABLE 4.7
Ion Influx in Freshwater Molluscs

Species Ion

 Maximum Rate
(µmol per g dry 
weight per hr)

Km 
(mM) Ref.

Bivalves
Carunculina texasensis Na+ 1.3 0.1 Dietz52

Ligumia subrostrata Na+ 2 0.1 Dietz51

Cl– 1 0.1 Dietz and Branton 56

Ligumia subrostrata (isolated gill) Cl– 0.5 0.2 Dietz and Hagar58

Margaritana margaritifera Na+ 67b 0.05 Chaisemartin et al. 22

Corbicula fluminea Na+ 13 0.05 McCorkle and Dietz 133

Dreissena polymorpha Na+ 22 — Horohov et al. 93

Cl– 25 — Horohov et al. 93

Ca2+ 29 — Horohov et al. 93

Sphaerium transversum Na+ 21 — Dietz53

Cl–  9 — Dietz53

Gastropods
Lymnaea stagnalis Na+ 3.6a 0.1 De With and van der Schors48

Cl– 2.4a 0.1 De With and van der Schors48

Ca2+ 6.0a 0.3 Greenaway78

Biomphalria glabrata Ca2+ 2.4a 0.3 Thomas and Lough 195

Ancylastrum fluviatilis Ca2+ 7.2a 0.07 Chaisemartin and Videaud23

a Wet weight converted to dry weight by a f actor of 12. 199

b Wet weight converted to dry weight assuming tissue h ydration = 85%. 101
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H. HYPERSALINE MOLLUSCS

Hypersaline habitats ha ve salinities of 40‰ or abo ve. Little is kno wn about the ph ysiology of
molluscs that live in such habitats. In the Laguna Madre system in Texas and in hypersaline habitats
of the northern Yucatan peninsula, several species of molluscs maintain populations in areas where
the salinity ranges between 50 and 80‰.18 These animals are all marine bivalves and doubtless are
osmotic conformers. They most probably maintain le vels of c ytoplasmic organic osmolytes that
are higher than those typical for marine animals. In addition, gastropods occur in hypersaline pools
near h ydrocarbon seeps on the floor of the Gulf of Mexico; nothing is as yet kno wn about the
osmoregulatory physiology of these animals. 90

I. TERRESTRIAL MOLLUSCS

All truly terrestrial molluscs are g astropods, although some species of bi valve can survi ve out of
water for impressi ve lengths of time (1 to 12 months). 28,50,92 For a terrestrial soft-bodied animal,
the primary osmoregulatory problem presented by the habitat is dessication. The relative humidity
of air that is in equilibrium with an e xtracellular fluid osmotic concentration typical of a terrestrial
snail (200 to 300 mOsm; see Table 4.5) is 99.5%. The implication is ob vious for animals with a

TABLE 4.8
Upper Limits of Salinity Tolerance for Freshwater Molluscs

Species Upper Limit (mOsm) Ref.

Bivalves
Lampsilis claibornensis 200 Deaton31

Lampsilis teres 200 Jordan and Deaton 101

Corbicula leana 160 Kado and Murata 103

Corbicula fluminea 400 Deaton31

Mytilopsis leucophaeta 200 Deaton et al. 42

Limnoperna fortunei 200 Deaton et al. 42

Dreissena polymorpha 100 Komendatov et al. 111

Anodonta piscinalis 200 Komendatov et al. 111

Gastropods
Viviparus viviparus 200 Little117

Helisoma duryi 150 Khan and Saleuddin107

Pomacea bridgesi 200 Jordan and Deaton 101

TABLE 4.9
Rates of Accumulation of Ninhydrin-Positive Substances in 
Isolated Foot Tissues from Selected Bivalves

Species Habitat
Initial Rate

(3 hr)
Cumulative Rate

(9 hr)
Corbicula japonica  O 6.3 2.5
Corbicula leana  FW 7.7 2.8
Anodonta woodiana  FW 2.0 0.3

Note: O, oligohaline habitat; FW, freshwater habitat. Rates are µmol per g wet
weight per hr.

Source: Adapted from Matsushima, O. et al., J. Exp. Mar. Biol., 109, 93–99, 1987.
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body wall that is permeable to water. Routes of water loss in terrestrial molluscs include evaporation
across the body wall and the respiratory surface, production of urine, secretion of the mucus (slime)
trail, and feces. Sources of water include metabolic water, water drunk or obtained in the food, and
water taken up from the en vironment by osmosis. The concentration of the hemolymph of these
animals varies, with some species resembling freshwater gastropods and others having hemolymph
at about twice the osmotic concentration of that typical for a freshw ater snail (Table 4.5). These
numbers, ho wever, should be interpreted with some caution because the y can change with the
hydration state of the animal.

The body weight of terrestrial g astropods fluctuates by 10 to 50%, even if the animals are
maintained in constant conditions (Figure 4.4). 95,96,165 A balance sheet for w ater in a terrestrial
gastropod (Table 4.10) shows that the animals must have sources of water other than that contained
in their food. Secreted mucus is 98% w ater125 and represents a small, b ut steady loss of w ater in
an active animal. Whether or not the animals drink w ater is unclear .28,114 Numerous studies ha ve
shown, however, that terrestrial gastropods can absorb water across the body wall.126,163 This osmotic
uptake occurs through the bottom of the foot via a paracellular pathway,164 and the rate in dehydrated

FIGURE 4.4 Fluctuations in the body weight of an indi vidual Helix pomatia. The animal was maintained in
water-saturated air with food and w ater available. (Data are from Ho wes, N.H. and Wells, G.P., J. Exp. Biol.,
11, 327–343, 1934.)

TABLE 4.10
Water Balance in a Typical Active Terrestrial Slug

Gains Losses

Food 7 Mucus 0.3
Metabolic 0.2 Feces 1.2
Drinking ? Urine 0.003
Absorbed Up to 3000 Evaporation 40
Total 42 Total 41.5

Note: Metabolic water assumes a VO2 of 200 µL/g/hr. Gains and
losses are in mL per g body weight per hr .

Source: Data from Machin,125 Martin et al.,127 Dainton,27 and Prior.163
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animals is high enough to ob viate the need for drinking of w ater (T able 4.10). The osmotic
concentration of the hemolymph of the slug Limax maximus in a fully hydrated state is 140 mOsm.163

When loss of w ater reduces their body weight to 68% of normal (blood π = 200 mOsm), slugs
will reh ydrate from damp substrates; after termination of the “osmotic drinking” beha vior, the
hemolymph of rehydrated animals has an osmotic concentration of 117 mOsm, so an “o vershoot”
of the predehydration concentration has occurred.163 Snails rehydrating after prolonged dehydration
during estivation also overshoot their predehydration weight.120 This extra water may later be lost
as urine to flush out accumulated metabolic wastes.

Even though terrestrial molluscs can survi ve w ater losses of up to 90% of their body
weight,125,163 prolonged activity is limited by the a vailability of water in the habitat. Man y species
are nocturnal or restrict acti vity on dry , hot days. 125 Rates of e vaporative water loss from acti ve
terrestrial pulmonate g astropods range from 2 to 45 mg per g body weight per hr , depending on
species and the relative humidity of the air.125,165 Snails can withdraw into the shell, which reduces
water loss by one or tw o orders of magnitude, and sealing the aperture of the shell with a secreted
epiphragm further reduces evaporative loss.125 Snails in this inactive state can survive for hundreds
of days.125 Slugs, however, lack a shell and cannot li ve for more than a fe w days unless the y have
access to a source of w ater.96 Groups of slugs may huddle together to reduce e vaporative water
loss.165

In estivating terrestrial molluscs, the osmotic concentration of the hemolymph increases due
to e vaporative loss of w ater. After 200 days of esti vation, indi viduals of the amphibious snail
Pomacea lineata  have lost 50% of their initial body weight, and the osmotic pressure of the
hemolymph has increased from 130 mOsm to 240 mOsm. 120 The proportions of Na+, K+, and Ca2+

in the hemolymph do not change during esti vation, but a slight proportional increase in Cl – and
decrease in HCO3

– occur. In Helix pomatia, dehydration is accompanied by changes in the compo-
sition of the tissue amino acid pool, b ut no net increase occurs. 207 

In bivalves that are e xposed to air , the ph ysiological responses sho w some v ariation in com-
parison to esti vating terrestrial g astropods. Exposure of the unionid clam Ligumia subrostrata to
air for 7 days resulted in an increase in the osmotic concentration of the hemolymph from 53 mOsm
to 92 mOsm. 50 As with estivating snails, the proportions of the cations in the hemolymph did not
change, but an increase in chloride was observed (HCO3

– was not measured).50 To maintain cellular
volume, the intracellular amino acid pool increases in these animals during deh ydration.80 The
osmotic concentration of the hemolymph of the clam Corbicula fluminea increases from 60 mOsm
to 120 mOsm, and 20% of the total body water is lost during exposure to air for 120 hr.20 In contrast
to the response of unionid clams, the only ions that increase in concentration are Ca 2+ and presum-
ably HCO3

– ,  leading to the hypothesis that Na+, K+, and Cl– are transported into the cells to maintain
volume.20 Whether C. fluminea tissues accumulate amino acids during immersion is not kno wn. In
summary, indirect evidence suggests that evaporative water loss in molluscs results in increases in
inorganic ions in some species and increases in amino acids and inor ganic ions in others. 59,207

III. URINE FORMATION IN MOLLUSCS

The anatomy and function of the e xcretory systems in molluscs ha ve been thoroughly re viewed
elsewhere6,7,122,127,205 and will not be treated in detail here. The phylogenetic diversity of the phylum
is reflected in the variability of the morphology of the e xcretory organs in molluscs. Monopola-
cophorans have six or se ven pairs of e xcretory organs, chitons have one pair, and many advanced
gastropods have only one.7 In general, molluscs produce urine as an ultrafiltrate of the hemolymph.
The w alls of the auricles of the heart, the pericardial glands (K eber’s or gans), or the kidne y
epithelium act as a filtration membrane, and the hydrostatic pressure that dri ves filtration of the
hemolymph is generated by contraction of the v entricles of the heart. Podoc ytes have been found
to be associated with the heart comple x in man y molluscs. 6,83,85,115,137,138,142,180,202 In bivalves, the
presence of podocytes in both the auricle and the pericardial or gans has confused the issue of the
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site or sites of filtration. Despite some contrary data,145,196 measurements of hemodynamics in a
few molluscs support the idea that the formation of urine occurs by filtration of the hemolymph
into the pericardial ca vity.67,89,100 The morphology of the podoc ytes suggests that these cells may
have a secretory function. 7,109 The filtrate may be modified by the kidney. In freshw ater animals,
ions are removed to produce a urine that is h ypoosmotic to the hemolymph (Table 4.6).122 In some
freshwater snails (e.g., Helisoma duryi ), a ureter contains epithelial cells with apical micro villi,
extensive basal infolding, and numerous mitochondria. 106 This specialized structure is not present
in freshwater bivalves.7 Molluscan kidneys contain cells with large vacuoles; these cells are known
as excretory cells and release the v acuolar contents into the urine. 7

IV. CALCIUM UPTAKE FOR SHELL FORMATION

Biomineralization in molluscs has also been e xtensively re viewed else where.24,208 The shell is
secreted by the mantle, a tissue that consists of tw o epithelia, each a single cell layer thick, that are
separated by a space filled with hemolymph. The mantle separates the mantle cavity, which contains
the ambient medium, from the e xtrapallial fluid, which bathes the shell. The concentration of Ca 2+

in seawater and in the hemolymph of a marine mollusc is 10 m M; no dif fusion gradient e xists to
oppose the uptake of calcium ions from the medium. In marine molluscs the Km for the uptake and
deposition of calcium into the shell is about 7.5 m M.102 In freshwaters the concentration of Ca 2+

ranges from 0.1 to 1 m M, considerably lower than the concentrations typical of the hemolymph of
freshwater molluscs (T able 4.5). Freshw ater molluscs not only can secrete and maintain a lar ge,
thick shell (the author has shells of unionid mussels that weigh over 600 g) but can also accumulate
additional calcium that is stored as concretions in the tissues and used to pro vision the shells of
developing larvae that are brooded in the gill marsupia.187 Although some of this calcium is doubtless
dietary, an enormous amount must be transported into these animals from the medium ag ainst a
large concentration gradient. The Km values for the influx of calcium into freshwater animals are
within the range of calcium concentrations found in freshw aters (Table 4.7).

The transepithelial potentials across the body wall of the clams Corbicula fluminea and Ligumia
subrostrata in artificial pond water with a Ca 2+ concentration of 0.4 m M are, respectively, –7 and
–15 mV (hemolymph ne gative).55,133 Assuming a w ater temperature of 22°C, the calculated equi-
librium potentials for calcium are –32 and –28 mV in C. fluminea and L. subrostrata, respectively.
These values are not close to the measured transepithelial potentials and indicate that the uptak e
of Ca2+ from the medium occurs by active transport. The partitioning of calcium ion uptake between
the gills and mantle is not kno wn, but, once in the hemolymph, calcium is mo ved across the shell-
facing epithelium of the mantle into the e xtrapallial cavity by a mechanism that is still unclear b ut
does not appear to in volve active transport of calcium ions. 25,98

V. CONCLUSIONS

This review suggests several avenues for future research. Among osmocoformers, the asymmetry
in the response of animals to hyper- or hypoosmotic stress seems to be universal. The morphological
and ph ysiological di versity among the major classes, such as the bi valves and g astropods, is
enormous; the reasons for the dif ferential response are f ar from clear . The mechanisms in volved
in changes in the permeability of the body w all to ions and w ater remain unkno wn, but modern
experimental approaches (such as the use of antibodies to aquaporins) w ould improve our insight
into the question.

Table 4.2 re veals that v ery little recent w ork has been done on the role of amino acids in
volume regulation in gastropods. What is the f ate of amino acids and quaternary amines released
into the hemolymph from the tissues? Are the carbon sk eletons conserved in all molluscs? If so,
which tissue or tissues deaminate these osmolytes? At the cellular le vel, very few studies ha ve
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examined the role of inorganic ions in both hyper- and hypoosmotic volume regulation in molluscs.
Little is kno wn about the mechanisms in volved in the initiation and control of either osmolyte
release in response to a decrease in the osmolality of the medium or osmolyte accumulation in
response to an increase in the osmolality of the medium. Finally , the reported rates of urine
production in marine osmotic conformers are of the same order of magnitude as those of some
freshwater animals (Table 4.6). If all of these measurements are accurate, some e xplanation other
than salt and w ater balance must account for the comparati vely high rates of urine production in
the marine species.

Many studies ha ve shown that oligohaline animals can tolerate freshw ater but, in contrast to
freshwater species, cannot survive in deionized water. This may be due to differences in the kinetics
of ion uptak e mechanisms, b ut we ha ve no rele vant data from oligohaline molluscs. The larval
stages of oligohaline molluscs may also be less tolerant of v ery low salinities. Unionid bi valves
brood their larvae, and the form that is released, the parasitic glochidium, attaches to fish gills for
a period of maturation. Among more recent colonizers of fresh w aters, Corbicula fluminea lacks
a specialized larv al stage b ut broods the larv ae prior to releasing them into the en vironment;
Dreissena polymorpha does not e ven brood its larv ae. Studies on the ph ysiology of these larv al
stages are scarce. F or all freshw ater molluscs, the upper limit of salinity tolerance is about 200
mOsm (T able 4.8). This inability to tolerate higher e xternal salinities has been ascribed to a
decreased capacity for h yperosmotic v olume re gulation. Whereas this may be true for unionid
mussels (Table 4.9), the data are less than conclusi ve for other freshw ater taxa. Experiments on
the rates of accumulation of amino acid in the tissues of a v ariety of freshw ater and oligohaline
bivalves and gastropods would shed light on the question.

Although the gills of freshw ater bivalves are clearly involved in the transport of ions from the
medium, the contribution of the mantle, if any, to the uptake of Na+, Ca2+, and Cl– in these animals,
in freshwater gastropods, and in oligohaline species is not kno wn. Despite numerous studies, the
mechanisms involved in the mo vement of calcium ions from the hemolymph to the e xtrapallial
cavity for shell gro wth and repair are unclear . No evidence supports the e xistence of any primary
or secondary acti ve transport mechanism in volved in the flux of Ca2+ across the shell-f acing
epithelium of the mantle. 98 Some preliminary evidence suggests that hormones are in volved in the
control of osmoregulatory mechanisms in molluscs, b ut none has yet been identified. Very little is
known, for e xample, about the link between tissue h ydration and the initiation of esti vation in
terrestrial molluscs. Finally, given their well-known fondness for beer , the question of whether or
not pulmonate slugs imbibe w ater by mouth appears to be a tri vial one, b ut we do not ha ve an
unambiguous answer.

REFERENCES

1. Alberts, B., Bray, D., Le wis, J., Raf f, M., Roberts, K., and Watson, J. D., Molecular Biology of the
Cell, Garland Publishing, Ne w York, 1983, 1146 pp.

2. Aldridge, D. W., Physiological ecology of freshw ater prosobranchs. In: Physiology of the Mollusca .
Vol. 6. Ecology, Russell-Hunter, W. D., Ed., Academic Press, New York, 1983, pp. 329–358.

3. Amende, L. M. and Pierce, S. K., Hypotaurine: the identity of an unkno wn ninh ydrin-positive
compound co-eluting with urea in amino acid e xtracts of bi valve tissue. Comp. Biochem. Physiol .,
59B, 257–261, 1978.

4. Amende, L. M. and Pierce, S. K., Cellular volume regulation in salinity stressed molluscs: the response
of Noetia ponderosa (Arcidae) red blood cells to osmotic variation. J. Comp. Physiol., 138, 283–289,
1980.

5. Amende, L. M. and Pierce, S. K., Free amino acid mediated v olume regulation of isolated Noetia
ponderosa red blood cells: control by Ca 2+ and ATP. J. Comp. Physiol., 138, 291–298, 1980.

6. Andrews, E. B., Osmore gulation and e xcretion in prosobranch g astropods: structure in relation to
function. J. Mollusc. Stud., 47, 248–289, 1981.



126 Osmotic and Ionic Regulation: Cells and Animals

7. Andrews, E. B., Excretory systems of molluscs. In: The Mollusca . Vol. 11. Form and Function ,
Trueman, E. R. and Clark e, M. R., Eds., Academic Press, New York, 1988, pp. 381–448.

8. Andrews, E. B. and Jennings, K. H., The anatomical and ultrastructural basis of primary urine
formation in bivalve molluscs. J. Mollusc. Stud., 59, 223–257, 1993.

9. Andrews, E. B. and Little C., Structure and function in the e xcretory system of some prosobranch
snails (Cyclophoridae), J. Zool., 168, 395–422, 1972.

10. Andrews, E. B. and Little, C., Structure and function in the e xcretory or gans of some terrestrial
prosobranch snails (Cyclophoridae). J. Zool. Lond., 168, 395–422, 1993.

11. Avens, A. C. and Sleigh, M. A., Osmotic balance in g astropod molluscs. I. Some marine and littoral
gastropods. Comp. Biochem. Physiol., 16, 121–141, 1965.

12. Baginski, R. M. and Pierce, S. K., The time course of intracellular free amino acid accumulation in
tissues of Modiolus demissus during high salinity adaptation. Comp. Biochem. Physiol., 57A, 407–412,
1977.

13. Baginski, R. M. and Pierce, S. K., A comparison of amino acid accumulation during high salinity
adaptation with anaerobic metabolism in the ribbed mussel, Modiolus demissus demissus . J. Exp.
Zool., 203, 419–428, 1978.

14. Bartberger, C. A. and Pierce, S. K., Relationship between ammonia e xcretion rates and hemolymph
nitrogenous compounds of a euryhaline bivalve during low salinity acclimation. Biol. Bull., 150, 1–14,
1978.

15. Bedford, J. J., Osmore gulation in Melanopsis trifasciata . II. The osmotic pressure and the principal
ions of the hemocoelic fluid. Physiol. Zool., 45, 143–151, 1972.

16. Bedford, J. J., Osmotic relationships in a freshw ater mussel, Hyridella menziesi Gray (Lamellibran-
chia: Unionidae). Archs. Int. Physiol. Bioc him., 81, 819–831, 1973.

17. Bishop, S. H., Greenwalt, D. E., Kapper, M. A., Paynter, K. T., and Ellis, L. L., Metabolic re gulation
of proline, glycine, and alanine accumulation as intracellular osmolytes in ribbed mussel gill tissue.
J. Exp. Zool., 268, 151–161, 1994.

18. Britton, J. C. and Morton, B., Shore Ecology of the Gulf of Mexico. University of Texas Press, Austin,
TX, 1989, 387 pp.

19. Burton, R. F ., Concentrations of cations in the blood of some terrestrial snails. Comp. Bioc hem.
Physiol., 39A, 875–878, 1971.

20. Byrne, R. A., McMahon, R. F ., and Dietz, T. H., The ef fects of aerial e xposure and subsequent
reimmersion on hemolymph osmolality , ion composition, and ion flux in the freshwater bi valve
Corbicula fluminea. Physiol. Zool., 62, 1187–1202, 1989.

21. Chaisemartin, C., Place de la fonction renale dans la re gulation de l’eau et des sels chez Margaritana
margaranitifera (Unionidae). Compte Rendu Seanc. Soc. Biol. , 162, 1193–1195, 1968.

22. Chaisemartin, C., Martin, P. M., and Bernard, M., Homeoionemie chez Margaritana margarantifera
L. (Unionides), etudiee a la aide des radioelements 22Na et 36Cl. Compte Rendu Seanc. Soc. Biol .,
162, 523–526, 1968.

23. Chaisemartin, C. and Videaud, A., Seuils calciques de l’eau et economie du calcium chez Ancylastrum
fluviatilis (Gastropodes, Pulmones). Compte Rendu Seanc. Soc. Biol ., 165, 2401–2404, 1971.

24. Checa, A., A new model for periostracum and shell formation in the unionidae (Bi valvia, Mollusca).
Tissue Cell, 32, 405–416, 2000.

25. Coimbra, J., Machado, J., Fernandes, P. L., Ferreira, H. G., and Ferreira, K. G., Electroph ysiology of
the mantle of Anodonta cygnea. J. Exp. Biol., 140, 65–88, 1988.

26. Costa, C. J. and Pritchard, A. W., The response of Mytilus edulis to short duration hypoosmotic stress.
Comp. Biochem. Physiol., 64A, 91–95, 1978.

27. Dainton, B. H., The activity of slugs. I. The induction of acti vity by changing temperatures. J. Exp.
Biol., 31, 165–187, 1954.

28. Dance, S. P., Drought resistance in an African freshwater bivalve. J. Conchol., 24, 281–283, 1958.
29. Davenport, J., The isolation response of mussels ( Mytilus edulis L.) e xposed to f alling sea water

concentrations. J. Mar. Biol. Assoc. U.K., 59, 123–132, 1979.
30. Davenport, J. and Fletcher, J. S., The effects of simulated estuarine mantle cavity conditions upon the

activity of the frontal gill cilia of Mytilus edulis. J. Mar. Biol. Assoc. U.K., 58, 671–681, 1978.
31. Deaton, L. E., Ion re gulation in freshw ater and brackish w ater bivalve molluscs. Physiol. Zool ., 54,

109–121, 1981.



Osmotic and Ionic Regulation in Molluscs 127

32. Deaton, L. E., Tissue (Na+ K+)-activated adenosinetriphosphatase activities in freshwater and brackish
water bivalve molluscs. Mar. Biol. Lett. , 3, 107–112, 1982.

33. Deaton, L. E., Epithelial w ater permeability in the euryhaline mussel Geukensia demissa : decrease
in response to h ypooosmotic media and hormonal re gulation. Biol. Bull., 173, 230–238, 1987.

34. Deaton, L. E., Hyperosmotic cellular v olume re gulation in the ribbed mussel Geukensia demissa :
inhibition by lysosomal and proteinase inhibitors. J. Exp. Zool., 244, 375–282, 1987.

35. Deaton, L. E., Potentiation of h ypoosmotic cellular v olume re gulation in the quahog, Mercenaria
mercenaria, by 5-h ydroxytryptamine, FMRF amide, and phorbol esters. Biol. Bull ., 178, 260–266,
1990.

36. Deaton, L. E., Oxygen uptak e and heart rate of the clam Polymesoda caroliniana Bosc in air and in
seawater. J. Exp. Mar. Biol. Ecol ., 147, 1–7, 1991.

37. Deaton, L. E., Osmore gulation and epithelial permeability in tw o euryhaline bi valve molluscs: Mya
arenaria and Geukensia demissa. J. Exp. Mar. Biol. Ecol ., 158, 167–177, 1992.

38. Deaton, L. E., Hypoosmotic v olume regulation in bivalves: protein kinase C and amino acid release.
J. Exp. Zool., 268, 145–150, 1994.

39. Deaton, L. E., Hyperosmotic volume regulation in the gills of the ribbed mussel, Geukensia demissa:
rapid accumulation of betaine and alanine. J. Exp. Mar. Biol. Ecol ., 260, 185–197, 2001.

40. Deaton, L. E. and Greenber g, M. J., The ionic dependence of the cardiac action potential in bi valve
molluscs: systematic distribution. Comp. Biochem. Physiol., 67A, 155–161, 1990.

41. Deaton, L. E. and Greenber g, M. J., The adaptation of bi valve molluscs to oligohaline and fresh
waters: phylogenetic and physiological aspects. Malacol. Rev., 24, 1–18, 1991.

42. Deaton, L. E., Derby, J. G. S., Subhedar, N., and Grenberg, M. J., Osmoregulation and salinity tolerance
in two species of bivalve mollusc: Limnoperna fortunei and Mytilopsis leucophaeta. J. Exp. Mar. Biol.
Ecol., 133, 67–79, 1989.

43. Deaton, L. E., Hilbish, T. J., and Koehn, R. K., Hyperosmotic volume regulation in the tissues of the
mussel Mytilus edulis. Comp. Biochem. Physiol., 80A, 571–574, 1985.

44. DeJorge, F. B., Ulhoa Cintra, A. B., Haeser , P. E., and Sa waya, P., Biochemical studies on the snail
Strophocheilus oblongus musculus (Bequaert). Comp. Biochem. Physiol., 14, 35–42, 1965.

45. De Vooys, C. G. N. and Geene vasen, J. A. J., Biosynthesis and role in osmore gulation of glycine-
betaine in the Mediterranean mussel Mytilus galloprovincialis LMK. Comp. Biochem. Physiol., 132B,
409–414, 2002.

46. De With, N. D., Evidence for the independent re gulation of specific ions in the haemolymph of
Lymnaea stagnalis (L.). Proc. Kon. Ned. Akad. Wetenschap. Ser. C, 80, 144–157, 1977.

47. De With, N. D. and Sminia, T., The effects of the nutritional state and the e xternal calcium concen-
tration on the ionic composition of the haemolymph and on the calcium cells in the pulmonate
freshwater snail Lymnaea stagnalis. Proc. K. Ned. Akad. Wet. (C), 83, 217–227, 1980.

48. De With, N. D. and v an der Schors, R. C., On the interrelations of the Na+ and CT– influxes in the
pulmonate freshwater snail Lymnaea stagnalis. J. Comp. Physiol., 148, 131–135, 1982.

49. De Zwaan, A., Anaerobic energy metabolism in bivalve molluscs. Oceanogr. Mar. Biol., 15, 103–187,
1977.

50. Dietz, T. H., Body fluid composition and aerial oxygen consumption in the freshwater mussel, Ligumia
subrostrata (Say): effects of dehydration and anoxic stress. Biol. Bull., 147, 560–572, 1974.

51. Dietz, T. H., Solute and w ater mo vement in freshw ater bi valve molluscs. In: Water Relations in
Membrane Transport in Plants and Animals, Jungreis, A., Hodges, T., Kleinzeller, A., and Schultz,
S., Eds., Academic Press, New York, 1977, pp. 11–119.

52. Dietz, T. H., Sodium transport in the freshwater mussel, Caruculina texasensis (Lea). Am. J. Physiol.,
235, R35–R40, 1978.

53. Dietz, T. H., Uptake of sodium and chloride by freshwater mussels. Can. J. Zool., 57, 156–160, 1979
54. Dietz, T. H., Ionic regulation in freshwater mussels: a brief review. Am. Malacol. Bull., 3, 233–242, 1985.
55. Dietz, T. H. and Branton, W. D., Ionic regulation in the freshwater mussel, Ligumia subrostrata (Say).

J. Comp. Physiol., 104, 19–26, 1975.
56. Dietz, T. H. and Branton, W. D., Chloride transport in freshwater mussels. Physiol. Zool., 52, 520–528,

1979.
57. Dietz, T. H. and Findle y, A. M., Ion-stimulated ATPase acti vity and NaCl uptak e in the gills of

freshwater mussels. Can. J. Zool., 58, 917–923, 1980.



128 Osmotic and Ionic Regulation: Cells and Animals

58. Dietz, T. H. and Hag ar, A. F., Chloride uptak e in isolated gills of the freshw ater mussel Ligumia
subrostrata. Can. J. Zool., 68, 6–9, 1990.

59. Dietz, T. H., Neufeld, D. H., Silverman, H., and Wright, S. H., Cellular volume regulation in freshwater
bivalves. J. Comp. Physiol., 168B, 87–95, 1998.

60. Dietz, T. H., Scheide, J. I., and Saintsing, D. G., Monoamine transmitters and cAMP stimulation of
Na transport in freshw ater mussels. Can. J. Zool., 60, 1408–1411, 1982.

61. Dietz, T. H., Stef fens, W. L., Kays, W. T., and Silv erman, H., Serotonin localization in the gills of
the freshwater mussel, Ligumia subrostrata. Can. J. Zool., 63, 1237–1243, 1985.

62. Duncan, A., Osmotic balance in Potamopyrgus jekinisi (Smith) from tw o Polish populations. Pol.
Arch. Hydrobiol., 14, 1–10, 1967.

63. Duobinis-Gray, E. M. and Hackne y, C. T., Seasonal and spatial distrib ution of the Carolina marsh
clam Polymesoda caroliniana (Bosc) in a Mississippi tidal marsh. Estuaries, 5, 102–109, 1982.

64. DuPaul, W. D. and Webb, K. L., Free amino acid accumulation in isolated gill tissue of Mya arenaria.
Arch. Int. Physiol. Bioc him., 79, 327–336, 1971.

65. Ferguson, R. L. and Sunda, W. G., Utilization of amino acids by planktonic marine bacteria: importance
of clean technique and lo w substrate concentrations. Limnol. Oceanogr., 29, 258–274, 1984.

66. Fitt, W. K., Rees, T. A. V., Braley, R. D., Lucas, J. S., and Yellowlees, D., Nitrogen flux in giant clams:
size dependency and relationship to zooxanthellae density and clam biomass in the uptake of dissolved
organic nitrogen. Mar. Biol., 117, 381–386, 1993.

67. Florey, E. and Cahill, M. A. Hemodynamics in lamellibranch molluscs: confirmation of constant-
volume mechanism of auricular and ventricular filling, remarks on the heart as a site for ultrafiltration.
Comp. Biochem. Physiol., 57A, 47–52, 1977.

68. Fuhrman, J. A. and Bell, T. M., Biological considerations in the measurement of dissolved free amino
acids in sea water and implications for chemical and microbial studies. Mar. Ecol. Pr og. Ser ., 25,
13–21, 1985.

69. Gainey, L. F., The response of the Corbiculidae (Mollusca: Bivalvia) to osmotic stress: the organismal
response. Physiol. Zool., 51, 68–78, 1978.

70. Gainey, L. F ., The response of the Corbiculidae (Mollusca: Bi valvia) to osmotic stress: the cellular
response. Physiol. Zool., 51, 79–91, 1978.

71. Gainey, L. F., The effect of osmotic hysteresis on volume regulation in Mytilus edulis. Comp. Biochem.
Physiol., 87A, 151–156, 1987.

72. Gainey, L. F ., Volume regulation in three species of marine mussels. J. Exp. Mar. Biol. Ecol ., 181,
201–211, 1994.

73. Gainey, L. F. and Greenberg, M. J., Physiological basis of the species abundance–salinity relationship
in molluscs: a speculation. Mar. Biol., 40, 41–49, 1977.

74. Ghiretti, F., Respiration. In: Physiology of Mollusca , Vol. II, Wilbur, K. M. and Yonge, C. M., Eds.,
Academic Press, New York, 1966, pp. 175–208.

75. Gilles, R., Osmoregulation in three molluscs: Acontchitona discrepans (Brown), Glycymeris glycym-
eris and Mytilus edulis. Biol. Bull., 142, 25–35, 1972.

76. Graves, S. Y. and Dietz, T. H., Prostaglandin E2 inhibition of sodium transport in the freshwater mussel.
J. Exp. Zool., 210, 195–202, 1979.

77. Graves, S. Y. and Dietz, T. H., Diurnal rh ythms of sodium transport in the freshw ater mussel. Can.
J. Zool., 58, 1626–1630, 1980.

78. Greenaway, P., Calcium re gulation in the freshw ater mollusk, Limnaea stagnalis (L.) (Gastropoda:
Pulmonata). J. Exp. Biol., 54, 100–214, 1971.

79. Greenwalt, D. E. and Bishop, S. H., Effect of aminotransferase inhibitors on the pattern of free amino
acid accumulation in isolated mussel hearts subjected to h yperosmotic stress. Physiol. Zool. , 53,
262–269, 1980.

80. Hanson, J. A. and Dietz, T. H., The role of free amino acids in cellular osmoregulation in the freshwater
bivalve Ligumia subrostrata (Say). Can. J. Zool., 54, 1927–1931, 1976.

81. Harrison, F. M., Some excretory processes in the abalone Haliotis rufescens. J. Exp. Biol., 39, 179–192,
1962.

82. Harrison, F. M. and Martin, A. W., Excretion in the cephalopod Octopus dofleini. J. Exp. Biol. , 42,
71–98, 1965.



Osmotic and Ionic Regulation in Molluscs 129

83. Haszprunar, G. and Fahner, A., Anatomy and ultrastructure of the excretory system of a heart-bearing
and heart-less sacoglossan gastropod (Opisthobrancia, Sacoglossa). Zoomorphology, 12, 85–93, 2001.

84. Hawkins, A. J. S. and Hilbish, T. J., The costs of cell v olume regulation: protein metabolism during
hyperosmotic adjustment. J. Mar. Biol. Assoc. U.K., 72, 569–578, 1992.

85. Hawkins, W. E., House, H. D., and Sarphie, T. G., Ultrastructure of the heart of the oyster Crassostrea
virginica. J. Submicrosc. Cytol., 12, 359–374, 1980.

86. Heavers, B. W. and Hammen, C. S., F ate of endogenous free amino acids in osmotic adjustment of
Crassostrea virginica (Gmelin). Comp. Biochem. Physiol., 82A, 571–576, 1985.

87. Henry, R. P. and Mangum, C. P., Salt and water balance in the oligohaline clam Rangia cuneata. III.
Reduction of the free amino acid pool during low salinity adaptation. J. Exp. Zool., 211, 25–32, 1980.

88. Henry, R. P., Mangum, C. P., and Webb, K. L., Salt and water balance in the oligohaline clam, Rangia
cuneata. II. Accumulation of intracellular free amino acids during high salinity adaptation. J. Exp.
Zool., 211, 11–24, 1980.

89. Hevert, F., Urine formation in the lamellibranchs: evidence for ultrafiltration and quantitative descrip-
tion. J. Exp. Biol ., 11, 1–12, 1984.

90. Hickman, C. S., Mollusc-microbe mutualisms e xtend the potential for life in h ypersaline systems.
Astrobiology, 3, 631–644, 2003.

91. Hill, R. W., Wyse, G. A., and Anderson, M., Animal Physiology, Sinauer Associates, Saunderland,
MA, 2004, 770 pp.

92. Hiscock, I. D., Osmoregulation in Australian freshwater mussels (Lamellibranchiata). Austral. J. Mar.
Freshwater Res., 4, 317–329, 1953.

93. Horohov, J., Silverman, H., Lynn, J. W., and Dietz, T. H., Ion transport in the freshwater zebra mussel,
Driessena polymorpha. Biol. Bull., 183, 297–303, 1992.

94. Hosoi, M., Takeuchi, K., Sawada, H., and Toyohara, H., Expression and functional analysis of mussel
taurine transporter, as a key molecule in cellular osmoconforming. J. Exp. Biol., 208, 4203–4211, 2005.

95. Howes, N. H. and Wells, G. P ., The water relations of snails and slugs I. Weight rhythms in Helix
pomatia L. J. Exp. Biol., 11, 327–343, 1934.

96. Howes, N. H. and Wells, G. P., The water relations of snails and slugs II. Weight rhythms in Arion
ater L. and Limax flavus L. J. Exp. Biol., 11, 344–351, 1934.

97. Hoyeaux, J., Gilles, R., and Jeuniaux, C., Osmore gulation in molluscs of the intertidal zone. Comp.
Biochem. Physiol., 53A, 361–365, 1976.

98. Hudson, R. L., Ion transport by the isolated mantle epithelium of the freshw ater clam, Unio com-
planatus. Am. J. Physiol., 263, R76–R83, 1992.

99. Ivanovici, A. M., Rainer , S. F ., and Wadly, V. A., Free amino acids in three species of mollusc:
responses to factors associated with reduced salinity . Comp. Biochem. Physiol., 70A, 17–22, 1981.

100. Jones, H. D. and Pe ggs, D., Hydrostatic and osmotic pressures in the heart and pericardium of Mya
arenaria and Anodonta cygnea. Comp. Biochem. Physiol., 76A, 381–385, 1983.

101. Jordan, P. J. and Deaton, L. E., Osmotic re gulation and salinity tolerance in the freshw ater snail
Pomacea bridgesi and the freshwater clam Lampsilis teres. Comp. Biochem. Physiol., 122A, 199–205,
1999.

102. Kado, Y., Studies on shell formation in molluscs. J. Sci. Hiroshima Univ. Ser. B, 19, 1–210, 1960.
103. Kado, Y. and Murata, H., Responses of brackish and fresh-w ater clams, Corbicula japonica and C.

leana, to variations in salinity. J. Sci. Hiroshima Univ. Ser. B, 25, 217–224, 1974.
104. Kapper, M. A., Stickle, W. B., and Blak eney, E., Volume regulation and nitrogen metabolism in the

muricid gastropod Thais haemastoma. Biol. Bull., 169, 458–475, 1985.
105. Kasschau, M. R., The relationship of free amino acids to salinity changes and temperature–salinity

interactions in the mud-flat snail, Nassarius obsoletus. Comp. Biochem. Physiol., 51A, 301–308, 1975.
106. Kays, W. T., Silv erman, H., and Dietz, T. H., Water channels and w ater canals in the gill of the

freshwater mussel, Ligumia subrostrata: ultrastructure and histochemistry. J. Exp. Zool., 254, 256–269,
1990.

107. Khan, H. R. and Saleuddin, A. S. M., Osmotic re gulation and osmotically induced changes in the
neurosecretory cells of the pulmonate snail Helisoma. Can. J. Zool., 57, 1371–1383, 1979.

108. Khan, H. R. and Saleuddin, A. S. M., Ef fects of osmotic changes and neurosecretory e xtracts on
kidney ultrastructure in the freshw ater pulmonate Helisoma. Can. J. Zool., 57, 1256–1270, 1979.



130 Osmotic and Ionic Regulation: Cells and Animals

109. Khan, H. R., Asthon, M. L., and Saleuddin, A. S. M., A study on the c ytoplasmic granules of the
pericardial gland cells of some bi valve molluscs. Tissue Cell, 20, 587–597, 1988.

110. Kirschner, L. B., Water and ions. In: Environmental and Metabolic Animal Physiology, Prosser, C.
L., Ed., Wiley-Liss, New York, 1991, pp. 13–107.

111. Komendatov, A. Y., Khlebovich, V. V., and Aladin, H. B., Features of osmotic and ionic re gulation in
bivalve molluscs as the y depend on en vironmental factors [in Russian]. Ekologiya, 5, 39–46, 1985.

112. Krogh, A., Osmotic Regulation in Aquatic Animals. Cambridge Uni versity Press, Cambridge, U.K.,
1939, 242 pp.

113. Kube, S. A., Gerber, A., Jansen, J. M., and Schiede, D., P atterns of organic osmolytes in two marine
bivalves, Macoma balthica and Mytilus spp., along their European distrib utions. Mar. Biol ., 149,
1387–1396, 2006.

114. Kunkel, K., Zur Biologie der Nacktschneck en. Verh. Zool. Ges ., 22–31, 1900.
115. Lachtel, D. L., Martin, A. W., Deyrup-Olsen, I., and Boer, H. H., Gastropoda: Pulmonata. In: Micro-

scopic Anatomy of Invertebrates. Vol. 6B. Mollusca II, Harrison F. W. and Kohn, A. W., Eds., Wiley-
Liss, New York, 1997, pp. 459–718.

116. Lange, R., Isosmotic intracellular re gulation and euryhalinity in marine bi valves. J. Exp. Mar. Biol.,
5, 170–179, 1970.

117. Little, C., Osmotic and ionic re gulation in the prosobranch g astropod mollusc, Viviparus viviparus
Linn. J. Exp. Biol., 43, 23–37, 1965.

118. Little, C., The formation of urine by the prosobranch g asatropod mollusc Viviparus viviparus Linn.
J. Exp. Biol., 43, 49–54, 1965.

119. Little, C., Ionic re gulation in the queen conch, Strombus gigas (Gastropoda, Prosobranchia). J. Exp.
Biol., 46, 459–474, 1967.

120. Little, C., Aestivation and ionic regulation in two species of Pomacea (Gasatropoda, Prosobranchia).
J. Exp. Biol., 48, 569–585, 1968.

121. Little, C., The evolution of kidne y function in the Neritacea (Gasatropoda, Prosobranchia). J. Exp.
Biol., 56, 249–261, 1972.

122. Little, C., Renal adaptations of prosobranchs to the freshw ater environment. Am. Malacol. Bull ., 3,
223–231, 1985.

123. Little, C. and Andrews, E. B., Some aspects of e xcretion and osmoregulation in assimineid snails . J.
Moll. Stud., 43, 263–285, 1977.

124. Livingstone, D. R., Widdows, J., and Fieth, P ., Aspects of nitrogen metabolism of the common
mussel Mytilus edulis : adaptation to abrupt and fluctuating changes in salinity. Mar. Biol ., 53,
41–55, 1979.

125. Machin, J., Water relationships. In: Pulmonates, Vol. 1, Fretter, V. and Peake, J., Eds., Academic Press,
New York, 1975, pp. 105–163.

126. Manahan, D. T., Wright, S. H., and Stephens, G. C., Simultaneous determination of transport of 16
amino acids into a marine bi valve. Am. J. Physiol., 244, R832–R838, 1986.

127. Martin, A. W., Stewart, D. M., and Harrison, F. M., Urine formation in a pulmonate land snail, Achatina
fulica. J. Exp. Biol., 42, 99–123, 1965.

128. Matsumoto, M., Morimasa, T., Takeuchi, H., Mori, A., Kohsaka, M., K obayashi, J., and Morii, F .
Amounts of inor ganic ions and free amino acids in hemolymph and g anglion of the giant African
snail, Achatina fulica Ferussac. Comp. Biochem. Physiol., 48A, 465–470, 1974.

129. Matsushima, O., Comparati ve studies on responses to osmotic stresses in brackish and fresh-w ater
clams. J. Sci. Hiroshima Univ. Ser. B, 30, 173–192, 1982.

130. Matsushima, O. and Kado, Y., Hyperosmoticity of the mantle fluid in the freshwater bivalve, Anodonta
woodiana. J. Exp. Zool., 221, 379–381, 1982.

131. Matsushima, O., Katayama, H., and Yamada, K., The capacity for intracellular osmoregulation medi-
ated by free amino acids in three bi valve molluscs. J. Exp. Mar. Biol., 109, 93–99, 1987.

132. McAlister, R. O., and Fisher , F. M., Responses of the f alse limpet Siphonaria pectinata Linnaeus
(Gastropoda, Pulmonata) to osmotic stress. Biol. Bull., 134, 96–117, 1968.

133. McCorkle, S. and Dietz, T. H., Sodium transport in the freshw ater asiatic clam Corbicula fluminea.
Biol. Bull., 159, 325–336, 1980.

134. McCorkle-Shirley, S., Ef fects of photoperiod on sodium flux in Corbicula fluminea (Mollusca:
Bivalvia). Comp. Biochem. Physiol., 71A, 325–327, 1982.



Osmotic and Ionic Regulation in Molluscs 131

135. McMahon, R. F ., Physiological ecology of freshw ater pulmonates. In: Physiology of the Mollusca .
Vol. 6. Ecology, Russell-Hunter, W. D., Ed., Academic Press, New York, 1983, pp. 359–430.

136. McMahon, R. F ., Respiratory response to periodic emer gence in intertidal molluscs. Am. Zool. , 28,
97–114, 1988.

137. Meyerhofer, E. and Morse, M. P ., Podocytes in bi valve molluscs: morphological e vidence for ultra-
filtration. Invert. Biol., 115, 20–29, 1996.

138. Meyerhofer, E., Morse, M. P ., and Robinson, W. E., Podoc ytes in bi valve molluscs: morphological
evidence for ultrafiltration. J. Comp. Physiol., 156B, 151–161, 1985.

139. Monk, C. and Ste wart, D. M., Urine formation in a freshw ater snail, Viviparus malleatus . Am. J .
Physiol., 210, 647–651, 1966.

140. Negus, M. R. S., Oxygen consumption and amino acid le vels in Hydrobia ulvae (Pennant) in relation
to salinity and beha vior. Comp. Biochem. Physiol., 24, 317–325, 1968.

141. Neufeld, D. S and Wright, S. H., Salinity change and cell v olume: the response of tissues from the
estuarine mussel Geukensia demissa. J. Exp. Biol., 199, 1619–1630, 1996.

142. Okland, S., Ultrastructure of the pericardium in chitons (Mollusca: Polyplacophora) in relation to
filtration and contraction mechanisms. Zoomorphology, 97, 193–203, 1981.

143. Paparo, A. A. and Dean, R. C., Activity of the lateral cilia of the oyster Crassostrea virginica Gmelin:
response to changes in salinity and to changes in potassium and magnesium concentration. Mar. Behav.
Physiol., 11, 111–130, 1984.

144. Picken, L. E. R., The mechanism of urine formation in in vertebrates. II. The excretory mechanism in
certain mollusca. J. Exp. Biol., 14, 20–34, 1937.

145. Pierce, S. K., The water balance of Modiolus (Mollusca: Bivalvia: Mytilidae): osmotic concentration
in changing salinities. Comp. Biochem. Physiol., 36, 521–533, 1970.

146. Pierce, S. K., A source of solute for v olume regulation in marine mussels. Comp. Biochem. Physiol.,
38A, 619–635, 1971.

147. Pierce, S. K., Volume regulation and valve movements by marine mussels. Comp. Biochem. Physiol.,
39A, 103–117, 1971.

148. Pierce, S. K., Osmolyte permeability in molluscan red cells is regulated by Ca2+ and membrane protein
phosphorylation: the present perspecti ve. J. Exp. Zool. , 268, 166–170, 1994.

149. Pierce, S. K. and Greenber g, M. J., The initiation and control of free amino acid re gulation of cell
volume in salinity-stressed marine bi valves. J. Exp. Biol., 59, 435–446, 1973.

150. Pierce, S. K. and Greenberg, M. J., Hypoosmotic cell volume regulation in marine bivalves: the effects
of membrane potential change and metabolic inhibition. Physiol. Zool., 49, 417–424, 1976.

151. Pierce, S. K. and Politis, A. D., Ca2+-activated cell volume recovery mechanisms. Ann. Rev. Physiol.,
52, 27–42, 1990.

152. Pierce, S. K. and Ro wland, L. M., Proline betaine and amino acid accumulation in sea slugs ( Elysia
chlorotica) exposed to extreme hyperosmotic conditions. Physiol. Zool., 61, 205–212, 1988.

153. Pierce, S. K. and Ro wland-Faux, L. M., Ionomycin produces an impro ved volume recovery by an
increased efflux of taurine from hypoosmotically stressed molluscan red blood cells. Cell Calcium ,
13, 321–327, 1992.

154. Pierce, S. K., Edw ards, S. C., Mazzocchi, P . H., Kingler, L. H., and Warren, M. K., Proline betaine:
a unique osmolyte in an e xtremely euryhaline osmoconformer. Biol. Bull., 167, 495–500, 1984.

155. Pierce, S. K., Politis, A. D., Cronkite, D. H., Rowland, L. M., and Smith, L. H., Evidence of calmodulin
involvement in cell volume recovery following hypo-osmotic stress. Cell Calcium, 10, 159–169, 1989.

156. Pierce, S. K., Politis, A. D., Smith, L. H., and Ro wland, L. M., A Ca2+ influx in response to hypo-
osmotic stress may alter osmolyte permeability by a phenothiazine-sensitive mechanism. Cell Calcium,
9, 129–140, 1988.

157. Pierce, S. K., Ro wland-Faux, L. M., and O’Brien, S. M., Dif ferent salinity tolerance mechanisms in
Atlantic and Chesapeak e Bay conspecific oysters: glycine betaine and amino acid pool v ariations.
Mar. Biol., 113, 107–115, 1992.

158. Pierce, S. K., Rowland-Faux, L. M., and Crombie, B. N., The mechanism of glycine betaine regulation
in response to h yperosmotic stress in o yster mitochondria: a comparati ve study of Atlantic and
Chesapeake Bay oysters. J. Exp. Zool., 271, 161–170, 1995.

159. Pierce, S. K., Warren, M. K., and West, H. H., Non-amino acid mediated v olume regulation in an
extreme osmoconformer. Physiol. Zool., 56, 445–454, 1983.



132 Osmotic and Ionic Regulation: Cells and Animals

160. Pirie, B. J. S. and Geor ge, S. C., Ultrastructure of the heart and e xcretory system of Mytilus edulis
(L.). J. Mar. Biol. Assoc. U.K., 59, 819–829, 1979.

161. Potts, W. T. W., The inorganic composition of the blood of Mytilus edulis  and Anodonta cygnea . J.
Exp. Biol., 31, 376–385, 1954.

162. Potts, W. T. W., The inorganic and amino acid composition of some lamellibranch muscles. J. Exp.
Biol., 35, 749–764, 1958.

163. Prior, D. J., Analysis of contact reh ydration in terrestrial g astropods: osmotic control of drinking
behavior. J. Exp. Biol., 111, 63–73, 1984.

164. Prior, D. J. and Uglem, G. L., Analysis of contact-reh ydration in terrestrial g astropods: absorption
14C inulin through the epithelium of the foot, J. Exp. Biol., 111, 75–80, 1984.

165. Prior, D. J., Hume, M., Varga, D., and Hess, S. D., Physiological and behavioral aspects of water balance
and respiratory function in the terrestrial slug Limax maximus. J. Exp. Biol., 104, 111–127, 1983.

166. Prusch, R. D. and Hall, C., Dif fusional water permeability in selected marine bi valves. Biol. Bull .,
154, 292–301, 1978.

167. Pullin, R. S. V., Composition of the hemolymph of Lymnaea trunculata , the snail host of Fasciola
hepatica. Comp. Biochem. Physiol., 40A, 617–626, 1971.

168. Quinn, R. H. and Pierce, S. K., The ionic basis of the h ypoosmotic depolarization in neurons from
the opisthobranch mollusc Elysia chlorotica. J. Exp. Biol., 163, 169–186, 1992.

169. Remane, A. and Schlieper , K., The Biology of Br ackish Water, Wiley Interscience, New York, 1971,
372 pp.

170. Roach, D. K., Analysis of the hemolymph of Arion ater L. (Gastropoda: Pulmonata). J. Exp. Biol .,
40, 613–623, 1963.

171. Robertson, J. D., Studies on the chemical composition of muscle tissue. III. The mantle muscle of
cephalopod molluscs. J. Exp. Biol., 42, 153–175, 1965.

172. Rosa, R., Periera, J., and Nunes, M. L., Biochemical composition of cephalopods with dif ferent life
strategies, with special reference to a giant squid, Architeuthis sp. Mar. Biol., 146, 739–751, 2005.

173. Rumsey, T. J., Osmotic and ionic re gulation in a terrestrial snail, Pomatais ele gans (Gastropoda,
Prosobranchia), with a note on some tropical Pomatiasidae. J. Exp. Biol., 57, 20–215, 1972.

174. Rumsey, T. J., Some aspects of osmotic and ionic re gulation in Littorina littorea (L.) (Gastropoda,
Prosobranchia). Comp. Biochem. Physiol., 45A, 327–344, 1973.

175. Saintsing, D. G. and Towle, D. W., Na+ and K+ ATPase in the osmore gulating clam Rangia cuneata.
J. Exp. Zool., 206, 435–442, 1978.

176. Sato, M., Austen, G., Yai, H., and Maruhashi, J., The ionic permeability changes during acetylcholine-
induced responses of Aplysia ganglion cells. J. Gen. Physiol., 51, 321–345, 1968.

177. Saxena, B. B., Inorganic ions in the blood of Pila globosa (Swainson). Physiol. Zool., 30, 161–164, 1957.
178. Scemes, E. and Cassaola, A. C., Regulatory volume decrease in neurons of Aplysia brasiliana. J. Exp.

Zool., 272, 329–337, 1995.
179. Scheide, J. I. and Dietz, T. H., Serotonin re gulation of gill cAMP production, Na, and w ater uptake

in freshwater mussels. J. Exp. Zool., 240, 309–314, 1986.
180. Schipp, R. and Hevert, F., Ultrafiltration in the branchial heart appendage of dibranchiate cephalopods:

a comparative ultrastructual and ph ysiological study. J. Exp. Biol., 92, 23–35, 1981.
181. Schlieper, C. Physiologie des Brackwassers. In: Die Biologie des Brackwassers. Die Binnengewasser,

Vol. 22, Remane, A. and Schlieper , C., Eds., E. Schweizerbart sche Verl., Stuttgart, Germany, 1958,
pp. 219–230.

182. Shumway, S. E., Ef fect of salinity fluctuation on the osmotic pressure and Na+, Ca2+, and Mg 2+ ion
concentrations in the hemolymph of bi valve molluscs. Mar. Biol., 41, 153–177, 1977.

183. Shumway, S. E., The ef fect of fluctuating salinity on the tissue water content of eight species of
bivalve molluscs. J. Comp. Physiol., 116, 269–285, 1977.

184. Shumway, S. E. and Freeman, R. F . H., Osmotic balance in a marine pulmonate, Amphibola crenata.
Mar. Behav. Physiol., 11, 157–183, 1984.

185. Shumway, S. E., Gabbott, P . A., and Youngson, A., The effect of fluctuating salinity on the concen-
trations of free amino acids and ninhydrin-positive substances in the adductor muscles of eight species
of bivalve molluscs. J. Exp. Mar. Biol. Ecol ., 29, 131–150, 1977.

186. Silva, A. L. and Wright, S. H., Short-term cell volume regulation in Mytilus californianus gill. J. Exp.
Biol., 194, 47–68, 1994.



Osmotic and Ionic Regulation in Molluscs 133

187. Silverman, H., Kays, W. T., and Dietz, T. H., Maternal calcium contrib ution to glochidial shells in
freshwater mussels (Eulamellibranchia: Unionidae). J. Exp. Zool., 242, 137–146, 1987.

188. Simpson, J. W., Allen, K., and Awapara, J., Free amino acids in some aquatic in vertebrates. Biol.
Bull., 117, 371–381, 1959.

189. Smith, L. H. and Pierce, S. K., Cell volume regulation by molluscan erythrocytes during hypoosmotic
stress: Ca2+ effects on ionic and or ganic osmolyte fluxes. Biol. Bull., 173, 407–418, 1987.

190. Somero, G. N. and Bo wlus, R. D., Osmolytes and metabolic end products in molluscs: the design of
compatible solute systems. In: The Mollusca . Vol. 2. Environmental Bioc hemistry and Physiolo gy,
Hochachka, P., Ed., Academic Press, New York, 1983, pp. 77–100.

191. Sokolowski, A., Wolowicz, M., and Hummel, H., Free amino acids in the clam Macoma balthica L.
(Bivalvia, Mollusca) from brackish waters of the southern Baltic Sea. Comp. Biochem. Physiol., 134A,
579–592, 2003.

192. Stickle, W. B., Kapper , M. A., Blakeney, E., and Bayne, B. L., Ef fects of salinity on the nitrogen
metabolism of the muricid gastropod, Thais (Nucella) lapillus (L.) (Mollusca: Prosobranchia). J. Exp.
Mar. Biol. Ecol. , 91, 1–16, 1985.

193. Strange, K. B. and Crowe, J. H., Acclimation to successive short term salinity changes by the bivalve
Modiolus demissus. II. Nitrogen metabolism. J. Exp. Zool., 210, 227–236, 1979.

194. Tarr, K. J., An analysis of water-content regulation in osmoconforming limpets (Molluscs: Patellacea).
J. Exp. Zool., 201, 259–268, 1977.

195. Thomas, J. D. and Lough, A., The effects of external calcium concentration on the rate of uptak e of
this ion of Biomphalria glabrata (Say). J. Anim. Ecol., 43, 861–872, 1974.

196. Tiffany, W. J., Aspects of excretory ultrafiltration in the bivalved molluscs. Comp. Biochem. Physiol.,
43A, 527–536, 1972.

197. Todd, M. E., Osmotic balance in Hydrobia ulvae and Potamopyrgus jenkinsi (Gastropoda: Hydrobi-
idae). J. Exp. Biol., 41, 665–677, 1964.

198. Trams, E. G., Lauter , C. J., Bourk e, R. S., and Tower, D. B., Composition of Cepaea nemor alis
hemolymph and tissue e xtracts. Comp. Biochem. Physiol., 14, 399–404, 1965.

199. Van Aardt, W. J., Quantitative aspects of the w ater balance in Lymnaea stagnalis (L.). Neth. J. Zool.,
18, 253–312, 1968.

200. Voight, J. R., Portner , H. O., and O’Dor , R. K., A review of ammonia-mediated b uoyancy in squids
(Cephalopoda: Teuthoidea). Mar. Fresh. Behav. Physiol., 25, 193–203, 1994.

201. Vorwohl, G., Zur Funktion der e xkretionsorgane von Helix pomatia L. und Archachatina ventricosa
Gould. Z. vergl. Physiol., 45, 12–49, 1961.

202. Watts, J. A., Koch, R. A., Greenberg, M. J., and Pierce, S. K., Ultrastructure of the heart of the marine
mussel, Geukensia demissa. J. Morphol., 170, 301–319, 1981.

203. Weber, H. H. and Dehnel, P . A., Ion balance in the prosobranch g astropod Acmaea scutum . Comp.
Biochem. Physiol., 25, 49–64, 1968.

204. Weiss, K. R., Bayley, H., Lloyd, P. E., Tenenbaum, R., Gawinowicz Kolks, M. A., Buck, L., Cropper,
E. C., Rosen, S. C., and K upfermann, I., Purification and sequencing of neuropeptides contained in
neuron R15 of Aplysia californica. Proc. Nat. Acad. Sci. USA , 86, 2913–2917, 1989.

205. White, K. M., The pericardial cavity and the pericardial gland of the lamellibranchia. Proc. Malacol.
Soc. Lond., 25, 37–88, 1942.

206. Wieser, W., Responses of Helix pomatia to anoxia: changes in solute acti vity and other properties of
the hemolymph. J. Comp. Physiol., 141, 503–509, 1981.

207. Wieser, W. and Schuster , M., The relationship between w ater content, acti vity and free amino acids
in Helix pomatia L. J. Comp. Physiol., 98B, 169–181, 1975.

208. Wilbur, K. M. and Saleuddin, A. S. M., Shell F ormation. In: The Mollusca. Vol. 4. Physiology, Part
1, Saleuddin, A. S. M. and Wilbur, K. M., Eds., Academic Press, New York, 1983, pp. 235–287.

209. Wilmer, P. G., Volume re gulation and solute balance in the nerv ous tissue of an osmoconforming
bivalve (Mytilus edulis). J. Exp. Biol., 77, 157–179, 1978.

210. Yancey, P. H., Organic osmolytes as compatible, metabolic, and counteracting cryoprotectants in high
osmolality and other stresses. J. Exp. Biol., 208, 2819–2830, 2005.

211. Zachariassen, K. E., Olsen, A. J., and Aunaas, T., The ef fect of formaldeh yde e xposure on the
transmembrane distrib ution of free amino acids in muscles of Mytilus edulis. J . Exp. Biol. , 199,
1287–1294, 1996.





135

5 Osmoregulation in Annelids

Robert L. Preston

CONTENTS

I. Introduction and Overview ................................................................................................135
II. Biology and Form of Annelids ..........................................................................................137

A. Body Plans of Annelid Classes .................................................................................137
B. Clitella and Cocoons .................................................................................................142

III. Osmoregulation: A Brief Review of Relevant Principles .................................................143
A. Osmotic- and Pressure-Driven Water Flow...............................................................143
B. Overview of the P athways for Solute and Water Movement ...................................146

IV. Osmoregulation in Annelid Classes ...................................................................................149
A. Polychaetes as Osmoconformers ...............................................................................149
B. Osmotic Regulation by Oligochaetes ........................................................................149
C. Osmotic Regulation by Hirudinea .............................................................................155

V. Tissue Osmotic Regulation ................................................................................................158
VI. Molecular Studies ..............................................................................................................159

VII. Conclusion..........................................................................................................................159
References ......................................................................................................................................160

I. INTRODUCTION AND OVERVIEW

The or ganisms that constitute the ph ylum Annelida, comprised of at least 20,000 species, are
remarkably diverse and occupy habitats from open ocean, to estuaries, to freshw ater streams and
lakes, to soil in terrestrial en vironments.3,81 A suite of biological adaptations is necessary for
survival in each of these specific niches, but one of the most important adaptations is certainly
the capacity to re gulate internal osmotic pressure and the composition of cellular and tissue
osmolytes. Freshwater species generally maintain comparati vely high internal osmotic pressures
(150 to 250 mOsm; see belo w) and must compensate for osmotic w ater gain. Terrestrial species
face transient freshwater challenges and desiccation stress. Saltwater species generally are in near
osmotic equilibrium with seawater but of necessity must regulate intracellular composition (as do
virtually all li ving cells). Brackish w ater species and those saltw ater species that migrate into
estuarine habitats may re gulate or resist osmotic challenge b ut in most cases are capable of
osmotolerance. In addition, parasitic, mutualistic, and commensal species also e xist.6,81 Although
some reviews in the area of epithelial transport and osmoregulation have been published, it appears
that a re view from a more general perspecti ve has not been undertak en for some time. 11,96 This
broad approach seeks to honor in some small w ay the spirit of the classic v olume of Potts and
Parry that this series commemorates. 66

Perhaps one of the most interesting aspects of annelid species is that there is a f airly clear
correlation among the classification of annelid species and their physiological capabilities to
osmoregulate. Recent phylogenetic analyses have split Annelida into Polychaeta and Clitellata.3,81,82

These analyses tak e adv antage of ne w molecular approaches as well as ree xamination of the
morphological bases of classification. It appears that even some ph yla pre viously considered
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independent (e.g., Pogonophora, Echiura, Sipincula) may be greatly modified annelids.3,81,82 A
comprehensive discussion of this reclassification is beyond the scope of this re view, b ut the
significant changes occurring in this field should be kept in mind. That being said, it is convenient
for discussion of the osmore gulatory adaptations of annelids to temporarily return to the older
classification (classes Hirudinea, Oligochaeta, and Polychaeta), as it correlates reasonably well with
the habitats and the ph ysiological mechanisms employed in osmoregulation, although with excep-
tions. The following section characterizes very briefly the typical niche of these groups in relation
to osmoregulatory stress.

Class Hirudinea (leeches) usually frequent freshw ater environments, but some species may be
marine or terrestrial. Many are free-living ectoparasitic bloodsuckers or scavengers.6 Most leeches
maintain osmotic pressures of 150 to 200 mOsm (Table 5.1) in spite of very large gradients favoring
passive osmotic w ater uptake (freshwater osmotic pressure may be v ariable but typically may be
considered to be about 10 mOsm; typical v ertebrate blood osmotic pressure is about 300 mOsm).
Most leeches parasitize fishes, amphibians, or other vertebrates and obtain blood meals of high
salt, protein, and free amino acid content. The osmotic w ater gain must be compensated for by
active excretion mechanisms (nephridia) and resisted to some lesser e xtent by hydrostatic pressure
developed within the animal that acts as a dri ving force opposing osmotic w ater uptake. Almost
all annelids, including Hirudinea, have a fairly thick body wall with a cuticle comprised of cellular
components, collagen fibers in multiple layers, and muscle that functions as a hydrostatic skeleton.
The hydrostatic skeleton is necessary for locomotion in annelids—the transmission of forces via

TABLE 5.1
Typical Osmotic Pressures of Coelomic Fluids in Annelid Species

Class and 
Species

Medium 
Osmotic 
Pressure 
(mOsm)

Coelomic 
Fluid

(or Blood) 
Osmotic 
Pressure 
(mOsm)

Na 
(mM)

K
(mM)

Cl
(mM) Refs. Notes

Hirudinea
Hirudo 
medicinalis

— 201
(blood)

136 6.0 36 Zerbst-Boroffka125 —

Poecilobdella 
granulosa

— 145
(blood)

67 11.2 41 Ramamurthi75 —

Oligochaeta
Lumbricus 
terrestris

— 154 ± 2 71 ± 2 4 ± 0 48 ± 1 Dietz and Alvarado16 Worm kept 
in soil

Pheretima 
posthuma

— 154–167 80.4 5.9 21.7–22.9 Bahl2 Fully 
hydrated

Polychaeta
Nereis virens 1000 1033 458 14.7 526 Oglesby62 —
Glycera 
dibranchiata

1000 1048 436 ± 4 12.9 ± 2.9 463 ± 2 Stevens and Preston;114–116 
Oglesby;62 Mead and 
Preston (unpubl.)

—

Note: The values listed here sho w the range of osmotic pressures and solute composition for coelomic fluid from selected
species. These values are more or less representati ve of the general case for other species within these classes, with some
exceptions. These values are in part taken from earlier reviews that provide a more comprehensive listing of these and other
species (see Oglesby62). In some cases, the data were recalculated to express all values in mOsm or mM units. These values
are intended to reflect those of the worms in their typical natural habitat.
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the tube-shaped ca vities filled with fluid and tissues.1,38,54,55,73,74,98–100 The e xtent to which these
hydrostatic forces contrib ute to the dri ving force for w ater excretion is open to discussion, b ut at
least a theoretical case may be made for a significant contribution under some circumstances (see
further discussion below).

Class Oligochaeta (e.g., earthw orms) are commonly terrestrial or freshw ater. Less frequently,
members of this group can be found in intertidal zones and marine environments. Taken as a model,
the earthworm (Lumbricus sp.) is a soil processor or detritus feeder . The typical osmotic pressure
for lumbricoids is about 150 mOsm. 8,16,60,71,76,77 The terrestrial subsoil en vironment subjects the
animals to potential desiccation, floods of rainwater, and anoxia. 14,46,47 With regard to the osmotic
environment, these organisms should minimize drastic osmotic water loss (via desiccation) or gain
(flooding by rain water) and take advantage of microenvironments in the soil that moderate osmotic
stress. It is well kno wn that earthw orms are capable of mo ving fairly large distances in the soil;
therefore, a major component of behavioral osmor egulation (seeking optimal e xternal osmotic
conditions) may be present. 46 Freshwater oligochaetes face osmotic challenges parallel to those of
the Hirudinea: potential e xcessive passive water g ain and the necessity to tolerate it or acti vely
excrete w ater. It is further ob vious that the h ydrostatic sk eleton plays a role in locomotion and
possible water excretion in oligochaetes.

Class Polychaeta is primarily marine, although some species may inhabit brackish w ater and
a few live in freshwater. Among the multitude of marine species, the osmotic pressure of the internal
body fluids (blood, coelomic fluid, and extracellular fluid) is generally in near equilibrium with
that of the e xternal medium. Assuming that a typical reference v alue for ocean sea water osmotic
pressure is about 1000 mOsm, it is generally the case that coelomic fluid is slightly hypertonic to
1000 mOsm (see belo w). In bays, estuaries, and areas with significant influx of freshwater from
rivers and streams, the e xternal w ater osmotic pressure may be significantly lower (500 to 900
mOsm), and in those species that survi ve in these areas the osmotic pressure of the coelomic fluid
generally approaches that of the e xternal medium b ut reaches steady state slightly h ypertonic to
the external medium. Some estuarine species are osmotolerant, b ut most do not seem to e xpress
the same osmotic resistance shown in the Hirudinea and Oligochaeta. This implies that compen-
satory cellular osmore gulatory mechanisms must play a role in these species. The body w all and
cuticle still resemble those of Hirudinea and Oligochaeta, because the h ydrostatic skeleton plays
a crucial role in locomotion. Water and solute exchange with the environment may also be significant
across gills and across the intestine in polychaetes. Gills, in particular , tend to be di verse and
sometimes elaborate in polychaetes, and, because the y usually live in isotonic media, this presum-
ably confers a selecti ve advantage in oxygen uptak e in an isotonic habitat.

II. BIOLOGY AND FORM OF ANNELIDS

A. BODY PLANS OF ANNELID CLASSES

This section pro vides a brief re view of the basic characteristics of the annelid body plan, along
with a summary of some of the similarities and dif ferences in the three classes of annelids. Of
particular interest are those features that define fluid and solute compartments that are crucial in
osmoregulation. The key issues center around the permeability of body surfaces to water and solutes,
the organs involved in solute and water uptake, and the organs involved in solute and water excretion.

The most ob vious and salient feature of annelids are that the y are usually tube-lik e and
bilaterally symmetrical and are composed of repeating se gmental units (Figure 5.1A–C). In some
species, the se gments are v ery much alik e; others may demonstrate specialization for dif ferent
functions in dif ferent areas of the body .6 The head (prostromium) may be highly specialized with
tentacles (antennae, palps, cirri), feeding apparatus, pharynx, gills, and sensory or gans, including
eyes. In some species, these are v ery reduced and primiti ve; in others, the y are highly elaborated.
In some species, the tail (p ygidium) may be elaborated, b ut usually it is not.
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The segments may be physically separated by septa that form distinct compartments. Typically,
the coelomic cavity within the segments may be divided dorsal ventrally by mesenteric membranes,
producing functionally right and left coelomic ca vities. In some species, septa are fenestrate or
missing so the coelomic fluid freely circulates among them. The extreme example of this condition
occurs in the Glyceridae, which may lack septa altogether . In the marine polychaete Glycera
dibranchiata, for e xample, the coelom is completely open, and the coelomic fluid containing
hemoglobin-containing coelomocytes (nucleated red blood cells) and varieties of white blood cells
moves throughout the entire body by body-w all muscular contraction. 40 During breeding season,
the gametes form and develop while floating freely in the coelomic fluid, and they may outnumber
other cell types in breeding season. 40

Typical body plans for the three classes of annelids are sho wn in Figure 5.1A–C.6 The general
features of potential relevance to osmoregulatory physiology include a body w all surrounded by a
cuticle of proteinaceous fibers (typically high in collagen content) and mucopolysaccharide fibers,
both deposited by the cells of the epidermal layer (Figure 5.2). The epidermis is usually composed
of columnar epithelial cells that may be ciliated in some areas of the body . Elongated microvilli
from epidermal cells may penetrate the cuticle and, in polychaetes in particular, contact the external

FIGURE 5.1A Polychaete body plan. (A) Annelid body or ganization; this general condition e xists in poly-
chaetes and oligochaetes. (B) Metameric coelom arrangement in a polychaete, seen in dorsal vie w (the dorsal
body wall has been remo ved). (C) Nereid polychaete (cross-section); note the consolidation of longitudinal
muscles into nearly separate bands. (From Brusca, R.C. and Brusca, G.J., Invertebrates, 2nd ed., Sinauer ,
Sunderland, MA, 2003, chap 13. With permission.)
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FIGURE 5.1B Oligochaete body plan showing body wall and general internal organization of the earthworm
(cross-section). The left side of the illustration depicts a single nephridium so the dra wing is a composite of
two segments; the right side of the illustration sho ws a chaeta and its associated musculature. (From Brusca,
R.C. and Brusca, G.J., Invertebrates, 2nd ed., Sinauer , Sunderland, MA, 2003, chap 13. With permission.)

FIGURE 5.1C Hirudinea body plan sho wing body wall and general internal or ganization. (A) Cross-section
of the leech Hirudo, in which the original circulatory system has been lost and replaced by coelomic channels.
(B) Body w all of Hirudo. Note in both of these illustrations the ef fectively “acoelomate” body structure
resulting from reduction of the coelom. (From Brusca, R.C. and Brusca, G.J., Invertebrates, 2nd ed., Sinauer,
Sunderland, MA, 2003, chap 13. With permission.)
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medium.78 These microvilli are implicated in polychaete species in the or ganic solute absorption
that is virtually ubiquitous in marine species (Figure 5.2). 10,78 Beneath the epidermis is a layer of
connective tissue that binds together layers of muscles that may be oriented circularly (around the
worm body circumference), longitudinally or at oblique angles. Various internal bundles of muscles
may also be present to control parapodia (in polychaetes), setae, or other structures.

Penetrating the septa and running the length of the body is the digestive track, itself surrounded
by thin layers of circular and longitudinal muscle, with an inner absorpti ve epithelial mucosal cell
layer. In addition, a v entral nerve cord communicates with the head re gion (and with g anglia that
function as a brain). In species with closed circulatory systems, a dorsal blood v essel runs the
length of the body .

Some structures are distinctly associated with the annelid class, and these structures appear
likely to ha ve some impact on body-w all water permeability. Parapodia are present only in poly-
chaetes.6 Figure 5.1A sho ws a cross-section of a typical polychaete. P arapodia project from each
side of each segment and usually contain bundles of stiff chitinous and scleroprotein bristles (setae),
which are connected to internal supporting rods (acicula). Muscle b undles control setae motion
directly or are connected to the acicula. The setal surf ace membranes are usually thin (compared
with the body wall); they may have fleshy projections (cirri) and, in some species, gills. The setae
may be served by the circulatory system or coelomic fluid may circulate through the internal setae
space forced by muscular contraction of the body wall. In some cases, ciliated tracts line the internal
setal tissues that assist in circulation of coelomoc ytes through gills. 40 From the perspecti ve of
osmoregulatory physiology, the generally thin setal epidermal tissue is a potential area of w ater
loss or gain. Because most polychaetes are marine and their coelomic fluid isotonic to the external
medium, this is not usually a problem. Furthermore, Stephens and co workers10,72 have shown that
the parapodia are an important route through which dissolv ed organic molecules may be acti vely
absorbed.

FIGURE 5.2 Annelid cuticle. The cuticle has connective tissue fibers (collagen) reinforcing layers of muscle.
Microvilli penetrate the epidermal layers and are e xposed to the e xternal medium. (From Richards, K.S., in
Physiology of Annelids, Mill, P.J., Ed., Academic Press, New York, 1978, pp. 33–62. With permission.)

Epicuticular
projections MicrovillusEpicuticle

Cuticle
matrix

Collagen
fiber

Vesicle

Golgi

Multivesicular
body Supporting

cell

Mitochondrion

Endoplasmic
reticulum

Shoulder

Tonofilament



Osmoregulation in Annelids 141

Oligochaetes and hirudineans lack parapodia (see Figures 5.1B and C). Extensi ve analyses of
locomotion by all three annelid classes suggest that their particular musculature and epidermal/cutic-
ular structures fit their specific habitats reasonably well;73,74,123 however, these structural dif ferences
also seem consistent with the need to minimize osmotic water loss or gain in terrestrial or freshwater
environments. Oligochaetes ha ve reduced setae, comparati vely large coelomic ca vity spaces, and

FIGURE 5.3A Structure of polychaete nephridia. (A) Protonephromixium of a ph yllodocid. Here, a cluster
of solenocytic protonephridia sits atop a nephridioduct that joins with the coelomoduct. (B) Mixonephrium
of a spionid. (C) Single pair of nephridia joined to a common duct in a serpulid. (From Brusca, R.C. and
Brusca, G.J., Invertebrates, 2nd ed., Sinauer , Sunderland, MA, 2003, chap 13. With permission.)

FIGURE 5.3B Structure of oligochaete (Lumbricus) nephridia. (A) Single nephridium and its relationship to
a septum; (B) details of the nephrostome. Evidence suggests that earthw orm nephridia are highly selecti ve
excretory and osmoregulatory units. The nephridioduct is regionally specialized along its length. The narrow
tube receives body fluid and various solutes, first from the coelom through the nephrostome and then from
the blood via capillaries that lie adjacent to the tube. In addition to v arious forms of nitrogenous w astes
(ammonia, urea, uric acid), certain coelomic proteins, w ater, and ions (Na +, K +, Cl –) are also pick ed up.
Apparently, the wide tube serves as a site of selective reabsorption (probably into the blood) of proteins, ions,
and water, leaving the urine rich in nitrogenous w astes. (From Brusca, R.C. and Brusca, G.J., Invertebrates,
2nd ed., Sinauer, Sunderland, MA, 2003, chap 13. With permission.)
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moderately thick cuticles and epidermis. The Hirudinea lack parapodia and setae and ha ve a thick
cuticle/epidermal layer. They have a more or less solid body construction (muscle and connecti ve
tissue) without large coelomic-fluid-filled cavities, and they lack segmentation by septa (Figure 5.1C).
They typically have a large crop and intestinal ca vity and a well-elaborated system of nephridia.

All annelids ha ve metanephridia or protonephridia that function as primiti ve kidney tubules to
assist in regulation of solute and water balance (Figure 5.3A–C). Most annelids have metanephridia,
a tubular structure composed of absorpti ve and secretory epithelia, be ginning at the nephrostome,
which is open to the coelom and collects coelomic fluid. Typically, each se gment has tw o meta-
nephridia, although the number may be much reduced in some species. The nephridial tubule may
wind through the se gment and pass into the ne xt body segment.6 The length of the tub ule seems to
correlate to some extent with the habitat, being longer in freshwater than marine species. The tubule
opens to the outside through the nephridiopore in the body w all. The nephridiopore opening may
be closed or opened by sphincter muscles that respond to the osmotic status of the animal. 6

Protonephridia are considered some what more primiti ve excretory structures and are present
in one form or another in a number of in vertebrate species. In general, these structures contain
ciliated or flagellated cells that propel coelomic fluid through the fairly short tubules, which open
externally through a nephridiopore. They tend to be best de veloped in those species that reside in
freshwater and are important in w ater export.6

B. CLITELLA AND COCOONS

The clitellum is a reproducti ve structure composed of modified segments that are unique to Oli-
gochaetes and Hirudinea, hence their classification together as Clitellata.6 Polychaetes do not
possess this structure. The clitellum forms a sac-like structure in which eggs are deposited, usually

FIGURE 5.3C Structure of hirudinean (leech) nephridia.  (A) Comple x nephridium of Erpobdella and its
association with the coelomic channels. (B) Details of a nephridium of an arhynchobdellid leech. (From Brusca,
R.C. and Brusca, G.J., Invertebrates, 2nd ed., Sinauer , Sunderland, MA, 2003, chap 13. With permission.)
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following copulation and fertilization. The clitellum usually forms a f airly stable cocoon, which is
shed after mating.81 The cocoon is a protected environment where embryo development occurs and
young worms eventually escape when developmentally mature. Most authors suggest that the major
function of the clitellum/cocoon is protection of the young from predators. 81 Although this is most
certainly true, another ob vious function is that the cocoon and clitella protect e ggs and embryos
from osmotic stress. This correlates nicely with the freshw ater and terrestrial habitats of the
Clitellata and with the absence of these structures on the predominately marine Polychaeta.

III. OSMOREGULATION: A BRIEF REVIEW 
OF RELEVANT PRINCIPLES

A. OSMOTIC- AND PRESSURE-DRIVEN WATER FLOW

The fundamentals of osmosis, osmore gulation, and membrane transport and dif fusion have been
treated by Da wson in an earlier chapter in this v olume; however, a fe w key concepts that ha ve
relevance to the physiology of osmoregulation in annelids are worth restating. A succinct summary
of these principles is given by Baumgarten and Feher,4 and the following development is essentially
that presented by those authors (with permission).

The osmotic pressure of ideal dilute solutions is gi ven by the v an’t Hoff equation:

π = RTΣCs (5.1)

where π is the osmotic pressure, R is the gas constant, T is the temperature in de grees Kelvin, and
ΣCs is the sum of the concentrations of osmotically acti ve particles ( osmotic activities ) that are
formed on dissociation of solutes. We use the traditional ph ysiological convention of e xpressing
the units in osmotic concentration terms: osmolar (Osm; osmoles/liter) or osmolal (osmoles/kilo-
gram water). Alternatively, osmolarity may be e xpressed as pressure units, atmospheres, mmHg,
pascals (Pa; N/m2) or dyn/cm2. Equation 5.1 gives a reasonable approximation for dilute solutions,
but real solutions are not ideal, and at high concentrations the v alues for osmotic pressure may
depart substantially from the ideal state. A correction factor is applied that takes the difference into
account, the osmotic coef ficient (ϕs). Thus, the van’t Hoff equation can be re written:

π = RTΣϕsCs (5.2)

where the terms are as defined previously.
The equivalence of osmotic concentration and pressure is not accidental; osmotic gradients

generate real pressures that may drive flow of solvent. Conversely, pressure gradients may be used
to do osmotic w ork. An example of the magnitude of the quantitati ve relation between osmotic
concentration and pressure is w orth consideration. A 10-mM ideal solution of glucose or a 5-m M
solution of NaCl (complete dissociation into tw o particles) will ha ve an osmolarity of 10 mOsm.
At 37°C, a 10-mOsm solution w ould have an osmotic pressure of 0.254 atmospheres, 193 mmHg,
or 25.7 kilopascals (kP a). In other w ords, fairly small osmotic pr essure gradients may establish
rather significant hydrostatic pressures in physiological systems.

The formal relationship of osmotic and h ydrostatic pressure is sho wn below.4 The flow rate
across a membrane is linearly related to the osmotic concentration dif ference across the membrane
by Equation 5.3:

Jv = –Lp(πi – πo) = –Lp∆π (5.3)

where Jv is the v olume flux in cm3/sec per unit area of membrane, πi is the internal osmotic
concentration, πo is the external osmotic concentration, and Lp is the hydraulic conductivity (filtration
coefficient or hydraulic permeability). The negative sign is required to indicate that the w ater flow
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is from low osmotic concentration to high osmotic concentration, and we assume for this analysis
that πi > πo (in most cases). The flow across the entire membrane ( Qv; units cm 3/sec) is given by:

Qv = –ALp∆π (5.4)

The flow rates due to h ydrostatic pressure in the absence of osmotic concentration gradients are
given by similar equations:

Jv = Lp (Pi – Po) = –Lp∆P (5.5)

Qv = ALp∆P (5.6)

where Pi is the internal hydrostatic pressure, and Po is the external hydrostatic pressure. The Lp was
found to have the same value relating pressure driven and osmotically driven flow. Osmotic-driven
flow can be nulled by opposing pressure flow, and the equivalent value for Lp allows the following
relationship:

Qv = ALp[(Pi – Po) – (πi – πo)] (5.7)

Qv = ALp(∆P – ∆π) (5.8)

This equation describes the net flow in the presence of both h ydrostatic and osmotic pressure
gradients across a semipermeable membrane.

A final topic must be addressed with regard to this type of osmotic flow—that of the selectivity
for solutes (and perhaps solv ent) of real membrane vs. ideal membranes. An ideal semipermeable
membrane would permit only w ater to flow, excluding any solute flow. Of course, real biological
membranes do not usually behave in an ideal way, and solute also flows to a greater or lesser extent
depending on the particular membrane, the particular or ganism, and perhaps also the adaptation
state and e xpression of particular membrane channel proteins or transporters. If a membrane is
partially permeable to solute, the measured osmotic pressure should be less than that predicted by
van’t Hoff’s equation. A second membrane coef ficient can be defined that corrects for difference,
the reflection coefficient (σ), which is defined as:

σ = [(πobserved)/(πtheoretical)] = [(πobserved)/(ϕsRTCs)] (5.9)

With an ideal semipermeable membrane, σ = 1, and the calculated osmotic pressure w ould match
the measured osmotic pressure. The parallel permeation of solute w ould reduce the dri ving force
for osmotic flow and the osmotic pressure, so the v olume flow would be given by:

(5.10)

where σj is the reflection coefficient for solute j, πj,i is the osmotic pressure of solute j on the inside,
and πj,o is the osmotic pressure of solute j on the outside.

It should be recognized that these relationships refer to cellular biological plasma membranes
or simple artificial membranes. In the case of whole epithelial membranes, connective tissues layers
and muscle, as well as the surf ace epithelial cell layer , must be considered. In addition, parallel
flow pathw ays through gills and parapodial membranes (in polychaetes) may be present. These
same relationships may apply b ut one needs to recognize that the v alues for Lp and σ may be
aggregates of the properties of these layers and in the best case may represent the rate-limiting
step for w ater and solute mo vements. Furthermore, one w ould expect that these epithelia could
vary widely from species to species. This is even more problematic for annelid body walls, as they
have a cuticular layer of collagen fibers of various thicknesses. In addition, in the intact or ganism,

Q AL P Pv p i o j j j i j j j o= ( ) − ( ) – –, ,Σ Σσ π σ π



Osmoregulation in Annelids 145

nephridial urine output must be considered as a depressurizing flow component, and any apparent
Lp and σ estimates for whole body walls would necessarily include this component. Urine formation
and output are most lik ely controlled to some e xtent by v arious re gulatory processes including
neural osmoregulatory peptides (see below).84–89 Nonetheless, with these reservations in mind, one
should be able to characterize apparent Lp and perhaps σ values that may be useful in modeling
the osmotic behavior of annelid body w alls.

Because maintenance of a positi ve internal hydrostatic pressure compared to the en vironment
is crucial for normal annelid locomotion, it can be predicted that the normal re gulatory setpoint
for the osmotic concentration in coelomic fluid (which is presumably in equilibrium with blood
and e xtracellular fluids) for annelids at steady state with the medium (not undergoing transient
osmotic challenge or in isomotic media) should be slightly h yperosmotic to the environment. It is
obvious that in freshwater oligochaetes and hirudineans, very large gradients exist that favor osmotic
water uptake, and maintenance of h ydrostatic pressure is not a problem (T able 5.2). The cuticles
must be relatively impermeable to limit osmotic water uptake (and efflux), and the nephridial output
of urine to compensate for osmotic w ater gain must be continuous and re gulated. Table 5.2 shows

TABLE 5.2
Hydrostatic Pressures in Oligochaetes and Hirudinea

Class and Species

Apparent 
Fluid 

Compart-
ment 

Measured

Resting or 
Baseline 
Pressurea 

(kPa)

Peak 
Pressure 
Activeb 
(kPa)

Maximum 
Pressurec 

(kPa) Notes Ref.
Oligochaeta

Lumbricus terrestris Coelom 0.49 1.96 7.82 — Seymour98–100

Coelom 2 10 — Axial forces Quillin74

Coelom 20 100 100 Burrowing 
forces

Quillin74

Coelom — 46.3 ± 3 — Axial forces, 
mean values

Keudel and 
Schrader38

Coelom — 72.6 ± 12 — Radial forces, 
mean values

Keudel and 
Schrader38

Aporectoda rosa Coelom — 72.8 116.5 — McKenzie and 
Dexter54,55

Glossoscolex gigantea Dorsal 
vessel

1.17 1.96 — — Johansen and 
Martin33

Ventral 
vessel

4.40 5.87 — — Johansen and 
Martin33

— 5.87 9.78 — Quiet worm Johansen and 
Martin33

— 4.89 12.7 — Active worm Johansen and 
Martin33

Hirudinea
Hirudo medicinalis Coelom 0.196 1.08 — Crawling Wilson et al. 123

Coelom 0.196 2.93 — Swimming Wilson et al. 123

Vascular 
system

0.67 6.40 13.3 — Krahl and Zerbst-
Boroffka41

a Resting or baseline pressures recorded on an inacti ve animal.
b Peak pressure during normal locomotor acti vities.
c Maximum pressure observed when the animal w as maximally stimulated.
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some of the observed hydrostatic pressures reported under resting and active conditions for selected
oligochaetes and leeches. In terrestrial oligochaetes (earthw orms), w ater conserv ation may be
crucial in desiccating en vironments.

In polychaetes, on the other hand, where the internal body fluids are rather close to that of the
external medium, maintenance of internal h ypertonicity is essential. The question that arises is
whether the h ydrostatic pressures that could be potentially generated by the observ ed osmotic
gradients in polychaetes is suf ficient to produce realistic hydrostatic pressures observ ed in these
animals. Unfortunately, direct measurements of polychaete hydrostatic pressures seem to be lacking,
but comparisons with the v alues in Table 5.2 for oligochaetes and leeches should gi ve us a rough
estimate of what pressures may be necessary for normal baseline resting acti vities and locomotory
activities.

Oglesby62 comprehensively reviewed the osmotic relationships and major ion concentrations
in coelomic fluid compared with the external medium for 38 species in 18 f amilies of polychaetes
(and 2 species of oligochaetes) adapted to high salinities (usually close to 100% sea water, which
Oglesby takes as 1033 mOsm) and concluded that most annelids are h yperosmotic regulators. The
body fluid/medium ratios ranged from 0.890 to 1.525, but two thirds of the v alues fell between
1.010 and 1.199. The outlying v alues may be less trustw orthy due to dif ferences in technique or
other experimental concerns. As noted above, a 10-mOsm osmotic pressure gradient can generate
a hydrostatic pressure of 25.7 kP a. Assuming that the e xternal medium is 1033 mOsm, the range
of hydrostatic pressures that could be generated is 26.7 to 528 kP a. This range encompasses that
for the resting states listed in Table 5.2 and even potentially reaches the very high values observed
in active animals. From the summary data of Oglesby , 28 of 59 v alues for the internal/e xternal
medium ratios fell in the range of 1.002 to 1.095. 62 If we assume that this range may more
realistically represent the modal condition (and that perhaps some of the higher and lo wer values
resulted from experimental problems), the calculated a verage ratio is 1.043 ± 0.005 (n = 28). The
internal medium w ould therefore be about 44 mOsm higher in concentration than the e xternal
medium, and this could potentially generate a maximum h ydrostatic pressure of 114 kP a. This
easily encompasses the predicted range of pressures for resting w orms (based on Table 5.2).

In a more recent paper , Generlich and Giere 24 summarized the data from a number of studies
that included examples from polychaetes, oligochaetes, and leeches (Table 5.3), and this prediction
seems to be basically correct. The ratio of the osmotic pressure of the coelomic fluid to the external
medium ranges from about 1.075 (for Hirudinea medicinalis) to 1.009 (for Heterochaeta costata)
under nearly isosmotic conditions. Some or ganisms were reported to be isosmotic under these
conditions. In h ypotonic media, the ratios increased (T able 5.3), commonly e xceeding 1.1 to as
high as 15 ( Enchytraeus albidus, Hediste diversicolor).

The arguments presented here are consistent with the notion that the slight h ypertonicity of
internal body fluid that is routinely measured in polychaetes potentially plays an important phys-
iological role in maintaining a positi ve h ydrostatic pressure that is essential for the locomotory
activities of the animals. In addition, this pressure gradient could be a significant driving force
favoring nephridial filtration of coelomic fluid and urine formation.2,18,25–29,83,108,126

B. OVERVIEW OF THE PATHWAYS FOR SOLUTE AND WATER MOVEMENT

To put the global picture in perspecti ve, one may describe an ideal annelid for each of the three
environments: ocean, land, and freshw ater lakes and streams. The ideal polychaete could ha ve a
highly w ater-permeable b ut solute-impermeable body w all. Because it li ves in isotonic medium
(nature’s Ringer’s solution), solute exchange and dissolved organic nutrient uptake would be selec-
tively advantageous. The surface of the worm may also have elaborated gills and tentacles for oxygen
exchange and food intake. Nutrient uptake occurs via the gut and in most species via surf ace uptake
of dissolved organic nutrients, especially free amino acids, sug ars, and the lik e.10,13,53,68–70,72,109–116

The surface uptake of dissolved organic nutrients (DOMs) occurs in virtually all soft-bodied marine
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TABLE 5.3
Concentration of Body Fluids of Annelids in Different Salinities at Steady State

Species 

Concentration 
of Medium

(% Seawater)

Coelomic 
Fluid/Medium 

Concentration Ratio Refs.
A. Polychaeta
Nereidae

Hediste diversicolor 1.4 11–15 Hohendorf31

14 2.16 Hohendorf31

29 1.27 Hohendorf31

50 1.199 Schlieper91

50 1.121 Fletcher23

70 1.086 Fletcher23

97 1.022 Fletcher21

100 1.049 DeLeersnyder15

102 1.000 Hohendorf31

106–109 1.026–1.098 Karandeeva37

B. Oligochaeta
Enchytraeidae

Enchytraeus albidus 2.6 14.96 or 12.44 Generlich and Giere 24

31 1.715 or 1.503 Generlich and Giere 24

44 1.205 Generlich and Giere 24

58 1.146 Generlich and Giere 24

94 1.042 Generlich and Giere 24

115 1.066 Generlich and Giere 24

<75 Hyperosmotic Schone97

112–120 Isosmotic Schone97

Marionina achaeta <75 Hyperosmotic Lasserre45

Tubificidae
Heterochaeta costata 44 1.083 Generlich and Giere 24

91 Isosmotic (0.991–1.009) Generlich and Giere 24

Clitellio arenarius 47 1.083 Ferraris;19 Ferraris and Schmidt-Nielsen20

62 1.062 Ferraris;19 Ferraris and Schmidt-Nielsen20

92 Isosmotic Ferraris;19 Ferraris and Schmidt-Nielsen20

Naididae
Nais elinguis <20 Hyperosmotic Little48

20 Isosmotic Little48

 20–57 Hyposmotic Little48

Megascolecidae  

Pontodrilus bermudensis 14 2.62 Subba Rao;117 Subba Rao and Ganapati118

43 0.99 Subba Rao;117 Subba Rao and Ganapati118

86 1.013 Subba Rao;117 Subba Rao and Ganapati118

Lumbricidae
 Lumbricus terrestris 0.3 62.8 Prusch and Otter 71

1 10.6 Ramsay76

1 17.1 Dietz and Alvarado16

13 1.27 Dietz and Alvarado16

15 1.44 Ramsay76

26 1.055 Dietz and Alvarado16

45 1.1 Ramsay76

Hirudinea
Hirudo medicinalis 33 1.075 Nieczaj and Zerbst-Boroffka57

Source: Adapted from Generlich, O. and Giere, O., Hydrobiologia, 334, 251–261, 1996.
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invertebrates, and in some instances can contrib ute significantly to the nutrition of these animals.110

Active transport of amino acids has been thoroughly studied, and it has been sho wn that annelids
and other marine invertebrates are capable of accumulating amino acids ag ainst very high gradients
(approaching under some circumstances gradients of 1 million to 1), primarily by sodium-dependent
cotransport mechanisms.68–70,114–116

Preston68–70 reviewed the thermodynamic requirements of such processes, and to accumulate
amino acids to such high gradients w ould require multiple coupling coef ficients (two or three
sodiums per cotransported amino acid), lo w cytosolic sodium acti vities, and electrogenic cou-
pling of influx to the cellular transmembrane potential (which is typically on the order of –60
mV in marine in vertebrate tissues). Support for this sort of mechanism has been pro vided by a
number of studies.68 This capability provides some selective advantage to having an integument
that may allow function of these transport systems. In freshw ater annelids, very low or no such
organic solute transport occurs.109–113 Obviously, sodium cotransport systems in freshwater envi-
ronments are impractical, as the sodium gradients f avor efflux from the animal, and, further, the
integument must be generally quite impermeable to resist osmotic w ater g ain. F or marine
polychaetes, their en vironment has no deficit of minerals and the coelomic fluid resembles
seawater compositionally, so it might be e xpected that salt re gulation may occur at the tissue
level. The nephridia presumably fine-tune the coelomic fluid solute and water content to retain
a positive pressure in the h ydrostatic skeleton and further conserv e organic nutrients that may
be present in the coelomic fluid. High surface-water permeability limits the distribution to ocean,
intertidal, and mudflat environments, excluding freshwater and terrestrial en vironments where
water gain or loss w ould be substantial.

The ideal terrestrial oligochaete w ould balance the w ater permeability properties of the body
wall to resist desiccation but allow water gain from the interstitial moisture in the soil. 124 Minerals
and nutrients must be reco vered from the food, perhaps with some assistance via surf ace uptake
of salts, especially sodium chloride. Lar ge volumes of soil with lo w nutrient and ion content must
be processed to recover sufficient critical nutrients and ions. Oligochaete intestine should be adapted
to avid absorption of both salts and or ganic molecules.12 Unlike the polychaetes, or ganic nutrient
uptake by oligochaetes may not occur to an y significant extent, presumably because the pathw ays
that permit organic solute uptake may permit adventitious water uptake, as well. This same principle
should also apply to the Hirudinea (see belo w). In f act, Stephens 109–113 has sho wn in e xtensive
comparative studies that acti ve organic solute uptak e occurs across the body surf aces of virtually
every soft-bodied marine invertebrate species (excluding the arthropods, which have an impermeant
chitinous e xoskeleton) and that the uptak e of these nutrients is v ery small or not detectable in
freshwater species. Nephridia should ordinarily reco ver efficiently and highly conserve both salts
and organic molecules. The regulation and maintenance of h ydrostatic pressure are crucial in the
potential variable terrestrial environment, so expression of strong behavioral and hormonal control
of the osmotic internal milieu would be expected. It might also be e xpected that in some circum-
stances salt and w ater excretion as well as conserv ation may be necessary .

The Hirudinea (modeled on parasitic freshwater leeches) should have thick highly water imper-
meant body walls that slow osmotic water uptake. Because the osmotic gradients are very substantial—
approximately 10 mOsm for freshw ater compared with 220 mOsm for the coelomic fluid—sub-
stantial passive water uptake must occur. It might be e xpected that the body w all should be thick
and generally impermeable to solutes. Gills and other surf ace elaborations that increase the area
through which passive water gain may occur should be minimal or absent. The uptake of organic
nutrients across the body w all should be v ery low or none xistent, but it is possible that sodium
uptake can occur across the body surface.11,39,71,96 The nephridia should function primarily to excrete
water g ained osmotically and re gulate coelomic fluid osmotic pressure (partly to maintain the
hydroskeleton) and composition.120–123,125,126 Parasitic leeches feed periodically on vertebrates, fish,
reptiles, amphibians, birds, and mammals, all of which ha ve blood and body fluids comparatively
high in Na and Cl (~ 300 mOsm), as well as protein, lipids, and other or ganic molecules in the
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cellular fraction. Leeches therefore may e xperience a potentially h yperosmotic challenge after
feeding, and their tissues might be expected to be osmotolerant around the range of typical vertebrate
blood osmotic pressures. It is also lik ely that salt excretion via the nephridia may be necessary on
some occasions. The physiological responses to these blood meals might be e xpected to be tightly
regulated by hormonal pathw ays.

IV. OSMOREGULATION IN ANNELID CLASSES

A. POLYCHAETES AS OSMOCONFORMERS

Most polychaetes are stenohaline and rarely f ace osmotic challenges; ho wever, some species
penetrate estuaries to salinities 50% that of open ocean (~500 mOsm) and apparently thri ve there.
In at least one case, Nereis limnicola  can apparently breed in lo w salinities and survi ve in fresh-
water.58,59 Oglesby reviewed the responses of 20 species of polychaetes in 9 f amilies with re gard
to their adaptive responses to a wide range of salinities. 62 Oglesby59 defined the term critical low
salinity, in which the “internal solute concentrations f all below the plateau level of hyperionic and
hyperosmotic re gulation.” This parameter is an approximate inde x of the salinity at which the
compensatory transport mechanisms for salt transport be gin to f ail. Of the 20 species listed, the
following polychaetes sho wed significant hyperosmotic regulation to the critical lo w salinity (as
percent seawater, shown in parentheses): Nereis limnicola  (<1%), N. diver sicolor (1 to 2%), N.
succinea (6 to 10%), and Laeonereis culveri (<2%). The rest of the species showed osmoconformity
and, in general, could not survi ve in low salinities for prolonged periods. Extensi ve work on these
nereid species by Oglesby and others has provided data on the physiological patterns of polychaete
osmoregulation in those species that are not strict osmoconformers. 58–64,105–108 Examples of some
of these data are sho wn in Figure 5.4.

Another e xample of osmoconformity in polychaetes is sho wn in Figure 5.5, in which we
measured the weight change of whole Glycera dibranchiata (bloodworm) at v arious salinities
(Preston et al., unpublished data). Note that w ater influx is rapid and the weight change
approaches steady state after approximately 4 hours. Osmotic pressure measurements of the
coelomic fluid of these worms showed values v ery close to that of the medium (Figure 5.6),
although the coelomic fluid may be slightly hypertonic to 50% and 100% seawater. The coelomic
fluid in 150% seawater appears to be some what hypotonic to the e xternal medium. In nature,
Glycera dibranchiata may invade estuarine mudflats up to the point where the water osmolarity
is about 50% that of open ocean. In our laboratory e xperiments, prolonged e xposure to this
salinity usually kills the animals; however, in the field it should be remembered that the interstitial
water in mud probably does not exchange rapidly with the water of the estuary and that the mud
buffers to some e xtent the salinity to which the w orms are e xposed. In some habitats (such as
coastal Maine and Canada, where bloodworms are common), these mudflats undergo twice-daily
tidal cycles that typically range from 6 to 12 feet. This means that the estuarine substratum may
be replenished with salt on a c yclical basis. Furthermore, the animals may e xhibit behavioral
regulation (in this case, behavioral osmoregulation); that is, they may detect and seek depths in
the mud or seek surface locations that minimize osmotic stress and other f actors such as oxygen
levels and temperature.

B. OSMOTIC REGULATION BY OLIGOCHAETES

In terrestrial oligochaetes, the prime example being Lumbricus terrestris (the common earthworm),
the cuticle may be relatively thin compared to muscle layers, presumably because oxygen absorption
is considered to be cutaneous. 47 In the subsoil habitat, oxygen le vels may be quite v ariable, but it
is commonly observ ed that earthw orms surface periodically. This would cause e xposure to high
atmospheric oxygen levels. One of the reasons attrib uted to the commonly observ ed phenomenon
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FIGURE 5.4 Osmotic pressure of the coelomic fluid of Nereis limnicola adapted to various osmotic pressures
as indicated by chloride concentration. This species is capable of osmore gulation at low salinities, although
most polychaetes show osmoconformity. Solid circles are v alues for worms from Schooner Creek, Ore gon
(N = 72; T = 10°C). Open circles are v alues for w orms from the Salinas Ri ver estuary in California ( N = 46;
T = 5°C) (data from Table I of Smith 105). Solid lines are re gression lines for w orms from Lak e Merced,
Walker Creek, and the Salinas Ri ver estuary in California ( N = 339; T = 14 to 18°C) (data of R.I. Smith
taken from Oglesby 58). Dotted line is re gression line for w orms from Lake Merced only. Numbers indicate
sample size. Vertical bars represent one standard deviation above and below the mean. Dashed diagonal line
is line of equal internal and e xternal chloride concentration. (Adapted from Oglesby , L.C., in Physiology of
Annelids, Mill, P.J., Ed., Academic Press, New York, 1978, pp. 555–657.)

FIGURE 5.5 Osmotic responses of whole Glycera dibranchiata to three salinities (50%, 100%, and 150%
seawater). Whole worms were immersed in sea water and weighed periodically . Worms were approximately
the same size, and the data were normalized for comparison. Values shown are mean ± S.E. (N = 4). (Preston,
unpublished data.)
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of earthworms moving to the surface after heavy rains is that they are driven to the surface by low
oxygen levels in their flooded burrows.47 It is also possible that osmotic stress of a sudden deluge
of freshwater may also be a f actor. Earthworms may also under go cycles of deh ydration stress.
Dry en vironmental conditions and a f airly w ater-permeable body w all suggest that potentially
significant water loss may occur . In f act, in some older laboratory studies it w as stated that
earthworms may lose as much as 60% of the body w ater content for short periods and when
rehydrated remain viable. 79,80 This suggests that some unique ph ysiological adaptations may be in
place, perhaps enhanced heat shock protein (stress protein) e xpression or the lik e. In nature, it is
also likely that behavioral responses trigger migration to soil with more moisture to avoid the most
severe conditions.

FIGURE 5.6 Osmotic pressure of Glycera coelomic fluid after 250 minutes of exposure to 50%, 100%, and
150% seawater measured by v apor pressure osmometry . The values shown are mean ± SE ( N = 4). Some
error bars are not visible in this plot due to their small size. (Preston, unpublished data.)

FIGURE 5.7 Routes of water loss or gain in earthworms. (From Laverack, M., The Physiology of Earthworms,
Macmillan, New York, 1963. With permission.)
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Very early work elucidated the basic characteristics of w ater and salt e xchange in Lumbricus.
Laverack47 summarized the basic routes of w ater loss or g ain based on these early in vestigations
(Figure 5.7). Maintenance of water balance depends on balancing passive osmotic water gain driven
by solute transport (mainly ions) and nephridial loss. Classic studies by Ramsay that are still
frequently cited showed that Lumbricus nephridia secrete a h ypotonic urine and reco ver ions and
organic solutes.76,77 Figure 5.8 summarizes these data. Note that sodium and chloride are recovered
in the wide tube (Ramsay’ s terminology), and presumably the w ater permeability of this re gion
must be lo w enough so h ypotonic urine formation is possible. Ramsay also sho wed the osmotic
pressure relationships in Lumbricus (Figure 5.9), and these data indicate that h ypotonic urine
formation begins in the middle tube but is largely formed in the wide tube.76,77 The typical osmotic
pressure of Lumbricus coelomic fluid is about 150 mOsm, and the urine may be 10 to 120% of
this value.

Dietz and Alvarado16 measured the ionic composition and osmotic pressure of Lumbricus
terrestris that had been equilibrated for 1 week in artificial pond water (0.5-mM NaCl, 0.05-mM
KCl, 0.40-mM CaCl2, and 0.20-m M NaHCO3). This permitted more precise control of the e xtra-
cellular ion composition than in earlier studies using w orms equilibrated with moist soil. Figure
5.10 shows that Lumbricus regulates coelomic fluid osmotic pressure well in hypotonic media but
seems to be an osmoconformer in h ypertonic media. They also found a significant change in

FIGURE 5.8 Functions of Lumbricus terrestris nephridia, based on Ramsay .76,77 (From Laverack, M., The
Physiology of Earthworms , Macmillan, New York, 1963. With permission.)
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coelomic fluid composition for Na and water, but Cl, K, and total solute were not changed (T able
5.4). Water uptake could occur through the digestive tract or the skin. Using high-molecular-weight
inulin and dextran markers, they estimated the drinking rate to be about 4.2 µL per 10 g worm per
hour (n = 5). They measured the clearance rate of inulin from the coelomic fluid (about 75 µL per
10 g worm per hour), which can be used as an indirect estimate of urine flow, although the nephridia
may reabsorb some w ater so this is lik ely to be an underestimate. F ormation of a rectal fluid
occurred at an estimated rate of about 22 µL per 10 g w orm per hour . They therefore estimated
total water excretion of about 100 µL per 10 g w orm per hour. If 4 µL per 10 g w orm per hour is
due to drinking, the remaining influx (at steady state) must arise from water influx across the skin,

FIGURE 5.9 Osmotic pressure of urine at dif ferent le vels in the nephridium of Lumbricus. The osmotic
pressure of the Ringer’ s solution surrounding the nephridium w as equated to 100. (1) Nephridiostome; (2)
narrow tube; (3) middle tube; (4) wide tube, proximal; (5) wide tube, middle; (6) wide tube, distal; (7) bladder;
(8) e xterior. Based on Ramsay .76,77 (From La verack, M., The Physiolo gy of Earthworms , Macmillan, Ne w
York, 1963. With permission.)

FIGURE 5.10 Coelomic fluid composition of Lumbricus terrestris acclimated 10 to 13 days in different NaCl
solutions. Sodium is added to chloride in each column. The number adjacent to each bar is the mean
concentration of the ion indicated ( N = 8). Vertical lines indicate ± S.E. The diagonal line represents isosmo-
ticity. (From Dietz, T.H. and Alvarado, R.H., Biol. Bull., 138, 247–261, 1970. With permission.)
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which would account for 96% of total water influx. Thus, ion transport and obligated passive water
influx across the skin must be a very important process in osmoregulation in Lumbricus. Dietz and
Alvarado16 concluded that sodium and chloride transport by the skin is the primary route of ion
absorption, because the absorption rate changes v ery little if the mouth and anus are block ed.
Measurements of sodium uptak e reveal that sodium is absorbed via a saturable transport system
with kinetic constants: Vmax = 1 µEq per10 g worm per hour and Km = 1.3 mM. They also concluded
that, “Water balance is achieved when the osmotic force is balanced by hydrostatic force generated
by the elasticity of the body w all plus the forces in volved in eliminating w ater in urine and rectal
fluid.”

Prusch and Otter71 measured the transepithelial transport of Na and Cl in Lumbricus terrestris
and in the leech ( Haemopsis grandis) using Ussing chambers. They measured the transepithelial
potential (TEP) across the body w all in vivo in whole animals by inserting an ag ar bridge into the
coelomic cavity of restrained animals bathed in artificial pond water (0.5-mM NaCl, 0.05-mM KCl,
0.40-mM CaCl2, and 0.20-m M NaHCO3). They found the TEP was –16 ± 1.8 mV ( n = 8) inside
negative. By comparison, the leech TEP was +25 ± 1.9 mV (n = 8) inside positive; the polarity of
the TEP reversed from that of the earthw orm. The isolated body-w all preparations consisted of
body-wall tissue, with septa and or gans removed. This was mounted in a Ussing chamber , taking
care to avoid the ventrolateral nephridial pores. The outside was bathed in artificial pond water and
the inside with annelid Ringer’s (116-mM NaCl, 1.9-mM KCl, 1.1-mM CaCl2, and 2.4-mM NaHCO3).
The in vitro TEPs were –14 ± 1.4 mV (n = 26) inside negative. By comparison, the leech TEP was
+22 ± 1.1 mV ( n = 33) inside positi ve. These values were reasonably close to those of the in vivo
measurements, indicating that the Ussing chamber measurements were viable. They measured
unidirectional fluxes of Na24 and Cl36 and reported the somewhat curious result that the unidirectional
efflux exceeded the unidirectional influx in both earthworms (earthworm influx, Ji

Na = 1.66 ± 0.13
× 10–9 mol/cm2·min, n = 7; efflux, Jo

Na  = 6.66 ± 0.24 × 10–8 mol/cm2·min, n = 6) and leeches. F or
chloride, the fluxes in earthworms were Ji

Cl = 5.90 ± 0.36 × 10–9 mol/cm2·min, n = 8, for influx and
Jo

Cl  = 7.8 ± 0.44 × 10–9 mol/cm2·min, n = 5, for ef flux. 
Leeches also showed a net outwardly directed flux and demonstrated saturation kinetics for Na

and Cl uptak e. Amiloride applied to the outside decreased Na influx by about 50% but did not
affect efflux. Externally applied amiloride (10–4 M) causes the earthw orm TEP to h yperpolarize
(13 mV to –25 mV), b ut this is rapidly re versible upon remo val. They also calculated theoretical
flux ratios and compared them with the measured flux ratios, which supported the possibility of
active uptake. They concluded that, taken together, these data (saturability, effect of inhibitors, and

TABLE 5.4
Concentrations of Ions in Coelomic Fluid (CF) of Lumbricus 
Acclimated to Soil or Pond Water

Measurements Units Soil Pond Water
Water content mL/10 g wet weight  8.4 ± 0.1 (18)  8.8 ± 0.0a (22)
Total Na+ µEq/10 g wet weight  235 ± 3 (8)  373 ± 15a (12)
Total K+ µEq/10 g wet weight  345 ± 15 (8)  365 ± 15 (12) 
Total Cl- µEq/10 g wet weight  172 ± 8 (8)  174 ± 13 (12)
CF Na+ mEq/L  71 ± 2 (14)  75 ± 1 (24)
CF K+ mEq/L  4 ± 0 (14)  3 ± 0 (24)
CF Cl– mEq/L  48 ± 1 (14)  47 ± 1 (24)
CF total solute mOsmol/L  154 ± 2 (10)  159 ± 2 (15)

a Significantly different from soil animals (p < 0.05). Number of observations is in parentheses.

Source: Adapted from Dietz, T.H. and Alvarado, R.H., Biol. Bull., 138, 247–261, 1970.
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flux ratio measurements) suggest that Na and Cl uptake across the earthw orm body w all is elec-
trogenic and is lik ely to be the result of acti ve processes. It is possible that uptak e across the gut
may be significant in the total ion balance and that osmoregulatory hormones may change the
relative uptake rates above these apparently basal le vels.12,85

More recent studies on Lumbricus terrestris integument conducted by Schnizler et al. 96 using
Ussing chambers ha ve provided more detailed information, b ut these studies were in the conte xt
of comparison with e xtensive studies on leeches by this and other groups. Their measurements of
TEP of –10.8 ± 1.2 mV ( n = 14) compares f avorably with the findings of Prusch and Otter71

described abo ve. The v alues for transepithelial resistance ( RT) of up to 10 kOhms sho w that
earthworm inte gument is a tight epithelium, as w ould be e xpected for a freshw ater or ganism
transporting ions up steep gradients. The net Na transport is sensiti ve to amiloride, b ut the lar ge
variability in these measurements may be associated with seasonal dif ferences in worms.96 Apical
application of furosemide increased short-circuit current ( Isc), although this ef fect may be indirect
because the usual tar get of furosemide is the Na–K–2Cl transport, which is electroneutral. The
basolateral administration of ouabain to earthworm integument shifts the Isc to more negative values,
which Schnizler et al. 96 suggested implies a high paracellular resistance (2.5 to 24.5 me gOhms);
therefore, very little if an y paracellular movement of Na occurs.

C. OSMOTIC REGULATION BY HIRUDINEA

Hirudinea are generally freshwater aquatic organisms, and they are under continuous osmotic stress.
Many more studies have been done on leeches than other annelids, most probably because of their
convenient size and hardiness, as well as the use of Hirudinea medicinalis in medical treatments.
Reviews by Clauss and Schnizler et al. 11,96 cover the more recent w ork on leeches with particular
emphasis on transepithelial ion transport using Ussing chamber techniques. Hirudinea medicinalis
controls blood (which is presumably in equilibrium with the coelomic fluid) Na and Cl concentra-
tions and osmotic pressure quite closely in w ater below 200 mOsm (Figure 5.11). Interestingly , in
external medium concentrations abo ve 200 mOsm, the osmotic pressure of blood and urine and
the Na and Cl content increase. The setpoint for regulation in hyperosmotic media is clearly about
200 mOsm. Osmotic water gain is compensated for by increased urine flow.93,120,125,126 After a blood
meal, the internal osmotic pressure in the crop may increase to near 300 mOsm, and e xcess salt
load must be e xcreted by the nephrida.

The Ussing chamber studies of Clauss and co workers used an inte gument preparation from
which the underlying muscle layers were dissected and then collagenase w as used to disinte grate
the collagen bundle layers that reinforce the apical surf ace.11,119 It was also possible to fore go the
collagenase treatment and arrive at results very similar to those for the collagenase-treated tissues.11

They confirmed the basic data of Prusch and Otter that the integument of Hirudinea medicinalis
is a tight epithelium with a resistance of >1 kOhm·cm 2.71 The basolateral presence of the Na,K-
ATPase was confirmed using ouabain. Weber et al. 119 showed that sodium channels were present
(ENaCs) by using amiloride inhibition and noise analysis. They also showed that cAMP stimulated
Na absorption and that it w as most lik ely due to an increase in functional apical Na channels. 119

The Na absorption w as highest at an e xternal medium concentration of about 20-m M Na.119 The
data further suggest that the Na channel is highly selective, with Na:K ratios of 30:1. These workers
also observed stimulatory effects of cGMP on short-circuit current ( Isc) and mixed stimulatory and
inhibitory effects of adenosine triphosphate (A TP).

Leeches (and other annelids) ha ve a number of signaling peptides secreted by g anglionic
neurosecretory cells that af fect osmore gulation.34–36,84,85 A no vel peptide, leech osmore gulatory
factor (LORF), w as characterized by Salzet et al. 88,89 An e xtensive series of in vestigations has
isolated over 30 neuropeptides in four classes (summarized by Salzet and Stefano;85 see Table 5.5).
Some examples discussed by Salzet and Stef ano are gi ven below. The biological acti vity of the
AII-amide isolated from Erpobdella octoculata is involved in the control of the leech water balance,
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exerting a diuretic ef fect (20% loss of mass on a verage for 1 nmole of AII). Annetocin is related
to oxytocin and v asopressin by sequence homology and acts on osmore gulation via nephridia. 65,86

Lysine-conopressin inhibits the Na amiloride-dependent transitory current and highly stimulates it
in Hirudo medicinalis stomach or integument preparation. Lysine-conopressin induces egg laying
in earthworm like oxytocin does in v ertebrates, and this is consistent with the h ypothesis that the
oxytocin/vasopressin peptide family functions in both osmoregulation and reproduction.65 RF-amide
peptides are probably secreted into the dorsal v essel. The leech Theromyzon tessulatum  shows
weight loss after a GDPFLRF-amide injection and an increase of weight after a FMRF-amide
injection.84,85 GDPFLRF-amide may act as a diuretic hormone and FMRF-amide as an antidiuretic
hormone. GDPFLRF-amide also has a stimulating effect on Cl secretion across the caecal epithelium
but not Na absorption. Water follows passively, causing w ater loss from the cells. 11,119 The antidi-
uretic effect of FMRF-amide might control w ater balance by direct action on nephridia. Wenning
and Calabrese 122 showed that in H. medicinalis  the nephridial nerv e cells, which innerv ate the
nephridia and contact the urine-forming cells, contain RF-amide peptides. They also showed that
FMRF-amide leads to h yperpolarization and decreases the rate of firing of the nephridial nerve
cells, suggesting autore gulation of peptide release. The leech osmore gulator f actor (LORF) is
involved in osmore gulation.88,89 Electrophysiological e xperiments conducted in H. medicinalis
revealed an inhibition of the ef ficacy of Na conductance in leech skin. 88,89

The transport properties of the g astrointestinal tract in leeches has been in vestigated to some
extent by Milde et al. 56 After a mammalian blood meal (~300 mOsm), which is h ypertonic to the
blood and coelomic fluid (~200 mOsm), leeches excrete hypertonic urine over 24 hours. 120–122,125,126

FIGURE 5.11 Osmotic and ionic concentration of the blood of Hirudo medicinalis as a function of the external
medium concentration. Solid circles are blood; hollo w circles, urine. (From Sa wyer, R.T., Leech Biology and
Behaviour, Vol. 1, Clarendon Press, Oxford, 1986, p. 129. With permission.)
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Milde et al.56 were able to mount the fore gut diverticula of Hirudo medicinalis in a Ussing chamber
and characterized its basic properties. This epithelium w as leaky (60 Ohm·cm 2), and the TEP was
about –1 mV (lumen negative). The transport rate of Na under short-circuit conditions w as about 50
µA·cm2. This flux was not sensiti ve to an amiloride or its analogs, and Clauss 11 suggested that the
entry pathway is therefore unlik ely to be the ENaC channel. The transport sho wed linear kinetics
and was partially block ed (40%) by lanthanum and terbium, suggesting a nonselecti ve cation con-
ductance. Milde et al.56 also showed that basolateral Na extrusion was ouabain sensitive and probably
involved the Na,K-ATPase. Figure 5.12 shows a model developed by Milde et al. that compares Na
absorption by leech inte gument and by leech di verticulum.56 The apical side of the inte gument
contains an ENaC-lik e channel that is inhibited by amiloride and stimulated by cAMP . The apical
side of the gut diverticulum appears to have another type of non-ENaC sodium channel that may be
blocked by certain nonselective cation channel blockers. The effect of cAMP was to stimulate uptake.
In both cases, the evidence suggests that Na,K-ATPase is present in the basolateral membrane which
maintains the cellular ion gradients. In addition, it is postulated that K channels must be present.
This sort of arrangement is typical for man y types of epithelia. 11 Presumably little Na flux occurs
via the paracellular pathw ay in the inte gument, but it is lik ely to be significant in the diverticulum.

TABLE 5.5
Characterized Annelid Neuropeptides from Leeches

Species Sequence Name
Theromyzon tessulatum SYVMEHFRWDKFGRKIKRRPIKVYPNGAED

ESAEAFPLE
DRVYIHPFHLLXWG
DRVYIHPF
RVYIHPF
IPEPYVWD
FMRF-amide
FM(O)RF-amide
FLRF-amide
GDPFLRF-amide
PLG
YGGFL
YGGFM
YGGFLRKYPK
YVMGHFRWDKF-amide
GSGVSNGGTEMIQLSHIRERQRYWAQDNLR
RRFLEK-amide

ACTH-like
Angiotensin I
Angiotensin II
Angiotensin III
LORF (leech osmoregulatory factor)
FMRF-amide
FMRF-amide sulfoxide
—
FLRF-amide
GDPFLRF-amide
MIF-1
Leucine-enkephalin
Methionine-enkephalin
β-Neoendorphin
MHS-like peptide
Leech egg-laying hormone
—

Erpobdella octoculata DRVYIHPF-amide
CFIRNCPKG-amide
FMRF-amide; FM(O)RF-amide
GDPFLRF-amide
FLRF-amide
IPEPYVWD; IPEPYVWD-amide

Angiotensin II-amide
Lysine-conopressin
FMRF-amide
GDPFLRF-amide
FLRF-amide
LORF

Hirudo medicinalis FMRF-amide, FM(O)RF-amide
FLRF-amide
AMGMLRM-amide

FMRF-amide
FLRF-amide
Myomoduline-like peptide

Hirudo nipponia
Whitmania pigra

WRLRSDETVRGTRAKCEGEWAIHACLCLG
GN-amide

Leech excitatory peptide
GN-amide

Source: Adapted from Salzet, M. and Stef ano, G., Placebo, (2)3, 54–72, 2001.
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V. TISSUE OSMOTIC REGULATION

The tissues of osmoconforming polychaetes and transiently stressed clitellates e xpress cellular
osmoregulatory mechanisms ( cellular volume r egulation).49,50,101–104 These have been observ ed to
some extent in virtually all tissues and have been extensively studied in mammalian and vertebrate
tissues.9,32 This has been discussed in depth in other sections of this v olume, b ut one should
recognize that osmoconforming annelids may be especially dependent on cellular mechanisms of
osmoregulation.49,50 It is generally observed that cells exposed to moderately hypotonic media swell
rapidly by osmotic water uptake; however, within a few minutes the cell v olume decreases, some-
times approaching the initial cell v olume. This is the regulatory volume decr ease (RVD). The
volume decrease results from obligate water efflux coupled with solute efflux. In general, the solutes
released from the cell occur via highly re gulated and quite specific membrane channels.9,32,49,50

Some of these osmoregulatory channels have broad solute selectivity, and some are rather specific.9

The sensing of osmotic stress at the tissue le vel and the signal transduction pathw ays that turn
these channels off or on have been the subject of intense study for many years (mainly in vertebrate
cells).32 Key osmotic re gulatory solutes tend to be potassium and free amino acids (especially
taurine), but other solutes, such as sorbitol and betaine, are used in some tissues. 9,32

In hypertonic medium, the initial cellular response is shrinking follo wed by an increase in cell
volume due to obligated osmotic water flow coupled to solute uptake or synthesis (regulatory volume
increase, or R VI). This process usually in volves distinctly dif ferent transporters and metabolic
responses than RVD. Potassium gain may occur presumably through action of Na,K-ATPase. Com-
paratively little work in this area has been done with annelid tissues. With both RVD and RVI, one
of the most important initial impacts of increases or decreases in coelomic fluid (or, in vertebrates,
blood and extracellular fluid) water content is the rapid change in e xternal potassium ion content. 7

In most cells, the largest component of the cellular membrane resting potential is due to a potassium
diffusion potential. A good approximation of the resting potential is gi ven by the Nernst equation:

 (5.11)

where Eion is the transmembrane equilibrium potential (Nernst potential), R is the g as constant, T
is the absolute temperature (Kelvin), z is the charge on the ion, F is the Faraday constant, ln is the
natural log arithm, [ Ionout] is the ion concentration outside the membrane, and [ Ionin] is the ion

FIGURE 5.12 Proposed models of sodium absorption across (A) leech dorsal skin and (B) leech diverticulum.
(Adapted from Clauss, W.G., Can. J. Zool., 79, 192–203, 2001.)
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concentration inside the membrane. A simplified form for standard conditions (assuming that the
temperature is 25°C and con verting ln to log 10 with appropriate unit con versions):

(5.12)

A hypothetical example for a polychaete tissue is as follo ws: Assuming the coelomic fluid K+

concentration is 10 m M (taken to be the same as 900-mOsm sea water) and the c ytosolic K +

concentration is 100 mM, the membrane potential would be –59 mV. If the coelomic fluid becomes
diluted by 50% (resulting in 5-m M K+), the resting membrane potential w ould be –77 mV. If the
coelomic fluid is concentrated by 50% (assuming K+ is 20 mM), the membrane potential would be
–41 mV. Obviously, hypotonic dilution of the coelomic fluid may lead to hyperpolarization and
hyperexcitability (typically nerve action potentials are triggered after about a +15-mV depolariza-
tion). Hypertonic coelomic fluid may lead to the inability to initiate normal action potentials at
normal threshold depolarizations. Consequently, voltage-dependent cell function, especially nerv e
and muscle function, is very sensitive to internal osmotic change. Organismal responses and organ
system responses are crucial in v ertebrates to maintaining ion homeostasis in the longer term, b ut
the initial RVD and RVI responses are rapid and potentially important in the short term. In annelids,
especially osmoconformers, RVD and RVI appear to be the primary responses. In the clitellates,
the organismal osmoregulatory responses that confer a degree of homeostatic stability in osmotically
stressful environments no doubt pro vide a considerable selecti ve advantage to these or ganisms.

VI. MOLECULAR STUDIES

It seems that there should be considerable interest in applying molecular analysis to the presence
and expression of membrane transporters and channels involved in osmoregulation in annelids. The
diverse habitats and the range of ph ysiological responses should mak e them prime candidates for
in-depth molecular analysis. It is therefore rather surprising that at the time of writing of this review,
a search of GenBank revealed only 16 possible nucleotide sequences for organic and ion transporters
and channels. In contrast, thousands of ribosomal gene and mitochondrial and metabolic enzyme
nucleotide sequences ha ve been used for the man y extensive studies of ph ylogeny of annelids. 82

Of the transporters and channels partially or completely sequenced, eight are v oltage-gated Na or
K channels in neurons of leeches and one oligochaete. Three transporters are for organic molecules
and five for transport ATPases. The complete Na,K-ATPase mRNA sequence for the alpha subunit
for Hirudinea medicinalis has been completed by K usche et al. 44 Partial sequences for the Na,K-
ATPase mRNA sequence for the alpha sub unit are listed for the polychaete Marenzelleria viridis
and two sequences for P-type ATPase in the polychaete Platynereis dumerilii.  One partial Na,K-
ATPase mRNA sequence for the alpha sub unit is listed for Lumbricus terrestris. It is certainly
obvious that these techniques w ould be v ery helpful in analysis of the presence and change of
expression during osmotic stress of ion and or ganic solute transporters in inte gument, gills, gut,
and nephridia. Furthermore, presumptive regulatory factors and pathways may be screened. Much
remains to be done that is potentially v aluable and exciting.

VII. CONCLUSION

The diversity of habitats occupied by annelids mak es them ideal subjects to study osmore gulation
and the process of adaptation to di verse en vironments from marine, freshw ater, and terrestrial
environments. The core of the studies currently a vailable in the literature hark ens back to classic
studies that certainly ha ve contributed importantly to our current understanding of osmore gulation
in annelids. Of the more recent studies, most ha ve focused on the properties of ion transport by the
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integumental epithelia of oligochaetes, especially Lumbricus terrestris, and of hirudinea that focused
on Hirudo medicinalis. Some key principles are worth reiterating. Most annelids, even the polycha-
etes that live in near-isotonic medium, maintain a slightly hypertonic blood and coelomic fluid. This
appears to be essential to maintaining the pressure within the hydrostatic skeleton, which is essential
for locomotion. The size of the osmotic gradient can be rather small (internal e xcess of 10 to 40
mOsm), as the equi valent hydrostatic pressure generated by these small osmotic gradients is rather
substantial. In freshw ater oligochaetes and in the hirudinea, maintenance of a positi ve internal
pressure is usually not a problem, as the y are capable of maintaining their osmotic pressure at 150
to 200 mOsm. Water excretion via the nephridia is crucial, and ions and nutriti ve organic solutes
are recaptured during urine formation. It is frequently stated that the fluid flow is driven by the action
of cilia at the mouths of the nephridia and this certainly may be true; ho wever, it is also v ery likely
that hydrostatic pressure may be a primary force dri ving flow into nephridia, and this h ydrostatic
pressure gradient relies on maintenance of a stable h ypertonic gradient, particularly in polychaetes.

The epithelia that absorb and transport ions must be gills (primarily in polychaetes) and intestine
and integument, with regulation and recapture by nephridia. The general outline of these processes
seems convincing, but a careful balance sheet of the fluxes in these tissues, the losses and changes
that occur during osmotic adjustment, has not been done. The work on the leech Hirudo medicinalis
has probably been the most producti ve, followed by work on the earthw orm Lumbricus terrestris.
Much research should be done on the signaling pathw ays and the role of osmore gulatory peptides
in these species. The time seems ripe for thorough molecular analysis of the osmore gulatory
processes in annelids. Future in vestigators will find this an interesting and important challenge.
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I. INTRODUCTION

This chapter on osmore gulation of aquatic arthropods deals mainly with crustaceans. Among the
Pancrustacea group, the He xapoda (formerly insects) will be discussed in Chapter 7. Section VIII
of this chapter is de voted to a fe w other aquatic arthropods. Osmotic and ionic re gulations have
been studied in crustaceans for o ver 80 years and ha ve been re viewed in Robertson, 499 Potts and
Parry,465 Shaw,535 Lockwood,345 Prosser,471 Mantel and Farmer,382 Schoffeniels and Dandrifosse, 519

Péqueux,447 and Péqueux et al.448 In this chapter, we briefly summarize the knowledge on crustacean
osmoregulation up to the 1980s and 1990s, before concentrating on more recent information in
two areas. One is linked to the adaptive function of osmoregulation—that is, the relations between
osmoregulation and the ecology of crustaceans, especially during their de velopment. The second
deals with the mechanisms of osmore gulation, mainly at the cellular and molecular le vels.
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II. CRUSTACEAN HABITATS

With a fossil record extending from the Lower Cambrian to Recent, crustaceans have evolved over
more than 500 million years. 11,164,520,521 This very long period of e volution and radiation has led to
a great variety in size, shape, and occupation of various habitats. Most of the 42,000 contemporary
described60 species live in aquatic habitats, and about 90% of the current species li ve in the sea or
in brackish w ater. Often noted is the f act that the hemolymph osmolality and ion composition of
crustaceans are close to those of sea water, perhaps reminiscent of the original media in which the
early crustaceans appeared.

From these ancestral marine habitats, crustaceans ha ve occupied a v ariety of aquatic habitats
where salinity may v ary. The bottoms of lar ge oceans are among the most stable en vironments
with regard to temperature and salinity, which usually is in the range of 34 to 35‰. One e xception
is found in the deep-sea h ydrothermal vents that release fluids with particular ionic ratios.609 The
surfaces of oceans, where salinity is relatively stable, are exposed to precipitation, which can cause
local changes in salinity. Coastal areas receive continental freshwater from rivers and are thus more
exposed to salinity fluctuations. In estuaries, salinity gradients can be modified twice daily in tidal
regions. Tidal pools are subjected to high salinity due to e vaporation. Lagoons are also the site of
important v ariations of salinity , ranging from lo w v alues to occasional saturation of sea water
corresponding to a salinity of about 280‰. All of these media host different species of crustaceans
that have developed various means of coping with the stress originating from salinity v ariations.
At the other end of the salinity spectrum, se veral groups of crustaceans ha ve successfully adapted
to very low salinities, as lo w as that found in freshw ater. They are able to li ve in rivers and lakes
or in locked bodies of inland w ater, where the ion concentrations and ratios can be dif ferent from
those found in ri vers. A few other species ha ve become terrestrial.

We have so far considered adult crustaceans with a supposedly limited ability to move between
media, but some species are able to mo ve over large distances, such as the spin y342 and homarid
lobsters.126 Migrations are often related to reproduction and de velopment, and the y e xpose the
animals at different ontogenetical stages to v ariable salinity (see Section VII).78

Salinity tolerance v aries between species. Crustaceans that cannot tolerate lar ge variations of
salinity are designated as stenohaline. They li ve under stable conditions of salinity , usually in
marine habitats in a salinity range of about 30 to 38‰. Others are restricted to freshw ater.
Crustaceans that live in habitats where salinity fluctuates or that migrate between media of different
salinities are considered to be euryhaline and to have varying amplitudes of salinity tolerance. We
agree with Mantel and F armer (p. 54) 382 that “the dividing line between ‘steno’  and ‘eury’ is well
nigh impossible to define. These terms are relative and are most useful as comparati ve, rather than
absolute, measures of the animal’ s capabilities. ” It is also w orth noting that in some species,
particularly those undertaking ontogenetical migrations, tolerance to salinity may v ary with the
developmental stages, often from stenohalinity to euryhalinity .

III. HYDROMINERAL REGULATION: INTRACELLULAR 
OR EXTRACELLULAR REGULATION?

In animal cells, the cell v olume must remain close to constant; thus, the osmolality of the c ytosol
must be k ept almost equal to that of the cell-surrounding medium to pre vent water exchanges. In
multicellular animals, this medium corresponds to the extracellular fluid, which is in close osmotic
equilibrium with the circulating fluid (blood or hemolymph). Most vertebrates are able to tightly
regulate their blood osmolality within a range of 280 to 350 mOsm/kg e ven under highly variable
salinity, but in in vertebrates, including crustaceans, the ability to osmore gulate, when present, is
not as ef ficient, resulting in variations in hemolymph osmolality when salinity fluctuates. In
crustaceans, the cells must cope with such v ariations.
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The corresponding mechanisms are referred to as intracellular isosmotic regulation. They have
been particularly studied in crustacean cells by the Liège, Belgium, research group.123,210–214,447,448,518

Experimental e vidence strongly points to the in volvement of free amino acids as intracellular
osmotic effectors. Following a transitional change in cell volume originating from temporary water
movement across the cell wall, the intracellular ionic composition is affected, which in turn affects
the acti vity of enzymes in volved in the anabolism and catabolism of amino acids, particularly
asparagine, glutamine, proline, alanine, glycine, and serine. 1,405,640 At high salinity , the increasing
hemolymph osmolality is follo wed by an increase in the cellular content of free amino acids
resulting from higher synthesis and lo wer catabolism of amino acids. At low salinity, the decrease
in intracellular osmolality results from a higher catabolism of free amino acids released to the
hemolymph before final deamination and excretion as ammonia to the e xternal medium through
the posterior gills.

IV. PATTERNS OF OSMOREGULATION

Since studies conducted during the first part of the 20th century,382 solutes of the crustacean
hemolymph have been known to include organic (proteins, amino acids, carbohydrates, and lipids)
and inorganic (ions) compounds. Gi ven their relati ve concentrations, it clearly appears that ions
are the main osmotic ef fectors, accounting for o ver 90% of the hemolymph osmolality . Among
them, sodium and chloride are dominant; for e xample, in the lobster Homarus americanus, main-
tained in sea water, the hemolymph Cl –, Na+, K+, Ca2+, and Mg 2+ concentrations are, respecti vely,
470, 470, 10, 15.6, and 7 mmol/L. 471 Assuming a complete dissociation, their sum yields a v alue
of 995 mOsm/kg, very close to 1000 mOsm/kg, which is the osmolality of standard 34.3‰ seawater.
In addition, sodium and chloride represent 94% of the osmotic ef fect of these five major ions. This
case is representative of most marine crustaceans. Solute re gulation in crustacean osmore gulation
thus concerns mainly Na + and Cl–. The hemolymph concentration of these tw o ions is v ery close
to their concentration in sea water and, of course, is much higher than in freshw ater. In addition to
ion concentration, the water content is also regulated, hence the concept of hydromineral regulation.

Interest in crustaceans serving as models for ecoph ysiology stems from the wide v ariety of
their habitats and their patterns of osmore gulation. All of the possible types of osmore gulation are
represented in this group. In comparison, teleost fishes present a single pattern of osmoregulation.
Crustacean osmoregulation is thus a good e xample of the benefits of a comparative approach, as
advocated by Bartholomew.33

Data on the patterns of osmoregulation in crustaceans are abundant and are summarized in
Figure 6.1. Some crustaceans are osmoconformers, with an isosmotic pattern (Figure 6.1, Pattern
1); a few of them, usually referred to as hyper-osmoconformers, maintain a slight positi ve and
constant dif ference of osmolality with the en vironment, usually in the range of 10 to 40
mOsm/kg. Other crustaceans are osmoregulators. Their type of osmoregulation may be h yper-
isosmotic, with h yper-regulation at lo w salinity and isosmotic regulation in salinities close to
and higher than seaw ater (see Figure 6.1, Pattern 2). Freshwater crustaceans display that type,
but with lo wer v alues of hemolymph osmolality (see Figure 6.1, P attern 2 ′). The strongest
osmoregulators among crustaceans are h yper–hyporegulators, with an isosmotic point (same
osmolality in hemolymph and medium) usually close to or belo w sea water osmolality (see
Figure 6.1, P attern 3).

In osmoregulators, the ability to h yper- or h ypo-osmoregulate at a gi ven salinity v aries with
the species, the stage of de velopment, and en vironmental parameters (see Section VI). The level
of osmoregulation can be numerically e valuated though the measurement of the osmore gulatory
capacity (OC), which is the dif ference between the hemolymph osmolality and the medium osmo-
lality at a gi ven salinity. Values of OC are positi ve and ne gative under conditions of h yper- and
hypo-osmoregulation, respectively.
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Comparing these patterns with osmore gulation in teleost fishes leads to several observations.
First, although teleost fishes maintain their extracellular osmolality within a narrow range, even the
strongest osmoregulators among crustaceans are subjected to v ariations in their hemolymph osmo-
lality when salinity varies. Second, the value of the isosmotic point is close to 800 to 1000 mOsm/kg
in crustaceans, much higher than the 300 mOsm/kg in teleosts. Most crustaceans are marine species,
thus li ving close to isosmoticity with their en vironment—seawater (30 to 38‰, 880 to 1120
mOsm/kg). Under natural conditions, the probability of e xposure to decreasing salinities (lo wer
than seawater) due to precipitation or freshw ater flow in coastal en vironments is higher than the
probability of e xposure to increased salinities originating from e vaporation. Thus, crustaceans are
much more likely to hyperosmoregulate than to hypo-osmoregulate, a fact reflected in the relatively
more abundant data regarding the former metabolism. In contrast, teleost fishes do not often spend
time in an isosmotic medium, because a salinity of 10.2‰ (300 mOsm/kg) is mostly transitory in
brackish environments. They consequently either hyperosmoregulate (in freshwater) or hypo-osmo-
regulate (in seawater), and both mechanisms are equally well kno wn, as detailed in Chapter 8.

Numerous studies have described the pattern of osmoregulation of crustaceans; they have been
reviewed by Mantel and Farmer382 and Péqueux et al.,448 and some representative data are given in
Table 6.1. In laboratory studies of osmore gulation, the time of e xposure to various salinities must
be chosen to allow for complete stabilization of the hemolymph osmolality. If insufficient, it results
in the measurement of unstable values. For adult crustaceans, a stabilization time of at least 4 days
is generally recognized as suf ficient for osmotic equilibration. A shorter time (a fe w hours) is
required in small specimens, particularly in larv al stages (see Section VII).

In crustaceans, the pattern of osmore gulation is related to the tolerance to salinity and hence
to the distrib ution in natural habitats. Although generalization of the follo wing proposition is
hampered by e xceptions, it is generally recognized that osmoconformers are stenohaline and that
osmoregulators tend to be euryhaline. The former species tend to be restricted to marine zones,
while more v ariable environments tend to be populated by the latter ones; for e xample, a typical
tolerance range for osmoconformers such as majid crabs is about 30 to 36‰, which restricts them

FIGURE 6.1 Patterns of osmoregulation in crustaceans, and teleost fishes: (1) isosmotic; (2) hyper-isosmotic;
(2′) hyper-isosmotic in freshwater species; (3) h yper–hypoosmotic; (4) osmoregulation in teleosts.
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to marine habitats. Osmore gulators such as grapsid crabs or peneid shrimps can tolerate much
wider ranges, about 5 to 45‰, and their habitats include tidal estuaries, lagoons, and mangro ves.
Among osmoregulating species, the le vel of osmore gulation can be v ariable, and it af fects their
distribution. As an example, among three species of mysids living in the same estuary, one of them
(Neomysis inte ger), displaying the highest ability to h yperosmoregulate, is found in the most
oligohaline zone.612 A similar separation in habitat has been reported in four species of Uca spp.
displaying different abilities to osmore gulate.340

Extreme cases of adaptation are well represented by crayfish, which are hyper-isoregulators
and fully adapted to freshwater, where they strongly hyperosmoregulate, maintaining a hemolymph
osmolality close to 400 mOsm/kg against an external osmolality of 5 to 10 mOsm/kg. At the other
end of the adapti ve scale, anostracan branchiopods of the Artemia group, which are h yper–hypo-
osmoregulators, are well kno wn for their v ery high capacity for h yporegulation in the highly
concentrated media found in salt marshes—for e xample, 580 mOsm/kg in the hemolymph of
Artemia salina in a 5470-mOsm/kg (186‰) medium. 134–136,548,549

Except for such striking cases, fe w crustaceans can be cate gorized as strong osmore gulators.
The strong h yper-hypo-osmoregulating grapsid crabs represent a case in point. The hemolymph
osmolality of Metopograpsus messor is maintained at a constant 965 mOsm/kg from 25% seawater
to full sea water.292 In Grapsus grapsus, it is re gulated at 990 ± 30 mOsm/kg from 50 to 125%
seawater. The wide array of habitats populated by grapsids results from the e xceptional osmoreg-
ulatory abilities that mak e these crabs good models for studying the mechanisms of h yper- and
hypo-osmoregulation.

As in grapsids, several families possess a common type of osmoregulation. Most peneid shrimps,
for example are h yper-hypo-osmoregulators. The osmoregulatory abilities of crustaceans used in
aquaculture, (e.g., Macrobrachium spp. and mainly peneid shrimps) ha ve been hea vily studied
(Table 6.1), as the y are related to their salinity tolerance and gro wth.24,114,320 Peneid aquaculture is
expanding from coastal locations to inland sites with brackish well w aters in which ionic ratios
differ from those found in sea water, and studies on the osmore gulation of peneid shrimp ha ve
revealed the importance of minimum K + and sometimes Mg 2+ concentrations in the w ater.468,503,556

The colonization of ne w habitats by certain species is sometimes link ed to a shift in their pattern
of osmoregulation that dif fers from the general pattern of the group to which the y belong. P alae-
monid shrimps, for e xample, are mostly euryhaline h yper–hypo-osmoregulators living in lagoons,
estuaries, and intertidal coastal areas (T able 6.1), b ut some species such as Palaemonetes
paludosus165 and P. argentinus92 that li ve in freshw ater or in lo w salinity media are unable to
hyporegulate. At salinities abo ve 17 to 20‰, the y iso-osmoregulate and cannot tolerate salinities
above 30‰. The hydrothermal vent crab Bythograea thermydron,389 a stenohaline osmoconformer,
is exposed to stable salinity close to 33 to 35‰. 511 Bythograeidae may have derived from Potam-
oidae, Portunoideae, or Xanthoideae, 231,232,389 most of which are able to strongly osmore gulate.
During their e volution, freshwater palaemonids and Bythograea thermydron would have lost part
or all their ancestors’  osmore gulatory abilities, which had became superfluous in environments
where salinity is stable.

V. SITES AND MECHANISMS OF OSMOREGULATION

At salinities belo w seawater, a h yper-regulating organism is e xposed to osmotic influx of water
and to ion loss. At higher salinities, a h ypo-osmoregulating animal under goes the re verse passive
exchanges. Mechanisms limiting these passi ve fluxes and compensating for them are localized at
four sites: the integument, represented by the cuticle and underlying epithelium in crustaceans; the
digestive tract; the excretory urinary organs; and the branchial chambers, including gills. For reasons
discussed in Section IV , we will primarily address mechanisms of h yperosmoregulation. They
include active uptake of ions through the gills and production of a requisite volume of urine, which
can be diluted (h ypotonic to the hemolymph) in some freshw ater species.
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A. INTEGUMENT

One first adaptation in osmoregulation is the limitation of w ater and ion fluxes through reduction
in the integumental permeability. The complete impermeabilization of the integument is impossible
because it would be incompatible with respiratory g as exchanges and excretion of waste products.
Early e xperiments based on changes in weight after blockage of e xcretory pores sho wed that
osmoregulators are less permeable to w ater than osmoconformers. 274,522 These observations were
later confirmed using radioactive tracers (3H2O), which also revealed that an exposure to low salinity
could induce a v ery quick (within 30 sec) decrease in w ater permeability, such as in the isopod
Sphaeroma serratum.587 Water permeability is generally lower in crustaceans living in brackish and
freshwater media.79,238,550 Osmoconformers are more permeable to ions, particularly sodium, than
osmoregulators;227,242,535,573 for example, permeability to ions is 20 to 30 times higher in cancrid
and majid crabs than in grapsids and crayfish. Recent studies have shown that the permeability of
the cuticle covering the gill epithelium is higher in osmoconformers than in osmore gulators and is
generally higher than the permeability of the underlying epithelium. 332–334,448 These variations are
not related to cuticle structural or ultrastructural dif ferences and w arrant further in vestigations at
the molecular level because the branchial epicuticle of euryhaline decapods might contain specific
ion channels.448

B. DIGESTIVE TRACT

1. Anatomy and Cellular Structure

The morphology and structure of the digesti ve tract of crustaceans ha ve been e xtensively stud-
ied.83,145 The gut of crustaceans is comprised of three parts. The fore gut and the hindgut are
ectodermic and lined with cuticle. The midgut has an endodermic origin and is subdi vided into
one to several diverticula or caeca. The foregut is limited by a monolayered epithelium co vered by
cuticle.420 In addition to its function in nutrition, 83 it may also be in volved in ion and w ater
movements.80,380 The midgut is lined by high epithelial cells directly in contact with the lumen
content. They present features of transporting cells,83,420 also present in the midgut caeca of different
decapods.419,420 Typical features include a lar ge cell size, apical micro villi, basolateral infoldings,
and numerous mitochondria. These cells might be in volved in osmore gulation.248,271 The hindgut
is also lined by transporting cells in several isopods.262,263 In such cells, Na+,K+-ATPase was detected
through immunostaining in the basolateral infolding membranes of the hindgut epithelium of the
terrestrial isopod Armadillo officinalis621 and in the midgut of Homarus gammarus larvae and post-
larvae,307 which points to their ion-transporting function.

2. Functions

In addition to its role in nutrition, e vidence suggests that the digesti ve tract is in volved in
osmoregulation. Drinking through the mouth and anus has been reported in se veral spe-
cies.141,142,195,205,246,350,351,373,460,508 It is still unclear whether crustaceans modify their drinking rate
according to salinity, as teleosts do, 382 although evidence in some species points to an increase
of drinking rate at higher salinities. 220,423 In the mangro ve crab Ucides cordatus, the drinking
rate more than doubles from 26‰ (isosmotic medium) to 34‰ sea water in which the animals
hyporegulate.508 Fluid absorption by the gut of some species has been observ ed, and, at least in
hyperosmoregulators, it appears isosmotic to hemolymph. 2,4,9,205 Ion mo vements ha ve been
reported that potentially could be associated with w ater uptake.116,179,262,271,373,380,419,420,422,440,508 In
the terrestrial crab Gecarcinus lateralis, the fore gut is permeable to w ater and ions and under
neuroendocrine control, which is interpreted as an adaptation to conserv e water.380 The midgut
and the midgut caeca participate in ion and water regulation in osmoregulating species,4,9,141,142,145,

248,351,577 but their in volvement is not significant in osmoconformers.271,421,422 When present, the
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osmoregulatory function of the midgut and the caeca may constitute an important adaptation in
hypo-osmoregulators that tend to be chronically deh ydrated.2,3,9,10,141,142,204,209,221 In addition, in
hyporegulators and in terrestrial species, the gut could be the site of salt transport, 592 probably
oriented to salt e xtrusion.142,221 More generally , as some terrestrial crabs reingest their urine,
these species could rely on the gut for ion reabsorption from the urine (see also Section V.C.2).6,54

The hindgut seems involved in ion transport in Corophium volutator279 and in water uptake during
molting in Carcinus maenas ,117 but its in volvement in osmore gulation during the intermolt is
still uncertain, particularly given the cuticle lining of this part of the digesti ve tract.118 Differen-
tiating the digestive and osmoregulatory functions of the digestive tract is difficult and additional
research is necessary, particularly in conditions of h ypo-osmoregulation.

C. EXCRETORY ORGANS

1. Anatomy and Cellular Structure

The e xcretory glands of crustaceans are usually paired or gans h ypothetically derived from se g-
mented pairs of e xcretory organs present in ancestral crustaceans. 219 Their structure and functions
have been re viewed several times. 382,447,448,463,487,499 The segment location of the e xcretory organs
differs according to the e volutionary position of crustaceans. In most entomostracans—including
Branchiopoda, Ostracoda, Cirripedia, Copepoda, and, in the lo wer Malacostraca, Ph yllocarida,
Hoplocarida, and some Peracarida (Isopoda in particular)—the excretory ducts open on the ventral
face of the second maxilla (sixth) somite, hence we refer to them as maxillary glands . In other
Peracarida, including Amphipoda, Mysidacea, and Eucarida (Euphausiacea and Decapoda), the
excretory organs are antennal glands, as their ducts open at the base of the antennae on the antennal
(third) somite. In a fe w species of the first group, antennal glands would develop first in larvae
before their replacement by maxillary glands, b ut generalization is not w arranted.61,519

The anatomy of the e xcretory glands is or ganized according to a common three-part plan
comprising an end sac or coelomosac including remnants of the coelom; an e xcretory canal or
tubule, which may include a labyrinth; and an e xit duct sometimes dif ferentiated into a bladder
(Figure 6.2). This last section is ectodermic and thus lined by cuticle. A valve often separates the
end sac from the tubule. The microscopic anatomy of these glands, studied in a limited number of
species, shows variations among them.382,448 In Artemia salina, a central sac is surrounded by three
coils of tub ule ending in the terminal duct without a bladder .607,608 A similar general or ganization
has been found in Balanus balanoides and B. hameri ,633 Corophium volutator,279 Uca mordax,516

Callinectes sapidus,284 and Homarus gammarus.306,307 The organization and structure of the antennal
glands ha ve been well studied in crayfish.19,38,199,305,308,321,375,403,454,455,487,490,514,533,538 The e xcretory
canal, proportionally longer than in other species, is divided into a labyrinth and a tubule, sometimes
called a nephridial tubule, itself including proximal and distal parts, and the e xit duct is clearly
dilated into a bladder .

The coelomosac is limited by epithelial cells with basal podoc ytic extensions extending to the
basal membrane; slit diaphragms, well observ ed in crayfish, bridge the gap between adjacent foot
processes. Hemolymph, brought to the coelomosac by an antennary artery , is separated from the
urinary space inside the sac by the thin process made up of the basal membrane and the slit
diaphragms. This type of structure is reminiscent of an ultrafiltration system as in the glomerulus–
Malpighian corpuscle of the v ertebrate nephron. The end-sac cells also contain numerous v esicles
that look lik e lysosomes and contain residual bodies—the formed bodies of Rie gel,483 also found
in Homarus gammarus306 and Astacus leptodactylus.305 Along the excretory canal, cells bordering
the proximal part (labyrinth and proximal tub ule when the y are dif ferentiated) are generally high
and present the typical features of ion-transporting cells. Toward the distal part of the canal,
endocytic cell vacuoles are more frequent, but the density of the apical microvilli tends to decrease.
In the bladder, some or all of the limiting cells present apical micro villi or cytoplasmic extrusions
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FIGURE 6.2 Excretory organs. (Top) Location of the “renal or gan” in the crayfish Astacus pallipes . (From
Potts, W.T.W. and Parry, G., Osmotic and Ionic Regulation in Animals, Pergamon Press, Oxford, 1963. With
permission.) (Middle) Transverse section of the antennal gland of Astacus fluviatilis. (From Peters, H., Z.
Morphol. Ökol. Tiere, 30, 355, 1935. With permission.) (Bottom) Schematic diagram of the antennal gland
in Astacus spp. (From Riegel, J.A., Comparative Physiology of Renal Excretion, Oliver and Boyd, Edinburgh,
1972. With permission.)
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into the lumen and numerous mitochondria within basal infoldings, which indicate that the function
of the or gan is more than storage and release of urine. Immunolocalization of Na +,K+-ATPase in
Homarus gammarus306,307 and in several cryfish305,308,455 has shown that the enzyme is absent in the
coelomosac cells and present at the basolateral part of the ionoc yte-like cells (see Section V.D.1)
of the labyrinth, the tub ular section, and the bladder .

2. Functions

As clearly indicated by its structure, the coelomosac is in volved in ultrafiltration. Solutes with a
molecular mass lower than 90,000 Da or smaller than 40 Å can filtrate from the hemolymph to the
primary urine formed in the coelomosac. Hemolymph is carried to the coelomosac at lo w pressure
by hemolymph sinuses or, in decapods, by the antennary artery. The driving force for ultrafiltration
might be this pressure difference, probably enhanced by the difference in osmotic pressure between
the two compartments resulting from the release of the formed bodies content from the coelomosac
cells to the primary urine,484–486,488,489 which is considered to be isosmotic to hemolymph. Its volume
and composition are altered during its transit to the e xcretory pore. Reabsorption of or ganic
molecules such as glucose and amino acids has been observ ed in the bladder of some crab
species.49–53,228,266 Nitrogenous compounds as ammonia or urea can be e xcreted to a limited e xtent
through the excretory glands, but their participation in the acid–base balance is limited. 77 Mg2+ is
secreted into the urine, perhaps in relation to Na + and Cl – transport, which accounts for the lo w
Mg2+ hemolymph concentration in crustaceans. 221,229,246,473,491,497,498,508,510 Mg2+ transport would be
an acti ve process 196 effected through the bladder epithelium in crabs. 265,267,473 The dynamics of
modification of the primary urine Na+ and Cl– content is for the most part unknown. In most marine
and brackish w ater crustaceans, e ven exposed to salinity changes, urine is isosmotic to and has
similar Na+ and Cl– concentrations as hemolymph (see Tables I and II of Mantel and F armer382).
However, the presence of ionocytes and of Na+,K+-ATPase therein (see above), even in such slight
osmoregulators as homarid lobsters and in crab, 270,284 shows that acti ve transport of Na + and Cl –

occur in the e xcretory canal and in the bladder , probably as mediators of secondary transports of
other ions and molecules. 306

In terrestrial anomuran and brachyuran crabs, where water and ion conservation are important,
specific adaptations have been reported. Urine, isosmotic to hemolymph, is directed from the
nephropores to the branchial chambers.407 Ion reabsorption from urine to hemolymph occurs across
the gills. 224,225,406,408,578,636,637 In some species, urine could also be reingested, 223,225,579,636 giving an
ion-regulatory function to the gut. 6,54

In contrast, some freshw ater crustaceans, particularly g ammarids and crayfish, produce urine
hypotonic to hemolymph with lo wer Na+ and Cl– concentrations (Table 6.2), which contrib utes to
lower ion loss. At higher salinity, urine becomes isosmotic to hemolymph. 512 In freshwater, ionic
reabsorption tak es place in the dif ferent sections of the e xcretory glands (labyrinth, tub ule, and
bladder), where ionocytes are present and sho w a clear expression of Na+,K+-ATPase that tends to
decrease if salinity increases. 512 In crayfish, the tubule is distinctly longer than in other decapods,
and the ab undance and acti vity of Na +,K+-ATPase are generally higher than in other sections,
particularly the labyrinth.258,296,455 The distal part of the tub ule, where the number of ionoc ytes and
presence of Na+,K+-ATPase are highest, might be the primary site of ion absorption in the antennal
gland,488–490,616,632 perhaps linked to other transports such as glucose and amino acid reabsorption
or organic acid secretion.512,616 The density of ionoc ytes and high e xpression (although lower than
in the distal tub ule) of Na+,K+-ATPase in the bladder found in Astacus leptodactylus305,308 confirm
that this part of the antennal gland is also implicated in ion reabsorption as already sug-
gested.294,482,483,490 Unlike crayfish, freshwater crabs such as potamids and Eriocheir sinensis, which
have low cuticle permeability, have not evolved the ability to produce dilute urine, but they release
small volumes of isotonic urine. 222,243,410,433
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The primary function of the excretory organs related to osmoregulation is the regulation of the
volume of hemolymph. When exposed to a dilute medium, most crustaceans get rid of the e xcess
water through an increased v olume of urine, a reaction observ ed in osmoconforming and osmo-
regulating crabs. 49,50,156,230,265,502,534,643 The signal triggering the increase in urine production could
be the increased v olume of hemolymph, 265 but other mechanisms could be in volved, including
hormonal mediation.382 As the urine is isosmotic to hemolymph in most marine and brackish w ater
species, the increased urine v olume at lo w salinity translates into a loss of ions. Exceptions are
found in a few species, such as Macrobrachium australiense,158 that are able to produce h ypotonic
urine at low salinity. The same response of h ypotonic urine production, found in such freshw ater
crustaceans as g ammarids and crayfish but not in crabs (see abo ve), represents an important
adaptation to that medium.

At salinities higher than seawater, most crustaceans, including the semiterrestrial Uca mordax,516

produce isotonic urine; ho wever, in tw o semiterrestrial crabs, Ocypode quadrata209 and Uca pug-
nax,221 maintained in sea water and at higher salinities where the y h ypo-osmoregulate, urine is
hypertonic to hemolymph by 100 to 150 mOsm/kg. This fact may be related to the high amount
of Na+,K+-ATPase found in the antennal glands of terrestrial crabs592 that are exposed to dehydration.
Further studies are necessary in such models to in vestigate the possible function of the e xcretory
glands in salt e xcretion or the absorption of w ater. The potential e xpression of aquaporin-lik e
molecules in the e xcretory glands should also be studied.

In summary, the e xcretory glands are mainly in volved in the maintenance of w ater balance
through the production of urine. As urine is generally isotonic to hemolymph, these glands are less
involved in ion balance. A few exceptions that are significant with relation to habitat adaptation
can be found in some freshw ater and semiterrestrial species in which the production of h ypotonic
urine contrib utes to ion re gulation. The function of the glands in the h ydromineral balance of
terrestrial and hypo-osmoregulating species remains to be further in vestigated.

TABLE 6.2
Hemolymph and Urine Osmolality and Ion Concentrations in Selected Crustaceans 
Maintained in Freshwater

Species

Osmolality 
(mOsm/kg)

Na+ 
Concentration 

(mEq/L)

Cl– 
Concentration 

(mEq/L)

Refs.
Hemo-
lymph Urine

Hemo-
lymph Urine

Hemo-
lymph Urine

Gammarus duebeni 480 155 — — — — Lockwood,344 Sutcliffe,574

Gammarus fasciatus 320 110 — — — — Werntz631

Gammarus pulex 275 50 — — — — Lockwood,344 Sutcliffe 
and Shaw575

Macrobrachium australiense 515 25 — — — — Denne158

Austropotamobius pallipes 415 55 205 11 — — Riegel484

Pacifastacus leniusculus 445 35 200 14.2 195 38 Kerley and Pritchard, 304 
Pritchard and Kerley470

Astacus leptodactylus 375 182 171 11.4 201 5.6 Khodabandeh et al. 308

Procambarus clarkii 400 50 — — — — Sarver et al. 512

Potamon edulis 540 560 250 295 210 275 Harris and Micaleff245

Eriocheir sinensis 615 610 305 325 275 285 De Leersnyder152

Source: Adapted from Mantel, L.H. and F armer, L.L., in Internal Anatomy and Physiolo gical Regulation, Mantel, L.H.,
Ed., Academic Press, New York, 1983, pp. 53–161.
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D. GILLS AND BRANCHIAL CHAMBERS

1. Anatomy and Cellular Structure

Several reviews have considered the anatomy and structure of the gills, 183,382,397,447,448,582 which are
the main site for g as and ion e xchanges. As diffusional exchanges of g as are proportional to the
area of the e xchange surface, the shape and or ganization of gills are primarily dependent on this
function. Ionic re gulation, if ef fective, is located in dif ferent places according to the groups and
species. In small indi viduals, where the surf ace/volume ratio is high enough to permit suf ficient
gas exchanges, the presence of gills is not necessary . In such cases, ionic re gulation is effected in
specialized areas or or gans entirely de voted to this function. The fenestra dorsalis is an e xample;
it is located on the dorsal part of the cephalothorax of some freshwater syncarids.323 Dorsal or neck
organs with similar structure and function ha ve been described in se veral cladocera. 12,387,401,427,464

In the tanaid Sinelobus stanfor di, transporting tissues are located on the gills and along the
branchiostegites.310 In amphipods, e xtrabranchial sites of osmore gulation ha ve been detected at
several locations as sternal and pereopodal disks 311 and blood v essels of the coxal gills. 312 In
decapods, ionoregulatory sites, generally located on the gills, are also found at other locations of
the branchial chambers (see belo w for e xamples). In embryonic or early post-embryonic stages,
the existence (temporary, in most cases) of extrabranchial ionoregulatory organs has been reported
in several species (see Section VII).

Gills would have first developed as flattened appendages or epipodites of appendages perfused
by hemolymph, such as in the branchiopod Artemia spp.134,136 or in the primitive decapod Anaspides
tasmaniae.397 Gills are differently located according to the groups. In branchiopods, each thoracic
limb bears a respiratory and osmoregulatory epipod.386 In isopods, the pleopods develop into gills.618

Most amphipods possess coxal gills on four or more thoracic segments; epipodites and sternal gills
are also present in some species. 517 In decapods, each thoracic appendage can bear gills, with
variations being observ ed among species. 582 According to their location on the appendage or the
pleura, a theoretical number of three gill types per appendage could occur—podobranch, artho-
branch, and pleurobranch located, respecti vely, on the coxa, the articular membrane between the
coxa and precoxa, and the pleura. The number of gill pairs is highest in peneids and homarids (19
and 21) but generally tends to be lower in other decapods with a usual range of 6 to 9 in brachyuran
crabs.29

A decapod gill is structurally formed of an elong ated axis bearing branchial lamellae (compre-
hensively reviewed in Taylor and Taylor582). The axis contains an af ferent and an ef ferent vessel
carrying hemolymph into and out of the gill. Three main types of gills have been described according
to the shape and structure of lamellae: the ph yllobranch, trichobranch, and dendrobranch (Figure
6.1). A phyllobranch is formed of a series of paired flat lamellae perpendicular to the axis, including
a marginal canal linking the af ferent and efferent vessels for hemolymph circulation. This type is
found in carid shrimps, in some anomurans, and in brach yuran crabs, e xcept in Dromiidae. In a
trichobranch, found in astacids, lamellae are replaced by several single filaments internally separated
into two longitudinal compartments where hemolymph flows. Dendrobranchs, a main feature of
Dendrobranchiata, are found in Penaeoidea and Sergestoidea. Their axes bear branched or secondary
filaments.

The gills of decapods are enclosed in a pair of branchial chambers formed by the pleurae and
lateral extensions of the ter gum, the branchioste gites. Each chamber is longitudinally open at its
base, pro viding an entrance for the e xternal w ater that flows along the gills, usually with the
guidance of epipodites separating each gill group; water is then actively ejected from the branchial
chamber through an anterior channel by the pumping of the scaphognathites (elongated and flattened
exopodite of the second maxilla 393). On the inside part of the tw o-compartment system separated
by the gill tegument, hemolymph perfuses the gill epithelium through the circulatory system. 393,397

In terrestrial anomuran and brachyuran crabs, gills are specialized in air breathing and are kept wet
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through several adaptations, including redirection of urine from the nephropores, a process also
allowing ion reabsorption (see Section V.C.2).224,407

In addition to their respiratory function, gills are involved in ion regulation, and both functions
interact with acid–base balance. 259 High Cl – concentrations in cells lining some re gions of the
cuticle have been revealed early through silver staining. Following the pioneering work of Koch,316

this technique has been used in v arious species of crustaceans, including Artemia salina 136 and
several decapods.447 Na+ transport was demonstrated in isolated gills of Eriocheir sinensis.317,318,450

The cellular structure of the gills of crustaceans is thus related to their tw o main functions that
require very different cell types. Respiration based on g as diffusions is accomplished through thin
(2- to 4- µm) poorly dif ferentiated cells. In contrast, ion transports are ef fected in the so-called
ionocytes in which specific structural and molecular features dictate a larger size (o ver 10- µm
thickness) not compatible with g as diffusion. These features include apical micro villi, basolateral
infoldings, and numerous mitochondria (see belo w for details). Separate functions result in the
separation of the tw o types of epithelia—respiratory or osmore gulatory—either on the same gill
or on dif ferent gills. The gill structure, seldom re viewed,448,582 has been studied in se veral species
of crustaceans. 14,27,30,48,59,68,69,71,120–122,127,131,132,138,153,155,161,170,171,180,182,190,197,206,207,218,224,240,269,284,309,310,335,

336,338,362,371,388,392,402,407,418,433,441,442,445,448,458,517,537,551,552,576,577,586,587,590,617

Gill cells are separated from hemolymph by a basal membrane and are covered by a thin apical
cuticle. Respiratory cells are flat and contain few or ganelles, among them a small number of
mitochondria and vesicles. In contrast, the ionore gulatory cells or ionocytes present typical differ-
entiations. They are usually interlinked through infoldings with or without septate junctions. These
junctions may play a dual role in adhesion between neighboring cells and in permeability regulation
as suggested in g ammarid amphipods. 537 Although they vary between species, ionoc ytes present
several basic features common in man y salt-transporting v ertebrate and in vertebrate tissues such
as fish gills, renal tubules, and intestinal cells. Ionoc ytes can be located in gills b ut also in other
sites of the branchial chamber , including the pleura, the branchioste gite, and the epipodites (see
below). The apical and basal sides of ionocytes are different. Apical microvilli, sometimes forming
deep channels, increase the surf ace in contact with the subcuticular space; their number and
dimensions vary with salinity, usually expanding when salinity decreases. On the basolateral side,
deep infoldings that can extend high in the cell are associated with numerous mitochondria (Figure
6.3). Several transmembrane proteins involved in ion transport and e xchanges are basolaterally or
apically located (see Section V.D.2). Among them, Na +,K+-ATPase is found in ab undance on the
basolateral side.361 Its presence has been re vealed through immunoc ytochemistry in se veral deca-
pods (Figure 6.4). 31,32,120–122,335,336,338,388,448,451,458,590,595 Na+,K+-ATPase was also detected through the
same method in the salt gland of Artemia spp.568 and in the calcium-transporting sternal epithelium
of the terrestrial isopod Porcellio scaber.647 Ultracytochemical studies (immunogold) ha ve shown
that Na+,K+-ATPase is mainly located along the basolateral membranes of ionoc ytes.335,336,448,451,595

In adult decapods, the partition of respiratory and ionore gulatory cells varies with species and
the ability to osmoregulate. During development, the location of the osmore gulatory function may
shift between different sites (see Section VII). In osmoconformers, no or fe w ionocytes are found
on the gills or else where in the branchial chamber .388,448 In osmore gulators, dif ferent types of
ionocytes vs. respiratory cells partition have been observed. Osmoregulation can be effected on the
posterior gills only or on all of the gills by ionoc ytes separated from respiratory cells. In some
decapods, other sites of the branchial chamber can be in volved in osmore gulation, such as the
epipodites and the inner side of the branchioste gites.

In isopods, gill functions are localized in the pleopods. Among their five pairs, exopodites are
respiratory, and endopodites are in volved in osmoregulation, as shown by their structure 618 and by
the increase in Na +,K+-ATPase activity at low salinity.462,585

In several crabs, a clear separation exists between the anterior gills that are respiratory and the
posterior ones, where ionocytes are numerous on the lamellae and thus involved in osmoregulation
This organization has been reported in Callinectes sapidus ,314,349,352,595 Carcinus maenas ,120,254,595
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Eriocheir sinensis,30,121,448,590 Neohelice granulata,206,207,362,364 Dilocarcinus pagei,433 and Pachygrap-
sus marmoratus.447,448,458,540,543 Exposure to low salinity usually results in an increase of the apical
infoldings127,133,188 and of the subcuticular space of ionoc ytes.448 Few data are a vailable in crabs
able to h yporegulate. When exposed to high salinities, ultrastructural changes seem to indicate a
shift from a salt-uptak e morphology to salt secretion in Goniopsis cruentata385 and Uca uruguay-
ensis.363 In Neohelice granulata, the septate junctions between adjacent ionoc ytes are shorter at
high salinity compared to lo w salinity, pointing to a possible role of the paracellular pathw ay in
ion secretion.206,362 In addition, respiratory cells can be also associated with ionoc ytes on the same
posterior gill, as observed in Carcinus maenas,127 Callinectes sapidus,133 and Gecarcinus lateralis.132

In the freshwater crab Dilocarcinus pagei, structural and functional asymmetries have been observed
in the posterior gills; their lamellae are lined by a proximal thick epithelium and a distal thin one,
apparently involved, respectively, in Na + and Cl– absorption.433

FIGURE 6.3 Gills. (Top) Schematic dra wings of the dif ferent types of gills in decapods: (A) ph yllobranch;
(B) trichobranch; (C) dendrobranch.  (From McMahon, B.R. and Wilkens, J.L., in The Biology of Crustacea ,
Vol. 5, Mantel L.H., Ed., Academic Press, New York, 1983. With permission.) (Middle) Schematic detail of
a lamella from a posterior ph yllobranchiate gill in Macrobrachium olfer sii: is, intralamellar septum; hc,
hemolymph channels; mc, mar ginal canal; pc, pillar cells; pcf, pillar cell flanges. (From Freire C.A. and
McNamara, J.C., J. Crust. Biol. , 15, 103, 1995. With permission.) (Bottom) Ionoc ytes in gill epithelium of
Neohelice granulata (Chasmagnathus granulatus) in seawater: Af, apical folds; B, basolateral membrane; Bl,
basal lamina; M, mitochondria; Ss, subcuticular space. Scale bar = 1 µm. (From Geno vese, G. et al., Mar.
Biol., 144, 111, 2004. With permission.)
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In carid shrimps, the two types of epithelia also coexist in the gills with a predominance of the
respiratory function. The osmoregulatory epithelium, instead of laterally bordering the gill as in
brachyurans, is axial.167,441,442,445 In Palaemon adspersus388 and Crangon crangon,122 H-shaped cells
enclose hemolymph lacunae. They present a central shaft, with the features of ionoc ytes, and thin
extensions that w ould be in volved in ion transport and g as exchange. A similar or ganization has
been described in the palaemonid Macrobrachium olfersii,197 but the thick and thin parts correspond
to different cells (Figure 6.4). In addition, the epipodites and inner side of the branchioste gites of
Palaemon adspersus bear numerous ionocytes with a high amount of Na+,K+-ATPase (Figure 6.4).388

In the crayfish Procambarus clarkii 71,161 and Astacus leptodactylus ,31,32,170,338 both respiratory
and osmoregulatory epithelia ha ve been found on the same gills; some filaments are responsible
for respiration, and others bearing ionocytes are involved in osmoregulation. Other slightly different
ionocytes are present on the lamina (equi valent to the epipodites), perhaps in volved in Cl – trans-
port.31,32,170,338 In Homarus gammarus , the gills present a poorly dif ferentiated epithelium de void
of Na+,K+-ATPase; in contrast, ionoc ytes are present on the epithelia lining the epipodites and the
inner side of the branchioste gites. Exposure to lo w salinity results in an increase of the ionoc ytes
thickness and of Na +,K+-ATPase immunostaining. Thus, the slight h yperosmoregulatory capacity
of this species is most probably based on these tw o extra-gill sites.240,335,336 In peneid shrimps such
as Penaeus aztecus194,577 and P. japonicus,59 the gills bear poorly dif ferentiated ionocytes probably
more involved in respiration than in osmore gulation, but numerous ionoc ytes are present on the
epipodites, which would be the main site of osmore gulation in P. japonicus.59

2. Functions

Models of osmore gulatory NaCl transport across crustacean gills are uni versally based on
Na+,K+-ATPase, which, as in other epithelia, is restricted to the basolateral membrane of branchial
epithelial cells. Evidence supporting such localization comes from ph ysiological studies as well
as via direct determinations. In isolated perfused gills of the blue crab Callinectes sapidus , for

FIGURE 6.4 Immunolocalization of Na+,K+-ATPase in diverse organs of the branchial chamber. (Top) Lamel-
lae of the posterior gill 6 in Pachygrapsus marmoratus. (Courtesy of T. Spanings-Pierrot.) (Bottom) Epipodite
(C) and branchiostegite (D) in Palaemon adspersus: E, epithelium; HL, hemolymph lacuna; IE, inner epithe-
lium; N, nucleus; OC, outer cuticle; OE, outer epithelium; S, septum. Scale bars = 50 µm. (From Martinez,
A.-S. et al., Tissue Cell, 37, 153, 2005. With permission.)
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example, the Na +,K+-ATPase inhibitor ouabain has an inhibitory ef fect on acti ve transepithelial
Na+ flux only when applied in the internal (basolateral) perfusion medium; ouabain in the external
(apical) bathing medium has no ef fect,73 confirming earlier experiments measuring transport-
related potential dif ferences and sodium fluxes across posterior gills of Carcinus maenas .359,543

Direct localization via ultracytochemical or immunohistochemical methods corroborates a baso-
lateral site for Na+,K+-ATPase in ionocytes of crustacean gills and branchial chamber tissues, as
discussed in detail in the previous section. In this position, due to the directionality of the pumping
mechanism, the Na +,K+-ATPase is poised to pump Na + ions from the c ytosol of the ionoc yte
outwardly across the basolateral infoldings into the hemolymph, in e xchange for K+ or NH4

+ .594

Because the stoichiometry of the sodium pump is considered to be 3 Na +:2 K+,343 the outcome
of this transport is polarization of the basolateral membrane, with the c ytosolic side ne gatively
charged with respect to the hemolymph side. This polarization of charge as well as Na + concen-
tration provide a source of potential ener gy to drive secondary active transport processes, to be
discussed below.

Many authors have reported that the enzymatic activity of the Na+,K+-ATPase measured in gill
homogenates or subcellular membrane fractions responds to h ypoosmotic stress (lo w salinity) in
a variety of euryhaline marine crustaceans. Highest acti vities are recorded in posterior gills, cor -
responding with the predominance of ion-transporting cell structures in epithelia lining the posterior
but not anterior gills, as discussed in detail earlier. In Callinectes sapidus acclimated to 5‰ salinity,
mitochondria-rich areas of posterior gill lamellae e xhibit 7-fold higher Na +,K+-ATPase specific
activity than the lighter colored, mitochondria-poor regions and 14-fold higher activity than anterior
gills.595 Crustacean species in which a salinity effect on branchial Na+,K+-ATPase activity has been
noted include Callinectes sapidus,383,424,597 Callinectes similis,461 Carcinus maenas,244,357,540 Neohe-
lice gr anulata,82,206,515 Cherax destructor ,645 Eriocheir sinensis ,452,590 Homarus gammarus ,191,354

Hemigrapsus spp.,623 Macrobrachium olfersii,399 Macrophthalmus spp.,604 Scylla paramamosain,604

Uca spp.,166,268,620 Ucides cordatus,247 and others. In contrast, gills of osmoconforming or weakly
osmoregulating species ha ve been sho wn to possess generally lo wer Na+,K+-ATPase activity that
shows little response to salinity stress, as noted in Calappa hepatica,565 Maja crispata,356 Dromia
personata,356 and the spiny lobster Palinurus elephas.356

Short-term changes in gill Na +,K+-ATPase activity could result from interaction between its α,
β, and γ subunits, from direct effects of cell-signaling processes on one or more of its sub units, or
from differential recruitment of the pump protein into the plasma membrane, processes that ha ve
been widely noted in other biological systems.348,584 The amino acid sequence of the Na+,K+-ATPase
α-subunit from Artemia franciscana, Callinectes sapidus , Homarus americanus , Scylla parama-
mosain, and Pachygrapsus marmor atus contains a conserv ed binding site for protein kinase
A,119,281,367,600 providing a tar get for re gulation by c yclic AMP. Studies with crustacean epithelia,
summarized in detail below, show that dopamine and cyclic AMP do indeed affect Na+,K+-ATPase
activity and the transport properties of gills.

In some b ut not all crustacean α-subunits, a binding site for 14–3–3 protein resides near the
N-terminus.281 Because the 14–3–3 family of proteins regulates the translocation of target proteins
between endoplasmic reticulum or c ytoplasmic sites and the plasma membrane, 370 the presence of
this binding site on the α-subunit affords a mechanism for dif ferential recruitment to the plasma
membrane of gill epithelial cells. Longer term changes in Na +,K+-ATPase acti vity are lik ely to
result from the re gulation of translational or transcriptional processes within gill epithelial cells.

During embryonic development of the crayfish Astacus leptodactylus, mRNA expression of the
Na+,K+-ATPase α-subunit is closely correlated with the differentiation of tissues involved in hyper-
osmoregulation.532 In the brine shrimp Artemia franciscana, two transcripts encode different α-sub-
units of the Na+,K+-ATPase.36,367 During early larval development, mRNA encoding the α1-subunit
is highly e xpressed in salt gland, antennal gland, and midgut, while e xpression of the α2-subunit
is restricted to the salt gland; 176 however, the expression of neither transcript appears to respond to
altered environmental salinity.328
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In contrast, in gills of decapod crustaceans, Na +,K+-ATPase α-subunit mRN A transcription
appears to be quite sensitive to salinity change. In the portunid crab, Callinectes sapidus, quantitative
PCR analysis sho wed that α-subunit mRN A ab undance in posterior gills increased by 2.5-fold
within 4 days following the transfer of crabs from 32‰ to 10‰ seawater, in which the crab strongly
hyperosmoregulates.352 Despite sustained increases in α-subunit protein and Na+,K+-ATPase specific
activity in lo w salinity, α-subunit mRNA returned to control le vels after 11 days. In the closely
related portunid Scylla par amamosain, α-subunit mRN A ab undance in posterior gill increased
6-fold within 7 days after transfer from 25 5‰ to 5‰ salinity , preceding a 4-fold increase in
Na+,K+-ATPase activity at 14 days.119 This transcriptional response is consistent with a central role
of the Na+,K+-ATPase in supporting hyperosmoregulation in dilute salinities. Although S. parama-
mosain, like C. sapidus, is incapable of hypo-osmoregulation in salinities above the isoionic value,
α-subunit mRNA expression was enhanced in 45‰ salinity but curiously was not accompanied by
changes in enzymatic acti vity.119

In the strongly hyper–hypo-osmoregulating varunid crab Neohelice granulata, α-subunit mRNA
levels increased dramatically in posterior gills follo wing transfer from 30‰ to either 2‰ or 45‰
salinity.365 During acclimation to 2‰, α-subunit expression reached 35- to 55-fold higher le vels
after just 24 hours. 365 Following transfer from 30‰ to 45‰ salinity , a condition in which the crab
hypo-osmoregulates effectively, α-subunit mRNA abundance increased by 25-fold but only after 4
days of acclimation. 365 These observations led to the conclusion that the Na +,K+-ATPase is lik ely
to be intimately associated with both h yperosmoregulation in low salinities and hypo-osmoregula-
tion in high salinities.

A gill-by-gill study of α-subunit mRNA expression in the h yper–hypo-osmoregulating grapsid
crab, Pachygrapsus marmoratus, showed a complex pattern of response following transfer of animals
from 36‰ to 10‰ salinity . Gills 5 to 9 all sho wed increased le vels of α-subunit mRNA during
acclimation but with different time courses; gill 7 responded within 2 hours, whereas gill 9 sho wed
no response until 24 hours.281 This pattern contrasted with the response following transfer from 36‰
to 45‰ salinity , where this species h ypo-osmoregulates; little ef fect of acclimation on α-subunit
expression was observed in any tested gill except for gill 7, in which a significant increase occurred
within 4 hours after transfer .281 Because it is kno wn that gills of other h yper–hypo-osmoregulating
crabs exhibit distinct functions with regard to ion uptake or ion excretion,390 it is tempting to suggest
that in P. marmoratus all tested gills (5 to 9) may participate in ion uptak e and gill 7 is specialized
for ion e xcretion, both processes ener gized by an increased le vel of Na +,K+-ATPase mRNA and
presumably protein. A preliminary examination of the promoter structure upstream of the α-subunit
gene in P. marmoratus identified more than six putative binding sites for transcription factors, perhaps
allowing the complex pattern of transcriptional responses observ ed following salinity change. 281

Although Na+,K+-ATPase has recei ved the most attention from in vestigators interested in the
osmoregulatory function of crustacean gills, other transporters and associated proteins are also of
biological importance. Because Na+,K+-ATPase is basolaterally located, in contact with the internal
milieu, other membrane proteins must take the role of mediating transport of ions across the apical
membrane. To accomplish hyperosmoregulation in dilute salinities, NaCl uptake from the aqueous
environment may be achie ved via apical Na +/H+ exchange, Cl –/HCO3

–  exchange, Na +/K+/2Cl–

cotransport, other ion pumps, or ion channels. To achieve hypo-osmoregulation in high salinities,
these transport functions may be redistrib uted between apical and basolateral membranes, a phe-
nomenon observed with V-type H+-ATPase during mineralization–remineralization cycles in sternal
epithelial cells of the isopod Porcellio scaber.648 Only in a fe w cases have these transporters been
investigated in detail in crustacean gills, and little information is a vailable regarding hypo-osmo-
regulatory functions in particular .

One of the transporter candidates to recei ve experimental attention is the Na +/H+ exchanger, a
family of proteins associated with pH regulation, Na+ transport, and osmotic responses in a variety
of epithelial cells.374,619 Evidence supporting an osmoregulatory role for an apical amiloride-sensitive
Na+/H+ exchanger comes from studies of intact animals and isolated gill preparations, as well as
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partially purified membranes. In the blue crab Callinectes sapidus , exposure of crabs to e xternal
amiloride (1 × 10–4 mol/L) reduced Na + influx rates by 97%, with little effect on Cl – influx.76 In
the adult w ater flea Daphnia magna, amiloride reduced whole-body Na + uptake by about 40%. 46

Amiloride and its deri vative ethylisopropyl amiloride inhibited Na + influx in intact crayfish (Pro-
cambarus clarkii), the latter being somewhat more effective in salt-depleted animals.315 In isolated
posterior gills of C. sapidus  perfused with asymmetric salines, reflecting the transbranchial ion
gradient in brackish water, external amiloride (1 × 10–4 mol/L) inhibited net Na + uptake by 60%.73

Earlier studies of isolated gills perfused symmetrically sho wed similar inhibitory ef fects of
amiloride, notably in the shore crabs Carcinus aestuarii and Carcinus maenas.358,541 Subsequently,
inhibition of Na+ fluxes or short-circuit current by amiloride or its derivatives has been demonstrated
in perfused gills of Ucides cordatus390 and in isolated split gill lamellae of Carcinus maenas438 and
Eriocheir sinensis.430,646 Whether these inhibitory effects were due to actions on a Na+/H+ exchanger
or on amiloride-sensiti ve Na + channels in the epithelium or possibly on e xchange sites in the
acellular cuticle436 remains controversial.

In membrane v esicles isolated from gills of the crayfish Orconectes limosus , an amiloride-
sensitive Na+/H+ exchanger was detected by acridine orange quenching.566 Exchanger activity could
be separated from basolateral Na+,K+-ATPase activity by density gradient centrifugation, sediment-
ing with likely apical membrane mark ers. The K0.5 for Na+ was estimated at 17 × 10–3 mol/L with
a Hill coef ficient of approximately 1. In contrast, a similar study using membrane vesicles from
posterior gills of Carcinus maenas  showed sigmoid kinetics for Na +, with a Hill coef ficient of
approximately 2, suggesting cooperati vity and a 2:1 ratio of Na +/H+ exchange, unlike the electro-
neutral 1:1 ratio uni versally observed among Na +/H+ exchangers of v ertebrate species.536 Experi-
ments with a potential-sensitive dye confirmed the electrogenic nature of the Na+/H+ exchanger in
vesicles from Carcinus gill. The presence of such an e xchanger has been confirmed in hepatopan-
creas and antennal glands of other decapod crustaceans, including the lobster Homarus americanus,
where it may also function as a Ca +2/H+ exchanger.5,7,8 On the basis of its sensiti vity to inhibition
by Ca2+, the electrogenic 2Na+/H+ exchanger was implicated in whole-body Na+ uptake by the water
flea Daphnia ma gna.217 Immunocytochemical localization of the 2Na +/H+ exchanger in lobster
hepatopancreas showed strong reactivity in the apical membrane; in gills, ho wever, the exchanger
was associated with intracellular v acuoles rather than apical or basolateral plasma membranes. 313

No similar localization studies on strongly euryhaline crustaceans ha ve been published.
The electrogenicity of the Na+/H+ exchanger in gill membrane vesicles may help to explain the

hyperpolarizing ef fect of amiloride on isolated gills and split gill lamellae noted by se veral
authors.73,358,431 An amiloride-sensitive conductive pathway, initially suggested to be Na + channels,
was in fact suggested as an alternati ve to electrically neutral 1 Na +/1 H+ exchange as the first step
in Na+ entry.542

Molecular evidence for a Na +/H+ exchanger in crustacean gill w as obtained through the poly-
merase chain reaction (PCR) using de generate primers based on v ertebrate cDN A sequences.
Starting with RNA prepared from posterior gills of Carcinus maenas, a 2595-base-pair cDNA was
obtained that contained an open reading frame encoding a 673-amino-acid protein similar to Na+/H+

exchangers identified in other species.598 A BLAST search of GenBank with this sequence sho wed
that it bears strong similarity to the mammalian NHE-3 isoform, known to be localized to the apical
membrane of proximal tub ule epithelial cells in mammalian kidne y and other tissues. 17,374 cRNA
transcribed from the cloned Carcinus sequence supported Na +/H+ exchange across the membrane
of injected Xenopus oocytes; however, the stoichiometry of e xchange could not be measured due
to the fragility of the oocytes expressing the transporter. Semiquantitative PCR showed the highest
expression of the Na +/H+ exchanger in posterior gill, follo wed closely by anterior gill, with much
lower expression levels in nonbranchial tissues. 598 Recently, a putati ve Na +/H+ exchanger nearly
identical to the earlier sequence was identified among expressed sequence tags in normalized cDNA
libraries derived from Carcinus maenas and the copepod Calanus finmarchicus599 (Accession Nos.
DV944270, DV943567, EL773341), confirming the presence of this exchanger in crustacean tissues.
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Whether expression of this Na +/H+ exchanger varies with salinity, as well as its relationship to the
electrogenic Na+/H+ exchanger described in membrane v esicles, remains to be in vestigated.

Several investigators have presented e vidence supporting the e xistence in crustacean gills of
epithelial Na+ channels that are sensiti ve to inhibition by much lo wer concentrations of amiloride
than are needed to inhibit the Na+/H+ exchanger. In split gill lamellae of Eriocheir sinensis, amiloride
inhibited short-circuit current with half-maximal inhibition recorded at 6 × 10–7 mol/L,646 much
lower than the concentration of amiloride usually required to inhibit Na +/H+ exchange. By com-
parison, in perfused whole gills of Carcinus maenas , a half-maximal h yperpolarizing ef fect on
transepithelial potential difference was achieved by 4 × 10–5 mol/L amiloride.542 A subsequent study
of split gill lamellae of Carcinus maenas  suggested that most if not all of the amiloride ef fect in
this species may be e xplained by its inhibition of ion fluxes through the acellular cuticle. 436

Sorting through the apparently comple x effects of amiloride on osmore gulatory ion transport
across crustacean gills a waits further e xplorations at the molecular le vel. A voltage-gated sodium
channel has been identified in neuronal tissue of Cancer borealis (Accession No. EF089568), b ut
no amiloride-sensitive sodium channel has yet been detected using molecular approaches, despite
more than 138,000 nucleotide sequences a vailable in GenBank for Crustacea.

An alternative apical sodium transporter that has recei ved attention is the Na +/K+/2Cl– cotrans-
porter, one form of which mediates Na + uptake across the apical membrane of v ertebrate renal thick
ascending limb.504 Influx rates of Na+ and Cl– measured isotopically across isolated gill lamellae of
Carcinus maenas occurred in a ratio of approximately 1:2.492 When the basolateral membrane of this
preparation was made freely permeable to ions, the apical influx of Cl– became dependent on the
simultaneous presence of Na + and K+, leading the authors to suggest that apical transport of these
ions is achie ved by a Na +/K+/2Cl– cotransporter. However, known inhibitors of the cotransporter ,
bumetanide and furosemide, had little ef fect on Cl – fluxes, apparently resulting from their limited
ability to cross the cuticle boundary between the external medium and the apical membrane, the most
likely site of the cotransporter in gills exhibiting net ion uptake.353,492 In gills of Uca rapax, however,
apical furosemide did show an inhibitory effect on Na+ and Cl– fluxes and the results suggested that
the Na+/K+/2Cl– cotransporter is restricted to posterior gills. 644 The role of the Na +/K+/2Cl– cotrans-
porter in Na+ uptake has been clarified by a pharmacological study in the water flea Daphnia magna
in which it was shown that both bumetanide and thiazide (an inhibitor of Na+/Cl– exchange) reduced-
whole body Na + uptake in neonates b ut only b umetanide w as ef fective in adults. 46 These results
suggest that a Na +/Cl– exchanger may be important in Na + uptakes in neonates b ut not in adults.

A cDN A encoding a putati ve Na +/K+/2Cl– cotransporter has been amplified from gills of
Callinectes sapidus,593 Eriocheir sinensis,628 and Neohelice granulata365 and has been identified in
expressed sequence tag libraries from Carcinus maenas (Accession No. DV467183 and others) 599

and Calanus finmarchicus (Accession No. EL697027). Its mRNA expression in Neohelice granulata
was found to be strongly responsi ve to salinity challenge, increasing in posterior gills within 6
hours after transfer from 30‰ to 2‰ and reaching a maximum at 48 hours. 365 When crabs were
transferred from 30‰ to 45‰ salinity, a medium in which the animal hypo-osmoregulates, cotrans-
porter expression also increased in posterior gills b ut only after 96 hours, paralleling the observ ed
increase in Na+,K+-ATPase mRNA expression and similar to the time course of the Na+,K+-ATPase
mRNA response noted in Pachygrapsus marmoratus.281 These responses at the transcriptional level
suggest that a Na+/K+/2Cl– cotransporter is strongly involved in the osmoregulatory process in gills
of C. granulatus; however, it is not kno wn whether the cotransporter is associated with transepi-
thelial ion fluxes, particularly in low salinities, or is simply a part of the volume regulatory response
in the gill epithelial cells themselv es.

An apical Cl –/HCO3
–  exchanger may be important in mediating Cl – uptake in some species,

perhaps in addition to a Na +/K+/2Cl– cotransporter. The anion e xchange inhibitor 4-acetamido-4 ′-
isothiocyanostilbene-2,2′-disulfonate (SITS) reduced Cl – uptake across perfused gills of Carcinus
maenas by 28 to 39%, whereas the augmentation of the perfusion media with HCO 3

–  enhanced
uptake.353 When gills of Neohelice granulata were perfused with Na +-free medium, SITS reduced
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the transepithelial potential dif ference by 45%, indicating an electrogenic pathw ay in volving a
Cl–/HCO3

–  exchanger.208 In Eriocheir sinensis acclimated to freshwater, short-circuit current mea-
surements across split gill lamellae indicated that Cl – uptake proceeded by a Na +-independent
pathway, perhaps via a Cl –/HCO3

–  exchanger ener gized by an outw ardly directed gradient of
HCO3

– .432,435 Na+-independent uptak e of Cl – has been described in bicarbonate-loaded plasma
membrane vesicles prepared from posterior gills of Callinectes sapidus.329 Uptake could be inhibited
by SITS but not by furosemide or b umetanide, supporting the presence of a Cl –/HCO3

–  exchanger.
A cDNA highly similar to those encoding anion e xchangers in other species has been identified in
an e xpressed sequence tag library of Carcinus maenas  (Accession No. D V944614),599 but no
information is available regarding its expression in relation to osmotic challenge.

Basolateral transport of Cl– across crustacean gills appears to be mediated by chloride channels.
In perfused gills of Eriocheir sinensis, addition of the chloride channel block er diphenylamine-2-
carboxylate to the internal perfusion medium induced depolarization of transepithelial potential. 44

Similar results for this and other chloride channel block ers were observed with perfused posterior
gills of Carcinus maenas , the most potent block er being 5-nitro-2-(3-phen ylpropylamino)-ben-
zoate.539 None of these block ers was effective in the e xternal bathing medium b ut required access
to the basolateral membrane of gill epithelial cells. cDN As encoding a putati ve calcium-activated
epithelial chloride channel have been identified among expressed sequence tags of Carcinus maenas
(Accession No. DW584526) and Homarus americanus (Accession No. CN853980).599 Whether the
transcriptional expression of this channel v aries with osmotic stress remains to be in vestigated.

V-type H+-ATPase has been implicated as the dri ving force for Na + uptake via epithelial Na +

channels in fish gills177 in addition to serving important roles in ion transport and pH re gulation in
many other systems; it has also been suggested as an important component in crustacean osmo-
regulation. A specific inhibitor of V-type H+-ATPase, bafilomycin, has been shown to block at least
partially Cl– influx and the short-circuit current due to Cl– transport in gills of Eriocheir sinensis434,493

as well as the transepithelial potential difference in gills of Neohelice granulata perfused with Na+-
free saline.208 A membrane vesicle preparation from E. sinensis gills was shown to accumulate H +

via an ATP-dependent pathway that could be block ed by bafilomycin.434 Concanamycin, also an
inhibitor of V-type H +-ATPase, reduced the short-circuit current de veloped by a split lamella
preparation of posterior gill from the freshwater crab Dilocarcinus pagei, being most effective when
administered in the internal perfusion fluid.626 In the water flea Daphnia magna, bafilomycin reduced
whole-body Na+ uptake in neonates b ut not in adults, suggesting that V-type H+-ATPase may be
important to osmoregulation during early stages of de velopment.46

 A V-type H+-ATPase B subunit has been amplified and fully sequenced from gills of Carcinus
maenas and partially sequenced from Callinectes sapidus, Cancer irroratus, Neohelice granulata,
Dilocarcinus pagei, and Eriocheir sinensis.365,626,629 Its transcriptional e xpression was found to be
generally higher in posterior gills of E. sinensis and D. pagei than anterior, the converse apparently
being the case in C. maenas , in which salinity had little ef fect on mRN A abundance measured
semiquantitatively.626,629 In C. granulatus, as measured by quantitati ve PCR, V-type H+-ATPase B
subunit mRNA showed increases in both anterior and posterior gills by 24 hours after transfer of
crabs from 30‰ to 2‰ salinity and by 96 hours in posterior gills after transfer from 30‰ to 45‰
salinity, although sample-to-sample v ariation was quite high. 365

Immunocytochemical localization of the V-type H+-ATPase B subunit showed that it is primarily
cytoplasmic in gills of Carcinus maenas, quite absent from the apical re gion.629 Indeed, its distri-
bution appears to be punctate, reflective of localization in discrete vesicles (Lignot, Weihrauch, and
Towle, unpublished data). Because bafilomycin was without ef fect on transepithelial potentials in
perfused gills of C. maenas , the authors concluded that V-type H +-ATPase is not essential to
osmoregulatory ion transport in this species. 629 A systematic study of 13 euryhaline crab species
varying in their tolerance for freshw ater found that gill V-type H+-ATPase appears to be apical in
species that tolerate freshw ater but cytoplasmic in at least some species that do not tolerate fresh-
water.604 In Uca formosensis, specific activity of the apically located V-type H+-ATPase was higher
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in 5‰ salinity than 35‰, with no dif ference observed in Na +,K+-ATPase activity.604 Although not
directly related to osmoregulatory processes, the V-type H+-ATPase of sternal epithelial cells in the
isopod Porcellio scaber was shown to shift in polarity, from basolateral to apical distribution, during
the transition from calcium deposition to calcium resorption. 648 Whether a similar shift in polarity ,
perhaps from cytoplasmic to apical, can occur in osmoregulatory tissues remains to be investigated.

The possibility that ammonium ion might serv e as a counterion in Na +/NH4
+  exchange across

crustacean gills has been of interest for man y decades. 319 At the subcellular le vel, it is clear that
NH4

+  substitutes effectively for K+, not only in stimulating the ATPase activity of the sodium pump547

but also in its ability to mediate ATP-dependent Na+ transport across inside-out plasma membrane
vesicles.264,594 Further support for this conclusion has come from studies with perfused Carcinus
gills demonstrating a clear inhibitory ef fect of basolateral ouabain on the transbranchial e xcretion
of NH4

+. 355,624,627,630 Although earlier conclusions were based on the assumption that K + and NH4
+

compete for the same external sites on the Na+,K+-ATPase protein, it now appears that the two sites
may not be identical. In the portunid crabs Callinectes danae and Callinectes ornatus , kinetic
analysis indicates that K + and NH 4

+  bind synergistically to dif ferent sites on the Na +,K+-ATPase
protein.201,391 Thus, even in the presence of ph ysiological levels of hemolymph K +, in contact with
the K+-binding aspect of the pump, NH 4

+  may be pumped as well. Active excretion of NH4
+  across

Carcinus gills requires not only a functioning Na +,K+-ATPase but also the V-type H+-ATPase and
intact microtubules, because the process is block ed by bafilomycin, a specific V-type H+-ATPase
inhibitor, as well as colchicine and other microtubule inhibitors.630 A model of active NH4

+  excretion
suggests basolateral NH 4

+  transport via Na +,K+-ATPase, sequestration of NH 3 in vesicles acidified
by V-type H+-ATPase, vesicle transport via microtubules, and exocytosis at the apical membrane.627

The discovery of a Rhesus-related ammonium transporter in crab gills may af ford an additional
component in such a model.625 A Rhesus-related protein has been implicated in ammonium transport
across both fish gills and mammalian nephron.175,275 Demonstration of an inhibitory effect of apical
amiloride on Na+/NH4

+  exchange across gills of Callinectes sapidus469 and Petrolisthes cinctipes276

suggests that an apical cation e xchanger may be involved with this process as well, although other
authors suggest that amiloride may ha ve an indirect ef fect via interference with cation e xchange
across the gill cuticle rather than the epithelium itself, as noted abo ve.436

Although not a membrane transport protein, carbonic anh ydrase has been strongly implicated
in osmoregulatory processes in crustaceans. In addition to facilitating CO2 excretion by gills, carbonic
anhydrase catalyzes the formation of H+ and HCO3

–,  counterions for Na+/H+ and Cl–/HCO3
– exchange.

At least tw o forms of carbonic anh ydrase are belie ved to occur in crustacean gills: a membrane-
bound form primarily associated with CO 2 excretion72,250 and a c ytoplasmic form that is highly
sensitive to en vironmental salinity, increasing in acti vity as h yperosmoregulating crabs acclimate
to dilute media. 251,252 The salinity-related response of carbonic anh ydrase activity is most notable
in posterior gills of euryhaline crabs and branchial tissues of other crustaceans and has been reported
in Callinectes sapidus,251,253 Callinectes similis,461 Carcinus maenas,57,254 Neohelice granulata,208,347

Eriocheir sinensis,429 Homarus gammarus,446 and others. In the lobster Homarus gammarus, salin-
ity-sensitive carbonic anh ydrase activity resides mainly in epipodites and branchioste gites rather
than in the gills themselv es,446 corresponding with the distrib ution of Na +,K+-ATPase activity in
these tissues.191,336

Two forms of carbonic anh ydrase ha ve been identified at the molecular level in gills of
Callinectes sapidus: a cytoplasmic form (Accession No. EF375490) and a form linked to glycosyl-
phosphatidylinositol (Accession No. EF375491).531 Other cDNAs encoding putative carbonic anhy-
drase sequences ha ve been identified in cDNA libraries from Carcinus maenas  (Accession Nos.
DN202505 and DV467246),599 Calanus finmarchicus (Accession Nos. EL697164 and ES237390),
and Litopenaeus vannamei  (Accession No. BF024146) 226 and by con ventional PCR in Carcinus
maenas using de generate primers. 255 Transcriptional e xpression of carbonic anh ydrase-encoding
mRNA was induced in posterior gills of C. maenas within 24 hours after transfer of 32‰-acclimated
crabs to 10‰ salinity, preceding by 24 hours a significant increase in carbonic anhydrase activity.257
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By 7 days after the transfer , carbonic anh ydrase mRNA abundance had declined, b ut enzymatic
activity continued to increase. When crabs were transferred from 32‰ to 20 or 25‰ salinity ,
modest increases in carbonic anh ydrase mRN A occurred, b ut upon transfer to 15‰, a 10-fold
increase was noted,257 clearly implicating carbonic anh ydrase as a major component of the h yper-
osmoregulatory response. In Callinectes sapidus, mRNA expression of the glycosylphosphatidyli-
nositol-linked form of carbonic anh ydrase is induced about 4- to 5-fold follo wing transfer to lo w
salinity, whereas the c ytoplasmic form is induced about 100-fold. 531

Based on ph ysiological and molecular studies of crustacean gill, a model of osmore gulatory
ion uptake can be proposed (Figure 6.5). Unfortunately , insufficient information exists regarding
mechanisms of ion e xcretion in species that ef fectively hypo-osmoregulate. Even in species that
hyperosmoregulate, clear dif ferences exist between those that can and cannot tolerate freshw ater.
It seems to be broadly accepted that Na +,K+-ATPase is the major driving force for osmoregulatory
ion transport across gills, with the V-type H+-ATPase augmenting or possibly replacing the driving
force function of Na +,K+-ATPase in freshw ater-tolerant animals.604 Entry of Na + across the apical
membrane appears to be mediated by three transporters, perhaps singly or in combination: the
Na+/H+ exchanger, the Na +/K+/2Cl– cotransporter, or epithelial Na + channels. Apical entry of Cl –

may be achieved by the same Na +/K+/2Cl– cotransporter or by a Cl –/HCO3
–  exchanger, with baso-

lateral transport mediated by Cl– channels. To permit recycling of K+, basolateral K+ channels likely
exist. Intracellular carbonic anh ydrase is poised to generate the counterions H + and HCO 3

–  for
apical exchange processes. Molecular e vidence has been obtained for the e xistence of se veral of
these transporters, but more research, particularly re garding intracellular localization, is necessary
before the functional role of all of the players becomes clear .

FIGURE 6.5 Hypothetical working model of NaCl uptake across gill epithelial cells of hyperosmoregulating
aquatic crustaceans, based on numerous ph ysiological, ultrastructural, and molecular studies. Subcellular
localization studies have been accomplished for only a fe w of the transporters. Basolateral Na +/K+-ATPase is
thought to generate an electrochemical potential that energizes apical transport processes, including epithelial
Na+ channels, Na+/H+ exchangers, and Na+/K+/2Cl– cotransporters. Apical Cl–/HCO3

–  exchangers may mediate
Cl– uptake along with Na +/K+/2Cl– cotransporters, the HCO 3

– being provided by the action of intracellular
carbonic anh ydrase. V-type H +-ATPase may polarize the apical membrane in certain freshw ater-adapted
species. Basolateral transport of Cl– may be mediated by epithelial Cl– channels; K+ channels may be involved
in recycling K+ across the basolateral membrane. Transporters represented by gray symbols have been identified
at the molecular level in crustacean gills; in addition, gene e xpression data are available for those represented
in black. Please see te xt for supporting references.
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VI. EFFECT OF DIFFERENT FACTORS ON OSMOREGULATION

A. MOLT CYCLE

The variability of the hemolymph ionic composition and osmolality throughout a molt c ycle has
been known for a long time. 35 These tw o parameters tend to increase in premolt, preceding an
uptake of w ater at ecdysis. 55,112,382 The entry of w ater causes linear gro wth by stretching the ne w
tegument.112,168,428,499,602 The amount of absorbed w ater compared to pre-ecdysial weight ranges
from 6 to 48%. 421,480,481 Total water content shifts from 60 to 70% in intermolt stages to about 75
to 80% in early postmolt. Excess w ater could be released through dilute urine in postmolt. 235 The
variations in hemolymph osmolality throughout a molt c ycle also depend on salinity; in Penaeus
monodon and P. vannamei, they are highest at lo w salinity and in sea water but limited at 15 to
20‰ salinity.105,186 The mechanism of uptake of water at ecdysis is still being discussed. Although
an osmotic process is probably part of it in some species, 152 others do not depend solely on it, as
osmolality does not al ways increase before molting. 233,382,499 In hypo-osmoregulating species, the
osmotic gradient is opposed to osmotic w ater uptak e, as sho wn in  Penaeus vannamei ,105 which
might account for lower growth rates at high salinities. 24 One site of water entry is represented by
the gills and the entire body surface, which are covered by the new thin cuticle, as shown on isolated
integument of Maia squinado .149 A second major site of w ater entry is the gut. The drinking rate
increases just before ecdysis in Homarus americanus421 and Panulirus longipes,146 and the absorbed
water probably mo ves to hemolymph as its v olume increases concomitantly . Water mo vements
related to molting are probably under humoral control. In Maia squinado , water uptake through
the te gument is changed by the addition of hemolymph from a molting animal. 149 In Carcinus
maenas117,118 and Homarus americanus ,87,88 an increase in circulating crustacean h yperglycemic
hormone (CHH) occurs that seems to mediate the onset of ecdysis through w ater uptake.

In summary, due in particular to w ater uptake at molt, the ion composition and osmolality of
hemolymph change according to molting stages. As a practical consequence, an y study of osmo-
regulation in crustaceans must tak e the molt stages in account. As ecdysis implies lar ge w ater
movements across te gumental boundaries, future research might address the possible presence of
aquaporins at selected sites.

B. TEMPERATURE AND DISSOLVED OXYGEN

Temperature variations affect ionic and osmotic regulation, thus the capacity to osmoregulate varies
with seasons as reported in several branchiopods, amphipods, isopods, and decapods. 74,89,382,426,447 In
temperate species, v ery low (below 5°C) and relati vely high (o ver 20°C) temperatures generally
decrease the capacity to osmore gulate, with a generally more pronounced ef fect of high tempera-
tures.169 In tropical species such as peneid shrimps, a decrease in osmore gulation occurs only at
temperatures o ver 25°C, 111,635 but the ef fect of temperature is v ariable between species. In the
coldwater Homarus americanus , for e xample, hyperosmoregulation at lo w salinity increases from
2 to 11 and 25°C. 104 No clear correlation e xists with salinity tolerance, which is maximum at 5 to
12°C.394 The mechanisms accounting for the temperature effect are not clear. Keeping the American
lobster as an example, the main enzymes of metabolism ha ve a thermal optimum close to the mean
temperature of the habitat 519 (e.g., 12°C for lactate deh ydrogenase in Homarus gammarus),601 but
the optimum temperature for the acti vity of Na +,K+-ATPase is close to 37°C. 354,589 Clearly, further
research is necessary in this area. More generally , global change should rene w the interest in the
effect of temperature. As temperature rises, so will e vaporation in selected aquatic areas, leading to
increased salinity that should in turn enhance the interest in the mechanisms of hypo-osmoregulation.

Variations in dissolved oxygen affect osmotic and ionic regulation at different levels according
to species. In Carcinus maenas, exposure to low oxygen concentration is followed by no substantial
changes in seawater where the crabs are close to isosmoticity 561 but by a decrease in hemolymph
Cl– levels at lo w salinity in which the y hyperosmoregulate.283 Hypoxic stress also induces lo wer
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hemolymph Cl – levels in Palaemon adsper sus236 and Crangon cr angon237 at lo w salinity . The
consequences of hypoxic conditions are of particular importance in aquaculture, as shown in peneid
shrimps,105 for which the oxygen lethal concentration is close to 1 mg O 2 per L (oxygen tension,
PO2, of 2.7 kP a). At the minimum PO 2 of 8 kP a, usually retained to minimize stress that af fects
molting and growth, hyper- and hypo-osmoregulation are negatively affected in Penaeus vannamei,
an impairment that increases at lo wer PO2 levels.272 The decrease in osmore gulatory ability origi-
nates from several factors, including interference with the respiratory ph ysiology,377,642 disturbance
in the hemolymph acid–base balance, 259,603 or reallocation of a vailable oxygen from acti ve osmo-
regulatory processes to other vital processes.

C. POLLUTANTS AND OTHER STRESSORS

Pollutants af fect salinity tolerance and osmore gulation.214,337,447 Exposure to w aterborne toxics
exposes crustaceans to stress. 37 To measure the resulting alteration of osmore gulation, the use of
osmoregulatory capacity (OC), either h yper-OC or h ypo-OC, has been proposed. The osmoregu-
latory capacity is the difference between the osmolalities of the hemolymph and the external medium
at a given salinity.93,337

The ef fects of se veral types of pollutants present in w ater have been tested on osmotic and
ionic regulation: oil, pesticides and PCBs, metals, phenols, potassium, ammonia, nitrite. 337 Recent
evidence has accumulated that illustrates the generally ne gative impact of pollutants on osmore g-
ulation, particularly with re gard to atrazine, 546 benzene,508 ammonia,478 cadmium,544,545,615,638 cop-
per,43,66 lead,16 and zinc, 41,638 although no change in osmore gulation w as reported in Penaeus
duorarum exposed to silver in seawater.45 In freshwater and diluted media, significant decreases of
hyper-OC range from a fe w percent to usually 20 to 50% and up to 90 to 100%. In sea water and
at high salinity, stress exposure usually induces a decrease in h ypo-OC. In both cases, Na+ and Cl–

regulations are also af fected. These effects are particularly apparent upon e xposure to ammonia,
tributyltin oxide (TBTO), oil, benzene, pesticides, and most metals, such as aluminum, cadmium,
and copper. Alternately, the uptake and toxicity of metals are influenced by salinity; however, the
level of osmoregulation does not alone control metal uptak e rates, and the reciprocal relationships
among metal toxicity, metal uptake, and osmoregulation remain an open field for research.495,496,611

Regarding other stressors, studies of the ef fect of pH on osmore gulation ha ve been lar gely
triggered by the acidification of large bodies of freshwater due to acid rains.339 Few marine species
have thus f ar been in vestigated.15,396 In freshwater branchiopods and amphipods and in crayfish,
low pH between 3.0 and 5.6 consistently results in a reduction of OC as well as Na + and Cl –

concentrations, by 10 to 75% depending on the pH le vel.184,185,337 As for radioacti ve emissions,
exposure of the isopod Cyathura polita  to gamma radiation w as followed by a 16% decrease in
the h ypo-OC at 40‰. 301 High le vels of turbidity ha ve been sho wn to reduce OC in Penaeus
japonicus.341 Pathogenic agents, such as fung al infections 555 and cyanobacteria mycrocystin tox-
ins,613,614 can also decrease OC. Ultraviolet radiation (UVR) is an ecologically important parameter
in marine ecosystems that is susceptible to increase with global change 330 and to affect planctonic
crustaceans including larv ae. Few studies on the impact of UVR ha ve been conducted in crusta-
ceans,148,160,297 but the impact on osmore gulation is worth studying. 

In the h ydrothermal vent crab Bythograea thermydron, exposure to high pressure did not af fect
hemolymph osmolality at low salinity,389 but short-term exposure to 50 to 100 bars (1 bar is close to
1 atmosphere) significantly affected the hemolymph ion concentrations in Carcinus maenas 449 and
Ca2+ content in Eriocheir sinensis .524 Regarding intracellular isosmotic re gulation, unusual or ganic
osmolytes such as trimeth ylamine-N-oxide (TMAO) replace se veral amino acids in deep-sea crabs
and carid shrimps, 303 perhaps as an adaptation that protects protein stability ag ainst pressure.640

Ion-transporting organs and cells are generally se verely affected by toxicant-induced stress. 337

Exposure to pollutants often results in a blackening of gills that are the site of necrosis and hemocytic
congestion. Metals cause such gill cell alterations as fe wer and sw ollen mitochondria, nuclear
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pycnosis, intracellular v acuolization, fragmentation of the basolateral membrane infoldings, and
the occurrence of pseudomyelinic structures. Similar impacts of pollutants ha ve been reported in
the epithelial cells of the coelomosac and labyrinth in the antennal e xcretory glands. Alterations
of the basal membrane where Na +,K+-ATPase is located, structural changes of mitochondria, and
vacuolization indicating a possible failure in the regulation of water content326 all contribute to the
decrease in OC. In addition, Na +,K+-ATPase activity and w ater and ion inte gument permeability
are generally af fected by en vironmental pollutants. 45,66,337,508 Na+,K+-ATPase acti vity rarely
increases, indicating a possible temporary compensation ef fect. In most cases, the enzyme acti vity
tends to decrease, and the passi ve transtegumental exchanges of w ater and ions increase due to
higher permeability, thus contributing to a lo wer OC.

In summary, exposure to pollutants and more generally to stress generally results in a disruption
of ionic regulation and of osmoregulation. This effect is widespread, as the ability to osmoregulate
was affected in 79% of the species re viewed in Lignot et al. 337 In cultured species, osmoregulation
was disrupted in 93% of peneid shrimps and 100% of crayfish exposed to v arious stress. These
effects are commonly dose dependent, and the y vary among indi viduals.115 The changes in iono-
and osmoregulation are induced by sublethal doses of stressors, and they are often detectable before
any mortality is noticeable in e xposed animals. The variations in ion content or OC can thus be
considered to be early warnings of sublethal stress in crustaceans. Measuring OC can thus be used
as a reliable biomark er to monitor the ph ysiological condition and ef fect of stressors in osmore g-
ulating crustaceans.93,337 Given their wide variety of osmoregulatory capacity, crustaceans can also
be used as bioindicators of the quality of media.

D. NEUROENDOCRINE CONTROL

The possible e xistence of a humoral control of salt and w ater balance in crustaceans w as first
suggested by weight and size increase in decapods without e yestalks compared to intact animals,
primarily because of higher water content.34,81,444,523 Later, mainly in decapods, neuroendocrine cells
were described as clusters in parts of the nerv ous system including the cerebroid g anglia, the
eyestalk complex, and the thoracic and abdominal g anglia. These neuroendocrine centers produce
neurohormones that are stored in and released from neurohemal organs, essentially the sinus glands
in the eyestalks and the pericardial or gans.85,87,187,289 Other than a few studies showing the involve-
ment of endocrine antennal glands in the control of salt and w ater balance in isopods, 108,372 most
investigations have been conducted in decapods. 98,291,382,448 Whole organism injections of e xtracts
from the central nerv ous system, thoracic g anglion, or pericardial or gans usually stimulate osmo-
regulation. Other studies have been based on the perfusion of isolated gills 291,353,447,448 or on the use
of split gill lamellae mounted in Ussing chambers. 433,437,439,494 Hormones with diuretic and antidi-
uretic effects have been detected in Gecarcinus lateralis.55 Various factors of regulation, from the
thoracic ganglion to pericardial organs, have been shown to control water and ionic movements in
the gills.39,290,291,553,606 Dopamine, one of the catecholamines found in the pericardial or gans, might
be one of the responsible f actors, as sho wn through its stimulation of Na +,K+-ATPase activity553

and of Na + influx.159,291,404,458 In several species, especially in Eriocheir sinensis , cAMP appears
involved, probably as a second messenger, in the neuroendocrine control effected by the pericardial
organs on Na+ uptake.42,404 Additional evidence results from the increase in Na+,K+-ATPase activity
in posterior gills of Carcinus maenas incubated with dBcAMP,553,554 and the involvement of cAMP
in the upregulation of branchial ion pumping seems ubiquitous in aquatic brachyuran species;159,409

however, serotonergic stimulation of branchial ion uptak e, independent of cAMP, has been shown
in terrestrial crabs and seems unique to them. 408

In decapods, another neuroendocrine center , the X or gan–sinus gland comple x located in the
eyestalks, has received much attention. In most tested crayfish and crab species,98,448 bilateral eyestalk
removal lowers the ionic and osmore gulatory capability; reimplantation or injection of e yestalks
or sinus glands generally partially restores the initial le vel of ionic and osmotic re gulation. This
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control has been clearly demonstrated in the strong osmore gulators Metopograpsus messor 293,298

and Uca pugilator 150,249 and in the slight h yper-regulator Homarus americanus .98,99,110,111 Similar
surgical operations have also shown that the eyestalks positively control gill Na+,K+-ATPase activity
in Procambatus clarkii , Metopograpsus messor ,296 and Callinectes sapidus .513 In Pachygrapsus
marmoratus, sinus gland extracts perfused in isolated gills increase Na+ influx459 and Na+,K+-ATPase
activity in a dose-dependent way.173 NaCl uptake is also stimulated by eyestalk extracts in split gill
lamellae of Eriocheir sinensis  through the increase in number of open apical Na + channels and
activation of the apical V-type H+-ATPase.437 Regarding the nature of the e yestalk factors, recent
accumulating evidence points to the involvement of CHH, a member of the CHH–MIH–VIH–MOIH
family of hormones (crustacean hyperglycemic, molt-inhibiting, vitellogenesis-inhibiting, mandib-
ular-inhibiting hormones), a group of 8- to 9.5-kDa neuropeptides. Synthesized in the X or gans
and stored in and released from the sinus glands, the y are involved in the control of metabolism,
reproduction and development.56,84,85,87,102,151,178,299,300,322,507,558,610 

An additional function of CHH in the control of osmoregulation has been shown experimentally
in a fe w species. In pre viously destalked lobsters ( Homarus americanus ), injection of one CHH
isoform from the sinus glands increased hemolymph osmolality .110 A similar ef fect was reported
in the crayfish Astacus leptodactylus injected with D-Phe 3-CHH.529 CHH polymorphism resulting
from posttranslational isomerization of one amino acid residue in position 3 of the amino-terminal
fragment from the L to the D configuration has been reported in several crayfish, lobsters, and
crabs,557–559,591 leading to a wide functional diversity of CHH, with the D-enantiomer being involved
in the control of osmore gulation.529,532 The gills appear as one important tar get of CHH, because
in isolated posterior gills of Pachygrapsus marmoratus perfusion of CHH isolated from sinus glands
induced an increase in Na + influx.563 CHH might control the le vel of Na +,K+-ATPase activity, as
incubation of gills in sinus gland e xtracts increases the enzyme acti vity.173 Also noteworthy is the
fact that exposure of Homarus americanus to low salinity (15‰) results in an increase in circulating
CHH titer within 2 hours.88 As a peptidic hormone, CHH probably acts through a second messenger,
which could be cGMP , as sho wn in Orconectes limosus  and Callinectes sapidus 295,525 and in the
gills, hindgut, and midgut gland of Carcinus maenas.118 

In summary, a possible scenario of control of osmore gulation in decapods emerges as follows:
CHH produced by the e yestalk X or gans w ould be released through the sinus glands; it w ould
reach the osmore gulating cells of the gills and, through a second messenger , w ould stimulate
Na+,K+-ATPase. Its increased activity would then enhance Na + uptake and thus hemolymph osmo-
lality. In addition to this possible CHH control route, other possible sites for CHH synthesis ha ve
recently been found. Endocrine cells from the fore gut and hindgut of Carcinus maenas  produce
CHH that controls water and ion uptake at ecdysis.117 CHH is also produced in the thoracic ganglion
and in sub-esophageal neurons, and it could be released from the pericardial or gans where CHH
was detected in lobsters. 86,163 In Carcinus maenas , the e xpression of one of the CHH isoforms
isolated from the pericardial or gans162 increased following exposure of the crabs to lo w salinity,
suggesting a role in the control of osmore gulation.600 Similar changes ha ve been reported in
Pachygrapsus marmoratus.562,564 These findings show that the current interpretation of the control
of osmoregulation must be further studied at v arious levels: sites of neurohormone production and
release; different molecular forms, including the CHH isomers; molecular and cellular mechanisms
of actions, including second messengers and acti vated enzymes and channels other than
Na+,K+-ATPase; target organs, including e xcretory glands (especially in freshw ater species) and
the digestive tract; and the gills. 

One last point of interest lies in the similarities between CHH and the ion transport peptide
(ITP) found in the neurohemal corpora cardiaca of se veral insects. 25,26,118,368 In addition to the
molecular proximity between CHH and ITP ,457,558 their physiological activities are also similar , as
ITP stimulates ileal Cl – transport followed by w ater reabsorption. 456,457 Thus, CHH-like peptides
apparently occur widely in the arthropod ph ylum, with the control of osmoregulation as a possible
homologous function. These findings, in addition to recent phylogenetic analyses of molecular
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sequence data from dif ferent genes and ne wer morphological studies, pro vide further evidence of
the relationship between he xapods, including insects, and crustaceans, a grouping commonly
referred to as P ancrustacea.216

VII. ONTOGENY

Most studies of crustacean osmoregulation have been conducted in adults; however, natural selection
acts on all stages of de velopment,33,70,109 and salinity is one of the en vironmental factors yielding
a selective pressure on crustaceans during their entire life c ycle. Investigations on the ontogeny of
osmoregulation are thus necessary for a better understanding of the adaptation of a species to its
habitat. In his milestone book on the biology of decapod crustacean larv ae, Anger21 reported the
wide variety of developmental strategies of crustaceans. Eggs can be released in the en vironment
or retained by the female; larvae generally spend a variable amount of time in the pelagic environ-
ment as a w ay of dispersal before e ventually returning to the benthos as juv eniles and recruiting
to the adult population. During these phases, individuals are submitted to various regimes of salinity.
Various techniques have been used to study osmoregulation, including embryonic and larval culture,
nanoosmometry,198,467,476 histology sensu lato, biochemistry, molecular biology, and developmental
ecology, all leading to increasing kno wledge regarding the ontogeny of osmoregulation.90,97,448

A. OSMOREGULATION THROUGHOUT DEVELOPMENT

In those species whose adults osmore gulate, the capacity to do so occurs either in the embryonic
or post-embryonic phase, sometimes with a change in the location of the osmore gulatory sites and
related variations in the capacity to osmore gulate.

1. Embryonic Phase

Osmoregulation during the embryonic phase has been in vestigated in a limited number of species
with external or internal de velopment (Table 6.3). Among crustaceans, embryonic de velopment is
internal in a proportionally lo w number of species, especially in cladocerans, amphipods, and
isopods. The embryos de velop inside the body of the female (e.g., in closed brood chambers in
cladocerans living in freshw ater or at lo w salinity or in marine or h ypersaline continental w ater).
The adult female re gulates the osmolality of its hemolymph and of the fluid of the brood chamber
to which the embryos are isosmotic. Osmore gulatory organs develop during the embryogenesis,
sometimes as temporary neck or gans later replaced by epipodites, and the young cladocerans are
able to osmoregulate at hatch.13 In Sphaeroma serratum, an isopod living in coastal or lagoon areas,
the eggs develop in closed incubating pouches, isosmotic to the female hemolymph, where the y
acquire the ability to osmore gulate before hatching.95 Through a comprehensive and elegant set of
observations and experiments, similar adaptations have been described in the semiterrestrial amphi-
pod Orchestia gammarellus.413–415,417 The eggs are laid in a semi-closed marsupium where urine,
isosmotic to hemolymph, is apparently directed, resulting in control of the local osmolality . The
embryos become able to osmore gulate during their de velopment with a switch in the ef fector site
from the embryonic dorsal or gan to coxal gills. In these cases, embryos are thus osmotically
protected in a specialized part of the female body , where the y de velop osmore gulatory or gans
(sometimes later replaced by other organs) leading to acquisition of a physiological competency416,417

in osmoregulation, which in turns results in a certain le vel of euryhalinity necessary to cope with
salinity v ariations in their habitat. A similar function of osmoprotection of the brood has been
suggested in other similar cases, through marsupial pouches in terrestrial amphipods, 411 iso-
pods,260,569 and mysids395 and through ovisacs in freshwater calanoid copepods. 40

External de velopment is much more common among crustaceans. The de veloping e ggs are
directly e xposed to the e xternal medium, either k ept in open brood pouches or attached to the
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pleopods of the female (in most decapods) or freely released in the environment. The egg envelopes,
formed by embryonic envelopes surrounded by an outer coat,215 constitute the only barrier between
the embryo and the w ater. Among the studied species (T able 6.3), most are able to osmore gulate
at hatch, meaning that the ability to osmore gulate occurs at some point of the embryonic de velop-
ment. Until then, it is generally recognized that the e gg envelopes offer at least partial osmotic
protection to the embryo. The development of osmoregulatory organs varies according to species.
In cladocerans, an embryonic nuchal or neck or gan is later replaced by epipodites. 13 In Artemia
spp., which have been particularly well studied given their remarkable hypo-osmoregulatory ability,
the embryo is first protected by the cyst en velope, then osmore gulation in the embryonic pre-
nauplius is ef fected by a dorsal or gan or salt gland which is retained in the nauplius that usually
hatches in v ery high-salinity media, before replacement of the or gan by coxal gills. 128,588 In the
amphipod Gammarus duebeni developing in eggs carried in an open brood chamber, osmoregulation
occurs early in the development, apparently based on the function of a temporary dorsal organ later
replaced by coxal gills. 412 Similar changes have been observed in the isopod Cyathura polita, but
osmoregulation in the e gg could be ef fected either by the vitelline and embryonic membranes 302

or by temporary dorsolateral or gans.567 In the thalassinid decapod Callianassa jamaicense  living
in coastal and estuarine waters, Na+,K+-ATPase activity increases in late embryos, suggesting their
ability to osmore gulate.182 The acti vity of Na +,K+-ATPase also increases during the embryonic
development of the shrimp Macrobrachium rosenbergii, resulting in temporary ef ficient osmoreg-
ulation in hatching larvae.634 In Astacidea, sharp differences in the time of occurrence of osmore g-
ulation seem related to the habitat. In the marine and coastal lobster Homarus americanus , the
embryos are osmoconformers, as are the early larv ae; osmoprotection is provided by the outer egg
membrane,91 although a slight presence of Na +,K+-ATPase has been detected through immunoc y-
tochemistry in the antennal glands, the intestine, and the epipodotes of late embryos. 307 In contrast,

TABLE 6.3
Ontogeny of Osmoregulation During the Embryonic Phase

Development Group Species Refs.

Internal development: embryos 
or eggs in female body

Branchiopoda:
Cladocera Several species Aladin and Potts 13

Malacostraca:
Amphipoda Orchestia gammarellus Morritt and Spicer 413–415,417

Isopoda Sphaeroma serratum Charmantier and 
Charmantier-Daures95

External development: eggs 
exposed to external medium

Branchiopoda:
Cladocera Several species Aladin and Potts 13

Anostraca Artemia spp. Conte128

Malacostraca:
Amphipoda Gammarus duebeni Morritt and Spicer 412,413

Isopoda Cyathura polita Kelley and Burbanck 302

Decapoda Callianassa jamaicense Felder et al. 182

Homarus americanus Charmantier and Aiken91

Astacus leptodactylus Susanto and Charmantier 571

Hemigrapsus crenulatus Seneviratna and Taylor,528 
Taylor and Seneviratna581

Hemigrapsus edwardsii Taylor and Seneviratna581

Hemigrapsus sexdentatus Seneviratna and Taylor528

Source: Adapted from Charmantier, G. and Charmantier -Daures, M., Am. Zool., 41, 1078–1089, 2001.
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in freshwater crayfish such as Astacus leptodactylus, the egg envelopes also appear to osmotically
protect embryos during the majority of their de velopment, but the de velopment of gills bearing
ionocytes338,571 and of excretory antennal glands305,308 shortly before hatching allows efficient hyper-
regulation at hatch. In several species of the euryhaline intertidal crabs of the genus Hemigrapsus,
which are strong hyper-regulators at low salinity, the ontogeny of osmoregulation has been followed
in embryos. 528,581 Post-gastrula embryos of H. crenulatus actively h yperosmoregulate, with high
Na+,K+-ATPase activity, increased at low salinity. The involvement of a dorsal organ is hypothesized
(see below).528

2. Post-Embryonic Phase

From the a vailable data (T able 6.4) follo wing the early study of Kalber and Costlo w in 1966, 287

three patterns of ontogeny of osmoregulation have been recognized. In species belonging to Pattern
1, osmoregulation varies little throughout de velopment; all post-embryonic de velopmental stages
including adults are osmoconformers or weak osmore gulators. This type is found in marine steno-
haline species (e.g., majid crabs). In Pattern 2 species, the adults are euryhaline, live in environments
where salinity varies or in freshwater, and are hyper-iso- or hyper–hypo-osmoregulators. The adult
type of osmore gulation is present in the first post-embryonic stage, and osmoregulatory capacity
increases in successive developmental stages. This group includes cladocerans, amphipods, isopods,
and decapods such as crayfish and carid shrimps living in low-salinity media or in freshw ater. In
a third group of species (P attern 3), the early post-embryonic stages are osmoconformers or the y
slightly osmoregulate. A shift to increased ability to osmore gulate generally occurs at the meta-
morphic larva–juvenile transition, along with a change in habitat, sometimes a migration. Peneid
shrimps, some carid shrimps, homarid lobsters, and portunid, oc ypodid, and grapsid crabs belong
to this pattern. In those P attern 3 species whose adults h yper–hypo-osmoregulate, larvae are first
only able to h yper-regulate at low salinity, then, after metamorphosis, this ability increases while
the capacity to h ypo-osmoregulate at high salinity occurs. Species such as Crangon crangon,122

Eriocheir sinensis ,121 Armases mier sii,100 Sesarma cur acaoense,22 Neohelice gr anulata (Figure
6.6),103 and Uca subcylindrica474,475 exemplify these changes.

B. FUNCTIONAL BASIS

The mechanisms of h ydromineral regulation in early stages of de velopment appear close to those
described in adult crustaceans with some dif ferences regarding the location of the osmore gulatory
sites. Intracellular isosmotic regulation has been reported in several osmoconforming larvae, which
rely on it for their limited tolerance to salinity variations. As in adults, it is based on the adjustment
of the intracellular free amino acid concentration, as sho wn in Menippe mercenaria,605 Penaeus
japonicus,147,384 and Homarus gammarus.239

In those early stages that are able to osmore gulate, osmoregulation is based on the re gulation
of the hemolymph ion content, mainly Na + and Cl –, through acti ve ion transport. As in adults,
Na+,K+-ATPase is a key enzyme, the activity of which tends to increase with the occurrence of Na+

regulation in early developmental stages, as demonstrated in Artemia spp.,128,129 Callianassa jamai-
cense,182 Homarus americanus,589 Penaeus japonicus,58,59 Macrobrachium rosenbergii,278 and Hem-
igrapsus cr enulatus.528,581 Carbonic anh ydrase has also been found in the larv ae of some spe-
cies.129,589 Ionocytes, with the typical features of ion-transporting cells (see Section V.D.1), are
present in early de velopmental stages, b ut, in contrast to adults, their distrib ution includes e xtra-
branchial organs and may v ary with time.

The embryonic development often takes place inside an egg, which may offer a level of osmotic
protection to the embryo, b ut the mechanisms of e gg and embryonic osmore gulation are still
uncertain. The outer egg envelopes are acellular and do not present sites of acti ve ion transport in
the species studied so far. The water and ion permeability of the egg envelopes could be low during
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most of the embryonic development, before an increase induces an osmotic uptake of water favoring
hatching,91,215,302,505,506 but complete impermeability of the en velopes would be incompatible with
respiratory gas exchanges. Recent evidence in Hemigrapsus crenulatus shows that, although water
permeability is relati vely low, ion e xchange across the e gg envelopes is high. 528 The presence of
charged inorganic molecules could lead to the accumulation of ions according to a Donnan effect.472

Alternatively, the tensile strength of the en velopes425 would limit the osmotic uptak e of w ater,
resulting in a probably high h ydrostatic pressure in the e gg (J.-P. Truchot, pers. comm.).

TABLE 6.4
Ontogeny of Osmoregulation during the Post-Embryonic Phase

Group Species Pattern Refs.

Branchiopoda
Cladocera Several species 2 Aladin and Potts 13

Anostraca Artemia spp. 2 Conte,128 Conte et al., 129,130

Malacostraca
Amphipoda Gammarus duebeni 2 Morritt and Spicer 412

Orchestia gammarellus 2 Morritt and Spicer 415,417

Isopoda Cyathura polita 2 Kelley and Burbanck 301,302

Sphaeroma serratum 2 Charmantier and Charmantier -Daures95

Decapoda Penaeus japonicus 3 Charmantier et al. 101

Macrobrachium petersi 2 Read477

Palaemonetes argentinus 2 Charmantier and Anger92

Crangon crangon 3 Cieluch et al. 122

Astacus leptodactylus 2 Susanto and Charmantier 570,571

Homarus americanus 3 Charmantier et al. 98,101,104

Homarus gammarus 3 Charmantier et al., 104 Thuet et al. 589

Callianassa jamaicense 2? Felder et al. 182

Clibanarius vittatus ? Young641

Hepatus ephiliticus 1 Kalber286

Callinectes sapidus ? Kalber286

Carcinus maenas 3 Cieluch et al. 120

Cancer irroratus 3 Charmantier and Charmantier -Daures94

Cancer borealis ? Charmantier and Charmantier -Daures94

Cancer magister ? Brown and Terwilliger67

Rhithropanopeus harrisii ? Kalber and Costlow287

Chionoecetes opilio 1 Charmantier and Charmantier -Daures96

Libinia emarginata 1 Kalber286

Cardisoma guanhumi ? Kalber and Costlow288

Eriocheir sinensis 3 Cieluch et al. 121

Armases miersii 3 Charmantier et al. 100

Sesarma reticulatum ? Foskett192

Sesarma curacaoense 3 Anger and Charmantier 22

Neohelice granulata 3 Charmantier et al. 103

Uca subcylindrica 3 Rabalais and Cameron 475

Note: Pattern 1, all stages weak re gulators or osmoconformers; P attern 2, adult type of ef ficient osmo-
regulation present at hatch, adults osmoregulate; Pattern 3, early post-embryonic stages osmoconform or
slightly osmoregulate, shift from larval to adult type of osmore gulation during post-embryonic develop-
ment, often at metamorphosis; ?, insuf ficient data or no clear pattern.

Source: Adapted from Charmantier, G., Invert. Reprod. Develop., 33, 177–190, 1998; Péqueux, A. et al.,
in Treatise on Zoolo gy—Anatomy, Taxonomy, Biology, The Crustacea, Forest, J. and v on Vaupel Klein,
J.C., Eds., Brill Academic Publishers, Leiden, 2006, pp. 205–308.



Osmotic and Ionic Regulation in Aquatic Arthropods 197

In species that become able to osmoregulate during the embryonic phase, ionocytes differentiate
at various locations and times. These osmoregulatory sites, such as dorsal, nuchal, or neck or gans,
can be temporary and later replaced by definitive organs such as gills. Several cladocerans,13 Artemia
spp.,128 amphipods,400,412,414–416 and Cyathura polita 567 illustrate this pattern. Ionoc ytes may also
appear once at their definitive location (e.g., in gills) with a strong e xpression of Na +,K+-ATPase
in late embryos of Astacus leptodactylus,307,338 correlating with peaks in mRN A expression of the
enzyme.532 In several species of Hemigrapsus spp., mainly H. crenulatus, recent evidence has shown
that postgastrula embryos become able to hyperosmoregulate.528 The hypothetical functional model

FIGURE 6.6 Relationship between ecology and osmore gulation in Neohelice granulata. (Top) Conceptual
model of e xport strategy, with pattern of ontogenetic migration. (From Anger, K., The Biology of Decapod
Crustacean Larvae, A.A. Balkema, Lisse, 2001. With permission.) (Bottom) Ontogen y of osmoregulation in
selected post-embryonic stages (From Charmantier , G. et al., Mar. Ecol. Pr ogr. Ser., 229, 185, 2002. With
permission.)
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to interpret these data includes osmotic uptak e of w ater balanced by e xcretion of salts and w ater
via a dorsal or gan, as well as salt loss balanced by acti ve uptake through an unkno wn site. These
hypotheses warrant further research, particularly with regard to the dorsal organ of decapods which
is represented by a thick ening of the e xtra-embryonic ectoderm in the dorsal midline opposite to
the developing embryo18,189,387 and the possible presence of ionoc ytes on the embryonic ectoderm,
as in fishes.

After hatching, during the post-embryonic phase, dorsal or neck or gans can persist in larv ae
(e.g., Daphnia magna13 and Artemia spp.128) and in later stages. 12,13,387 Ionocytes may also dif fer-
entiate sequentially on successi ve organs—on branchioste gites in larv ae then on epipodites and
gills in juv eniles and adults of peneid shrimps; 59,577 on epipodites in larv ae then, in addition, on
the branchiostegites of juveniles in homarid lobsters;335 and on branchiostegites in zoeal larvae then
on the posterior gills in the megalopa and first juvenile of Eriocheir sinensis.121 In the carid shrimp
Crangon crangon, the sequence of localization of ionoc ytes is particularly comple x, as the y are
located on pleurae and branchioste gites in zoeal larv ae, on branchioste gites and epipodites in
decapodids and early juveniles, then on gills in addition to these or gans in later juveniles.122 As in
peneids and lobsters, metamorphosis marks the time of appearance of the adult type of osmore g-
ulation in several species, in close relation to the occurrence of ionoc ytes. Ionocytes, for example,
first occur at the megalopa stage of Carcinus maenas on the posterior gills, where the y persist in
later stages.120 

In species such as Eriocheir sinensis and Crangon crangon, changes in the location of ionocytes
are related to the synchronous occurrence of h ypo-osmoregulation following metamorphosis. In
several of these species ( Homarus gammarus ,335 Carcinus maenas ,120 Crangon cr angon,122 and
Eriocheir sinensis121), the functionality of the ionoc ytes is demonstrated by their structure and the
expression of Na +,K+-ATPase as re vealed through immunofluorescence. Later in development, in
juveniles, the relative gill area is greater than in adults, which presents a challenge for water invasion
and salt loss at low salinity. As shown in juvenile Callinectes sapidus, a partial compensation results
from the reduction of the gill permeability and from a large increase in the expression and utilization
of the gill Na +,K+-ATPase.331 As in adults, the gut and e xcretory or gans could be in volved in
osmoregulation during the early de velopment, b ut information on these sites is still scarce. In
Astacus leptodactylus , ionoc ytes ha ve been detected in the labyrinth and in the bladder of the
antennary gland in late embryos. 305,308

A neuroendocrine positive control of osmore gulation has been demonstrated through sur gical
eyestalk remo val and reimplantation in larv ae of Rhithropanopeus harrisii 287 and in the early
juveniles of Homarus americanus.99 In Astacus leptodactylus embryos, both L- and D-CHH enan-
tiomers are synthesized in the e yestalk X organ and stored in the sinus glands. The D-Phe3-CHH,
which has been sho wn to influence osmoregulation in adult crayfish,529,532 occurs later than the
L-CHH, a fe w days before the onset of the ability to osmore gulate.571 Thus, D-CHH would begin
controlling osmoregulation in late embryos. 530

C. ECOLOGICAL IMPLICATIONS

From molecules to the en vironment, an inte grated series of e vents links osmore gulation to the
habitat of a species at each developmental stage. The expressions of specific enzymes, transporters,
and ion channels, coordinated with the structural dif ferentiation of ionocytes at several anatomical
sites, result in stage-specific levels of osmoregulation; they in turn determine the salinity tolerance
of the successive ontogenetical stages which is a parameter of their selection of and adaptation to
habitats.

When all developmental stages osmoconform, their salinity tolerance is usually limited despite
their possible reliance on intracellular isosmotic regulation, and these stenohaline species are usually
restricted to marine habitats during their entire life (P attern 1). Typical examples are found among
majid crabs (Table 6.4). In those species that can tolerate salinity v ariations during part or all of
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their development, euryhalinity allows the colonization of media where salinity fluctuates. Before
hatching, euryhalinity first originates from an osmoprotection of the embryo by incubating pouches
or by the e gg envelopes. Then, at some point of the embryonic or post-embryonic de velopment,
an autonomous ability to osmore gulate de velops. If acquired before hatching, it results in an
osmoregulating and euryhaline hatchling being able to cope with ambient v ariable or e xtreme
salinity. In other cases, the osmore gulatory ability occurs later in post-embryonic stages, often at
the metamorphic transition, and it may result in changes in habitats. These possibilities depend on
the ontogenetic patterns of osmoregulation and are reflected in the different strategies of adaptations
to habitats characterized by their le vels of and v ariations in salinity.

A few P attern 2 species use a limited e xport strategy; for e xample, Macrobrachium peter si
adults live and breed in freshw ater, but their larvae temporarily require saline w aters. The females
migrate downstream, and hatching occurs close to estuaries. Adults and stage 1 larv ae are strong
hyper–hypo-osmoregulators, able to tolerate fresh and saline w aters. Subsequent larval stages lose
the ability to h yper-regulate in freshw ater and are thus temporarily confined to estuarine waters.
Post-metamorphic juveniles regain this ability and migrate upstream back to the adult freshw ater
habitat.477 

Most Pattern 2 species ha ve a retention strategy; that is, the y spend their entire life c ycle in a
single habitat where salinity can be v ariable, brackish, very high (hypersaline media), or very low
(freshwater). Osmoregulatory adaptations include osmoprotection of the embryos and subsequent
development of osmore gulation in embryos, which result in the capacity to osmore gulate in all
post-embryonic stages including the hatchlings. Among those exhibiting this pattern are Cladocer-
ans,13 Artemia spp.,128 Gammarus duebeni  and Orchestia gammar ellus,412–414,417 Cyathura
polita,301,302 Sphaeroma serr atum,95 Callianassa jamaicense ,182 Palaemonetes ar gentinus,92 and
Astacus leptodactylus.570,571

Pattern 3 species generally use an e xport strategy, in which ontogenetical stages with dif ferent
levels of osmore gulatory ability are transported or migrate between habitats with dif ferent levels
or regimes of salinity. Osmoconforming or poorly re gulating stages are restricted to marine en vi-
ronments, whereas osmoregulating stages can cope with v ariable or extreme salinities. In homarid
lobsters, salinity v ariations in coastal areas where larv ae hatch are tolerated first by intracellular
isosmotic regulation in the osmoconforming larv ae then through the occurrence of a slight h yper-
osmoregulation in juveniles.98,101,104,239 In Penaeus japonicus, the osmoconforming larv ae hatch in
the open sea. They drift to the coast and enter lagoons where the y grow into juv eniles following
their metamorphosis into post-larvae that are able to h yper–hypo-osmoregulate.58,59,101 In Carcinus
maenas, the osmoconforming zoeae are e xported offshore through several mechanisms, including
vertical migrations and tidal transport; 21 following metamorphosis, the increased ability to h yper-
osmoregulate allo ws for a rein vasion of areas with lo w salt concentrations such as estuaries. 120

Similar relationships between ecology and hydromineral metabolism have been reported in Crangon
crangon.122 Striking links between ontogenetic migrations and ph ysiology are e xemplified in two
grapsid crab species. In Neohelice granulata (Figure 6.6), adults li ve in lagoons or estuaries and
are strong h yper–hypo-osmoregulators. At hatching, apparently synchronized by e xternal factors
such as tidal c ycles,21,23 zoea I larvae are temporarily able to slightly osmore gulate at low salinity
before being exported within a few hours by tidal currents to the sea. The subsequent zoeal stages
are osmoconformers and develop in marine waters; the megalopae are reimported into the lagoons
for settlement. The change to a h yper–hypo-osmoregulating pattern from the me galopa, which is
linked to a rapid increase in euryhalinity in juv enile crabs, is one of the main adaptations allo wing
a return to conditions of v ariable salinity.103 The adults of Eriocheir sinensis are known to live in
freshwater, where they strongly hyperosmoregulate, and they are also able to slightly hyporegulate.
Berried females migrate downstream before hatching occurs in brackish estuarine areas. A tempo-
rary, strong hyper-osmotic regulation is used by zoea I larv ae that are exported by surface currents
to the sea, where later larv al stages de velop. The increased h yperosmoregulation occurring in
megalopae and mainly in juv enile crabs allo ws for their progressi ve return to the estuary and the
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upstream migration.121 In other species, much wider salinity variations are experienced early in the
life cycle, such as in Uca subcylindrica475 and Sesarma curacaoense,22 which breed in landlocked
habitats such as temporary w ater puddles, and in Armases miersii,100 which breeds in supratidal
rock pools. Larvae of the latter species are able to hyper-regulate to cope with exposure to frequent
low-salinity periods. The additional capacity to h ypo-osmoregulate at high salinity is acquired
following metamorphosis (i.e., in me galopa or young crabs). 100

In conclusion, the ontogenetical changes in the ability to osmoregulate are related to the ecology
of the species during their de velopment. Several aspects of the ontogen y of osmoregulation, such
as salinity tolerance and osmore gulatory capacity, are closely related with the ontogenetic e xpres-
sion of Na+,K+-ATPase and the appearance of specialized transporting epithelia in osmore gulating
organs, and both are correlated with ontogenetic changes in the habitat of the successi ve develop-
mental stages.

Future work should include an e xtension of comparati ve studies to document other cases of
ecological and ph ysiological relationships, particularly in terrestrial and subterrestrial species. 20,21

Among the ef fector organs, the development of gills is relati vely well documented, b ut the extra-
branchial organs, temporary or not, should be further investigated, along with the excretory organs
and the digesti ve tract. The osmoregulatory functions of the incubating pouches and of the e gg
envelopes should also be studied. As in adults, the mechanisms of h ypo-osmoregulation should be
investigated, particularly the timing of their occurrence, which often coincides with metamorphosis.
At the cellular and molecular le vel, much w ork remains to be conducted in conjunction with the
developmental biology of crustaceans. The fields open to research include the origin and differen-
tiation of the ionoc ytes, identification and expression of the enzymes, ion and w ater channels
involved in the osmore gulatory processes, and their re gulation during the ontogen y and according
to environmental factors, natural or anthropic in origin.

VIII. OTHER ARTHROPODS

Among aquatic arthropods, h ydromineral regulation has been hea vily studied in crustaceans, and
for a lesser part in Hexapoda (former insects; see Chapter 7). The horseshoe crabs constitute a third
and original group that has triggered the interest of biologists studying osmore gulation. These
arthropods, well known to immunologists, originate from ancestors from the Silurian and Cambrian
of the P aleozoic era. 501 Among the Chelicerata, the y belong to the Merostomata: Xiphosura:
Limulidae. F our li ving species are recognized: Limulus polyphemus , along the eastern North
American coast of the Atlantic Ocean from Nova Scotia to the Yucatan, as well as Carcinoscorpius
rotundicauda, Trachypleus gigas , and T. tridentatus in coastal habitats of the Indian and P acific
Oceans in Southeast Asia. The adults li ve in marine w aters in coastal and estuarine areas where
they can be submitted to varying salinities. They migrate shoreward in spring and summer to spawn
intertidally on sandy beaches, 174,526 a time during which the y are e xposed to salinities as lo w as
7‰.124,398 The eggs are deposited below 10 to 20 cm of sand near the waterline in the mid- to upper
intertidal areas. While regularly inundated by tides, the y are surrounded by wet sediment at lo w
tide during which the y may be e xposed to high temperatures on sunn y days and to lo w salinities
due to precipitation. F ollowing hatching, larv ae swim freely for up to 6 days, then settle to the
bottom in shallow waters of the intertidal zone, thus the y are under conditions of v ariable salinity.
Later, juveniles migrate to deeper waters. All stages are euryhaline, in the range of 10 to 55‰ (5‰
and over 60‰ for short-term periods) in adults and 10 to 70‰ (5 to 90‰ for short-term periods)
in larvae of Limulus polyphemus.174,501 Optimal salinity for embryonic development is in the range
of 20 to 30‰ 282,325,527 or 30 to 40‰. 174

The osmoregulation of Limulus polyphemus has been studied. 125,139,202,398,501,596 Adult and large
juvenile horseshoe crabs are h yper-isosmotic (Pattern 2 in Table 6.1). In the e xperimental salinity
range of 5 to 64‰ tested by Robertson, 501 they slightly h yper-regulate from 5 to 21‰ and are
osmoconformers at higher salinities.
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The osmoregulating sites are represented by the book gills and the coxal glands. The opistho-
somatic appendages are swimming legs. Their second to sixth pairs carry gill books formed of gill
lamellae639 morphologically dif ferentiated into thin (peripheral) and thick (central) re gions.376

Although an ultrastructural study of the gills of Limulus polyphemus and Trachypleus tridentatus
showed no structure characteristic of a transport epithelium,479 other evidence points to the presence
of ion-transporting cells in parts of the gills. In Limulus polyphemus, electron microscopy suggests
that the thin cells of the peripheral re gion are specialized in respiration, while typical ionoc ytes
are found on the v entral part of the central re gion.256 High concentrations of Na +,K+-ATPase and
of carbonic anhydrase are found in the ionocytes,256,280 but exposure to low salinity is not followed
by an increase in the enzyme acti vity.256,596 The osmoregulatory function of horseshoe crab gills is
thus spread on all of them, as in astacid crayfish and contrary to brachyuran crabs. The coxal glands
are paired organs, each represented in adult horseshoe crabs by four nephridial lobes connected by
a stolon terminating in an end sac at the base of the fourth lobe; the end sac is continuous with a
convoluted nephric duct up to an e xcretory pore at the base of the fifth walking le g.64,639 Each
nephridial lobe consists of tw o cortical layers surrounding a medulla. The corte xes, in which
podocytes separate hemolymph lacunae from the urinary space, are most probably the site of
hemolymph ultrafiltration.64 Ionocytes are present in other parts of the glands, particularly in tubules
of the medulla, in the stolon, and in the epithelial lining of the end sac. 64,256 Na+,K+-ATPase is
present in the cells of the coxal glands. Its acti vity is much higher than in the antennal glands of
euryhaline decapod crustaceans, and it increases at low salinity.256,280,596 Carbonic anhydrase is also
found in coxal glands.256 After exposure to low salinity, the glands produce urine that is h ypotonic
to hemolymph. 379,596 Thus, at least in Limulus polyphemus , both the gills and coxal glands are
involved in ion transport and osmore gulation, whereas the coxal glands, where hemolymph ultra-
filtration occurs, also probably function in excretion. Horseshoe crabs, ho wever, are characterized
by a high water permeability of the carapace and gills, which is about tenfold higher than in decapod
crustaceans.172,238,256 Severe swelling of the articular membranes and of the gills has been observ ed
in Limulus polyphemus at low salinity before hemorrhage and death. 172,379,501 At the cellular le vel,
osmotic w ater uptak e and cell swelling occur , b ut intracellular v olume re gulation is slo w and
incomplete.622 Compared to decapod crustaceans, the intracellular free amino acid content is lo wer
in horseshoe crabs, 63 and their contribution to intracellular isosmotic re gulation is less ef ficient.622

In summary, the lower limit of chronic salinity tolerance (ca. 10‰) of adult  Limulus polyphemus
may not be set by a limitation in ion transport by the gills and coxal glands b ut rather by a
combination of high w ater permeability of the te gument, particularly of the gills, and of limited
cell volume regulation.

Due to the location of the reproduction sites, early de velopmental stages are submitted to
variations of salinity. When exposed to dif ferent salinities, the peri vitelline fluid contained within
the outer membrane in embryos of Trachypleus tridentatus527 and Limulus polyphemus174 changes
rapidly and becomes nearly isosmotic to the medium. Thus, the embryos are not protected from
salinity changes by the e gg membranes. A pair of embryonic lateral or gans has been described in
horseshoe crab embryos. 527 Although cauterization of these or gans interferes with the weight
increase of the embryos, their possible role in osmore gulation is still unclear. Following hatching,
larvae and juveniles are also exposed to wide salinity fluctuations, and their euryhalinity has been
demonstrated; however, their capacity to osmoregulate is still unknown and should be investigated.

IX. CONCLUSION

In the past 10 to 15 years, se veral techniques ha ve been utilized to deepen our understanding of
the mechanisms and adapti ve role of osmore gulation in crustaceans. Molecular approaches ha ve
complemented research based on physiology and cellular biology, ecology, and ecophysiology. The
cellular and molecular bases of ionic and osmotic re gulation are being deciphered, se veral ion
channels and transporters and their functions ha ve been re vealed, and the endocrine control of
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osmoregulation has been further analyzed. The aptitude to osmore gulate has been confirmed as
being a key factor for the occupation of a habitat, and the ontogenetic variations of osmoregulation
have been linked to different strategies of development.

Old questions remain unresolved, however, and new ones are appearing, leaving many avenues
open for future research. Our understanding of the mechanisms of h ypo-osmoregulation is still
quite poor, compared to the state of knowledge on hyper-regulation in crustaceans and to the wealth
of data a vailable in fishes. The study of this metabolism w ould renew interest in the function of
the te gument, of e xcretory or gans and gills, and, particularly , of the digesti ve tract, which has
somehow been ne glected so f ar. At the cellular and molecular le vel, the search for additional ion
channels, their site of e xpression, and their re gulation should also be e xpanded, as should studies
of the open or septate junctions between adjacent cells of osmore gulatory sites. Also worth devel-
oping is a search for crustacean aquaporins or AQP-like molecules, the expression of which would
be important to allo w passive water movements that are vital under conditions of deh ydration at
high salinity or in terrestrial conditions. Se veral directions for future research are related to the
ontogeny of osmoregulation, as stated at the end of Section VII.C. Osmotic protection and osmo-
regulation of the embryo, the origin of osmore gulatory sites (including e xtra-embryonic tissues),
the origin of ionoc ytes (linked to developmental biology), the molecular structure and e xpression
of water and ion e xchangers, and the ecoph ysiological role of osmore gulation in de velopmental
strategies are among the important areas of research to pursue in this field. Rising concerns about
global change and anthropic alteration of natural habitats will also w arrant an increase in studies
related to the ef fect of pollution and adv erse environmental effects (e.g., temperature, ultra violet
radiation) on osmoregulation.
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I. INTRODUCTION

Insects are by f ar the most numerous animals on Earth, with an estimated 10 19 individuals alive.
The current count of about 900,000 kno wn species accounts for more than 80% of all the species
of animals on the planet. Moreo ver, an additional 2 to 30 million species of insects are thought to
exist. Insects are so deeply entrenched in the web of li ving things that it is dif ficult to imagine a
world of plants and animals without them. 1 No one will doubt the importance of insects in human
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welfare. Our own lives depend on the relati vely few species of pollinating insects that by w ay of
plants nourish us and animals. We all kno w the taste of hone y, the feel of silk, and the fragrance
of wax, but we also look with disbelief at the destruction insects can bring on forests, fields, and
civilizations; however, that destruction can also f acilitate the early conclusion of w ar.2

The building of the P anama Canal illustrates the struggle that can e xist between humans and
insects and the self-sacrifice humans are capable of making toward the common good. The Panama
Canal project was completed only after learning ho w yellow fever spreads in human populations.
Soldiering volunteers provided the definitive conclusion in an e xperimental protocol that w ould
challenge ethics committees today . The v olunteers pro ved that the bite of the mosquito Aedes
aegypti distributes the disease in the population. One set of v olunteers with the stomach to wear
soiled clothes and sleep in the dirty linens of yellow fever patients in rooms isolated from mosquitoes
did not get the disease, whereas v olunteers wearing clean clothes and sleeping in fresh linen b ut
who were e xposed to mosquitoes that had feasted on the blood of a yello w fever patient did get
the disease.

The French initiated the Panama Canal project but gave it up in 1893 after losing 22,000 workers
to yellow fever and malaria. Five years later, Americans had lost 2450 soldiers in the Spanish–Amer-
ican War: 385 in battle and all the others to diseases such as yello w fever. A casualty list demon-
strating 84% of loss of life to tropical disease led the U.S. Army to commission Walter Reed to
investigate yellow fever in Cuba, where the ph ysician Carlos Juan Finlay had claimed, as early as
1881, that yello w fever is transmitted by mosquitoes. Reed established the link between yello w
fever and mosquitoes in 1900 in the e xperiment described above. Thereafter, Americans picked up
the Panama Canal project, drained the swamps in the vicinity of the construction sites, reduced the
population of mosquitoes, and contained the spread of yello w fever. The Panama Canal opened in
1914. We now know that the causati ve agent of yello w fever is a virus, b ut we still do not ha ve a
cure for the disease. The causative agent of malaria, also transmitted through the sali va of blood-
feeding mosquitoes, is a protozoan of the genus Plasmodium. Nematodes may also be transmitted
through the saliva of mosquitoes, causing heartworm disease in dogs and elephantiasis in humans.

One of the aims of this chapter is to re view the salt and w ater balance in insects—a subject
that can fill volumes in vie w of the enormous di versity of insects and their habitats. No one has
yet risen to this challenge; ho wever, the reader will find excellent discussions of this topic in The
Insects, by Chapman; 3 in Biology of Disease Vectors, by Marquardt; 4 and in The Biolo gy of
Mosquitoes, by Clements. 5 Also see the re views listed in Table 7.1. A recent book by Cho wn and
Nicolson6 takes a look at water balance in insects from the perspective of environmental physiology.
Dow and Da vies7 discovered putative transport acti vities in Malpighian tub ules beyond osmoreg-
ulation by e xamining the so-called transcriptomes of Malpighian tub ules. Gaede8 examined how
peptides couple metabolism to w ater balance in insects, and Coast 9 has provided the most recent
review of the endocrine control of salt and w ater balance in insect Malpighian tub ules and gut.

We approach the review of osmotic and ionic re gulation in insects by focusing on challenges
at the extremes: conserving water at one end of the spectrum and getting rid of w ater at the other
end. Minimizing w ater loss is the o verall concern of terrestrial insects, b ut getting rid of w ater is
the concern of larval insects inhabiting freshwater and of insects that gor ge on blood or the sap of
plants either for nourishment (e.g., Rhodnius, Homalodisca) or as part of their reproducti ve cycle
(e.g., Anopheles, Aedes). As will be sho wn belo w, the e xoskeleton and respiratory , renal, and
intestinal/rectal systems all aim to conserve water in terrestrial insects, but the renal system retains
the capacity to dump w ater when water floods the hemolymph.

We begin our review by examining how insects conserve water by way of minimizing cuticular
and respiratory w ater loss. We then focus on Malpighian tub ules and their epithelial transport
mechanisms and show how these transport mechanisms can be manipulated to accomplish specific
homeostatic goals. The review then continues to e xamine the astonishing feat in some insects of
pulling w ater out of the ambient air . Finally, we conclude this chapter by sho wing how insects
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continue to mak e important contrib utions to our understanding of the molecular biology and
biochemistry of the v acuolar-type H+-ATPase.

Potts and P arry10 cautioned years ago that, “The insects are a class of specialists and v ary so
greatly in habit and ph ysiology that no insect can be re garded as typical; Carausius [stick insect]
examined in detail by Ramsay is as representati ve as an y other.” Considerable dif ferences in the
composition of the hemolymph both between dif ferent orders of insects and e ven within a single
order, e xemplify the functional di versity that can be found in the class Insecta. 11 Our focus on
Malpighian tubules of mosquitoes (Diptera) in this chapter will also bring out the comple xity and
functional diversity of Malpighian tubules that not long ago were considered a “simple epithelium.”

II. MINIMIZING CUTICULAR WATER LOSS

This complex film undergoes a change of phase with which is associated a greatly increased permeability
to water molecules.

Ramsay12

Given the small body size of insects, the w ater household is disadv antaged by: (1) a lar ge surface
area-to-volume ratio; (2) a limited storage capacity for w ater, especially for flying insects; and (3)
exposure to high temperature and lo w relati ve humidity in terrestrial habitats. Thus, a major
challenge to terrestrial insects in general is to manage a water household that is threatened primarily
by evaporative water loss through the cuticle and the respiratory system. Transpirative water loss
through the cuticle and the respiratory system can account for more than 60% of the body w ater
loss in terrestrial insects,13,14 and most of that water loss takes place across the cuticle.14,15 Cuticular
water loss would be incompatible with life in most insects if insects were not w aterproofed by an
external lipid layer; ho wever, the cuticle is not solely specialized for w ater conservation. It serves
other functions as well, such as exoskeletal armor, locomotion, growth, communication, respiration,
reproduction, and sensory perception. Thus, the e volution of cuticular w aterproofing in different
insect species must ha ve been met with tradeof fs to other functions of the cuticle.

TABLE 7.1
Guide to Malpighian Tubules of Specific Insects

Insect Refs.
Diptera:
Fruit fly (Drosophila)
Mosquitoes (Aedes, Anopheles)

Blumenthal,262 Dow,7 O’Donnell, 356 Riegel,283 Wessing132

Beyenbach,124,207 Bradley,143,357,358 Coast,244 Donini,359 Gill,360 Patrick,180 Pullikuth361

Orthoptera:
Cricket (Acheta)
Weta (Hemideina)

Spring,162 Neufeld,362 Xu,363 Hazelton364

Neufeld,187 Leader365

Hemiptera:
Kissing bug (Rhodnius) Caruso-Neves,189 Orchard,192 Gutierrez,191 Sofia Hernandez,366 Whittembury,157 

Hazel,367 Te Brugge,195 Maddrell,271 Ianowski368

Hymenoptera:
Ant (Formica) Van Kerkhove,185 Laenen,369 Zhang370

Coleoptera:
Beetle (Tenebrio) Holtzhausen,371 Wiehart372,373

Lepidoptera:
Tobacco hornworm (Manduca) Gaertner,374 Li,375 Reagan,247 Skaer116



234 Osmotic and Ionic Regulation: Cells and Animals

A. STRUCTURE OF THE CUTICLE

The structure of the insect integument has been described in several textbooks and reviews.3,13,14,16–19

Together with the underlying epidermis and a basal lamina, the cuticle forms the inte gument of
insects. Classically, the cuticle is described as consisting of tw o main layers: the procuticle and
epicuticle (Figure 7.1). Lock e,19 however, has proposed that the thin cuticulin component of the
epicuticle is an envelope analogous to that enclosing bacterial cells and that it should be considered
an additional main layer. The envelope is extremely thin, approximating the thickness of a plasma
membrane (Figure 7.1). It forms the external boundary of the cuticle, and its chemical composition
is unknown.19

The epicuticle (0.1 to 3 µm thick) lies immediately below the envelope (Figure 7.1 and Figure
7.2). The epicuticle is enriched with protein and lipid; the latter contrib utes to w aterproofing.
Underlying the epicuticle is the procuticle, which may be se veral hundred micrometers thick. The
presence of chitin distinguishes the procuticle from the other cuticular layers (Figure 7.1B). In
adult insects, the procuticle can be delineated into two sublayers: the endocuticle and the exocuticle
(Figure 7.2A). Exo- and endocuticle consist of a protein matrix reinforced with chitin fibers. The
proteins of the exocuticle are heavily sclerotized (i.e., cross-linked), which makes it stiffer than the
endocuticle. The procuticle is not considered a major barrier to e vaporative water loss, b ut it is
thought to shape and strengthen the e xoskeleton.

Essential to w aterproofing are a series of canals and ducts that arise from the epidermis and
traverse the cuticular layers to reach the outer surf ace of the envelope. Wax or pore canals lea ving
the epidermis proliferate into a fine meshwork of filaments in the epicuticle (Figure 7.2). The
filaments deposit a layer of wax on the outer surf ace of the en velope (Figure 7.2B). This w ax
consists primarily of waterproofing lipids. In some insects, dermal gland ducts extend from secretory
dermal glands of the epidermis to the en velope (Figure 7.2A). The ducts secrete a layer of cement
containing proteins and waterproofing lipids on top of the wax layer (Figure 7.2B). In the cockroach
Periplaneta americana, cuticular water loss increases when the dermal gland ducts are open. They
close during dehydration stress to limit transpirati ve losses.20,21

FIGURE 7.1 Transmission electron micrograph of the cuticle in Drosophila melanogaster embryo: (A) relative
thickness of cuticular layers; (B) black dots represent gold particles conjug ated to wheat-germ agglutinin,
which selectively binds to and identifies chitin. (From Moussian, B. et al., Arthropod Struct. De v., 35, 137,
2006. With permission.)
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B. CLASSICAL EVIDENCE FOR CUTICULAR WATERPROOFING

The study of cuticular w aterproofing has been motivated and shaped by tw o pioneers of insect
physiology, J.A. Ramsay and V.B. Wigglesworth, as well as by one of their contemporaries, J.W .L
Beament.

1. Ramsay

The first evidence that cuticular lipids were responsible for w aterproofing was provided over 70
years ago by Ramsay.12 In his classic paper on evaporative water loss in the cockroach Periplaneta
americana (see Reference 22 for a succinct and enjo yable history), Ramsay made three critical
observations. First, he found that the rate of water loss from the body surface of dead roaches (with
sealed spiracles) suddenly and dramatically increased when the ambient temperature rose abo ve
30°C (Figure 7.3A). The finding confirmed and revised an earlier study on li ving cockroaches by
Gunn,23 who concluded that the water loss at the higher temperature was due to increased respiration,
which was obviously not occurring in Ramsay’s dead subjects. Second, Ramsay observed that small
drops of w ater deposited on the cuticle of roaches did not e vaporate as readily as those on glass
and other surf aces. Third, Ramsay observ ed with a microscope that the drops of w ater on the
surface of roaches appeared to be co vered by a film that resisted puncture of the drop with a fine,

FIGURE 7.2 Diagram of the arthropod cuticle: (A) Subdi vision of the procuticle into the e xocuticle and
endocuticle. (From Hadley, N.F., J. Exp. Zool., 222, 239, 1982. With permission.) (B) Pore canals traverse the
cuticle and form a meshw ork of filaments in the epicuticle that deposit the wax layer on top of the en velope.
(From Klo wden, M.J., Physiological Systems in Insects , 2nd ed., Academic Press, Ne w York, 2007. With
permission.)
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glass needle. Much of that resistance disappeared at temperatures abo ve 30°C, which led Ramsay
to conclude that: (1) the e xoskeleton of the roach is co vered with a “film of fatty substance” that
decreases evaporative water loss, and (2) the f atty film melts at temperatures above 30°C, exacer-
bating the loss of body w ater. Wigglesworth24 later referred to critical temperature (T C) as the
temperature at which an insect’ s evaporative water losses abruptly increase.

2. Wigglesworth

To extend Ramsay’s original findings, Wigglesworth24 conducted similar e xperiments but studied
a number of insect species and dif ferent life stages and further e xamined the lipid nature of the
surface film. He found that values of TC vary among species; the values are from 20 to 30°C higher
in insects from drier habitats than those for insects from moist habitats. Similarly , values of TC
were lower in larv al insects inhabiting moist soils than in the pupae or adult insects e xposed to
relatively dry air. Negative correlations between values of TC and the availability of environmental
water led Wigglesworth to suggest that the chemical and ph ysical properties of the cuticle match
the waterproofing needs of the insect.24 Importantly, Wigglesworth found that e vaporative water
loss was greatly increased by: (1) mild abrasions of the cuticle, and (2) the application of nonpolar
solvents to the exoskeleton. Wigglesworth’s findings demonstrated the delicate, hydrophobic nature
of the cuticular w aterproofing mechanism, which he attributed to a thin layer of highly ordered
lipids that becomes disordered at temperatures abo ve the TC.

3. Beament

Published in the same journal issue and perhaps overshadowed by Wigglesworth’s paper, Beament25

found that artificial cuticles prepared from lipids extracted from molted e xoskeletal casts sho wed
responses to temperature and abrasion similar to those observed in dead insects. Beament25 hypoth-
esized that the cuticle of insects was sealed by a highly ordered monolayer of lipids. He envisioned
hydrophobic heads of the monolayer interacting with the underlying cuticle and h ydrophobic tails
forming the water seal at the surf ace. Although Beament further developed a complex biophysical
model to e xplain this attracti ve hypothesis,26 it was largely discounted after biochemical studies
found that lipids e xpected to form such monolayers (e.g., phospholipids, saturated alcohols) are
not abundant in insect epicuticle.

FIGURE 7.3 Cuticular w aterproofing in insects: (A) Ramsay’s disco very of the critical temperature (T C),
above which e vaporative water loss suddenly increases in the cockroach. 12 (B) Lipids applied to a synthetic
model membrane, demonstrating nearly perfect correlation between the melting temperature (T M) and TC of
known lipids. 28 Each symbol represents a unique saturated h ydrocarbon (n-alkane). Solid line indicates the
line of identity; dashed line depicts the measured correlation. (C) Correlation between TM and TC measured
in the grasshopper  (Melanoplus sanguinipes); the solid line indicates the line of identity , and the dashed line
depicts the measured correlation. (Adapted from Rourke, B.C. and Gibbs, A.G., J. Exp. Biol., 202, 3255, 1999.) 
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4. Back to the Future

The most important and pre vailing hypothesis to emer ge from the abo ve studies is that cuticular
waterproofing is mediated by an external surf ace of structured lipids that becomes disrupted or
melts at the TC. The hypothesis went unchallenged for more than 60 years because the technology
to accurately and precisely measure the melting temperature (T M) of cuticular lipids w as not
available. TM is the temperature at which 50% of the lipid melts. 27 It was not until the sensiti ve
and precise technique of F ourier transform infrared (FTIR) spectroscop y was established that the
lipid melting hypothesis was tested on the grasshopper Melanoplus sanguinipes.28 The authors first
showed that the TM value of a pure lipid (i.e., h ydrocarbons) coating a model membrane matched
the T C value (Figure 7.3B). The authors then demonstrated that TC values measured in intact
grasshoppers closely matched TM values of cuticular lipid e xtracts (Figure 7.3C), pro viding con-
vincing evidence in support of the lipid melting h ypothesis. Ramsay12 “got the critical temperature
story right the first time,” notes Gibbs. 22

C. BIOCHEMICAL COMPOSITION AND BIOPHYSICAL PROPERTIES OF CUTICULAR LIPIDS

A thorough summary of the studies describing the biochemistry and bioph ysics of epicuticular
lipids in insects could easily encompass a chapter in itself. F or extensive reviews on this subject,
we direct the reader to References 29 to 35.

1. Biochemical Composition

The heterogeneity of lipids detected in the cuticle of insects is remarkable. The epicuticle of the
house fly Musca domestica may contain more than 100 different hydrophobic compounds.36,37 The
list of lipid classes detected in cuticles includes, b ut is not limited to, saturated h ydrocarbons
(straight-chained n-alkanes and branched meth ylalkanes), unsaturated h ydrocarbons ( n-alkenes
and alkadienes), f atty acids, w ax esters, k etones, and sterols. Notably , phospholipids and ac yl-
glycerols (e.g., triglycerides) are absent from the epicuticle or detectable only in lo w amounts. In
view of the di versity of insects and the habitats the y select, generalizations about the lipid
composition of cuticles are dif ficult; however, saturated h ydrocarbons (n-alkanes and meth ylal-
kanes) containing 20 to 40 carbons are usually the most ab undant. Next are unsaturated h ydro-
carbons (n-alkenes) containing 20 to 30 carbons and saturated w ax esters containing at least 30
carbon atoms (Figure 7.4).

2. Lipid Biophysics and Waterproofing

For a cuticular lipid to be ef fective at w aterproofing, it must be in a solid or semisolid phase at
the temperatures experienced by an insect; thus, the TM value of cuticular lipids should be greater
than the insect’ s ambient temperature. The TM of any lipid, and consequently its w aterproofing
ability, is ultimately dependent on its molecular packing and size. The molecular packing of a lipid,
which is determined by its biochemical structure, is the most influential parameter (Figure 7.4 and
Figure 7.5).

In view of their long, slender h ydrocarbon chains, the n-alkanes are able to pack the tightest
and thus are considered the most effective at waterproofing (Figure 7.4A). Moreover, the n-alkanes
exhibit the highest melting points, with TM values of at least 50°C (Figure 7.5). 38 In terms of
structure, the methylalkanes are similar to n-alkanes but contain a single meth yl branch on one of
their carbons. The de gree of molecular packing and w aterproofing for methylalkanes is highly
dependent on the location of that methyl branch; for example, if the branch occurs near the beginning
of the carbon chain, the melting temperature is slightly lo wer than its n-alkane equivalent, because
the branch does not greatly af fect the linear structure (e.g., compare n-alkane with 2-methylalkane
in Figure 7.4A). As the branch mo ves closer to the center of the molecule, ho wever, the linear
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FIGURE 7.4 Molecular structures of cuticular lipids: (A) Saturated and unsaturated hydrocarbons. Note how
the position of the meth yl branch (arrow) influences the structure of the methylalkane; also note the kink in
the structure of the n-alkene caused by the double-bonded carbon (arrow head). (B) Saturated wax ester. Note
the ester linkage resulting in a nonlinear branched structure.

FIGURE 7.5 Effect of molecular mass on the melting temperature (TM) of hydrocarbons. The linear n-alkanes
are characterized by the highest TM values, followed by the w ax esters. Meth ylalkanes of similar molecular
mass (e.g., ~375 daltons) can ha ve different TM values depending on the location of their meth yl branch (see
Figure 7.4A). The n-alkenes typically e xhibit the lo west TM values, because of their kink ed structure (see
Figure 7.4A). Every 100 daltons approximates 7 carbon atoms of a h ydrocarbon chain. (Adapted from Gibbs,
A.G., J. Insect Physiol., 48, 391, 2002.)
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structure becomes more disrupted along with a decrease in TM (Figure 7.4A). Thus, methylalkanes
of a similar molecular mass can exhibit different TM values depending on the location of the methyl
branch (Figure 7.5). 38

Saturated wax esters contain an ester group that slightly disrupts molecular packing (Figure
7.4B), but these compounds usually e xhibit relatively high TM values of at least 40°C (Figure 7.5)
and thus are effective at waterproofing.39 In contrast, double-bonded carbons in the n-alkenes kink
the hydrocarbon chain and greatly disrupt molecular packing (Figure 7.4A). As shown in Figure
7.5, these compounds can e xhibit TM values below 0°C and thus are the least ef fective at w ater-
proofing.40

Waterproofing hydrocarbons likely exist on the cuticular envelope as mixtures that may or may
not be miscible with one another . Gibbs 41 showed that when an n-alkane is mix ed with another
n-alkane or with a meth ylalkane the mixture e xhibited a single TM value close to that predicted
and melted over a broader range of temperatures than the pure components. Mixtures of n-alkanes
and saturated w ax esters melted at TM values only a fe w degrees lower than predicted. 39 These
findings indicated that saturated hydrocarbons and w ax esters of insect cuticles are miscible and
display unique bioph ysical properties not found in the pure components alone. 41 The broader
temperature range in which the mixtures melt suggests that the lipids may e xist as a semisolid at
the physiological temperatures of the insect. Although solid-phase lipids w ould be most ef fective
at waterproofing, a partially melted layer of lipids may have the adv antage of a lo wer viscosity,
thus enabling the lipids to spread o ver the cuticular surf ace area.

A more complex picture evolves when an unsaturated n-alkene is mixed with a saturated n-alkane,
because the two compounds are immiscible.30,40,41 At physiological temperatures, the n-alkene exists
as a fluid distinct from the mostly solid n-alkane. The tw o h ydrocarbons w ould only become
miscible if the temperature reached the TM of the n-alkane.30,40 Thus, in insects containing high
proportions of n-alkenes on their cuticle, such as fruit flies and house flies, the lipids may be part
of a dynamic surf ace that approaches a fluid mosaic in which solid patches of alkanes float in n-
alkenes. The implications of such a dynamic surf ace are discussed belo w.

D. CUTICULAR LIPIDS AND RATES OF CUTICULAR WATER LOSS

Insects living in x eric habitats typically e xhibit lower rates of cuticular w ater loss or higher TC
values than those li ving in h ygric or mesic habitats which indicates a greater de gree of cuticular
waterproofing in dry habitats.13,14 Cuticular waterproofing changes also during metamorphosis as
the insect passes from larv al, to pupal, and adult stages. 14 Numerous studies ha ve attempted to
correlate the biochemical properties of cuticular lipids to: (1) the w aterproofing needs of an insect
in a particular habitat or at a particular life stage, or (2) the rates of cuticular w ater loss. In most
insects examined—including several orthopterans and coleopterans, the stonefly Pteronarcys cal-
ifornica, the fleshflies (Sarcophaga sp.), and a mosquito ( Culex pipiens )—the properties of or
alterations to cuticular lipids are consistent with the w aterproofing needs of an insect. In brief,
enhanced cuticular waterproofing (or lower rates of cuticular w ater loss) appears to be associated
with at least one of the follo wing changes in the cuticle: (1) an increase in the amount of h ydro-
carbons,28,42–48 (2) an increase in the proportion of saturated or unbranched hydrocarbons,46,49–52 and
(3) an increase in the TM values of lipids. 27,28,47,51,53

An increase in the quantity of h ydrocarbons is e xpected to increase the thickness of the w ax
or cement layer on top of the cuticular en velope, thereby increasing the dif fusion distance and
reducing e vaporative w ater loss. One of the more spectacular e xamples of this mechanism of
reducing cuticular w ater loss is the so-called w ax bloom in tenebrionid beetles that inhabit the
Sonora Desert of the United States and the Namib Desert of Africa. When exposed to a low relative
humidity, the beetles secrete a thick (~20 µm) meshwork of lipid filaments and protein onto the
cuticular surface via dermal gland ducts. 45,54,55 The meshwork gives the beetle the appearance of
wearing a blue e xoskeleton. More importantly , it reduces transpirati ve losses via the cuticle by
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~22%.45 Thus, upon exposure to low relative humidity, some tenebrionid beetles are able to rapidly
secrete an additional w aterproofing coat onto their cuticular envelope, which is an ob vious osmo-
regulatory advantage for these desert dwellers.

One of the best-studied e xamples of how cuticular lipids acclimate to the habitat of the insect
is found in the grasshopper Melanoplus sanguinipes. When this species is reared at a temperature
of 34°C, the TM of epicuticular lipids increases on average by 3°C compared to grasshoppers raised
at 27°C.51 The increase in TM correlates with an increase in the proportion of n-alkanes and with
a decrease in the proportion of meth ylalkanes in the cuticular lipids. Field studies confirm these
laboratory findings: Grasshoppers collected from relatively warm habitats with low water availabil-
ity have (1) increased amounts of cuticular lipids,47 (2) higher TM values of cuticular lipids,47,53 and
(3) lower rates of body water loss47 compared to grasshoppers collected from relatively cool habitats
with high water availability.

Although the trends described above are tantalizing in that they make good physiological sense
consistent with lipid melting, Gibbs 40 warns that comprehensi ve studies are rare that measure in
the same species: (1) rates of cuticular w ater loss or TC values, (2) biochemical composition of
cuticular lipids, and (3) the TM values of cuticular lipids. Moreo ver, the abo ve trends should not
be considered dogmatic for all insects, because e xceptions exist.

Two glaring exceptions are fruit flies and house flies. Desiccation-resistant lines of Drosophila
melanogaster exhibit rates of evaporative water loss that are ~40% lo wer than control lines. 56 The
amounts of cuticular h ydrocarbons per indi vidual, the composition of epicuticular lipids, and the
TM values of cuticular lipids are v ery similar between the tw o lines, ho wever, and what small
differences e xist do not account for the lar ge dif ferences in rates of w ater loss. 56 In other fruit
flies57–60 and in the housefly Musca domestica,36,61 correlations between the biochemical properties
of cuticular lipids and the temperature or w ater a vailability of their habitat or their rates of
evaporative water loss are tenuous at best.

One reason wh y fruit flies and house flies are so exceptional may be the high n-alkene
composition of the cuticle. The n-alkenes exhibit the lo west TM values and are not miscible with
the saturated alkanes at physiological temperatures; thus, the hydrocarbon surface of fruit flies and
house flies may exist in two distinct phases which may obscure correlations between the biochemical
composition of cuticular lipids and their TM in relation to w ater loss. 40 Because n-alkenes are
important for chemical communication in insects, Gibbs 40 proposed that insects with high propor -
tions of n-alkenes in their cuticle risk enhanced water loss in exchange for more receptive chemical
communication. Although n-alkenes would not provide effective waterproofing, they may provide
a pathway for unsaturated pheromones to permeate the cuticle and reach receptors in the underlying
epidermis. The n-alkenes are necessary , because saturated alkanes pro vide a barrier not only to
water loss but also to pheromones. The two-phase model is consistent with studies on house flies
demonstrating that sexual maturation results in increased rates of cuticular w ater loss and propor -
tions of n-alkenes among cuticular lipids. 36,61

III. MINIMIZING RESPIRATORY WATER LOSS

Respiratory surfaces in animals have evolved to maximize the diffusion of O2 and CO2. The strategy
is to increase the area for diffusion and to decrease the diffusion distance for O2 and CO2; however,
the same strate gy also in vites dif fusive e xchanges of w ater and solutes between an animal’ s
environment and its blood or hemolymph. For terrestrial insects, the primary threat to water balance
is osmotic desiccation from their moist tracheal system to the relati vely dry air that the y breathe.
Faced with the vital need to breathe, terrestrial insects ha ve de vised their o wn mechanisms to
minimize respiratory w ater loss. The following summary is of fered with the ca veat that no insect
can be representative of other insects. Indeed, Figure 7.6 illustrates what all is possible in insectan
designs of respiratory systems.
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A. PULMONARY AND TRACHEAL SYSTEMS

The human lung is a compact structure in the thorax that facilitates diffusive gas exchange between
two flowing media across a lar ge alveolar surf ace approximately the size of a tennis court. Air
flows on one side of the surf ace and blood on the other . The two media e xchange gases across a

FIGURE 7.6 Tracheal systems in aquatic and terrestrial insects: (A) Separate, se gmental tracheal system in
machilids (silverfish); (B) secondarily reduced tracheal system in the collembolan Sminthurus (a springtail)
with a single spiracle (sp); (C) secondarily reduced tracheal system in the flightless scale insect; (D) amphip-
neustic system with one anterior and one posterior opening in the larv al housefly; (E) metapneustic system
with only one opening in aquatic larval mosquitoes; (F) rectal tracheal lamellae in the aquatic larval dragonfly;
(G) external tracheal gills in the larv al mayfly; (H) tracheal system in the adult cockroach; (I) air sacs of the
tracheal system in the hone ybee. Roman and Arabic numbers identify thoracic and abdominal spiracles
respectively. (Adapted from Wasserthal, L.T., in Lehrbuch der Entomologie, 2nd ed., Dettner, K.P. and Peters,
W. Eds., Spektrum Verlag, Heidelberg, 2003, p. 165.)
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thin barrier that maximizes the dif fusion of O 2 and CO2. In contrast, the “lung” of insects can be
found in every part of the insect (Figure 7.6).

Whereas a single nasopharyngeal opening admits access to the vertebrate lung, the insect “lung”
has up to 20 openings at the body surf ace. These openings lead to a netw ork of ducts (tracheae
and tracheoles) so e xtensive and deep as to reach each metabolizing cell of the insect. The major
function of the tracheal system is the deli very of O 2 to each cell and the remo val of CO 2 from it.
O2 must first dissolve in w ater to be useful for metabolism, and CO 2 is produced in the aqueous
environment of cells. Accordingly, the respiratory handling of O 2 and CO 2 is intricately coupled
to the respiratory handling of w ater.

As illustrated in Figure 7.6, the tracheal system be gins at se veral openings in the body w all,
at so-called spiracles, and terminates at blind-ended tracheoles at the surf ace or inside cells. 3 The
basic body plan provides for two pairs of thoracic and eight pairs of abdominal spiracles; however,
this body plan is not subscribed by all insects (Figure 7.6). The number of terminal tracheoles has
not yet been counted in an y insect b ut is e xpected to be some what less than the total number of
cells in the insect, as one tracheole pro vides gas exchange for more than one cell.

In some insects, the primary tracheae are expanded to form air sacs that increase the ventilation
volume at the e xpense of hemolymph v olume (Figure 7.6H,I). 62 The air sacs are more compliant
than tracheae, forming balloon-like reservoirs of air. In terrestrial insects, these reservoirs are useful
when an insect closes its spiracles to conserv e water during evaporative water stress in dry air .

B. SPIRACLES

Most insects have spiracles that can open and close. The gating structures are located at the surface
of the body wall or slightly below comb-like filters and an atrium.63 Spiracles are under peripheral
(local) and central (neural) neuromuscular control. Relaxing of the closer muscle in response to
increasing CO 2 is an e xample of local control. Neural commands open and close spiracles in
coordination with the pumping actions of the e xoskeleton that v entilate the tracheal system and
cause hemolymph to circulate. 64 Between open (O) periods and between v entilation (V) periods,
spiracles can close (C) or flutter (F) in cycles of discontinuous g as e xchange c ycle (DGC). 65–68

Flutter can be described as repetiti ve openings and closures with a frequenc y as high as that of a
tremoring muscle. It is intuiti ve that open spiracles pose the greatest threat to respiratory w ater
loss and that closed spiracles prevent water loss. Partially open spiracles or fluttering spiracles tend
to conserve water quite effectively. Serving as g ates to the tracheal system, spiracles are therefore
considered the primary controllers of respiratory w ater loss.69

Spiracles control the g as exchange between the ambient air and tracheal manifolds. Tracheal
manifolds turn into se gmental tracheal tubes that branch to gi ve rise to tracheoles. Figure 7.7
illustrates the branching of tracheae on their w ay to muscle and epithelial cells of the gut of a
tobacco hornworm, the larv a of Manduca sexta. Terminal tracheoles often lie on top of cells for
the direct transfer of O 2 and CO2 (Figure 7.8A). Tracheoles are intracellular tubes inside thin, flat
tracheolar cells (Figure 7.8B,C). Tracheoles may indent cells without penetrating their plasma
membranes which brings tracheoles in close proximity to mitochondria, especially in v ery active
cells such as those of flight muscle.69,70

C. FLUID-FILLED TERMINAL TRACHEOLES

At the le vel of metabolizing cells, the terminal end of tracheoles may be filled with fluid.71 Wig-
glesworth w as first to observe that the column of this fluid falls in tracheoles during muscular
contractions. The fluid column also shortens with increasing temperature and decreasing O2 content
of the ambient air. Mitochondria are never far from terminal tracheoles (Figure 7.8). The proximity
minimizes the diffusion distance for O 2 and CO2. Fluid within the terminal tracheoles impedes the
axial diffusion of O2 and CO2. Thus, diffusion of O2 and CO2 can be enhanced by filling the terminal
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tracheoles with air . In some insects, such as Drosophila, the tracheal cells contain hemoglobin, 72

which assists in the deli very of O2 to metabolizing cells, because the fluid column in the tracheoles
is bypassed. The bypass may be sufficient to support metabolism in the resting insect when spiracles
are most likely closed. In contrast, an active insect must reduce the fluid column in terminal tracheoles
to maximize the dif fusion of O 2 from tracheole to mitochondria. It is unkno wn how water enters
and leaves terminal tracheoles, b ut aquaporin water channels have been identified in tracheoles.73

D. TAENIDIA

Taenidia are coil-like structures in tracheal and tracheolar walls that prevent the physical collapse
of air ducts while allowing axial volume changes (Figure 7.8B). The change in volume can derive
from a change in tracheal pressure 74 or hemolymph pressure; 62,67 for e xample, pressure in the
tracheal tree decreases as O2 is removed from it when spiracles are closed. Changes in hemolymph
pressure can deri ve from the c yclical muscular contractions of the body w all associated with
ventilation and the circulation of hemolymph. 62 Body movements associated with mere ph ysical
activity of the insect also cause changes in hemolymph pressure that auto ventilate the tracheal
tree.75

E. DIFFUSION AND CONVECTION

Respiratory systems subscribe to diffusion and convection that may be supplemented by molecular
carriers such as hemoglobin. Dif fusion is the most utilized transport mechanism in plants and
animals. It is automoti ve transport that stems from the molecular mobility of solutes, w ater, and
gases, all in fields of thermal energy from the sun. Students of biology tend to think that acti ve
transport is the most utilized transport mechanism; however, no biological system could muster all
the energy that w ould be required if the transport of O 2, CO2, water, ions, and nutrients were all
active and dependent on the h ydrolysis of adenosine triphosphate (A TP).

FIGURE 7.7 Tracheolar branching in the 5th instar larva of Manduca sexta: (A) Most trachea lead to muscular
and epithelial cells of the gut. Note the trachea radiating from a tracheal trunk near a spiracle. (B) Cut-out to
illustrate tracheal branching. (Photographs courtesy of O. Vitavska, University of Osnabrueck, German y.)
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For gases, the general dif fusion equation illustrates that the rate of dif fusion (F) is in versely
proportional to the length ( L) of the dif fusion path and directly proportional to the area ( A) of
diffusion, the ef fective diffusion coefficient (D′x )  of gas x, the capacitance coef ficient (βx) of g as
x, and the driving force for diffusion—the partial pressure difference (∆Px) of gas x. In the case of
x = CO2, D′x  is the effective biological diffusion coefficient of CO2 that includes CO 2 coefficients
in air, water, and lipid:

(7.1)

The capacitance coef ficient (βx) includes a ph ysical capacitance (solubility of CO 2 in w ater), a
chemical capacitance (CO 2 in the form of HCO 3

– ), and a biological capacitance (CO 2 bound to
macromolecules). If x = O 2, the biological capacitance is particularly lar ge in the presence of
respiratory pigments; for example, hemoglobin raises βO2 to overcome the low physical O2 solubility
in water.

Equation 7.1 sho ws that the rate of dif fusion is high for short distances and lo w for long
distances. An increase in the driving force ∆Px can extend the range of diffusion when, for example,
the partial pressure of CO 2 in tracheolar air behind the spiracle may reach 6.5 kP a compared to
0.035 kPa in ambient air (at sea le vel, 1 atm = 760 mmHg = 29.9 inHg = 101.325 kP a). Indeed,
insects use this specific partial pressure strategy for w ater retention during discontinuous g as
exchange when they build up large partial pressure differences for O2 and CO2 between the tracheal
lumen and the ambient air , which increases rates of dif fusion when spiracles do open. 76

FIGURE 7.8 Tracheoles on the surface of principal cells in Malpighian tub ules of the yellow fever mosquito
(Aedes aegypti). (A) Bundle of tracheoles close to a trachea; other tracheoles were lost during the isolation
of the tubule; (B) taenidium in a tracheole; (C) tracheolar cell with tracheole. Note the close proximity of the
tracheole and mitochondria.
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A second mechanism for o vercoming the limits of dif fusion distance is to increase the area of
diffusion, which is accomplished in mammals via progressive branching; for example, one bronchus
in the human thorax e ventually branches into about 500 million alv eoli.77 Progressive branching
of the tracheal tree in insects amplifies the area for diffusive gas exchange with the tissues.

A theoretical analysis of insect tracheal systems by August Krogh (who recei ved the Nobel
Prize in Physiology or Medicine in 1920) suggested that pure dif fusion of O 2 through the tracheal
system is adequate for supporting metabolism in resting insects up to 3.4 g in weight. 78 Diffusion
is also sufficient during flight of small insects such as Drosophila, where diffusion distances in the
tracheal system are v ery short.63,79 Krogh, however, did allo w that v entilation (i.e., convective gas
exchange across open spiracles) supports the diffusion of O2 in the tissues.80 These observations led
to the classical theory that dif fusion can meet oxygen demands in resting insects less than 3.4 g in
size whereas larger insects require support by v entilation, even at rest. 69

When the advantages afforded by minimizing diffusion distance and maximizing diffusion area
are e xhausted, a third mechanism for increasing transport is con vection. Convection mo ves the
whole medium and the dif fusible elements it contains in a heteromoti ve way. Convection is b ulk
transport or mass flow, the kind of transport that sweeps a way driftwood and alg ae in ri vers and
erythrocytes in blood. Con vective transport in the conte xt of respiratory ph ysiology is kno wn as
ventilation. It brings air into our lungs, and it blo ws off CO2 in humans and whales alik e.

F. VENTILATION

What the mo vement of the diaphragm accomplishes for mammalian lungs, the mo vement of a
compliant exoskeleton in insects accomplishes for the tracheal system. Ventilation includes inha-
lation and e xhalation. Whereas pulmonary e xhalation is normally passi ve in v ertebrates (relaxing
the diaphragm), it is an acti ve neuromuscular process in insects. In some insects, abdominal
segments telescope; in other insects, the abdomen flattens.81 The pressure that these geometric
changes exert on the abdominal hemolymph increases the tracheal pressure at closed spiracles 67

and drives convective flow (exhalation) when spiracles open after tracheal pressure has increased
somewhat (delayed opening). Relaxation of the compliant e xoskeleton mixes tracheal air at closed
spiracles b ut dri ves inhalation as spiracles open after the tracheal pressure has dropped a little
(delayed opening). In man y adult insects, the flow of air can be (1) unidirectional, as in birds, b ut
through separate inflow and outflow orifices (Figure 7.6), or (2) tidal, as in human lungs. One-way
air flow became possible in insects after developing longitudinal intersegmental tracheal trunks that
provide a pathway from one spiracle to another .82–85 Accordingly, inhalation may occur at thoracic
spiracles and exhalation at abdominal spiracles, or vice versa (Figure 7.6H,I).

G. DISCONTINUOUS GAS EXCHANGE

Respiration in man y insects, b ut not all insects, is thought to be unique in what has been termed
the discontinuous gas exchange cycle (DGC)86 or classically cyclic CO2 release.67 To the uninitiated,
the term discontinuous gas exchange can be confounding, because DGC describes a c yclical event
that includes a period of no g as exchange with the ambient environment when spiracles are closed
(C). As illustrated in Figure 7.9, other phases of the c ycle include flutter (F), open (O), and
ventilation (V). When spiracles open, CO 2 escapes to the ambient en vironment in a b urst because
of the large partial pressure that has been b uilt up in trachea during C and F periods (Figure 7.9).
Water also escapes in a b urst because the tracheal mixture of g ases is saturated with the w ater of
hemolymph. Note that in the absence of v entilation the bursts of CO 2 and H2O escape are dri ven
by diffusion alone.

The closed phase (C) identifies the discontinuation of gas exchange between the tracheae and
ambient air. It occurs only at lo w metabolic rates (and lo w temperatures). In general, pupae and
some adult insects such as ants e xhibit CFO and FO c ycles,65 where diffusion drives respiratory
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gas exchange across spiracles. Most resting adult insects exhibit CFV cycles at temperatures below
27°C and FV cycles above 27°C.66 During the C phase, spiracles are tightly shut for up to an hour
and longer, blocking e xternal respiration between the insect and ambient air ,87 but internal respi-
ration between tracheoles and metabolizing cells continues. As a result, the partial pressure of O 2
decreases and the partial pressure of CO 2 increases in the tracheal system. O 2 removed from the
tracheoles is not immediately replaced with CO 2 because hemolymph is a lar ge sink for CO 2. The
removal of O 2 from the tracheal system—f aster than the addition of CO 2—lowers the tracheal
pressure below atmospheric pressure. Thus, when spiracles open slightly and briefly during the
flutter (F) period, they bring about a passive suction ventilation.67,74,75 The principal benefits of the
F period are (1) the import of O 2 via dif fusion and some con vection, and, importantly , (2) the
negligible loss of H 2O from the tracheal system as illustrated in Figure 7.9B.

H. SETTING PHYSIOLOGICAL PRIORITIES: GAS EXCHANGE 
VS. WATER CONSERVATION

The metabolic requirement for gas exchange, on the one hand, and the need for water conservation,
on the other hand, pose conflicting challenges for plants and animals alike. Rather than settle on
compromise, insects alternate between physiological priorities. They save water whenever possible
but sacrifice water when other activities are more important. Respiratory patterns reflect the change
in setting physiological priority.

1. Saving Water at Rest

Good agreement can be found in the literature that w ater conservation is a benefit of closing the
spiracles when metabolic rates are lo w in resting insects or diapausing pupae. 6,67,88,89 In general,
spiracles are closed as long as possible in the resting insect. They open partially during periods of
flutter to admit O2 by diffusion supplemented with suction ventilation and then open fully to allow
the release of CO2 and consequently H2O (Figure 7.9). CFO and CFV c ycles minimize respiratory
loss by the closing strate gy in C and partial repetiti ve openings in F when metabolic rates are lo w
(e.g., during rest, lo w ambient temperatures, in diapausing pupae).

FIGURE 7.9 Discontinuous gas exchange (DGC) in tw o insects: (A) DGC with a period of v entilation (V)
in the resting cockroach ( Periplaneta americana ). (Data from K estler, P., in Environmental Physiology and
Biochemistry of Insects, Hoffmann, K.H., Ed., Springer-Verlag, Berlin, 1985, p. 137.) (B) DGC with an open
period (O) of spiracles in the ant Pogonomyrmex rugosus. C, closed spiracle; F, fluttering spiracle. (Data from
Lighton, J.R., Physiol. Zool. , 67, 142, 1994.) (Figure adapted from Wasserthal, L.T., in Lehrbuch der Ento-
mologie, 2nd ed., Dettner, K.P. and Peters, W. Eds., Spektrum Akademischer Verlag, Heidelberg, 2003, p. 165.)
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Studies of the American cockroach at rest during CFV c ycles illustrate barely an y difference
in the water loss during the C and F periods, as a cockroach (weighing approximately 1,030,000
µg) loses w ater at a rate of 12 µg/min (i.e., less than 2% of its body weight per day), primarily
through the cuticle (Figure 7.10). The rate of H2O loss increases to 25 µg/min, or 4% of the body
weight per day , as the cockroach v entilates the tracheal system through open spiracles (Figure
7.10). Not all spiracles may open at rest. Only tw o spiracles may be acti ve in the insect at rest,
opening and closing rh ythmically, whereas all eight pairs of spiracles will stay open during
activity.90

It is intuiti ve that w ater loss increases during v entilation, especially during e xpiration. Less
intuitive is the substantial w ater loss by dif fusion when spiracles are open b ut not v entilating. In
general, the dif fusion coef ficient D (Equation 7.1) is inversely proportional to molecular size.
Because H 2O is smaller than O 2 than CO 2, it follo ws that H 2O dif fuses f aster than O 2 and CO 2
through the open, non ventilating spiracle; therefore, an open spiracle threatens primarily with
diffusive water loss made w orse by the w ater saturation of the tracheal g as mixture. High rates of
diffusive water loss can be diminished by opening spiracles only partially during the F period in
both resting and acti ve insect.91 The diffusion equation (Equation 7.1) indicates that this strate gy
reduces the area of diffusion via the partial opening; however, the diffusive flux through the partially
open spiracle can be quite high because the length of the dif fusion path through the spiracle orifice
is negligibly small compared to the tracheal path to cells. For this reason, it is thought that limiting
the open time of spiracles is superior to controlling dif fusion area as a w ater-saving measure of
fluttering in FO and FV cycles.76 Indeed, Figure 7.9 sho ws that the open period is shortest of all
periods during DGC in the resting insect. Open time can be e ven further reduced by coordinating
the opening of the spiracle with abdominal pumping. 66,67

2. Dealing with Respiratory Water Loss During Activity

Under conditions of acti vity, metabolic demands o verride water conservation, and the insect loses
water, especially during flight when the saturation partial pressure of water in trachea rises with
body temperature.92–94 Ventilations are now deep and frequent, with spiracles more open than closed
or al ways open, which further increases dif fusive w ater loss. As a result, respiratory w ater loss
increases dramatically, tenfold and more. 68,94,95 Insect flight is energetically the most demanding
activity of all animals; 96 however, one consequence of the high fuel requirements in flying insects
is the metabolic generation of water when the usual flight fuel, trehalose, is burned in the presence
of oxygen. Metabolic w ater replaces up to 75% of the w ater lost in the flight of Drosophila.97

Bumble bees produce e ven more metabolic w ater than the y lose by respiratory dif fusion and

FIGURE 7.10 Weight loss from a resting cockroach ( Periplaneta americana ) during discontinuous g as
exchange c ycles consisting of closed (C), fluttering (F), and ventilating (V) spiracles at 24.8°C and 76%
relative humidity. The large spikes reflect antennal movements. (Adapted from K estler, P., in Environmental
Physiology and Biochemistry of Insects , Hoffmann, K.H., Ed., Springer -Verlag, Berlin, 1985, p. 137.)
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convection, which prompts them to eliminate the e xcess water in the urine. 6,98 Other adaptations
to reduce water loss may exist. One reason why locusts fly at altitude may be the lower temperatures
and consequently the reduced partial pressure of w ater in trachea. 99

I. THE PHYSICS OF SAVING WATER IN A TRACHEAL SYSTEM

The most rigorous treatment of w ater balance as it relates to e xternal respiration in insects is an
analysis by Kestler.67 Starting with first principles, Kestler produces a physical model that couples
diffusion to convection. Predictions from that model show that, to minimize respiratory water loss,
the spiracles: (1) should be mostly closed during rest and acti vity until dwindling oxygen levels or
a rising CO 2 level force their opening, (2) should ha ve a geometry that maximizes the inflow of
air consistent with a subatmospheric pressure in the tracheal system to minimize water loss (suction
ventilation), and (3) should open only briefly during bursts of respiratory CO 2 release. Further
analysis of this mathematical model sho ws that con vective g as e xchange is adv antageous for
respiratory water conservation in all insects, but especially for small insects, 100 because convective
gas exchange reduces the open time of spiracles. Experimental observations in intact insects confirm
that the biology follo ws the ph ysics. In the case of conflicting physiological interests (i.e., g as
exchange vs. w ater conservation), the ph ysics of the tracheal system advises the elimination of
CO2 during short, strong bursts of exhalation. To enhance uptake of O2 and reduce diffusive losses
of CO 2 and H 2O, the ph ysics suggests long periods of inhalation at subatmospheric pressures
(suction ventilation). Not surprisingly, Kestler has observed these phenomena in the cockroach.66,67

IV. RENAL MECHANISMS OF SALT AND WATER BALANCE

The secretion of potassium (together with some anion) into the tub ule will set up an osmotic pressure,
which in its turn will promote a passi ve inward diffusion of water.

Ramsay101

A. HOMEOSTASIS OF THE EXTRACELLULAR FLUID COMPARTMENT

Multicellular animals ha ve two major fluid compartments: (1) an intracellular fluid compartment
that houses the mechanisms of metabolism of cells, and (2) an extracellular fluid compartment that
bathes and supports these cells. The extracellular fluid compartment in insects is the hemolymph.
The constancy of the e xtracellular fluid compartment in both volume and composition is kno wn
as homeostasis. The homeostasis of the e xtracellular fluid is the primary function of the kidneys.
Turning over extracellular fluid at high rates, the kidneys can rapidly correct changes in extracellular
volume and composition that result from the diverse activities of the individual and the unpredictable
changes in the e xternal environment, the habitat. In v ertebrates, the renal turno ver of extracellular
fluid begins with the filtration of plasma water and its dissolved constituents. Filtration is possible
because of a closed circulatory system capable of producing high filtration pressures in glomerular
capillaries. In the absence of blood v essels, insects circulate the hemolymph at pressures too lo w
for filtration. Accordingly, insects must initiate the renal turnover of extracellular fluid by a different
mechanism—namely, epithelial secretion that delivers salt and water into the lumen of renal tubules.

Renal tubules in insects are kno wn as Malpighian tubules, named after the Italian ph ysician
Marcello Malpighi (1628–1694). Malpighian tub ules secrete fluid via mechanisms conceptually
similar to the secretions of human sali vary, sweat, and tear glands. After secreting fluid into the
lumen of distal (blind-ended) Malpighian tub ules, solutes and w ater essential to life may be
reabsorbed as secreted fluid flows downstream through the proximal Malpighian tubule, the hindgut,
and the rectum. The reabsorption of life-essential solutes and w ater leaves other solutes (in e xcess
or toxic) behind for e xcretion from the animal. Thus, insects subscribe to the general tw o-step
extracellular fluid homeostasis observed widely in multicellular animals: tub ular secretion (or
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glomerular filtration) followed by tubular reabsorption. If much water is reabsorbed, the remaining
solutes may reach precipitating concentrations which allo ws even greater w ater reabsorption and
conservation.

Our current understanding of Malpighian tub ules rests on a sizeable group of biologists who
have found their study f ascinating. The most popular insects inhabiting laboratories around the
world and donating Malpighian tub ules for their study are listed in Table 7.1. Malpighian tub ules
in Drosophila have received most of the attention because of the genetic information that has been
available for this species for some time; ho wever, integrative physiological and genetic studies on
Malpighian tubules from a wider v ariety of insect species will soon be possible due to the current
wave of genomic biology. Since publication of the Drosophila melanogaster genome,102 the genomes
of 11 other Drosophila species,103,104 of the malaria mosquito (Anopheles gambiae),105 of the honey
bee ( Apis mellifer a),106 of the silkw orm ( Bombyx mori ),107,108 and of the yello w fever mosquito
(Aedes aegypti)109 have been published. Among the genomes currently under analysis are those of
the flour beetle (Tribolium castaneum), the house mosquito (Culex pipiens), the pea aphid (Acyrtho-
siphon pisum), the human body louse ( Pediculus humanus), the kissing b ug (Rhodnius prolixus),
the squinting brush brown butterfly (Bicyclus anynana), the Glanville fritillary butterfly (Melitaea
cinxia), and three species of the parasitoid w asps Nasonia. The reader can follo w the progress of
these genome projects and discover new insect genomes under study by accessing http://www.ncbi.
nlm.nih.gov/sites/entrez?db=genome and searching for “insecta. ”

B. MALPIGHIAN TUBULES IN DROSOPHILA AND AEDES

The number of Malpighian tub ules in insects v aries from zero to se veral hundred. Aphids (plant
lice, Hemiptera) do not have any Malpighian tubules at all,110,111 which could lift the ink from these
pages were it not for the minority status of this contrary group. But, it says a great deal about the
functional plasticity of other organs in insects. All other insects studied to date apparently do ha ve
Malpighian tubules. The fruit fly has four Malpighian tubules,112 the yellow fever mosquito has
five,113 the cockroach 150, 114 and the locust 233. 115 The number of Malpighian tub ules does not
correlate well with the size of the insect, because the larv a of the tobacco hornw orm (Manduca
sexta, Latin for “glutton sixfold”; Lepidoptera), one of the biggest insects, has only six Malpighian
tubules (Figure 7.7). What this larv al moth lacks in number of tub ules, however, it mak es up for
in tubule length: 25 cm for an insect less than 5 cm long. 116 Thus, epithelial mass appears more
important to extracellular fluid homeostasis rather than the number of tubules.

In Drosophila, Malpighian tubules drain their secretions into a ureter , which then empties into
the gut (Figure 7.11). The five Malpighian tubules of Aedes drain their secretions directly into the
gut at the junction of the midgut and hindgut. We have observed no functional difference between
the five Malpighian tub ules of the same female mosquito, suggesting that the Malpighian tub ule
is the functional equi valent of the insect kidne y.113

Malpighian tubules are much lar ger in the female mosquito than in the male (Figure 7.12A).
The sexual dimorphism117 extends to functional dif ferences that are more quantitati ve than quali-
tative. Malpighian tubules of female mosquitoes secrete salt and w ater in vitro at six times the rate
of male Malpighian tub ules.118 Extra mass and added capacity for salt and w ater transport serv e
not only the bigger size and metabolism of the female b ut also the lar ge salt and w ater loads she
occasionally acquires when feeding on blood as part of the reproducti ve cycle.119

Malpighian tubules are formed by a single layer of epithelial cells (Figure 7.12B). When viewed
under the light microscope, two types of epithelial cells—principal cells and stellate cells—can be
readily observed in Malpighian tub ules of Drosophila and Aedes.120,121 Principal cells mediate the
active transport of Na + and K + from the hemolymph into the lumen of the Malpighian tub ule,
whereas stellate cells and the paracellular pathway provide for transepithelial secretion of Cl–.122–125

Principal cells are five times more numerous and are much larger than stellate cells. Principal cells
account for more than 90% of the tubule mass in female mosquitoes of Aedes aegypti (Figure 7.12).
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The focus on macroscopic cell types can be misleading, as molecular/genetic studies in Droso-
phila indicate several functional domains along the length of the Malpighian tub ule and epithelial
transport systems far more numerous than the number of epithelial cell types suggests.126–128 In one
insect, the Ne w Zealand glo w-worm, one se gment of the Malpighian tub ule glows in the dark. 129

The luciferin glo w in the larv ae attracts pre y that is subsequently ensnarled in mucous trap lines
for consumption, whereas the glo w in the adult attracts the opposite se x for reproductive consum-
mation. Other insects use Malpighian tub ules in the larv a to accumulate calcium that later is used
to thicken and strengthen the shell of the pupa. Still other insects use Malpighian tubules to produce
silk. No vertebrate renal epithelium can match the functional diversity of insect Malpighian tubules.

1. Intracellular Concretions

One striking feature of Malpighian tub ules in flies, mosquitoes, and possibly other insects is the
presence of dense bodies in the c ytoplasm of principal cells. Dense bodies are f ar more numerous
in female Malpighian tub ules than in male Malpighian tub ules. As a result, female tub ules appear
opaque and male tubules transparent (Figure 7.12A). Because chemical analyses ha ve revealed the
mineralized nature of dense bodies, the y are more commonly called concretions (Figure 7.12 and
Figure 7.13). If the concretions are not properly fixed for microscopic e xamination, empty spaces
will appear in electron micrograph sections of the c ytoplasm (Figure 7.12B).

The analysis of concretions has elucidated compositions that depend on the diet, on en viron-
mental factors, and on ph ysiological activity. When maintained on a calcium-rich diet, Rhodnius

FIGURE 7.11 Malpighian tubules in Drosophila melanogaster. Two pairs of Malpighian tubules, an anterior
pair and a posterior pair , empty their secretion into the gut via a “ureter .” Distal segments form the blind end
of the tub ule and secrete primarily KCl and w ater into the tub ule lumen. Proximal se gments reabsorb KCl
and water.149 Proximal segments merge to form the ureter in Drosophila; proximal se gments enter the gut
directly in Aedes. Every tubule segment produces concretions, which are mineralized structures that may be
expelled into the tubule lumen. (Adapted from Wessing, A. and Zierold, K., Cell Tissue Res., 272, 491, 1993.)
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accumulates calcium in concretions.130 Some concretions store calcium and magnesium in a matrix
of proteoglycans, and other concretions accumulate potassium.131–133 Concretions may also contain
uric acid which are absent in Malpighian tub ules of transgenic Drosophila knock-outs lacking a
critical sub unit of the V-type H +-ATPase.134,135 Apparently, the proton pump is in volved in the
formation of concretions. Concretions in Malpighian tub ules of the housefly contain phosphorus,
sulfur, chlorine, calcium, iron, zinc, and copper .136,137

Studies in the alkali fly (Ephydra hians) illustrate the ef fect of habitat and de velopment on
concretions.138 Larvae of this fly are able to inhabit alkaline lakes such as Mono Lake in California
with a pH abo ve 10 and a combined CO 3

2–  and HCO 3
–  concentration approaching 500 m M.

Intracellular concretions in one pair of Malpighian tubules are so numerous as to give the tubule
the appearance of a gland: a lime gland in particular , because the concretions consist of nearly
pure CaCO3.138 Perfectly round and smooth concretions that range from less than 1 to 10 µm in
diameter suggest their layered gro wth as the larv a passes through three instars (Figure 7.13).
Before larvae commence puparition, the epithelial cells of the lime gland dischar ge their con-
cretions into the tubule lumen for excretion, suggesting exocytosis as the mechanism for expelling

FIGURE 7.12 Malpighian tubules of the yellow fever mosquito (Aedes aegypti): (A) The sexual dimorphism
displayed by Malpighian tubules may reflect osmotic and ionic challenges that are greater in the female than
in the male.118 Intracellular concretions in principal cells of female tub ules make these cells opaque and dark
against a bright background. Principal cells of male Malpighian tubules contain far less intracellular concretions
than female tubules. The thin stellate cells are devoid of concretions and are therefore transparent. (B) Cross-
section through a female Malpighian tubule. A single principal cell curling to fold upon itself forms the tubule
lumen. Where the lateral edges of the cell touch, a septate junction normally seals the tub ule. In the cross-
section shown, a stellate cell is wedged between the lateral boundaries of the principal cell. Note the tall
microvilli of principal cells. Virtually e very micro villus of the principal cell houses a long and slender
mitochondrion. Empty, vesicle-like spaces in the c ytoplasm of the principal cell are artif acts stemming from
the loss of concretions during the fixation step. (C) Stellate cell embedded between two principal cells. Note
the short micro villi that lack mitochondria. The basolateral membrane sho ws extensive infoldings. Septate
junctions at the lateral edges of the cell trace the paracellular pathw ay from tubule lumen to hemolymph.
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concretions from the cytoplasm.131,132 In the face fly (Musca autumnalis), calcium and phosphorus
are accumulated and stored as intracellular concretions in Malpighian tubules during the prepupal
period. The concretions are mobilized and mo ved for deposition in the cuticle during the pupal
period.139–141 The Ca2+ mineralization of the cuticle turns the pupa white and as brittle as an e gg
shell.

Concretions may serve useful functions such as: (1) the storage of calcium, metals, and trace
metals, similar to the function of v ertebrate bone; (2) the remo val of metals and potentially hea vy
metals from the hemolymph, thereby supporting homeostasis of the extracellular fluid compartment;
and (3) the renal e xcretion of excess ions in precipitates which greatly reduces the w ater a flying
animal must carry.

2. Mitochondria and the V-Type H+-ATPase in Microvilli of the Brush Border

Next to intracellular concretions, another striking feature of Malpighian tub ules is the presence
of mitochondria in microvilli of the apical brush border of principal cells (Figure 7.14A and Figure
7.12B,C). Mitochondria can be observ ed to mo ve into and out of micro villi, respectively with
increased and decreased secretory activity of the tubule.142,143 Because mitochondria generate ATP,
the presence of mitochondria in micro villi suggests an ATP-dependent activity. Indeed, ph ysio-
logical and molecular e vidence indicates that the brush border is home to an ATP-driven proton
pump, the V-type H+-ATPase, as illustrated in Figure 7.14.144 It will be shown later that the V-type
H+-ATPase not only ener gizes ion transport across the apical (plasma) membrane of micro villi
but also ion transport through the paracellular pathw ay and across the basolateral membrane of
principal cells. Antibodies against the B-sub unit of the V-type H +-ATPase localize the pump to
the brush border of principal cells in Aedes Malpighian tubules (Figure 7.14B). No immunoreac-
tivity is observ ed in stellate cells (Figure 7.14B), which do not house mitochondria in their
microvilli (Figure 7.12C). In addition to the B-sub unit of the V-type H+-ATPase, principal cells
in Drosophila Malpighian tubules express the transcripts that encode all the other sub units of this
proton pump 127,135.

FIGURE 7.13 Scanning electron micrograph of concretions from the lumen of the lime gland (Malpighian
tubule) of larval alkali fly (Ephydra hians). Bar, 5 µm. The larvae were maintained in filtered water of Mono
Lake, CA. The molal concentrations of the major solutes in Mono Lak e water at pH 9.8 are Na +, 1.432; Cl –,
0.537; SO4

2– , 0.114; CO3
2– , 0.295; and HCO 3

–,  0.054.352 These solutes add up to an osmotic pressure of 2432
mOsm/L. (From Herbst, D.B. and Bradle y, T.J., J. Exp. Biol., 145, 63, 1989. With permission.)
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3. Primary Urine and Renal Detoxification

Recent transcriptome analyses of Malpighian tubules from Drosophila have provided a long list of
putative transporters for inor ganic and or ganic solutes127,128 at odds with the transport ph ysiology
displayed by distal (blind-ended) Malpighian tubules in vitro—namely, the secretion of NaCl, KCl,
and water. To be sure, distal tubules do not represent the whole tubule and its transcriptome; however,
another explanation illuminates the paradox: Ringer solutions typically lack the or ganic solutes the
tubule might secrete in vivo . If Ringer solutions do not of fer or ganic substrates for secretion,
transport systems handling these solutes are silent and consequently not observ ed in vitro. Hence,
models of transepithelial electrolyte transport presented in this chapter should be considered minimal
transport models that can account for the transepithelial secretion of NaCl, KCl, and w ater but fall
short in acknowledging the organic solute transport systems the tub ule might possess.

Transport systems that secrete or ganic acids and bases into the tub ule lumen may play an
important role in the detoxification of the hemolymph and in pesticide resistance;145–147 however,
before toxins can be moved from the hemolymph into the tubule lumen, it would seem advantageous
to have w ater already present in the tub ule lumen. Without such a primary urine in the lumen,
luminal toxin concentrations could reach le vels that might kill the epithelial cells that ha ve trans-
ported them. Thus, the spontaneous transepithelial secretion of NaCl and KCl and water in minimal
Ringer solution in vitro may serve in vivo to dilute secreted toxins, thereby increasing the rate of

FIGURE 7.14 (See color insert following page 208.) The brush border of principal cells in Malpighian tubules
of Aedes aegypti: (A) Each microvillus contains a mitochondrion. ATP is produced by the F-synthase located
in the inner mitochondrial membrane. F 1 and F0 are, respectively, the catalytic and the proton-translocating
complexes of the synthase. ETC is the electron transport chain. V1 and V0 are, respectively, the catalytic and
proton-translocating complex of the V-type H+-ATPase (See Figure 7.30 for structural details of the V-type
H+-ATPase). The V1 complex contains subunit B against which the antibody used in Part B was prepared. (B)
Immunolocalization of the B sub unit of the V-type H +-ATPase in the brush border of principal cells of
Malpighian tubules of the yello w fever mosquito ( Aedes aegypti). A stellate cell (arro w) gives no e vidence
for the B subunit of the V-type H+-ATPase. The color insert shows immunoperoxidase staining (red) for subunit
B of the V-type H+-ATPase in the brush border of principal cells. A hematoxylin counterstain (blue) labels
the nuclei of principal and stellate cells. The antibody was kindly provided by Marcus Huss from the University
of Osnabrueck, Germany. (Adapted from Be yenbach, K.W., News Physiol. Sci. , 16, 145, 2001.)
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renal toxin e xcretion and the clearance of toxins from the circulation. Nicolson 148 came to this
conclusion when investigating the paradoxical presence of diuretic f actors in an insect inhabiting
the desert, where the need for diuresis might rarely occur . She suggests that diuretic hormones in
insects may also serv e to clear toxins from the circulation by stimulating the secretion of primary
urine. Consistent with such a role of primary urine is the reabsorption of NaCl, KCl, and w ater in
proximal segments of the tub ule near the gut 149,150 and in the hindgut and rectum before urine is
voided from the body.9 As early as 1981, Maddrell discussed the effect of urine flow on the efficiency
of clearing solutes from the hemolymph of insects, introducing the idea of clearance without
mention of the w ord.151

4. Primary Urine, Isosmotic Fluid Secretion, and Aquaporin Water Channels

The most ab undant ions in the hemolymph of most insects are Na + and Cl–, resembling the e xtra-
cellular fluid of vertebrates.3 The hemolymph K+ concentration is maintained at lo w concentrations
as in vertebrates, but it can reach 50 m M in some insects. Amino acids and trehalose can contrib ute
substantially to the hemolymph osmotic pressure. We have measured a hemolymph osmotic pressure
of 354 mOsm/kg in the yello w fever mosquito.152 The osmotic pressure of primary urine secreted
by distal se gments of Aedes Malpighian tubules in vitro is 340 mOsm/kg, similar to the osmotic
pressure of 330 mOsm/kg of the peritub ular Ringer.153 Because these tw o osmotic pressures f all
within the experimental error of the measurement, it can be assumed that primary urine is essentially
isosmotic to the peritub ular bath in the e xperiment and to the hemolymph in the animal.

Isosmotic secretion reflects a high water permeability of the epithelium. One adv antage of a
high water permeability is that little osmotic pressure difference is necessary to drive osmosis across
the epithelium. 154 Both transcellular 150,155 and paracellular pathw ays156,157 for water flow into the
tubule lumen ha ve been suggested. Aquaporin w ater channels are kno wn to render biological
membranes permeable to w ater.158 Malpighian tubules of adult Drosophila express transcripts for
five aquaporin-lik e genes. Three transcripts (DRIP , Aqp17664, and Aqp4019) are significantly
enriched in the tubule relative to their expression in the whole body.127,128 Stellate cells exclusively
express the mRNA for DRIP, and principal cells express transcripts for Aqp17664 and Aqp4019;159

however, only DRIP has been sho wn to ha ve water channel acti vity.159 Thus, DRIP stands out as
the likeliest candidate for transcellular w ater transport through stellate cells in Drosophila Mal-
pighian tubules. Molecular and immunochemical evidence from Malpighian tubules of other insects
also supports a transcellular route for secreting water into the tubule lumen.159–162 Still, a paracellular
route for the transepithelial osmosis of w ater cannot be e xcluded.156,157,163 The problem is our
experimental inability to distinguish transcellular w ater flow from paracellular w ater flow.

Although the osmotic pressures of the peritub ular Ringer solution and the fluid secreted into
the tubule lumen are nearly identical, ionic compositions are mark edly dif ferent. Invariably, the
primary urine secreted into the tub ule lumen of distal se gments of the Aedes Malpighian tubule
reveals Na + concentrations that are lo wer and K + concentrations that are higher than respecti ve
concentrations in the peritubular Ringer solution (Figure 7.15). In contrast, peritubular and luminal
Cl– concentrations are v ery close. Because the transepithelial v oltage is lumen positi ve by about
53 mV, it follo ws that the cations K + and Na + are secreted into the tub ule lumen ag ainst their
electrochemical potentials164 (i.e., by acti ve transport). Cl – moves across the epithelium do wn its
electrochemical potential via passi ve transport.

5. In Vitro Study of Transepithelial Transport in Malpighian Tubules

The data presented in Figure 7.15 were obtained from isolated Malpighian tub ules studied by two
methods. The first method, the method of Ramsay, measures the rate of fluid secretion by the tubule
in vitro (Figure 7.16A). The method also allows the collection of secreted fluid for the analysis of
its ionic composition. 165,166 The second method is an adaptation of the method of Bur g for the in
vitro microperfusion of renal tub ules.167 In brief, the tub ule lumen is cannulated with a perfusion
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pipette so the solutions on both sides of the epithelium can be controlled (Figure 7.16B). Ions can
be added to or remo ved from either side of the epithelium to e valuate effects on transepithelial
electrolyte transport, fluid secretion, and tubule electrophysiology.165,167,168 In addition, the ef fects
of potential hormones, stimulators, and inhibitors can be e valuated. To investigate transport steps
across the basolateral and apical membranes of epithelial cells, a principal cell can be impaled with
conventional microelectrodes to measure membrane voltages or with ion-selective microelectrodes
to measure intracellular ion concentrations of interest. 165,169

6. Definitions of Active and Passive Transport

The Ramsay method and the Bur g method ha ve allowed us to elucidate the mechanism and the
regulation of transepithelial ion transport in Malpighian tub ules of the yello w fe ver mosquito.
Fundamental in this elucidation w as measurement of the transepithelial electrochemical potential
differences for Na +, K +, and Cl – as the thermodynamic e vidence of acti ve and passi ve transport
mechanisms. Active transport can be primary or secondary . Primary acti ve transport is mediated
by an ATP-driven pump, such as H + transport by the V-type H+-ATPase in the apical (micro villus)
membrane of principal cells of Malpighian tubules (Figure 7.14A and Figure 7.17C). The classical
Na,K-ATPase of the eukaryotic cell membrane, which produces an inw ard Na + electrochemical
potential and an outw ard K + electrochemical potential, is another e xample of primary acti ve
transport (Figure 7.17C). Primary acti ve transport is immediately dependent on the h ydrolysis of
ATP that yields the ener gy for translocating an ion or or ganic solute.

Secondary active transport is not immediately b ut ultimately dependent on the h ydrolysis of
ATP. It is mediated by a carrier that uses the ener gy of one electrochemical potential to generate
another electrochemical potential (Figure 7.17B). As an example, the Na/H exchanger of the NHE
(Na/H e xchanger) f amily of transporters utilizes the ener gy of the inw ard Na + electrochemical
potential to dri ve H + out of the cell. The inw ard Na + electrochemical potential is utilized by a
cotransporter of the SLGT (sodium-linked glucose transporter) family to bring glucose into the cell
(Figure 7.17B). In both cases, the inw ard Na+ electrochemical potential was first generated by the
Na,K-ATPase.

FIGURE 7.15 Spontaneous generation of primary urine in isolated Malpighian tub ules of the yello w fever
mosquito (Aedes aegypti). Next to the indicated concentrations of Na +, K +, and Cl –, the peritub ular Ringer
solution contained (in m M) 25 HEPES, 5 glucose, 1.8 NaHCO 3, 1.7 CaCl 2, 1 MgSO 4, and 1.7 CaCl 2 at pH
7. In the presence of this peritub ular Ringer solution, the tub ule secretes primary urine at a rate of 0.73
nL/min.153 Transepithelial secretion rates of Na +, K +, and Cl – are calculated as the product of the v olume
secretion rate and the concentrations of Na+, K+, and Cl– in primary urine (nL and pmol are, respectively, 10–9

L and 10–12 mol). The transepithelial voltage is 52.6 mV (lumen positive) across a tubule wall with an electrical
resistance of 11.4 K Ωcm (normalized to a tub ule 1 cm long). The apical membrane v oltage (Va = 110.6 mV,
cell negative) stems largely from the activity of the electrogenic proton pump, the V-type H+-ATPase located
in the micro villar apical membrane (Figure 7.14). The basolateral membrane v oltage (Vbl) is 58.0 mV (cell
negative).
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Passive transport is do wn the electrochemical potential as in dif fusion. Ion channels mediate
the passive transport of ions (Figure 7.17A). Carriers may mediate dif fusion as well, which in this
case is called facilitated diffusion. Osmosis e xemplifies the passive transport of w ater; it is the
diffusion of water from a high water concentration to a low water concentration; the concentration
of water is greater in a dilute solution (of solute and w ater) than in a concentrated solution.

7. Minimal Model of Transepithelial Electrolyte Secretion 
by Malpighian Tubules of Aedes aegypti

The transcellular transport of solute across an epithelium often encompasses both passive and active
transport steps. As illustrated in Figure 7.18, the entry of K + across the basolateral membrane of
principal cells is passive and mediated by K + channels that dominate the electrical conductance of
the basolateral membrane.170,171 But, the extrusion of K+ from the cell on the apical side is apparently
by secondary active transport, mediated by a hypothetical NHE (Figure 7.18). Here, the inward H+

electrochemical potential that w as generated by the V-type H+-ATPase drives the e xtrusion of K +

FIGURE 7.16 Basic methods for in vestigating transepithelial transport in isolated Malpighian tub ules: (A)
Ramsay method of fluid secretion. The isolated Malpighian tub ule is bathed in a 50- µL droplet of Ringer
solution under oil. The open end of the tub ule is pulled into the oil with a glass hook so fluid secreted by the
tubule accumulates as a droplet separate from the peritub ular Ringer bath. (B) In vitro microperfusion of a
Malpighian tub ule. A short se gment of the isolated Malpighian tub ule is cannulated with a double-barrel
perfusion pipette for (1) perfusion of the tub ule lumen, (2) measurement of the transepithelial v oltage (Vt),
and (3) measurement of the transepithelial resistance (R t) upon the injection of current (I) into the tub ule
lumen. A glass microelectrode impaling one principal cell provides measurements of the basolateral membrane
voltage (Vbl).

Glass hook 

Light mineral oil 

Secreted 
fluid Peritubular Ringer

bath

Peritubular Ringer bath

Vt 
Vbl Rt 

It 

(B)

(A)



Osmotic and Ionic Regulation in Insects 257

FIGURE 7.17 Some basic transport steps across biological membranes: (A) P assive transport through a
membrane channel. Channels mediate the dif fusion of nonchar ged solutes or the electrodif fusion of solutes
carrying electrical char ge. Diffusion through the lipid bilayer is not sho wn. (B) secondary acti ve transport.
Under the usual ph ysiological conditions of lo w intracellular and high e xtracellular Na+ concentrations, the
inward Na+ electrochemical potential delivers the energy for extruding H+ from the cell via exchange transport
that is electroneutral and v oltage independent in the e xample shown. Another carrier couples the ener gy of
the inw ard Na + electrochemical potential to the uptak e of glucose via cotransport that is electrogenic and
voltage sensiti ve in this case. (C) Primary acti ve transport. The Na,K-ATPase generates transmembrane
concentration differences for both Na + and K +. The exchange of 3 Na + ions for 2 K + ions per pump c ycle
makes the pump electrogenic and contrib utes to the cell-ne gative membrane voltage. The V-type H+-ATPase
is purely electrogenic in the transport of H + ions alone, bringing about high v oltages across membranes
inhabited by this proton pump.

FIGURE 7.18 Minimal model of transepithelial NaCl and KCl secretion by Malpighian tubules of the yellow
fever mosquito ( Aedes ae gypti) under control conditions. Principal cells pro vide the transcellular acti ve
transport pathways for secreting the cations Na + and K+ into the tub ule lumen. Cl – passes passively into the
tubule lumen through septate junctions or stellate cells. Transepithelial secretion of NaCl and KCl is energized
by the V-type H +-ATPase located in the brush-border apical membrane. Aquaporin water channels are not
shown. By translocating H + ions from the c ytoplasm to the tub ule lumen, the V-type H +-ATPase generates
electrical current that must return to the cytoplasmic face of this proton pump. Current returns to the peritubular
bath (or hemolymph) taking a pathw ay outside principal cells, through the paracellular pathw ay or stellate
cells. Current returning from the tub ule lumen to the peritub ular bath is carried by Cl – passing from bath to
lumen as the mechanism of transepithelial secretion (passi ve transport). Current passing from the peritub ular
bath to the c ytoplasm is carried by K + entering the cell through K + channels in the basolateral membrane.
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(as well as Na +) from cell to tub ule lumen. Theoretically, secondary acti ve transport systems are
reversible. Whether they operate in forw ard or re verse mode depends on the net electrochemical
potential of participating solutes or ions.

In Drosophila Malpighian tubules, as many as 30 transcripts encoding K + channels have been
identified, with those encoding inward rectifiers scoring the highest enrichment.127 Inward rectifi-
cation allows the entry of K + from hemolymph into the c ytoplasm with greater ease than the e xit
of K+ from cytoplasm into the hemolymph (Figure 7.18). Na + enters the cell via an electroneutral
mechanism that most likely is mediated by an NHE isoform that resembles the NHE3 of mammals,
as illustrated in Figure 7.18. 172–175 The NHE3 cDN A has been cloned from Aedes Malpighian
tubules,174,175 and NHE3 immunoreacti vity occurs in basal and c ytoplasmic re gions of principal
cells from proximal and distal se gments, as well as in the apical re gions of principal cells from
median se gments.174 Another potential pathw ay for Na + entry is ND AE1 (Na-dri ven anion
exchanger), which localizes to the basolateral re gion of Drosophila Malpighian tubules.176

Both Na+ and K+ are thought to exit the cell across the apical membrane via e xchange transport
with H+ (Figure 7.18). Kang’ethe et al.177 suggest that the recently cloned NHE8 isoform from Aedes
Malpighian tubules accepts both Na+ and K+ for electroneutral exchange transport with H+. The proton
electrochemical potential that w ould drive the uphill transport of Na + and K+ from the cytoplasm to
the tubule lumen is generated by the V-type H+-ATPase located in the apical membrane (Figure 7.18).

Measurements of intracellular and luminal K + and H + concentrations178 and kno wn apical
membrane voltages (110.6 mV ; Figure 7.14) in Malpighian tub ules of Aedes aegypti present the
argument—on the basis of thermodynamics—that H+/K+ exchange must be electrogenic, transport-
ing more than one H+ ion (n) for each K+ ion.178 Such a nH+/K+ exchanger would derive its primary
driving force from the apical membrane voltage generated by the V-type H+-ATPase. An electrogenic
transporter nH+/cation of the NHA family of transporters has been proposed for the apical membrane
of intestinal epithelial cells of the Anopheles mosquito.179

Although subunits of the Na,K-ATPase are detectable in Malpighian tub ules of Aedes aegypti
by reverse transcription–polymerase chain reaction (RT-PCR) and immunohistochemistry,180 we do
not detect ATPase activity of the Na/K pump. 144 Instead, we measure an ATPase activity that is
sensitive to bafilomycin and nitrate, consistent with the operation of a V-type H+-ATPase. Because
the V-type H+-ATPase translocates H+ without replacing positive charge, the proton pump is highly
electrogenic, producing some of the highest membrane v oltages in animal cells, on a verage 111
mV across the apical membrane of Malpighian tubules of Aedes aegypti (Figure 7.14A, Figure 7.15,
and Figure 7.18).

Because the apical membrane v oltage is nearly twice as lar ge as the basolateral membrane
voltage, the V-type H+-ATPase generates a lumen-positive transepithelial voltage that may serve as
a driving force for the transepithelial secretion of Cl – through the paracellular pathw ay (Figure
7.18). O’Donnell and Dow125 report evidence for Cl– transport through stellate cells in Drosophila
Malpighian tubules. Indeed, Cl – channels are present in the apical membrane of stellate cells in
Aedes Malpighian tubules consistent with Cl – secretion in this species. 181 Stellate cells may be the
primary route for transepithelial Cl – secretion in control, unstimulated Aedes Malpighian tubules;
however, the passage through the paracellular pathw ay dominates in tub ules stimulated by the
diuretic hormone leucokinin. 182 Despite the uncertainty re garding the magnitude of Cl – fluxes
through trans- and paracellular pathw ays, it is generally agreed that principal cells do not mediate
the transepithelial secretion of Cl –.122

The transport model illustrated in Figure 7.18 is a minimal model that accounts for the
transepithelial secretion of NaCl and KCl in isolated Malpighian tub ules of Aedes aegypti.183 The
model is minimal because additional mechanisms for Na + and K + entry across the basolateral
membrane of principal cells ha ve been reported. Furthermore, the model reflects the minimal
composition of the Ringer solution bathing the isolated Malpighian tub ule. It consists of the usual
salts of Na +, K +, Mg 2+, and Ca 2+; a b uffer; and some glucose b ut no or ganic solutes the tub ules
might secrete in vivo.
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The transport model elucidated in Malpighian tubules of Aedes aegypti (Figure 7.18) is similar
to that proposed for Malpighian tub ules of Drosophila, Formica, and Hemideina.184–187 On first
inspection, the model does not appear to apply to Malpighian tub ules of the kissing bug (Rhodnius
prolixus; Hemiptera), as these tub ules generate lumen-ne gative transepithelial v oltages,188 use the
Na,K-ATPase and secondary active transport of Cl– to produce primary urine,185,189 employ serotonin
as diuretic hormone, 190–193 and apparently do not use kinin-lik e proteins as diuretic agents. 194–196

Accordingly, the generic transport model in Hemiptera (bugs) may differ from that in Diptera (flies
and mosquitoes), Hymenoptera (ants), and Orthoptera (crick ets, wetas). On second inspection,
evidence for the V-type H +-ATPase at the apical membrane of Rhodnius Malpighian tubules has
been reported,188 and kinin-like peptides have also been detected in the central nervous system and
in neurohemal sites of Rhodnius.194

Clearly, additional studies are required to establish real differences between Malpighian tubules
from dif ferent species. At present, it appears that Malpighian tub ules share a lar ge functional
repertoire that is variably expressed in species. The transcriptome of Drosophila Malpighian tubules
lists over 1000 genes significantly enriched in Malpighian tubules, and of the top 200 genes less
than half can be associated with kno wn functions. 127 Thus, many transport functions ha ve yet to
be observed in Drosophila Malpighian tubules, the most widely studied tub ule of all insects. Even
more transport functions a wait their detection in Malpighian tub ules of other species.

8. Renal Responses to the Osmoregulatory Challenges of the Blood Meal

About 14,000 kno wn species of insects feed on blood. Some insects, such as the kissing b ug
(Rhodnius prolixus), are exclusively hematophagous. The kissing bug can go for weeks without a
meal but, upon finding a donor, it can tak e on a v olume 12 times its o wn body weight.197 Feeding
on blood is not as obligatory in other insects. In fact, nectar meals are important for most mosquitoes
because the low glucose content of mammalian blood is inadequate for fueling flight.198 Only the
female gender of the yello w fever mosquito ( Aedes aegypti) feeds on blood and then only during
the reproducti ve period as a con venient source of proteins and nutrients for e gg production. 199

Because mammalian blood consists largely of NaCl, KCl, and water, the blood meal presents excess
quantities of NaCl from ingested plasma and KCl from ingested blood cells as well as the weight
of unwanted water.152,153 The average female mosquito of Aedes aegypti in our laboratory weighs
1.3 mg. When she consumes about 3 µL of blood in a single meal, 119,200 her body weight increases
to 4.3 mg. Thus, her tak e-off weight is more than three times her empty weight. By comparison,
the take-off weight of a passenger airplane may not e xceed twice its empty weight, and most of
that payload is fuel, not passengers or car go. 

As shown in Figure 7.19, the mosquito deals with e xcess cargo by triggering a diuresis before
she has finished her meal. The initial diuresis e xcretes urine that consists primarily of NaCl and
water. KCl is e xcreted later.152 It has been suggested that the first fluid droplets excreted from the
rectum (Figure 7.19) do not stem from Malpighian tubules but from the gut, where ingested plasma
is passed on to the hindgut for e xcretion while the blood cells are retained in the midgut for
digestion.5,9 This intestinal mechanism for excreting unwanted salt and water bypasses the kidneys
and has therefore been termed prediuresis in Anopheles gambiae  (Figure 7.19). The prediuresis
apparently does not take place in the mosquito Aedes aegypti, because Trypan blue and 144Ce added
to the blood prior to ingestion do not appear in the first excreted droplets.200,201

C. DIURESIS AND ANTIDIURESIS IN INSECTS

Diuresis is a Latin term meaning increased e xcretion of urine from the body . It may come about
in insects by: (1) increasing the rate of transepithelial secretion of salt and w ater in distal segments
of Malpighian tub ules, or (2) decreasing the reabsorption of salt and w ater in proximal se gments
of Malpighian tubules, in the hindgut, and in the rectum. A natriuresis is marked by increased Na+
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excretion rates; a kaliuresis signifies increased K+ excretion; and a chloruresis indicates increased
Cl– excretion. In contrast, an antidiuresis minimizes urinary e xcretion to conserv e water for the
animal. It may come about by: (1) reducing the rate of fluid secretion in distal segments of the
Malpighian tubule, or (2) increasing the rate of w ater reabsorption in proximal se gments of the
tubule, hindgut, and rectum. 202

Both diuresis and antidiuresis can be triggered by natural and synthetic agents that target specific
transport systems. Table 7.2 lists samples of the major classes of diuretic and antidiuretic peptides
that so f ar ha ve been disco vered in insects. The mechanisms of action are best understood for
peptide hormones such as the kinins, calcitonin-lik e and CRF-related diuretic peptides (CRF ,
corticotrophin releasing factor), and the biogenic amine serotonin.

The mechanism and regulation of diuresis in insects ha ve been recently reviewed by Maddrell
et al., 203 Torfs et al., 204 and Gaede et al. 205 The diuresis in the kissing b ug Rhodnius has been
reviewed by Coast, 9 Orchard,192 Maddrell et al., 193 Te Brugge and Orchard, 194 and Te Brugge et
al.195 Diuresis in the desert beetle, the crick et, and the mosquito has been re viewed, respectively,
by Nicolson,148 Spring and Clark, 206 and Beyenbach.124,207 Below we discuss some of the dif ferent
classes of diuretic and antidiuretic agents in insects, their ef fects on Malpighian tub ule function,
and their mechanisms of action.

1. The CRF-Related Diuretic Peptides

The CRF-related diuretic peptides structurally resemble v ertebrate corticotropin-releasing f actor
(CRF). The first CRF-related diuretic peptide in insects was isolated from heads of the adult moth
Manduca sexta.208 The hormonal status of this diuretic peptide has been established in the locust
on the basis of radioimmunoassay determination of the peptide in tissues and its circulation in the
hemolymph8,209 and by the block of diuretic acti vity by an antiserum ag ainst the peptide. 210 CRF-
related diuretic peptides are common in insects. They have been found in locusts, crick ets, cock-
roaches, termites, beetles, b ugs, moths, mosquitoes, and flies.8

In the locust, CRF-related diuretic hormones are synthesized by neurosecretory cells in the
brain. Axonal transport delivers the hormones to the corpora cardiaca, from where they are released

FIGURE 7.19 (See color insert following page 208.) Female Anopheles mosquito taking a blood meal. Note
the urination while feeding. Repeating this e xperiment on himself, allowing a female, pathogenic-free yellow
fever mosquito ( Aedes aegypti) to tak e a blood meal, James Williams in our laboratory found that the first
urine droplets eliminate the NaCl and water fraction of the blood meal.152 (Photograph courtesy of Jack Kelly
Clark, University of California.)
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into the hemolymph. Small groups of posterolateral neurosecretory cells in the abdominal g anglia
also synthesize CRF-related diuretic hormone and release it from neurohemal sites of abdominal
nerves (G. Coast, pers. comm.). Of interest is that CRF-related peptide colocalizes with kinins
(another f amily of diuretic peptides) in mesothoracic g anglia in the kissing b ug (Rhodnius pro-
lixus).211 Figure 7.20 illustrates the location of neurosecretory cells and hormone storage sites in
the mosquito Aedes aegypti. The medial and lateral neurosecretory cells together with the corpus
cardiacum are considered analogous to the h ypothalamus in vertebrates (M. Brown, pers. comm.).

In the tobacco hornw orm (Manduca sexta), cricket (Acheta domesticus), and fruit fly (Droso-
phila melanogaster), CRF-related diuretic peptides bind to G-protein-coupled receptors 212–214 and
increase intracellular cAMP concentrations. 212 In isolated Malpighian tub ules, both CRF-related
diuretic hormone and cAMP stimulate fluid secretion, suggesting that cAMP serves as a second
messenger of CRF-related diuretic peptides.208,215–217 One target of cAMP in Malpighian tubules of
the cricket and the mosquito is a Na/K/2Cl cotransporter in the basolateral membrane which is
upregulated.218,219 A second target of cAMP is the V-type H+-ATPase at the apical membrane where
the nucleotide leads to the assembly of the catalytic V1 complex and the proton-translocating V0
complex to form the holoenzyme. 220 The assembled holoenzyme is no w capable of coupling the
hydrolysis of ATP to the translocation of protons from cytoplasm to tubule lumen (see Figure 7.24).
Thus, cAMP affects transport systems at both basolateral and apical membranes. Matching cation
entry into the cell across the basolateral membrane with cation e xit across the apical membrane
maintains the cell in a steady state.

2. Insect Kinins

Mark Holman is credited for discovering the kinins, which are now known to be widely distributed
in invertebrates. He isolated eight kinins from the cockroach Leucophaea on the basis of their
ability to stimulate the contractions of the cockroach hindgut—hence, the designation leucokinin,
the kinin of Leucophaea.221,222 Insect kinins are small peptides of no more than 15 amino acids. 223

They share the core C-terminal pentapeptide sequence F X1X2WGamide required for biological
activity, where X1 can be Y, F, S, or H and X2 can be S or P. Kinins are synthesized in neurosecretory
cells and released from the corpora cardiacum or abdominal neurosecretory cells. 224

TABLE 7.2
Representative Diuretic and Antidiuretic Peptides in Insects

Family/Peptide Code Name Primary Sequence/Structure

Primary 
Second 

Messenger Refs.
Diuretic
CRF-related 
peptides

Manse-DH PMPSLSIDLPMSVLRQKLS-
LEKERKVHALRAAANRN-
FLNDIamide

cAMP Kataoka et al. 208

Cabrero et al. 284

Furuya et al. 376

Insect kinins Leucokinin VIII
Aedeskinin 2

GDAFYSWGamide
NPFHAYFSAWGamide

Ca2+ Holman et al. 222

Veenstra,377 O’Donnell et al.122

Calcitonin-like 
peptide

Dippu-DH31 GLDLGLSRGFSGSQAAKH-
LMGLAAANYAGGGPamide

cAMP Furuya et al. 376

Cardioaccelerator 
peptide

Manse-CAP2b pQLYAFPRV-NH2 NO/cGMP Davies et al., 289 Huesmann 
et al.,378 Kean et al. 379

Serotonin — 5-Hydroxytryptamine cAMP Orchard192

Tyramine — Tyramine Ca2+ Blumenthal262

Antidiuretic
Unknown Tenmo-ADFa VVNTPGHAVSYHVY-OH cGMP Eigenheer et al. 273
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It is not uncommon for hormones or neuropeptides that influence the motility of epithelial
structures to also af fect epithelial transport. Because leucokinin increases the contractions of the
hindgut—thereby facilitating excretion from the hindgut—we e xamined the ef fects of leucokinin
on an epithelium further upstream, the Malpighian tub ule. We found that synthetic leucokinin
increased the secretion of fluid in isolated Malpighian tubules of the yellow fever mosquito.225 The
compositional analysis of secreted fluid revealed the nonselecti ve stimulation of both NaCl and
KCl, suggesting an effect on transepithelial Cl– transport (Figure 7.21). Electrophysiological studies
confirmed this hypothesis: the ef fects of leucokinin on the transepithelial v oltage, resistance, and
Cl– diffusion potentials all pointed to the increase in the Cl– conductance of a paracellular transport
pathway.182 As illustrated in Figure 7.22, it w as the first demonstration in any epithelium that a
hormone exerted its effect on a paracellular transport pathw ay.207

The stimulation of Cl– transport through stellate cells was ruled out in Aedes Malpighian tubules
by studying the ef fects of leucokinin on v ery short tub ule se gments that did not include these
cells.120 In stellate-cell-free tubule segments, leucokinin induced the transepithelial Cl– conductance
as quickly and re versibly as in the presence of stellate cells, confirming the effect on the septate
junctional Cl – pathway while documenting the presence of the kinin receptor on the basolateral
membrane of principal cells (Figure 7.22).

Paracellular transport, the transepithelial transport between epithelial cells, is defined by the
permselective properties of the paracellular pathw ay—i.e., septate junctions in in vertebrates and
tight junctions in v ertebrates. Probing the permselecti vity of the septate junction in the Aedes
Malpighian tubule, we found the permeability sequence of halides in free solution (I – > Br– > Cl–

> F–) under control conditions. In free solution, ions are surrounded by shells of w ater which slows
down their dif fusion. In the presence of leucokinin the permeability sequence shifted to Br – > Cl–

> I– > F–, reflecting the selection of small halides solely on the basis of size and charge (i.e., halide

FIGURE 7.20 Neurosecretory cells and neuropeptides storage sites (corpus cardiacum and corpora allata) in
the female yellow fever mosquito (Aedes aegypti). According to Arden Lea and Mark Brown (who have kindly
provided the diagram), the composite medial and lateral neurosecretory cells and the corpus cardiacum are
analogous to the h ypothalamus in vertebrate brains. In the yello w fever mosquito, the corpora cardiaca form
one structural unit with the aorta and should therefore be referred to in the singular: corpus cardiacum. The
corpus cardiacum recei ves the axon terminals from medial and lateral neurosecretory cells in the brain and
from 8 to 10 neurosecretory cells (not sho wn) immediately posterior to the corpus cardiacum. Medial cells
are the source of ecdysteroidogenic hormone 353 and insulin-like peptides. 354 The products of lateral neuro-
secretory cells are unkno wn. Neurosecretory cells near the corpus cardiacum are the source of adipokinetic
hormones.355
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ions without their w ater shells). The shift from h ydrated to dehydrated halides suggests that in the
presence of leucokinin a channel-like structure in the septate junction becomes accessible to hydrated
halide ions, allowing coulombic interactions with the channel. In the process of these interactions,
halide ions lose their water shells, making them small enough for channel permeation (Figure 7.22).

Remarkably, the on/off effects of leucokinin on the septate junctional Cl– conductance proceed
with switch-like speed, indicating posttranslational modifications of septate junctional proteins.182,207

Such rapid changes in the junctional Cl – conductance, which changes nearly tenfold in response
to adding and removing leucokinin, is consistent with channel-like structures residing in the septate
junction. Proteins of the claudin f amily are known to define the barrier and permselectivity prop-
erties of the paracellular pathw ay in v ertebrate epithelia.226–231 Two claudin-like proteins, sinuous
and megatrachea, have been found in Drosophila. Both localize to septate junctions in tracheal
tubes, where the y provide a barrier function, lik e claudin; 230,232,233 however, claudin-like proteins
have not yet been observ ed in Malpighian tub ules of any insect.

Figure 7.22 illustrates the signaling pathw ay of leucokinin in Aedes Malpighian tubules.234,235

Leucokinin binds to a G-protein-coupled receptor at the basolateral membrane of principal cells,
thereby acti vating phospholipase C to yield inositol trisphosphate. 236,237 Subsequently, inositol
trisphosphate triggers the release of Ca 2+ from intracellular stores. The depletion of these stores
activates a Ca 2+ channel in the basolateral membrane, allo wing the entry of Ca 2+ into principal
cells.207,234,235 How Ca 2+ proceeds to increase the Cl – conductance of the paracellular , septate
junctional pathway is an intriguing question (Figure 7.22). It probably in volves posttranslational
modifications such as phosphorylations, glycosylations, or palmitylations that have yet to be

FIGURE 7.21 Leucokinin VIII stimulates the transepithelial section of NaCl, KCl, and w ater. Asterisk indi-
cates significant difference from the control. Leucokinin increases the transepithelial secretion of Na +, K+, Cl–,
and water together with lar ge reductions in transepithelial v oltage and resistance. Vbl and Va are cell negative
with respect to ground in the hemolymph and tub ule lumen, respectively. Vt is lumen positive with respect to
ground in the hemolymph. V, voltage; a, apical membrane; bl, basolateral membrane. (Data from Pannabecker,
T.L. et al., J. Membr. Biol., 132, 63, 1993; Beyenbach, K.W., Curr. Opin. Nephrol. Hypertens., 12, 543, 2003.)
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elucidated. Equally important is identification of the proteins that define the Cl– permselectivity of
the septate junction in the presence of leucokinin.

Mechanisms are dif ferent in Malpighian tub ules of Drosophila, where stellate cells signal and
mediate the transepithelial secretion of Cl –. O’Donnell et al. 125 have found Cl – channels in stellate
cells and transepithelial Cl –-dependent current sinks in the vicinity of stellate cells, consistent with
a transcellular route for transepithelial Cl – secretion. Moreover, leucokinin increases intracellular
Ca2+ concentration primarily in stellate cells, 223,236 and the receptor for drosokinin (the kinin of
Drosophila) is expressed by stellate cells.236,238 Altogether, these observations provide strong evidence
that kinins increase Cl– transport through stellate cells in Drosophila Malpighian tubules. Malpighian
tubules of the crick et Acheta domesticus  do not ha ve stellate cells, 162 yet the tub ules respond to
achetakinin, the kinin of Acheta. Surprisingly, all five achetakinins decreased fluid secretion in the
distal (blind-ended) tubules, but two achetakinins increased fluid secretion in mid-tubule segments.239

Thus, kinins can trigger diuretic and antidiuretic acti vity, even in the absence of stellate cells.
The above sojourn into the comparati ve physiology of kinins in Aedes, Drosophila, and Acheta

brings back to mind Potts and Parry’s warning that “no insect can be regarded as typical.” Malpighian
tubules offer both transcellular and paracellular routes for secreting Cl – into the tubule lumen. The
two routes are used to v arying de grees in dif ferent species. Clearly , a single epithelial transport
model cannot be assigned to the mechanism of action of kinins in insect Malpighian tub ules.

3. Calcitonin-Like Peptides

In contrast to the nonselective stimulation of transepithelial NaCl and KCl secretion by leucokinin,
the mosquito natriuretic peptide selectively stimulates the secretion of NaCl. 153,164 The secretion of
K+ is not af fected, as the fourfold increase in w ater secretion dilutes the K + concentration in the
tubule lumen fourfold (Figure 7.23). Mosquito natriuretic peptide hyperpolarizes the transepithelial

FIGURE 7.22 Signal transduction of leucokinin in principal cells of Malpighian tub ules of Aedes aegypti.
α, β, and γ are the sub units of G protein; PLC, phospholipase C; IP 3, inositol trisphosphate. The proteins
defining the Cl– permselectivity of the septate junction are unknown. The permeation of Cl– through the septate
junction is hypothetical and thought to involve a conformational change in septate junctional proteins that can
interact with hydrated Cl–. The interaction strips Cl– of its hydration shell which admits the ion for permeation
through the septate junction. Emer ging on the other side of the junction, Cl – hydrates again. (Data from Yu,
M.J. and Be yenbach, K.W., J. Exp. Biol. , 207, 519, 2004; Yu, M. and Be yenbach, K.W., J. Insect Physiol. ,
47, 263, 2001; Yu, M.J. and Be yenbach, K.W., Am. J. Physiol., 283, F499, 2002.)
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voltage from 42 mV to 70 mV due to the depolarization of the basolateral membrane v oltage of
principal cells. Because the Na + concentration in primary urine increases from 76 m M to 148 mM
and the transepithelial v oltage becomes more lumen positi ve, it is clear that mosquito natriuretic
peptide targets the stimulation of acti ve transepithelial transport of Na + (Figure 7.23).

Years ago, we extracted mosquito natriuretic peptide from several thousand heads of the yellow
fever mosquito.240,241 At that time we thought that mosquito natriuretic peptide w as a CRF-related
diuretic peptide because it increases intracellular concentrations of cAMP (Figure 7.23), and cAMP
perfectly duplicates the ef fects of mosquito natriuretic peptide on the transepithelial electrolyte
secretion and electroph ysiology of the tub ule.123,124,240–243 It now appears, ho wever, that mosquito
natriuretic peptide is a member of the calcitonin-lik e diuretic peptides. Calcitonin-lik e peptides
mediate their ef fects also via cAMP .244 Anoga-DH31, the calcitonin-lik e diuretic hormone of
Anopheles gambiae, has natriuretic acti vity in isolated Malpighian tub ules of both Anopheles and
Aedes via the ele vation of intracellular cAMP .244 In parallel, cAMP depolarizes the basolateral
membrane voltage of principal cells to the same extent it hyperpolarizes the transepithelial voltage
in Malpighian tub ules of both Anopheles244 and Aedes.245 Moreover, the amino-acid sequence of
the predicted calcitonin-like diuretic peptide in Aedes (Accession No. XP_001658868) is identical
to that of Anoga-DH31 (pers. observ.). Thus, the mosquito natriuretic peptide isolated from Aedes
is lik ely a calcitonin-lik e diuretic peptide, perhaps to be named Aedae-DH31. The amino-acid
sequencing of the mosquito natriuretic peptide purified from Aedes will tell for sure.

FIGURE 7.23 Selective stimulation of transepithelial NaCl and w ater secretion by the mosquito natriuretic
factor. Mosquito natriuretic f actor is a peptide 241 that Coast et al. ha ve identified as one of the calcitonin-like
diuretic hormones in insects. 244 Note the nearly tenfold increase in intracellular cAMP concentration in the
presence of mosquito natriuretic peptide. Asterisk indicates significant difference from the control. For voltage
polarities, see legend for Figure 7.21. (Data from Williams, J.C. and Be yenbach, K.W., J. Comp. Physiol. B ,
154, 301, 1984; Petzel, D.H. et al., Am. J. Physiol. Regul. Integr. Comp. Physiol., 249, R379, 1985; Beyenbach,
K.W. and Petzel, D.H., News Physiol. Sci. , 2, 171, 1987; Petzel, D.H. et al., Am. J. Physiol. Re gul. Integr.
Comp. Physiol., 253, R701, 1987.)
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Both mosquito natriuretic peptide and cAMP depolarize the basolateral membrane v oltage of
principal cells by activating a Na+ conductance in that membrane. 242,245 The molecular correlate to
this Na + conductance could be a Na + channel as illustrated in Figure 7.24, an electrogenic Na +-
dependent cotransporter, or an electrogenic e xchange transporter. In addition, cAMP acti vates an
electroneutral, bumetanide-sensitive transport system in the basolateral membrane, presumably a
Na/K/2Cl cotransporter related to the SLC12 (solute-link ed carrier) f amily of cation-coupled Cl –

cotransporters.219 A SLC12-like transcript has been cloned from a cDNA library prepared from the
gut and Malpighian tub ules of Aedes aegypti, but neither e xpression of the transcript nor immu-
noreactivity of the protein could be demonstrated in Malpighian tubules.246 A SLC12-like transporter
has been identified in Malpighian tubules of Manduca se xta,247,248 and ph ysiological e vidence
suggests Na/K/2Cl cotransport in Formica,185 Rhodnius,249 and Drosophila.250

The entry of Na+ into the principal cell via conductive and carrier-mediated transport is expected
to raise the intracellular Na+ concentration, improving its competition with K+ for extrusion across
the apical membrane via the H +/cation exchanger (Figure 7.24). The H+/cation exchanger may be
related to the NHE f amily of transporters, such as NHE8 identified in the Aedes Malpighian
tubule.177 Kinetic studies of the Aedes NHE8 transporter in proteoliposomes re vealed that it can
accept Na+ as well as K+ for exchange transport with H+. It is unknown whether cAMP affects the
expression or activity of NHE8 in the principal cells.

Whereas Figure 7.24 summarizes measured v alues of v oltages and electrolyte concentrations
in the presence of mosquito natriuretic peptide (or cAMP), the signaling pathw ay is hypothetical.
Calcitonin-like peptide is thought to bind to a G-protein-coupled receptor located in principal cells
of Malpighian tubules.224,251,252 Activation of G protein stimulates aden ylate cyclase with the effect
of increasing intracellular cAMP concentrations. The binding of cAMP to the re gulatory subunits
of protein kinase A releases the catalytic kinase subunits setting off the phosphorylation of transport

FIGURE 7.24 The mechanism of action and the signaling pathway of mosquito natriuretic peptide. Mosquito
natriuretic peptide increases intracellular cAMP concentrations by stimulating aden ylate cyclase (AC) pre-
sumably via a G-protein-coupled receptor . The cAMP acti vation of protein kinase A (PKA) is thought to
assemble the V-type H+-ATPase at the apical membrane, thereby activating ATP hydrolysis and the translocation
of H + from the c ytoplasm to the tub ule lumen. At the basolateral membrane, cAMP acti vates: (1) a Na +

conductance, presumably a Na + channel, and (2) a b umetanide-sensitive transport system, presumably
Na/K/2Cl cotransport. Whether the basolateral membrane channel and cotransporter are acti vated via phos-
phorylation by PKA is unkno wn. A hypothetical Cl– channel is added to the basolateral membrane to allo w
the exit of Cl – that has entered the cell via Na/K/2Cl cotransport. Cl – may pass through stellate cells and/or
septate junctions for transepithelial secretion into the tub ule lumen. Whether Cl– passes through the septate
junction as hydrated or dehydrated ion is unkno wn.
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systems in basolateral and apical membranes. Phosphorylation of the epithelial Na/K/2Cl transporter
is known to increase its activity.253 Likewise, phosphorylation of the epithelial Na+ channel (ENaC)
is known to increase Na + transport through this channel. 254 Best understood in the transport model
illustrated in Figure 7.24 are the effects of cAMP on the V-type H+-ATPase,220,255 which are discussed
in Section VI.

4. Serotonin

Maddrell discovered the diuretic effect of serotonin in Malpighian tubules of Rhodnius prolixus as
early as 1969.256 Serotonin (5-hydroxytryptamine) is a common neurotransmitter in vertebrates and
invertebrates that can serv e (1) synaptic transmission and the stimulation of tissues innerv ated by
serotonergic nerves, and (2) as a hormone in the hemolymph.192,193 In Rhodnius, serotonergic nerves
activated by the ingestion of a blood meal stimulate sali vary glands, the dorsal aorta (heart), and
the gut. Serotonin released into the hemolymph from neurohemal areas of abdominal nerv es
increases the secretory acti vity of Malpighian tub ules more than 1000-fold. 192

In Rhodnius, serotonin binds to a G s-protein-coupled receptor, activates adenylate cyclase, and
increases intracellular cAMP concentrations, not unlike the effect of calcitonin-like peptide (Figure
7.24). Because serotonin inhibits the Na,K-A TPase in Rhodnius Malpighian tub ules, cAMP is
thought to acti vate a protein kinase that inhibits the Na/K pump. 190 The inhibition of the Na,K-
ATPase by ouabain is kno wn to stimulate transepithelial Na + secretion in Rhodnius Malpighian
tubules.257 The inhibition is expected to increase the intracellular concentration of Na+, thereby out-
competing K+ for transport into the tub ule lumen via H +/cation exchange (Figure 7.24). Rates of
transepithelial Na + and fluid secretion increase as a result; thus, serotonin appears to mimic the
effect of ouabain, bringing about diuresis in distal se gments of Rhodnius Malpighian tubules.

At the apical membrane of Rhodnius Malpighian tubules, serotonin increases the v olume of
microvilli nearly threefold and causes mitochondria to mo ve from the cell corte x into the
microvilli.142 Thus, the suppliers of ATP become situated adjacent to the ion-transporting apical
plasma membrane, which is commensurate with the stimulation of transepithelial ion transport. 142

In addition, serotonin and cAMP—as well as the blood meal—all activate aquaporin water channels
to increase the w ater permeability of the tub ule.161

Whereas serotonin is clearly the primary diuretic agent in Rhodnius, the amine appears to have
only secondary roles in Malpighian tub ules of other insects. In Malpighian tub ules of larval Aedes
aegypti, serotonin stimulates fluid secretion via cAMP.258,259 Serotonin also increases fluid secretion
in Malpighian tub ules of adult Aedes ae gypti,260 but the stimulation is small compared to that
induced by mosquito natriuretic peptide and leucokinin (unpubl. observ .). Because serotonin and
calcitonin-like peptide have additive if not synergistic effects in some insects, it has been suggested
that serotonin may modulate the ef fects of diuretic peptides. 261

5. Tyramine

The biogenic amine tyramine has recently joined the list of diuretic agents in insect Malpighian
tubules. Blumenthal made this disco very in Drosophila Malpighian tubules after first noting that
the common amino acid tyrosine stimulated transepithelial fluid secretion by increasing a trans-
epithelial Cl – conductance.262 In principal cells of the tub ule, tyrosine decarboxylase con verts
tyrosine to tyramine. Tyramine is then exported from principal cells and binds in paracrine f ashion
to a G-protein-coupled tyramine receptor on nearby stellate cells. Blumenthal has cloned the cDNA
encoding this tyramine receptor in Drosophila Malpighian tub ules. Receptor binding ele vates
intracellular Ca2+ concentrations in stellate cells. Calcium goes on to increase a transepithelial Cl –

conductance as the principal mechanism for stimulating transepithelial fluid secretion. The mech-
anism of action of tyramine is strikingly similar to that of leucokinin in Aedes Malpighian tubules
(Figure 7.22), e xcept that tyramine and kinin signaling in Drosophila takes place in stellate cells
and not in principal cells as in Aedes Malpighian tubules.
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In a follow-up study, Blumenthal made the interesting observation that tyramine and leucokinin
signaling in Drosophila Malpighian tubules is significantly affected by the osmotic pressure in the
peritubular bath of the tub ule.263 An increase in osmotic pressure reduced the diuretic ef fects of
tyramine and leucokinin, which Blumenthal interprets as protecting the fruit fly during dehydration
stress. In the insect, deh ydration stress is e xpected to increase the osmotic pressure of the
hemolymph.

Increased osmotic pressures also decreased the frequenc y of spontaneous transepithelial
voltage oscillations in Drosophila Malpighian tubules. Spontaneous transepithelial voltage oscil-
lations stem from cyclical changes in transepithelial Cl– conductance264 that Blumenthal attributes
to paracrine tyramine signaling. By decreasing the frequenc y of transepithelial Cl – conductance
changes, elevated peritubular osmotic pressures limit Cl– secretion, thereby reducing fluid secre-
tion. Blumenthal suggests further that the conversion of extracellular osmotic pressure (amplitude
modulated, AM) into a frequency domain of oscillating Cl– conductances (frequency modulated,
FM) may stabilize transepithelial fluid secretion rates, especially in the case of small changes
in extracellular osmolality.

6. Signaling in the Intact Animal

To establish the relevance of our observations in isolated Malpighian tubules to mechanisms taking
place in the intact mosquito, we demonstrated that: (1) in the intact yello w fever mosquito, the
initial diuresis that begins during feeding on blood (Figure 7.19) e xcretes a NaCl-rich urine; 152 (2)
the initiation and maintenance of the diuresis in the mosquito requires the presence of the head on
the insect;242,265 (3) mosquito natriuretic peptide injected into the hemolymph of decapitated mos-
quitoes triggers diuresis in vivo;242,265 (4) hemolymph collected from blood-fed mosquitoes stimu-
lates fluid secretion in isolated Malpighian tubules, but hemolymph from unfed or blood-fed and
then decapitated mosquitoes does not; 242,265 and (5) Malpighian tub ules isolated from blood-fed
mosquitoes during the peak NaCl diuresis reveal elevated cAMP concentrations.243 These observa-
tions establish the ph ysiological connections between the blood meal, the release of mosquito
natriuretic peptide, and the role of cAMP as second messenger . Stretch receptors in the abdomen
are thought to sense the distension of the gut and to cause the release of diuretic hormones. 200,266

Klowden provides an eng aging review of the links between the tw o frequently tandem acti vities
of eating and mating, this time in the mosquito. 119

7. Synergism of Diuretic Peptides

The signaling cascade that re gulates the release of kinin diuretic peptides is lar gely unknown,
but it would appear that it does not differ substantially from the release of other diuretic peptides.
One reason is that the colocalization of kinins and CRF-related peptides in abdominal neuro-
secretory cells of the tobacco hornworm is consistent with the release of both peptides when the
need for diuresis arises.211,267 Because kinins increase transepithelial Cl– secretion via intracellular
Ca2+ (Figure 7.22) and because CRF-related peptides increase transepithelial cation secretion
via cAMP, these separate controls of transepithelial anion and cation secretion allo w at least
additive if not synergistic effects consequent to the release of both diuretic peptides. Indeed, the
kinin and CRF-related peptide of the locust act cooperatively to increase the rate of fluid secretion
in Malpighian tub ules by more than the sum of their separate responses. 268 Likewise, the kinin
and CRF-related peptide of the house fly act synergistically to increase fluid secretion in
Malpighian tub ules,269 even though the tw o peptides do not colocalize to single neurons or
neurohemal release sites.270 Also, evidence in the Malpighian tubules of the kissing bug (Rhodnius
prolixus) suggests synergistic effects on fluid secretion of the amine serotonin and an unidentified
diuretic hormone.195,271,272
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8. Antidiuretic Peptides

The laboratory of Schooley was the first to isolate an antidiuretic peptide that reduced fluid secretion
in Malpighian tubules.273 The peptide was isolated from heads of the meal worm Tenebrio molitor
(a tenebrionid beetle) and named Tenmo-ADFa. With an EC50 of about 10–14 M it is a potent inhibitor
of fluid secretion in mealworm Malpighian tubules. Tenmo-ADFa uses cGMP as second messenger.
The laboratory of Schoole y isolated a second antidiuretic peptide, Tenmo-ADFb, a year later .274

The antidiuretic effect of ADFb is also mediated via cGMP .
We tested the effects of Tenmo-ADFa in Malpighian tubules of the yellow fever mosquito. The

peptide inhibited the spontaneous secretion of fluid without significant effects on the electroph ys-
iology of the tubule and principal cells. 275 Cyclic GMP duplicated the inhibition of fluid secretion
without electrophysiological correlates. These observations suggest that the antidiuresis is mediated
by inhibiting an electroneutral transport system.

Because cAMP stimulates and cGMP inhibits fluid secretion in mealworm Malpighian tubules,
Wiehart and co workers276 investigated the interaction of these tw o nucleotides. When both cAMP
and cGMP were added to the peritub ular bath of isolated meal worm Malpighian tub ules, the
stimulatory effect of cAMP w as not observ ed. Similarly, the stimulatory ef fect of the CRF-related
diuretic hormone Tenmo-DH(37) was reversed by the antidiuretic peptide Tenmo-ADFa.276 Antag-
onism between diuretic and antidiuretic peptides and their second messengers was thus demonstrated.

Cyclic GMP is kno wn to stimulate cAMP phosphodiesterase acti vity, thereby reducing the
intracellular concentration of cAMP.277,278 Diminishing intracellular cAMP concentrations are there-
fore expected to decrease fluid secretion which may explain in part the antagonism between cGMP
and cAMP. The antagonism may be useful in vivo for terminating the diuresis at the site of primary
urine generation.279

At the level of the intestine, antidiuretic peptides stimulate reabsorptive transport which dimin-
ishes excretory output. One hormone that stimulates fluid absorption is the ion-transport peptide
(ITP) that first was isolated in the desert locust. 280 ITP increases fluid absorption in the ileum of
the locust by stimulating the absorption of Cl – using cAMP as second messenger .281 A second
hormone to produce antidiuretic effects is the chloride transport-stimulating hormone (CTSH), also
identified in the locust.280,282 CTSH stimulates fluid reabsorption in the rectum by increasing the
reabsorption of Cl –, again using cAMP as second messenger .282

9. Caveat

Biological mechanisms are hardly as straightforward as the research suggests or as presented above.
First, although it is true that cAMP stimulates and cGMP inhibits fluid secretion in most Malpighian
tubules, exceptions exist. Cyclic GMP, for example, stimulates fluid secretion in Drosophila Mal-
pighian tub ules. Lik e cAMP, cGMP acti vates the V-type H +-ATPase.122,186,272,283 In Drosophila
Malpighian tubules, fluid secretion can be stimulated via cAMP by the binding of Drome-DH44
(a CRF-related peptide) to a G-protein-coupled receptor .284 Fluid secretion in tub ules can also be
stimulated via a nitric oxide–cGMP pathway in response to cardiac accelerator peptide CAP2b.285–287

In both cases, a rise in intracellular Ca 2+ is thought to increase the acti vity of apical mitochondria,
which would elevate ATP levels in the vicinity of the V-type H+-ATPase, thereby stimulating proton
transport and transepithelial fluid secretion.288 Thus, two different diuretic peptides, Drome-DH44
and CAP2b, working through dif ferent intracellular signaling pathw ays, may still con verge on the
same target—namely, the V-type H+-ATPase to increase transepithelial fluid secretion.

Second, whether a peptide is diuretic or antidiuretic depends on the insect and tissue; for example,
CAP2b has diuretic activity in Drosophila Malpighian tubules289 but antidiuretic activity in Rhodnius
Malpighian tubules.279 Likewise, kinins have diuretic activity in most insect Malpighian tubules but
antidiuretic activity in Malpighian tubules of the cricket.239 In the same insect, serotonin stimulates
K+ secretion in distal Malpighian tub ules and K + absorption in proximal Malpighian tub ules.290,291
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Third, the specific signaling pathway activated by a ligand may be dose dependent; for example,
low concentrations of synthetic CRF-related diuretic peptide of the mosquito Culex caused a mild
diuresis in isolated Malpighian tub ules of Aedes aegypti, apparently via Ca 2+-mediated effects on
paracellular Cl– conductance (see Figure 7.22). High concentrations of Culex CRF-related diuretic
peptide caused a strong diuresis via cAMP-mediated ef fects on transcellular Na+ secretion, similar
to the effect of mosquito natriuretic peptide (Figure 7.24). 292,293 Thus, CRF-related diuretic peptide
may engage both Ca2+ and cAMP signaling pathways in Aedes Malpighian tubules and in Anopheles
Malpighian tubules (G. Coast, pers. comm.).

Fourth, cAMP may exert different effects in the same tissue. The CRF-related diuretic hormone
Anoga-DH44 and the calcitonin-lik e hormone Anoga-DH31 use cAMP as second messenger .9
Whereas cAMP activated by Anoga-DH31 brings about a natriuresis, cAMP acti vated by Anoga-
DH44 does not. Accordingly, a second messenger signaling pathw ay (cAMP, cGMP, Ca 2+) may
lead to a particular tar get, but that signaling pathw ay is part of an intracellular signaling netw ork
that may reroute and alter the message.

V. WATER ABSORPTION BY THE RECTAL COMPLEX

The precise significance of the arrangement is not known; perhaps this serv es to add the absorpti ve
powers of the Malpighian tub ules to those of the rectal epithelium.

Wigglesworth294

In some larval insects and rarely in adult insects, the distal (blind) ends of Malpighian tub ules are
not suspended in the abdominal hemolymph b ut instead are encased by a sheath that k eeps them
closely associated with the rectum. The resulting structure is referred to as the cryptonephridial or
rectal complex. The complex occurs in several coleopterans, including the tenebrionid beetles (e.g.,
the mealworm, Tenebrio molitor), lepidopterans (e.g., the tobacco hornworm, Manduca sexta), and
at least one dipteran (i.e., the glo w-worm, Arachnocampa luminosa ). The rectal comple x is an
osmoregulatory adaptation to terrestrial life that helps minimize e xcretory water losses by reab-
sorbing water from the feces and the fluid Malpighian tubules have emptied into the gut. 295,296 The
rectal complex is absent or poorly de veloped in coleopterans and lepidopterans with aquatic or
semiaquatic larval stages. 297 In larvae of tenebrionid beetles, the rectal comple x can also absorb
water vapor from air of high relati ve humidity.298,299

A. STRUCTURE OF THE RECTAL COMPLEX

The rectal comple x consists of three major structures: the rectum, the distal Malpighian tub ules
(now referred to as perinephric tubules), and the perinephric membrane (Figure 7.25). The latter
is the most distinguishing feature of the rectal complex, because the perinephric membrane isolates
both the perinephric tub ules and the rectum from the hemolymph. Importantly , the membrane is
not a lipid bilayer as the term might imply , but instead it consists of se veral layers of compressed
epithelial cells. In lepidopteran larv ae,300 the rectal comple x occurs as three longitudinal bands
along the rectum (Figure 7.26), whereas in larv ae of tenebrionid beetles 295,297,301 and at least one
dipteran302 the perinephric membrane encloses the entire circumference of the rectum (Figure 7.27).
Thus, in lepidopterans, portions of the rectal epithelium are bathed by hemolymph and are referred
to as the normal rectal epithelium, in contrast to the perinephric rectal epithelium, which is bathed
by fluid occupying the perinephric space (Figure 7.26).

In tenebrionid beetles and the glo w-worm, the entire rectal epithelium is enclosed within the
complex and is bathed by fluid within the perinephric space (Figure 7.27). The perinephric tubules
meander in an anterior direction until the y reach the anterior end of the perinephric membrane,
where they become free of the rectum and together form a common trunk still enclosed by perinephric
membrane.295,301 Once free of the trunk, the Malpighian tubules—now bathed by hemolymph—sep-
arate and continue to ward the midgut/hindgut junction, where the y empty their secretions.
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FIGURE 7.25 Osmotic pressure profiles in the rectal complex of the meal worm Tenebrio molitor. Numbers
indicate osmotic pressures in Osm/kg. Arrows indicate direction of w ater flow. (Adapted from Machin, J.,
Am. J. Physiol., 244, R187, 1983.)

FIGURE 7.26 Rectal complex of a lepidopteran larva: (A) Transverse section through the posterior rectum;
(B) enlargement of the re gion encircled in P art A. (From Ramsay, J.A., Philos. Trans. R. Soc. Ser . B , 274,
203, 1976. With permission.)

Perinephric space 

Perinephric 
membrane 

Lumen 
perinephric tubule 

Blister 

6.8 

3.8 5.0 

3.0 
2.2 

3.2 

4.3 
Flow 

Flow Cuticle 

1.0 
Hemolymph 

98% RH H2O 
H2O 

4.9 

Rectal
lumen

Rectal
epithelium

Perinephric
tubule

epithelium

Perinephric
rectal epithelium

Perinephric space

Perinephric
space

Subcuticular
space

Subcuticular
space

(A) (B)

Cuticle

Cuticle

Rectal 
lumen

Feces

Hemolymph

Perinephric
membrane Perinephric

membrane

Perinephric
tubule

Perinephric
tubule

Perinephric rectal 
epithelium

Normal
rectal epithelium

Feces



272 Osmotic and Ionic Regulation: Cells and Animals

As shown in Figure 7.27B, the rectal epithelium is composed of a single layer of cells that form
a tightly pack ed, uniform cell layer surrounded by circular and longitudinal muscle layers. 301,303

The luminal surface of the rectal epithelium is co vered by cuticle and is e xposed to either feces or
air. Bathing the basolateral surf ace of the rectal epithelium is the fluid of the perinephric space,
which also bathes the basolateral surf ace of the perinephric tub ules.

The perinephric membrane is composed of an outer and an inner cellular sheath.301,304 The outer
sheath consists of a single layer of compressed cells, whereas the inner sheath contains se veral
layers of e xtremely compressed cells (Figure 7.28B). Gi ven the densely pack ed cell layers that
compose the inner sheath, it is considered the main barrier to osmotic and ionic exchanges between
the perinephric fluid and hemolymph;301 however, exchanges of solutes between the perinephric
fluid and the hemolymph might occur in the anterior region of the complex where the inner sheath
is thinner compared to that of the posterior re gion.301

In the rectal comple x of tenebrionid beetle larv ae, the perinephric tub ules form boursouflures
at regular intervals along their length.295,301 Boursouflures are nodule-like structures that form when
the wall of a perinephric tub ule bulges out to ward the perinephric sheath and the tub ule lumen
forms two or three di verticulae (Figure 7.27 and Figure 7.28). A morphometric analysis indicates
that the boursouflures increase the luminal surface area of the perinephric tubules, thereby providing
a greater area for acti ve transport which is h ypothesized to enhance w ater absorption from the
rectum.305 Boursouflures, however, are not essential for rectal w ater absorption, because the peri-
nephric tubules of lepidopterans and glo w-worms lack these structures. 297,300,302

At the ape x of a boursouflure (usually at the most central diverticulum; see Figure 7.28A) is
a relatively small, hyaline cell that wedges between the principal cells, not unlik e stellate cells in
Malpighian tubules of Aedes aegypti (Figure 7.12). The cell forms an e xtremely thin windo w, or
leptophragma, into the tub ule lumen. As shown in Figure 7.28, the cell body of the leptophragma
cell hangs down into the lumen of the di verticulum,295,297,301,304 and then flattens to bridge a gap in
the inner sheath of the perinephric membrane. In the vicinity of leptophragma cells, the outer sheath
thins out to a basement membrane, which forms the blister that, according to Grimstone et al., 301

is filled with “amorphous material” (Figure 7.28B). On the other side, the inner sheath has also
thinned out to its basement membrane in contact with the thin portion of the leptophragma cell
(Figure 7.28B). In some histological preparations of rectal complexes, the blisters are not noticeable
due to shrinkage artifacts.295,301 Thus, the conclusion that blisters are absent from the rectal complex
of the beetle305 and the glow-worm302 should be reexamined, because leptophragma cells are present
in these two insects.

FIGURE 7.27 Rectal complex of the mealworm Tenebrio molitor: (A) The perinephric membrane is removed
from one tubule to reveal the boursouflures of a perinephric tubule. (From Grimstone, A.V. et al., Philos. Trans.
R. Soc. Ser. B, 253, 343, 1968. With permission.) (B) Transverse section; circled re gion of the boursouflure is
detailed in Figure 7.28B. (From O’Donnell, M.J. and Machin, J., J. Exp. Biol., 155, 375, 1991. With permission.)
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The function of the leptophragma cells (and associated blisters) is enigmatic, b ut the dramatic
reduction in the thickness of perinephric membrane at these sites suggests a transport pathw ay
between the hemolymph and the lumen of the perinephric tubules. Given the high osmotic pressures
that perinephric tubules generate in the tubule lumen, it is unlikely that the blisters or leptophragma
cells allow water to enter from the hemolymph. Leptophragma cells may pro vide a pathw ay for
hemolymph Cl– to enter the tubule lumen, complementing the transcellular secretion of K+, similar
to stellate cells in Malpighian tub ules of Drosophila. In addition, leptophragma cells may mediate
the e xchange of metabolic fuels or w aste products between the perinephric tub ules and
hemolymph.305,306 Whatever their function, leptophragma cells are not essential for the reabsorption
of rectal water from excretory material, because these cells are not found in the perinephric tubules
of lepidopterans and some coleopterans. 297,300

Both inner portions of the rectal comple x and the perinephric membrane are well supplied by
the tracheal system, 295 suggesting high transport acti vities. In the posterior re gion of the rectal
complex, tracheoles form numerous branches in the space between the inner and outer sheaths of
the perinephric membrane (Figure 7.28B). Within this space, the tracheolar cells usually associate
with the e xternal surf ace of the inner sheath. 301 Furthermore, the tracheolar cells often become
flattened and contain long peripheral projections,301 which likely increases their functional surf ace
area for delivering oxygen to the nearby perinephric tub ules.

B. FUNCTIONS OF THE RECTAL COMPLEX

The digestion and passage of food through the gut is a wet process. Not only is w ater required for
the activity of hydrolytic enzymes, but it is also needed to make the products of digestion transportable
by dissolving them first in water. Only then can channels, carriers, and pumps translocate the products
of digestion. Furthermore, water in the intestinal lumen maintains the fluidity of the gut contents and
lubricates the easy passage to more distal sites. In insects, the midgut epithelium secretes w ater into
the gut. 307–309 Water also arri ves in the intestinal lumen via Malpighian tub ules that empty their
secretions into the gut. For insects living in dry environments or eating dry foods, preventing intestinal
losses of water is critical for maintaining w ater balance. In coleopteran and lepidopteran larv ae, the
rectal comple x contrib utes to w ater conserv ation by reabsorbing intestinal w ater. In tenebrionid
beetles, the rectal complex is also able to absorb water vapor from air but only at high relative humidity.

FIGURE 7.28 Boursouflures and blisters of the mealworm rectal complex: (A) Schematic of two boursouflures
that are cut open to sho w the orientation of the di verticulae; note the location of the leptophragma cell. (B)
Detail of a blister and a leptophragma cell (circled re gion in Figure 7.27B); note the relati ve thickness of the
outer and inner sheaths of the perinephric membrane. (From Grimstone, A.V. et al., Philos. Trans. R. Soc. Ser.
B, 253, 343, 1968. With permission.)
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1. Tenebrionid Beetles

The stunning feat of absorbing water from air (and from fecal matter) has made tenebrionid beetles
the favorite models for studying the rectal comple x. Digested food material lea ving the midgut of
beetle larv ae contains a high w ater content; it is nearly isosmotic with the hemolymph (~0.5
Osm/kg).13,295 As the rectal complex reabsorbs water it dries the fecal pellets to almost a powder.295

Assuming that the w ater content of freshly e xpelled fecal pellets is in equilibrium with the w ater
vapor pressure of the rectum, Ramsay 295 determined that the relati ve humidity (RH) in the rectal
chamber of Tenebrio molitor is 90%. A RH of 90% is e xpected above a solution with an osmotic
pressure of 6.2 Osm/kg, whereas a relati ve humidity of 99% is e xpected above a solution with an
osmotic pressure of 0.5 Osm/kg, as calculated from the follo wing equation:

(7.2)

Where aw is the water activity (i.e., RH di vided by 100), 55.5 is the number of moles of w ater in
1 kg of w ater, and Posm is the osmotic pressure in Osm/kg (see Edne y13 and Kiss and Hansson 310).

To increase the osmotic pressure of the feces from 0.5 Osm/kg to 6.2 Osm/kg by the abstraction
of water alone, the rectal comple x must reabsorb 92% of the w ater. In e xtreme cases, the RH of
the rectal chamber can drop to 75%, 295 reflecting a fecal osmotic pressure of 18.5 Osm/kg. The
rectal complex now reabsorbs as much as 97% of the w ater from the rectal chamber .

The relationship between relative humidity and the osmotic pressure of solutions (see Equation
7.2) suggests that the rectal complex can absorb atmospheric water vapor. Indeed, Nobel-Nesbitt311

and Machin299 showed that starv ed larvae of Tenebrio molitor  increase both their body mass and
body water content if held at RHs abo ve 88%. Blocking the anus with w ax prevents the g ains of
mass and w ater, indicating that the rectum is the lik ely site of w ater vapor absorption. 299,311 The
threshold value of 88% RH for v apor absorption is consistent with the mean RH of 90% in the
rectal chamber of T. molitor.295,312 In tenebrionid beetle larv ae ( Onymacris sp.) that inhabit the
Namib Desert, water vapor absorption can occur at ambient RHs as lo w as 83% .298,313

The rate of water vapor absorption increases as ambient RH increases abo ve the threshold RH
for water absorption.298,299,314 Rates of rectal w ater uptake can be as high as 5 to 7% of their body
mass per day.315 It is unlikely that the threshold RH for rectal w ater uptake is reached in T. molitor
living in stored grain or flour. Here, the rectal comple x returns most of the intestinal w ater to the
hemolymph;316 however, in larvae of Onymacris sp. of the Namib Desert, rectal absorption of water
vapor may be relevant during the oceanic fogs that moisten the desert air. During the peak intervals
of these fogs, the larv ae move toward the surface of the sand, where the RH may e xceed 80%.298

2. Lepidoptera

The rectal comple x of lepidopterans w as initially considered to play only a minor role in rectal
water reabsorption, because larvae of the large white butterfly (Pieris brassicae) could increase the
osmotic pressure of the rectal milieu only to 1.4 Osm/kg, consistent with a RH of 97.5%. 300

Furthermore, lepidopteran larv ae typically eat foods with high w ater content, such as succulent
plant material. Some studies suggest, ho wever, that the rectal comple x—along with the normal
rectal epithelium—is important for rec ycling water to help maintain the high w ater content of the
midgut. If Manduca sexta larvae are fed a relati vely dry diet, the rate of rectal w ater absorption
increases three- to sixfold.296 The reabsorbed water is presumably recycled back to the midgut.296,309

The diuretic hormone Mas-DH enhances fluid secretion by the perinephric tubules of M. sexta as
it does in Malpighian tubules in insects without a rectal complex. The stimulation of fluid secretion
in perinephric tubules increases water reabsorption by the rectal comple x two- to threefold.317 The
same function of the rectal comple x in vivo would recycle renal water, consistent with a clearance
role of diuretic hormones. 148
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C. MECHANISMS OF WATER ABSORPTION FROM THE RECTAL LUMEN

The mechanisms for absorbing w ater by the rectal comple x have been most extensively studied in
the mealworm Tenebrio molitor, especially for absorbing w ater from air . It can be assumed that
the same mechanisms apply to the reabsorption of water from fecal material. Figure 7.25 illustrates
osmotic pressure profiles in the rectal complex of a meal worm larva. In this case, air with a RH
of 98% (abo ve a solution of 1.1 Osm/kg) fills the posterior half of the rectal lumen, whereas the
anterior portion is filled with fecal matter from which some water has already been reabsorbed. At
98% RH, it can be e xpected that water condenses on the surf ace of the rectal cuticle, 318 making it
available for absorption (Figure 7.25).

The uptake of water from the rectum is dri ven by radial osmotic pressure gradients established
by active transport in the perinephric tub ules.318,319 As illustrated in Figure 7.25, measured osmotic
pressures in the lumen of the blind-ended se gment of the perinephric (Malpighian) tubule can be as
high as 6.8 Osm/kg, 318 and can reach 9.0 Osm/kg in perinephric tub ules of Onymacris sp.315 As the
fluid in the perinephric tubule lumen flows downstream, it g ains water by osmosis from the peri-
nephric space and ultimately from the rectal chamber . The addition of w ater dilutes solutes and,
consequently, reduces the osmotic pressure of the fluid flowing down the perinephric tubule. Because
flow down the perinephric lumen is counter-current to flow in the rectum, it would appear that water
is picked from the rectum along the entire length of the rectal comple x (Figure 7.25). When the
perinephric tubule emerges from the rectal comple x, osmotic inflow of water across the epithelium
of the Malpighian tub ule renders the luminal contents isosmotic with the hemolymph; 312,316,318

consequently, the luminal v olume and flow toward the tubule/gut junction increase.
In the larv ae of tenebrionid beetle species ( Tenebrio molitor, Onymacris sp.), the perinephric

tubules generate high luminal osmolalities by acti vely secreting K + into the lumen, with Cl –

following passively.305,306 Although Na+ and H+ can also be transported actively into the lumen,305,306

K+ is by f ar the more important cation, because: (1) the concentration of K + in secreted fluid is
between four and eight times greater than that of Na +,305,306 and (2) the fluid reabsorption by the
isolated rectal comple x is dependent on the presence of K + but not Na + in the saline hemolymph
bathing the perinephric membrane. 312 The sites of K + and Cl– transport along perinephric tub ules
have been a matter of debate. Grimstone and colleagues 301 proposed that K+ is actively transported
from the hemolymph into the lumen of perinephric tub ules at the blisters via the leptophragma
cells, with Cl – from the hemolymph follo wing passively. Active transport of K + by leptophragma
cells, however, is inconsistent with their ultrastructure (Figure 7.28B), which more closely resembles
stellate cells than principal cells (Figure 7.12). A study of the electrochemical potentials for K+ and
Cl– in the rectal complex indicates that K+ is secreted by active transport from the perinephric space
into the lumen of perinephric tubules (Figure 7.25), most likely by principal cells of the tubule.305,306

The active transport of K + then provides a f avorable electrochemical gradient for Cl – to enter the
tubule lumen passively from the perinephric fluid via a paracellular route or from the hemolymph,
possibly via a transcellular pathw ay through leptophragma cells (Figure 7.25). The hypothesis of
transcellular Cl– transport through leptophragma cells is attracti ve, as O’Donnell and colleagues 125

have suggested a similar function for stellate cells in Malpighian tub ules of Drosophila.
If K+ is secreted into the lumen of the perinephric tub ule, then the question arises as to what

replaces K+ in the perinephric fluid of the rectal complex. The first hypothesis to come to mind is
reabsorption from the rectum, because Malpighian tub ules empty their K + rich secretions into the
gut; ho wever, if the rectal lumen of the Tenebrio molitor rectal comple x is filled with air or
concentrated sucrose solution, then water absorption still occurs312 and concentrations of K+ in the
perinephric space and the lumen of perinephric tubules are not affected.306 O’Donnell and Machin306

suggest that, as the perinephric tub ules deplete K + from the perinephric fluid, it is replaced by
electrodiffusion from the hemolymph across the anterior portions of perinephric membrane, which
are more permeable to solutes than the posterior portions. Tracer studies are needed to identify the
routes and mechanisms K + and Cl– take for getting into the perinephric space.
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In the rectal comple x of the lepidopteran Manduca sexta, pharmacological evidence indicates
that the acti vity of a V-type H +-ATPase and a Na/H e xchanger (presumably in the perinephric
tubules) contribute to the basal rate of fluid reabsorption320 and that a Na/K/2Cl cotransporter is
involved with the stimulation of fluid reabsorption mediated by cAMP.317 Comprehensive molecular
and immunochemical studies on the e xpression of ion transporters and channels ha ve yet to be
undertaken on the rectal comple x of an y insect. Accordingly, completion of the genome of the
tenebrionid beetle Tribolium castaneum promises to shed new light on the old question of drinking
water from air.

VI. EPITHELIAL TRANSPORT POWERED BY THE V-TYPE H+-ATPase

We conclude this chapter with a focus on the V-type H +-ATPase, because insects ha ve figured
importantly in establishing the ph ysiological significance of this proton pump that for some time
was thought unique to membranes of intracellular v acuoles.321 Studies of an insect midgut ha ve
demonstrated that the V-type H+-ATPase can also reside in the plasma membrane of cells where it
can energize the transport of diverse solutes other than H+.322,323 Prior to this discovery, Na,K-ATPase
was considered the sole energizer of cell membranes and epithelial transport systems according to
the famous Ussing model that for nearly 50 years has dominated our understanding of transepithelial
transport (Figure 7.29). The Wieczorek–Harvey model of transepithelial transport b uilt around a
proton pump added a new paradigm to the physiology of epithelia, but it did not replace the Ussing
paradigm of epithelial transport (Figure 7.29).

FIGURE 7.29 Paradigms of transepithelial transport: (A) The Ussing model of acti ve Na+ transport across
frog skin. Central to the model is the Na,K-A TPase (pump) located at the basolateral membrane f acing the
interstitial fluid/blood. Bringing K+ from the interstitial fluid into the cell (active transport), the pump elevates
intracellular K + concentrations f ar abo ve e xtracellular concentrations. K + diffusing out of the cell (passi ve
transport) generates a voltage that is used to pull in Na + from pond water through Na+ channels located in the
apical membrane (passi ve transport). Na + entering the cell across the apical membrane is e xtruded from the
cell across the basolateral membrane by the Na,K-ATPase (active transport). (B) Wieczorek–Harvey model of
active K+ secretion in Malpighian tubules. Here, the ATPase is a proton pump of the vacuolar type, the V-type
H+-ATPase. The ATP-driven extrusion of H+ ions (protons) across the apical membrane carries current. Current
returns to the c ytoplasmic side of the pump passing through the paracellular pathw ay and the basolateral
membrane. Cl– carries current through the paracellular pathw ay as the mechanism for secreting Cl – into the
tubule lumen. K + carries current across the basolateral membrane as the mechanism for K + entry through K +

channels. K+ leaves the cell via hypothetical exchange transport with H+. A hypothetical stoichiometry of 2H+

for each K+ transported could take advantage of the large membrane voltage (>100 mV) generated across the
apical membrane by the proton pump.
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In vertebrates, the V-type H+-ATPase is now known to be essential for the transport of Na + and
Cl– transport across the gills of freshw ater animals. 324–326 In mammals, the V-type H +-ATPase is
needed for reabsorbing bone, 327 for maturing sperm, 328,329 for reabsorbing HCO 3

–  to secrete H + in
the kidney,330,331 and for re gulating the pH in the inner ear .332 Cancer cells are thought to use the
V-type H+-ATPase for acidifying and digesting tissue in adv ance of the gro wing tumor.333

Parallel to the interest in the ph ysiological roles of the V-type H +-ATPase, biophysicists have
ingeniously elucidated the function of F-A TPases, which share man y features with the V-type H+-
ATPase334 (see Figure 7.14 and Figure 7.30). Whereas F-ATPases use a proton concentration dif fer-
ence across the mitochondrial membrane to generate ATP, V-type H+-ATPases use ATP to produce a
H+ electrochemical potential difference across a membrane: endosomal, v acuolar, or plasma. 335,336

The V-type H+-ATPase, the holoenzyme, consists of more than 10 polypeptides assembled in
two ring structures connected by tw o stalks (Figure 7.30). The peripheral ring structure, the so-
called V1 complex, is invariably found in the c ytoplasm. It is the site of ATP hydrolysis mediated
by subunits A and B. The other ring structure, the so-called V0 complex, is located in the membrane
and consists of six or more c-subunits. It is the site of proton translocation. One stalk is peripheral.
It holds the V1 complex in place by anchoring it to actin and to sub unit a of the V0 complex via
subunit C (Figure 7.30). The other stalk is central and consists of sub units D and F (Figure 7.30).

The functional model views the V-type H+-ATPase holoenzyme as a molecular motor composed
of a stator and a rotor (Figure 7.30). The rotor consists of sub units D and F and the ring of sub unit c.
The remaining sub units of the holoenzyme form the stator . The hydrolysis of ATP energizes the
rotation of the rotor which translocates protons from one side of the membrane to the other ,
interacting with tw o hypothetical half channels in the plasma membrane. 337 The inner half of the
channel delivers H + to rotating c sub units, each capable of binding one proton. Protein–protein
interaction of the c sub unit with the outer half channel releases H + to the outside.

The above mechanical model of the V-type H +-ATPase (Figure 7.30) rests on rotary models
proposed for F-ATPases338,339 and V-type H+-ATPases.337,340 In one ingenious e xperiment, the cat-
alytic ring of the F-A TPase was immobilized upside do wn on a glass surf ace, and a fluorescent
actin filament was attached to the central stalk. 341 The addition of ATP triggered rotation of the
actin propeller. What is more, the re versibility of this motor could be demonstrated! A magnetic
bead, instead of an actin filament, was attached to the central stalk, and luciferin and luciferase
were added to the medium. Cranking the bead with an e xternal magnet g ave e vidence of a

FIGURE 7.30 Molecular and mechanical models of the V-type H +-ATPase. The figure illustrates (A) the
constituent protein sub units of the V0 and V1 complexes, and (B) their assembly as a mechanical stator and
a rotor. (Adapted from Be yenbach, K.W. and Wieczorek, H., J. Exp. Biol., 209, 577, 2006.)
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“molecular sparkler” as ATP was synthesized and quickly h ydrolyzed by the luciferin/luciferase
system emitting photons. The rotary nature of V-type H +-ATPases has also been visualized. 342

Significantly, the 1997 Nobel Prize in Chemistry went to the disco verers of ATP-synthesizing and
-utilizing proteins: to Boyer (UCLA) and Walker (Cambridge) for elucidating the synthesis of ATP
by F-ATPase (synthase) and to Skou (U. Aarhus, Denmark) for his discovery of the Na,K-ATPase.

The most widely studied mechanism that re gulates the activity of the V-type H+-ATPase is the
reversible assembly and disassembly of this proton pump. The dissociation of the V-type H+-ATPase
into its V1 and V0 complexes, which inactivates proton pumping, w as first observed in the midgut
of the tobacco hornw orm ( Manduca sexta) as it stopped feeding with the onset of molt. 343 The
withdrawal of glucose leads to the disassembly of the V-type H+-ATPase in yeasts, and restoring
glucose reassembled the proton pump.344 Whereas these two examples exemplify nutritional controls
of the assembly and disassembly of the V-type H+-ATPase, the insect sali vary gland demonstrates
a hormonal control. In brief, the sali vary gland of the blo wfly Calliphora vicina secretes salt and
water, very much like Malpighian tubules do, powering transepithelial ion transport with the V-type
H+-ATPase (Figure 7.14 and Figure 7.18). The hormone serotonin stimulates salivary secretion via
an increase in intracellular cAMP , and both serotonin and cAMP cause the catalytic V1 complex
of the proton pump to dock at the V0 complex in the apical membrane of glandular epithelial cells,
thereby initiating V-type H +-ATPase acti vity and increasing transepithelial ion and w ater secre-
tion.220,345 One subunit of the proton pump, sub unit C, figures importantly in the cAMP-induced
docking of the V1 complex to the V0 complex (Figure 7.24 and Figure 7.30). The subunit becomes
phosphorylated by protein kinase A in the presence of cAMP.255 The phosphorylation of subunit C
is then thought to enhance its binding to the V1 and V0 complex, thereby assembling the holoen-
zyme.346 Additional binding of subunit C to actin filaments may stabilize the assembled holoenzyme
in the plasma membrane.347,348 The physiological and molecular similarities of the cAMP stimulation
of electrolyte secretion in salivary glands and Malpighian tubules suggest that the phosphorylation
of sub unit C is an essential, if not canonical, e vent in acti vating the V-type H +-ATPase via the
assembly of V0 and V1 complexes (Figure 7.24).
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I. PALEOECOLOGY OF CHORDATE EVOLUTION

Fishes are the first vertebrates, descendents of the early chordates* that e volved from marine,
deuterostome invertebrates (related to modern echinoderms). The e xtant lancelets (cephalochor -
dates) and tunicates (urochordates), both marine and stenohaline, are modern invertebrate chordates,
with the lancelets generally accepted as closest to the early fish lineage, based on molecular data.†221

The recent disco very of fossil chordates (e.g., genus Haikouella) from early Cambrian marine
deposits (ca. 520 million years before present) that resemble lancelets in man y details310 supports
this conclusion. Modern jawless fishes (hagfishes and lampreys, termed agnathans or cyclostomes)
are sister groups to a large assemblage of marine, jawless fishes (sometimes termed ostracoderms)

* For the most recent appraisal of fossil and modern fish systematics, see Nelson.365 For an analysis of fish genome evolution,
see Volff.517

† A genomic study, however, suggests that the urochordates may be the basal stock, 90 and urochordate embryos apparently
have neural crest cells, which are generally considered to be a v ertebrate trait.237
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found in Silurian and De vonian deposits that are 440 to 360 million years old. The earliest fossils
of both hagfishes and lampreys are found in what appear to be marine deposits, b ut despite some
superficial similarities the two modern, agnathan lineages are thought to ha ve been separate for at
least 500 million years. 147,148,236 The hagfishes may be more properly placed in the subphylum
Craniata94,365 to distinguish them from the true Vertebrata (lampreys and ja wed fishes), although
this proposition is still debated.313,376,377,492 Modern hagfishes (e.g., Myxine or Eptatretus) are marine
and stenohaline,339 while modern lampre ys are anadromous (marine adults b ut breeding in fresh-
water, such as Petromyzon marinus, Lampetra fluviatilis, and Geotria australis) with some land-
locked populations in freshwater (e.g., Petromyzon, Lampetra).189 The chondrichthyan fishes (holo-
cephalans and sharks, skates, and rays) are thought to ha ve evolved some 450 million years ago
in estuarine en vironments511 and now are predominantly marine, although some 10% of modern
species can enter freshw ater (e.g., b ull shark, stingrays), and at least one group is stenohaline in
freshwater (Potamotrygonid rays).56,188 The earliest bony fishes—Actinopterygii (ray-finned fishes)
and Sarcopterygii (lungfishes and coelacanths)—are found in marine and freshwater deposits that
are nearly 400 million years old. 187 The least derived, extant groups of actinopterygians are either
freshwater (birchir, paddlefish, gar, bowfin) or marine and anadromous (sturgeon), while the lung-
fishes are freshwater and the coelacanth marine. The more derived actinopterygians (teleosts, some
25,000 species) are found in all salinities, with man y groups being euryhaline. 119,197,365

Thus, despite an incomplete and often contradictory fossil record, it is apparent that (with the
exception of the hagfishes) early fishes evolved in lo w salinity or freshw ater en vironments.187

Consistent with such a zoogeographic history , the blood ionic concentrations of all modern fishes
(indeed, v ertebrates), e xcept hagfishes, are significantly below that of sea water (h ypoionic) and
above that of freshw ater (h yperionic) (T able 8.1). Gi ven the ph ysiological constraints of g as
exchange across the fish gill, such as a large surface area and thin epithelium (see Ev ans et al. 127

for a more complete discussion), these ionic and osmotic gradients across a permeable surface must
have produced significant osmoregulatory problems early in fish evolution. One might ar gue that
the evolution of ph ysiological solutions to these osmore gulatory problems w as a k ey element in
the ecological success of fishes, as well as their descendent vertebrate groups.

II. HAGFISHES

Despite probable specialization during at least 400 million years of evolution, 70 species of modern
hagfishes365 represent the best model a vailable for any osmoregulatory mechanisms that may ha ve
been present in the basal v ertebrate clade. The general biology of this interesting group of marine
fishes was reviewed most recently by Jor gensen et al., 241 and general aspects of hagfish osmoreg-
ulation have been reviewed in the past 30 years. 114,120,246

Although it is isotonic to sea water, hagfish plasma appears to have significantly more Na+ but
lower K+, Ca2+, Mg2+, Cl–, and SO 4

2– than seawater (Table 8.1).114 No published measurements of
the transepithelial electrical potential (TEP) across hagfishes are available, so (for the present) we
assume that each of these ions is out of electrochemical equilibrium. Some of the ionic gradients
seen, however, could be accounted for by a TEP of only a fe w millivolts (inside negative for Na +

and Cl – and positive for K +). Potassium, Ca 2+, Mg 2+, and SO 4
2– are thought to be e xcreted in the

urine and mucous.359 More data on these putative ionic gradients and excretion pathways are needed,
but this finding suggests that the early vertebrate kidney was primarily a divalent excretory system,
as it is in e xtant invertebrates (see Chapters 5 and 6).

A. KIDNEY

The hagfish, opisthonephric kidney has 30 to 40 segmental glomeruli, connected to short, nonciliated
neck segments that drain into paired archinephric ducts that are structurally similar to proximal tubules
in other vertebrates.93,132,133 The hagfish glomerulus has the same basic structure as other vertebrates,
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with a capillary endothelium, mesengial cells, basement membrane, and podoc yte201 forming the
putative filtration surface. That surface has been calculated to be 1.8 mm2 per glomerulus for Myxine
glutinosa, substantially greater than that calculated for the marine flounder (0.023 mm2 per glomer-
ulus), freshwater carp (0.064 mm 2 per glomerulus), or marine skate (0.340 mm 2 per glomerulus).133

On the other hand, measured glomerular pressures are so lo w that filtration is debatable,134,435,436

suggesting that the primary urine is produced by secretion. 437 Urine formation by proximal tub ular
solute secretion has been described for both elasmobranchs and teleosts (see Sections IV .A.1 and
V.A.2),26 so it is lik ely that this process preceded glomerular filtration to form primary urine in the
early vertebrate kidney. Because Mg 2+ and SO4

2– transport plays a role in secretion of urine in other
fish groups26 and the urine/plasma (U/P) ratios in Eptatretus stoutii urine are 1.23 and 8.59, respec-
tively,359 it seems likely that these divalents are the driving force in hagfish urine production, especially
as the inulin U/P ratio is 1.0, signifying a lack of w ater reabsorption. Secretion of organic molecules
may also play a role, as it does in other fish kidneys.26 Urine/plasma ratios for Na + and Cl– also are
approximately 1.0 in both M. glutinosa 1 and E. stoutii ,359 so neither mono valent ion appears to be
secreted in the renal tub ules, contrary to the situation in elasmobranchs and teleosts. 26

The hagfish archinephric duct is composed of columnar epithelial cells that possess an apical
brush border , prominent Golgi, and smooth endoplasmic reticulum b ut relati vely minor rough
endoplasmic reticulum (ER), fe w mitochondria, and no basal labyrinth, in contrast to other v erte-
brate proximal tub ules.133 Despite some similarity to the typical v ertebrate proximal tub ule, it is
apparent that the hagfish archinephric duct is unable to absorb Na+ from the urine, 133,347,359 which
is generally considered to be a functional requirement for osmore gulation in dilute salinities. In
fact, hagfishes are stenohaline, able to control body weight only at salinities above 80% seawater
by reduction in plasma ionic concentrations (to remain isotonic to the new salinity),68,346 presumably
by renal and diffusional salt loss. Interestingly, hagfishes apparently have an extremely high water
permeability445 and extremely low apparent ionic permeability ,123 a condition also found in elas-
mobranchs but not teleosts. 114 The high w ater permeability may be associated with an AQP4-like
aquaporin in the gill pa vement cells.366 Whether this differential water and ionic permeability is a
primitive or deri ved condition remains to be determined, b ut it could mean that entry of early
agnathan fishes into reduced salinities was limited by both an inability to reabsorb ions from the
urine and high branchial water permeability. In addition, it is not clear whether hagfishes can either
initiate or increase glomerular filtration secondary to increased vascular pressures, 1,434 although
water excretion must have increased to account for the return to control weight in the e xperiments
where Myxine glutinosa was transferred to 80% sea water.346

B. GILL

Maintenance of plasma Na + and Cl– levels in reduced salinities requires gill ionic uptak e mecha-
nisms as first proposed for modern freshwater fishes (and other organisms) by August Krogh,268 so
one might suppose that these ionoregulatory pathways are missing in hagfish gill epithelia, limiting
euryhalinity. It would follow, therefore, that evolution of the first freshwater fishes was predicated
upon evolution of some ionic uptak e mechanisms. Specifics of these pathways will be discussed
later in this chapter and the y have been reviewed for fishes recently,127,326 but it is clear that NaCl
uptake by fishes in hypoionic salinities is mediated by chemical or electrical coupling with the
excretion of H+ (possibly NH4

+)  and HCO3
– ,  both exchanges vital to acid–base re gulation, even in

seawater.72,111 Surprisingly, early studies demonstrated that acid and base e xcretion by Myxine
glutinosa was dependent on e xternal Na+ and Cl–,117 and it was suggested that the mitochondrion-
rich cells (MRCs) in the hagfish branchial epithelium are the sites of these ionic exchange mech-
anisms,311,312 as they are found in both elasmobranches and teleosts. 127,530

The hagfish gill morphology is very different from that found in lampre ys and ja wed piscine
vertebrates.15,127,530 Rather than gill arches b uilt upon a branchial sk eleton (e.g., lampre ys), the
hagfish gill consists of multiple (5 to 14) pairs of gill pouches that are medial to the much-reduced
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branchial sk eleton (cartilaginous plates associated with the gill pores) (Figure 8.1A). The lens-
shaped gill pouches are internal and connected to the pharynx by an incurrent duct (Figure 8.1E
and Figure 8.2A). The excurrent ducts from each pouch con verge and lead to a single gill pore in
the myxinid hagfishes; multiple gill pores are present in eptatretid hagfishes.15 The branchial
epithelium is also unique in hagfishes. The walls of the pouch are e xpanded into folds that run
parallel to the axis of the pouch. These folds vary in height, with only a fe w bordering the central
water channel, and each fold, in turn, is subdi vided into smaller (second- to sixth-order) folds
(Figure 8.2B). The primary folds are considered to be equi valent to the filaments forming the
hemibranchs on the gill arches of other fishes; the smaller folds are considered to be equivalent to
the lamellae (see belo w). In hagfishes, the lamellae run parallel to the filaments; in other fishes,
the lamellae are at right angles to the filaments. Individual pouches are perfused via an af ferent
branchial artery that feeds the af ferent circular artery that surrounds the e xcurrent duct (Figure
8.2A). Afferent radial arteries perfuse each primary fold (filament) via “cavernous tissue” and
subdivide into afferent lamellar arterioles within the lamellae. Lik e other fishes, pillar cells in the
lamellae appear to contain contractile elements and may function to maintain lamellar structure.
Efferent lamellar arterioles drain blood into ef ferent “cavernous tissue,” which feeds blood to an
efferent circular artery that surrounds the incurrent duct (Figure 8.3).104 Thus, as in other vertebrates,
blood flow in the hagfish gill is counter-current to water flow across the branchial epithelium.

FIGURE 8.1 Simplified anatomy of gills and associated pouches and arches in hagfishes (A and E), lampreys
(B and F), elasmobranchs (C and G), and teleosts (D and H) oriented anterior to posterior with oral opening
at top. (From Ev ans, D.H. et al., Physiol. Rev., 85, 97–177, 2005. With permission.)
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In hagfishes, the MRCs are on the lateral half of the gill folds and the lateral wall of the gill
pouches. They are single and separated by pa vement cells, and the y display e xtensive tight
junctions.127 The cells have a subapical vesiculotubular system, numerous large mitochondria, and
basolateral infoldings, which are continuous with an intracellular tub ular system. The apical
membrane contains microvilli, but deep apical crypts (which characterize teleost MRCs) usually
are not found (Figure 8.4). 530 Both Na +,K+-ATPase (NKA) and carbonic anh ydrase (CA) ha ve
been localized to the MRCs in hagfish,77 although both NKA protein e xpression and enzymatic
activity are below levels commonly found in teleosts.61,311,505 More recently, the Na+/H+ exchanger
(NHE) has been localized in gill tissue from Myxine glutinosa 65,100 and in MRCs in the gill of
Eptatretus stoutii, along with V-type H+-ATPase (V-HAT),505 and expression of NHE is upregulated
by induced acidosis in both species.100,378 In E. stoutii, alkalosis is associated with an upregulation
of MRC V-HAT protein (western blot) and a do wnregulation of NKA protein, and the authors
suggest that this is due to dif ferential insertion of the respecti ve proteins in the basolateral
membrane.506 Tonic activity of NHE (for acid e xcretion) may account for the slight h ypernatric
condition commonly found in hagfish plasma (Table 8.1).114 These acid transporters in the hagfish
MRCs may be associated with the apical, rod-shaped particles that ha ve been described in these

FIGURE 8.2 Anatomy of hagfish gills. (A) Schematic of a longitudinal cut through a gill pouch from the
Atlantic hagfish, with a lateral perspective of a primary gill fold (filament) and its lamellae (boxed area). Note
radial arrangement of additional filaments around the pouch. Large arrows indicate direction of w ater flow;
small arro ws indicate direction of blood flow. (Adapted from Elger , M., Anat. Embryol. (Berl.) , 175(4),
489–504, 1987.) (B)  Scanning electron micrographs of a gill filament from the Pacific hagfish, comparable
to boxed area in Part A. The upper micrograph (30×) shows an overview of a filament with afferent (AF) and
efferent (EF) regions and respiratory lamellae (R) with second-order folds (2). MU indicates muscular layer
around the pouch. Arrow indicates flow of w ater through pouch from incurrent duct (ID) to e xcurrent duct
(ED); arrowheads indicate flow of blood across filament. Bottom panel (70×) reveals higher order folds of
the lamellae: third-order (3), fourth-order (4), fifth-order (5), and sixth-order (6). (From Evans, D.H. et al.,
Physiol. Rev., 85, 97–177, 2005. With permission.)
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cells13,14 and similar cells in the lampre y gill (see belo w), as well as acid–base re gulating,
intercalated cells in the mammalian collecting duct. 166 Interestingly, heterologous antibodies have
localized the cystic fibrosis transmembrane conductance regulator (CFTR), which is important in
salt extrusion in teleost gill MRCs (see Section V.A.3), in the gill epithelium of M. glutinosa but
in cells that are distinct from those that express NKA (K.A. Hyndman and D.H. Evans, unpublished
data). In teleosts, CFTR and NKA are e xpressed in the same MRCs that mediate salt e xtrusion
(see Section V.A.3),127 so one might h ypothesize that the lack of colocalization of these tw o
transport proteins in the same cell is associated with the apparent inability of the hagfishes to
hypoosmoregulate.346

In summary , it is apparent that tw o mechanisms that are vital to entry into freshw ater (a
glomerular kidney and gill ionic uptak e mechanisms) were probably actually present in the basal,
marine, agnathan v ertebrates; however, it seems lik ely euryhalinity is limited by the inability of
either of these pathw ays to upre gulate sufficiently to balance water gain or salt loss in salinities
below about 80% sea water.119 Moreover, it is not clear if mechanisms for renal reabsorption of
NaCl existed which are critical for salt balance in lo w salinities. More w ork on these interesting
agnathan fishes is needed.

III. LAMPREYS

The earliest lamprey fossils are found in marine or estuarine deposits, 163 but the fact that modern
lampreys (38 species) are either freshw ater or marine and anadromous suggests that members of
this agnathan group were the first vertebrates to enter freshw ater. Thus, study of e xtant lampreys
can gi ve us insight into the ph ysiological strate gies that allo wed osmore gulation during this

FIGURE 8.3 Schematic of arterioarterial and arterio venous v asculature in the gill pouch and filament of
hagfishes. The arterioarterial vasculature includes afferent (af) and efferent (ef) branchial arteries (BA), circular
arteries (CA), radial arteries (RA), ca vernous tissue (CC), and lamellar arterioles (La). Also noted are the
lamellar sinusoids or capillaries (CAP). The arteriovenous vasculature includes the peribranchial sinus (PS)
and a sinusoid system (S). The numbers 1, 2, and 4 indicate sites of arterio venous anastomoses. Number 3
marks an anastomosis between the v enous sinusoid system and the v enous peribranchial sinus. Thin arrows
indicate direction of blood flow, and thick arro ws indicate direction of w ater flow. (From Evans, D.H. et al.,
Physiol. Rev., 85, 97–177, 2005. With permission.)
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evolutionary transition. The general biology of lampre ys has been re viewed by Hardisty and
Potter,189 and their osmoregulation was reviewed by Morris 357 and Evans;114 more recent reviews
include Evans,120 Karnaky,246 and Rankin.423

A. FRESHWATER SPECIES

Presumably, the reduced NaCl concentration that is characteristic of lampre y plasma (Table 8.1)
is the result of ionic loss during the e volutionary entry into freshw ater. The fact that this reduced
ionic content is maintained demonstrates that modern (and presumably ancestral) lampre ys can
osmoregulate in hypoionic media, as can members of all descendent vertebrate clades. No transep-
ithelial electrical potential measurements ha ve been published for lampre ys, but they would have
to be substantial (> ±100 mV) to account for the chemical gradients displayed in Table 8.1 for the
lamprey in freshwater.

What e volved in lampre ys that allo wed osmore gulation in reduced salinities? Lik e marine
hagfishes, freshwater lampreys appear to maintain a relati vely low branchial permeability to ions
(although direct measurements ha ve not been published), as the radioisotopic ef flux of both Na+

and Cl– is low, and renal ef flux can only account for <10% of the total.114,482 Lamprey urine flow
rates are substantial (>10 mL/kg/hr) 42,357 and e ven higher than freshw ater teleosts (see Section
V.B.1), suggesting that they have retained the high osmotic permeability that may have been present
in their marine, isotonic ancestors (see Section II.A), and that they can increase glomerular filtration
as needed, contrary to hagfishes (see above). The most critical e volutionary addition, ho wever,
appears to be a distal renal tub ule93,105,201,263,299 that allows the production of a dilute urine. 357

1. Kidney

The kidney of larv al (ammocoete) and adult lampre ys contains distinct glomeruli perfused from
the dorsal aorta, podoc ytes, fenestrated endothelial cells, mesangial cells, and the microscopic
structural elements characteristic of the glomeruli of all other v ertebrates.93,263 Contrary to the
architecture in other v ertebrate nephrons, lampre y afferent arterioles may perfuse more than one

FIGURE 8.4 Transmission electron micrographs of the gill epithelium from a hagfish (Atlantic hagfish). In
Part A, note the lar ge MRCs intercalated between pa vement cells (PVCs) (original magnification, 3740×).
Asterisks indicate exposed apical membranes of MRCs. (Unpublished micrograph generously provided by Dr.
Helmut Bartels, University of Munchen.) Part B shows a higher magnification micrograph of a MRC (original
magnification, 6630×), with a basolateral tub ular system (ts) that closely associates with mitochondria (m).
Also note the subapical tubulovesicular system (tvs) and the deep intercellular junctions (black arrows) between
the MRC and neighboring PVCs. (From Evans, D.H. et al., Physiol. Rev., 85, 97–177, 2005. With permission.)
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glomerulus, and a single glomerulus may be perfused by more than one af ferent arteriole.201 This
may be the structural basis for the apparent lack of glomerular recruitment or intermittenc y that
generally has been found in lampre y renal function studies. 42,424 The lamprey proximal tubule cell
possesses microvilli, as well as numerous mitochondria and basolateral infoldings, both of which
are missing in hagfishes.201 The proximal tub ule cell comprises 50% of the lampre y nephron. 357

The distal se gments are characterized by cuboidal epithelial cells lacking micro villi b ut with
numerous mitochondria and a smooth endoplasmic reticulum. More than one distal segment drains
into a series of common collecting ducts. The distal parts of the proximal tubules, the distal tubules,
and the collecting ducts are arranged in a series of ascending and descending loops, adjacent to
blood v essels running in the same direction. 357 Such a looped architecture is also found in the
elasmobranch nephron.200,202

The relatively high urine flow rate found in lampre ys (15 to 20 mL/kg/hr) is correlated with a
substantial single-nephron glomerular filtration rate (SNGFR) and total GFR.300,424 In fact, all of
the individual glomeruli appear to filter in freshwater.42 Some 40 to 60% of the filtered urine is
reabsorbed, presumably secondary to the reabsorption of approximately 90% of the Na and Cl in
the distal tubule and collecting duct. 300,357,424 We are not aware of any investigations of the cellular
sites or mechanisms of this ionic uptake, but it seems likely that they are similar to those described
for other vertebrate renal salt reabsorption pathw ays, with the proviso that they are in distal rather
than proximal renal segments (see below and other chapters). No evidence published suggests that
the lamprey proximal tubule can secrete NaCl, as has been described for both teleosts and elasmo-
branchs,26 but such secretory pathw ays seem likely. Modern molecular techniques will no w allow
a more thorough in vestigation of putative salt transport pathw ays in the lampre y nephron.

2. Gill Salt Uptake

Despite substantial renal NaCl reabsorption and apparent relati vely lo w gill ionic permeability ,
freshwater lampreys presumably lose a net amount of salt via the urine, as well as by dif fusion
across the branchial epithelium. Thus, lampreys must either replace this salt by ingestion or possess
branchial ionic uptak e systems to maintain plasma NaCl concentrations abo ve freshwater levels.
As far as we kno w, no data on the role of ingestion of salt via food ha ve been published. It w as
shown nearly 50 years ago, ho wever, that the river lamprey (Lampetra fluviatilis) is able to reduce
the Na+, Cl–, and K+ concentration of the freshwater medium, presumably via some branchial uptake
mechanism.356 Moreover, the uptak e of radiolabeled Na + was saturable, suggesting that some
transport process was involved.357

The lamprey gill shares man y more morphological characters with the gills of ja wed fishes
(especially elasmobranchs) than with the gills of the hagfishes.127,530 Gill filaments extend from
each gill arch as holobranchs, with some what concave interbranchial septa. These produce cranial
and caudal hemibranchs of adjacent holobranchs formed into pouch-lik e structures through which
water travels from the pharynx to the outside (Figure 8.1B). The filaments on each hemibranch
express numerous lamellar folds at right angles to the axis of the filament. Each filament is perfused
by afferent filamental arteries (AFAs), which arise from the af ferent branchial artery in each gill
arch. The AFA on each filament subdivides into afferent lamellar arterioles, which perfuse individual
lamellae. Blood flow through a lamella is brok en up into “sheet flow” through lamellar sinusoids
produced by the presence of pillar cells, which separate the lateral and medial epithelial sheets
comprising the lamellae. Thus, blood flow is approximately counter -current to w ater flow across
the outside of the lamellae. Blood e xits individual lamellae via ef ferent lamellar arterioles and is
collected into ef ferent filamental arteries, which enter the efferent branchial arteries in the gill
arches. Like hagfishes, lampreys possess MRCs in their branchial epithelium in the interlamellar
and afferent filamental spaces, but more than one type has been described, and salinity affects their
distribution (Figure 8.5). 18,19,127,530 
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The ammocoete larv ae e xpress a unique MRC that is found in groups on and between gill
lamellae and disappears during metamorphosis. In addition to numerous mitochondria, the cell is
characterized by glob ular particles in the apical membrane (sho wn by freeze fracture), as well as
short, apical microvilli or microplicae. Its function is unkno wn, but it is probably not a precursor
of the adult MRC, as it becomes apoptotic during metamorphosis (Bartels and Potter, pers. comm.).
A second MRC type (fwMRC, termed intercalated mitochondria-rich cell by Bartels and Potter18)
is found between the lamellae and at the base of the filament in both adults and ammocoetes. The
fwMRC is typically single, cuboidal, and 10 to 15 µm in diameter and lies on the surface epithelium
between ammocoete MRCs in the larv ae and between pa vement cells or between pa vement cells
and other MRCs in the adult. 19,530 Its apical membrane has elaborate microplicae and numerous
small vesicles and tubules in the c ytoplasm, although the e xtensive, basolateral infoldings, which
produce the cytoplasmic tubular system that characterizes teleost and marine lampre y MRCs (see
below), are missing. Freeze-fracture studies of these fwMRCs ha ve found rod-shaped particles in
either the apical or basolateral membranes. The fwMRC is the only MRC type in adult, freshw ater
lampreys, and it degenerates as the fish enter seawater but regenerates when they reenter freshwater
on their spawning runs.18

FIGURE 8.5 Transmission electron micrographs of the gill epithelium from freshw ater (FW) and sea water
(SW) lampreys. Part A shows a PVC and a FW-MRC from a freshwater brook lamprey (Lampetra appendix)
(original magnification, 3740×). In the PVC, note the subapical secretory v esicles (asterisks) and relati vely
flat apical membrane. In the FW-MRC, note the numerous mitochondria (m), subapicalv esicular system (vs),
and extensive apical membrane microprojections (short arrow). Intercellular junctions between PVCs and FW-
MRCs are e xtensive (long arro ws). (Unpublished micrograph generously pro vided by Drs. Helmut Bartels
and John Youson, University of Toronto.) Part B and P art C show cross-sections through the gill filament of
freshwater (original magnification, 2750×) and seawater (original magnification, 5000×) pouched lampreys to
show the SW -MRCs lined up ne xt to one another . Note the more e xtensive and or ganized tubular system
(asterisks) between mitochondria in the SW -MRCs of sea water lampre ys relati ve to freshw ater lampre ys.
(Unpublished micrograph generously pro vided by Dr. Helmut Bartels, Uni versity of Toronto.) (From Evans,
D.H. et al., Physiol. Rev., 85, 97–177, 2005. With permission.)
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Initial freeze-fracture studies of fwMRCs suggested that there are actually tw o subtypes,
depending on whether the rod-shaped particles seen in the electron micrographs are apical (A-type
MRCs or IMRC-A) or basolateral (B-type MRCs or IMRC-B). It has been suggested that the A-type
MRC is associated with Na + uptake and the B-type MRC is associated with Cl – uptake,18,19 just as
Α- and Β-type intercalated cells mediate these transports in the mammalian collecting duct. 166 A
recent immunohistochemical study (using heterologous antibodies) of the Geotria austr alis gill
epithelium has corroborated this idea by identifying tw o populations of fwMRCs. One type of
fwMRC expressed NKA protein on the basolateral surf ace; the second type stained for carbonic
anhydrase on the apical membrane and V-HAT dif fuse in the c ytoplasm.66 A similar cellular
distribution for NKA, CA, and V-HAT has been described for the transforming juvenile Petromyzon
marinus, as they acclimated to increased salinities.428 This diffuse distribution of V-HAT (cytoplas-
mic v esicles?) mimics that described for base-secreting cells in the elasmobranch gill
epithelium401,535 which have also been shown to express an apical Cl–/HCO3

–  exchanger (pendrin402)
(see Section IV.B.3). Choe et al. 66 proposed that the NKA-expressing fwMRCs in the lamprey gill
probably also e xpress apical NHE and thereby function in net acid secretion (A-type MRCs), in
parallel to the base-secreting B-type MRCs that express apical CA and probably an apical Cl–/HCO3

–

exchanger (pendrin or AE) and V-ATPase, primarily on the basolateral membrane (Figure 8.6). It
is noteworthy that the A-type MRCs in the lampre y (and elasmobranch) gill epithelium are more
like proximal tub ule acid-secreting cells in the mammalian kidne y than collecting-duct A-type
intercalated cells, which extrude protons via an apical V-ATPase.166 Thus, despite some uncertainty
about the specifics of cellular localization of the putative transport proteins, it appears that the
freshwater lampre y gill e xpresses the ionic pathw ays necessary for acid–base re gulation and,
coincidently, ionic uptak e in these dilute salinities. It also appears that the cells mediating these
vital transports evolved from hagfish branchial cells that presumably mediated acid–base regulation,
but not ionic balance, 19 in the marine ancestors.

Because freshw ater lampre y plasma contains substantially less K +, Ca 2+, and Mg 2+ than the
environment (Table 8.1), the assumed branchial and renal loss of these ions must be balanced by oral
or branchial uptake. To our knowledge, no data have been published that suggest the relati ve roles of
these putative pathways nor mechanisms for K+, Ca2+, or Mg2+ transport across the relevant epithelia.

FIGURE 8.6 Working model of ion and acid–base e xchange mechanisms in freshw ater adult lampre y gills.
In the A-type MRC, basolateral Na +,K+-ATPase (NKA) creates a lo w intracellular [Na +], which dri ves the
entry of Na+ from the environmental water through an apical Na+ transporter (possibly an NHE). In the second
MRC type (B-type), carbonic anh ydrase (CAII) is e xpressed in the apical membrane, along with V-type
H+-ATPase (V-HAT) in the basolateral or apical membranes. CAII may be providing HCO3

–  to an apical anion
exchanger as part of a metabolon secreting HCO 3

–  and absorbing Cl–. A question mark (?) indicates proteins
that have not yet been described in lampre ys but have been in other taxa (see Sections IV and V). (Adapted
from Choe, K.P. et al., J. Exp. Zool., 301, 654–665, 2004.)
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B. MARINE SPECIES

Like all other v ertebrates, e xcept hagfishes, marine lampreys (e.g., Petromyzon marinus) ha ve
plasma ionic concentrations distinctly below those in the surrounding seawater (Table 8.1), although
few data are published because of the dif ficulty in capturing and maintaining lampreys as the y
migrate from the ocean into brackish and freshw aters (termed fresh run), and fresh-run lampre ys
captured in freshw ater or landlock ed lampreys do not osmore gulate very well in high salinities
(Beamish;21 pers. observ.). Hypoosmoregulation requires a reduction in urine flow, increased urinary
salt excretion, and tw o, presumably new, strategies: oral ingestion of the medium (with attending
intestinal salt and w ater uptake) and extrarenal salt extrusion if the kidne y is unable to produce a
urine that is hypertonic to the plasma (which is the case, e xcept in birds and mammals). We might
presume that the marine lampre y gill epithelium has retained the relati vely low ionic permeability
that has been calculated for the freshw ater lampre y (see abo ve). No measurements ha ve been
published, however, and the type of MRC that characterizes the marine lampre y gill epithelium
has shallow tight junctions between cells,16,17 much like those in the relatively ionic-leaky epithelium
of the marine teleost gill (see belo w).245 The following sections demonstrate the critical need for
more data on the mechanisms of osmore gulation in lampreys in seawater.

1. Kidney

Few data on lampre y renal function in sea water have been published, and these are often o ver 25
years old. Ne vertheless, it appears that when Lampetra fluviatilis is acclimated for 2 weeks to
seawater, its kidne y can reduce urine flows by 95% by doubling distal tub ule and collecting duct
water reabsorption301 and reducing the single nephron glomerular filtration rate (SNGFR), rather
than reducing the number of filtering glomeruli.42,424 The authors suggested that the fall in SNGFR
is secondary to reduced renal blood flow,301 and subsequent measurements demonstrated a corre-
lation between reduced v ascular pressure and SNGFR in L. fluviatilis transferred from freshwater
to isosmotic brackish w ater.348 Seawater-acclimated L. fluviatilis had urine Na + concentrations of
approximately 50 mM/L, significantly below plasma levels, suggesting that renal Na + reabsorption
continues to e xceed w ater reabsorption in h ypertonic salinities; urine Cl – concentrations were
equivalent to plasma levels, indicating that NaCl reabsorption drives the necessary water reabsorp-
tion.301,423 Urinary Mg2+ concentration was five times what would be expected by 95% tubular water
reabsorption,301 suggesting that the marine lampre y tubules secrete this di valent ion, as do marine
invertebrate kidneys and all other v ertebrate kidneys. Especially noteworthy is the finding that the
urine of L. fluviatilis in seawater appears to be significantly hypertonic to the plasma (50 to 100
mOsm/L),301,423,424 a measurement that certainly needs to be confirmed. The hypertonicity of the
final urine is largely due to very high Mg2+ and SO4

2–  concentrations, but the mechanisms for final
tubular water reabsorption are unknown, and it is tempting to suggest that the looped renal tub ules
may play a role. 301,423 Despite the limited database, it appears that lampre ys in sea water have the
appropriate renal mechanisms for w ater conservation and di valent ion e xcretion, but renal NaCl
loss is not suf ficient to balance the assumed diffusional gain of these ions.

2. Oral Ingestion

Hyporegulating marine v ertebrates must drink sea water to of fset osmotic and renal loss of fluid,
so it is not surprising that Lampetra fluviatilis ingests the medium in 50% sea water,355 as well as
100% seawater.423 The rate of drinking in sea water (approximately 1% body weight per hour) 423 is
above that described for man y teleosts in sea water,114,392 so it appears that lampre ys in hypertonic
salinities may have retained the relatively high branchial water permeability that has been described
for freshwater lampreys and marine hagfishes (see above). Approximately 70 to 80% of the ingested
fluid is absorbed in the intestine,355,423 similar to what has been found in the teleost intestine (see
Table 8.2).203 Likewise, ingested divalent ions are either left in the intestinal fluids398,423 and probably
excreted rectally or absorbed and e xcreted in the urine (see abo ve).355,398,423
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3. Gill Salt Extrusion

Marine lampreys and freshw ater lampreys moving downstream to sea water express a third type of
MRC, the swMRC or chloride cell, 18 which is very similar to the MRCs found in teleost gills and
presumably functions in salt secretion (see below). They are columnar or flask shaped, 20 to 23 µm
in length, with e xtensive basolateral infoldings; the y occur in groups and e xtend below the surface
epithelium.387 Apical microvilli, present in fwMRCs, are missing in swMRCs. 18 The swMRC dis-
appears when marine lampre ys migrate upstream for reproduction. 18 As indicated earlier , these
swMRCs (lik e their marine teleost equi valents) ha ve much reduced tight junctions between the
cells,16,17 suggesting relatively greater ionic permeability in the marine gill vs. the freshw ater gill of
lampreys, as is found in teleosts.244 Based on common morphology with the marine teleost gill MRC
(see below), Bartels and Potter 18 suggested that the lampre y swMRC is responsible for secreting
NaCl to balance the salt g ained by ingestion of the medium and dif fusion, via the mechanisms
outlined in Figure 8.16 (see Section V.A.3). Although logical, no physiological or histochemical data
have been published to support this h ypothesis; however, at least partial sequences for cDNA of the
relevant genes (NKA, NKCC1, and CFTR) can be found by “blasting” sequences from other fish
species on the Web site for the preassembly of the genome for Petromyzon marinus (http://pre.
ensembl.org/Petromyzon_marinus/index.html) (K.A. Hyndman, unpublished data).

The foregoing suggests that modern lampreys display the osmoregulatory strategies that allowed
the earliest vertebrates to enter freshwater and then reenter the marine environment of their agnathan
ancestors. Critical data are lacking, b ut it appears that the strate gies of hyporegulation in seawater
are basically the same in lampre ys and marine teleosts, suggesting either independent, con vergent
evolution over a span of 400 million years or that a common ancestor possessed these pathw ays
over 400 million years ago.

IV. CARTILAGINOUS FISHES

The cartilaginous fishes (Chondrichthyes) include both the elasmobranchs (937 species of sharks,
skates, and rays) and the much-less studied elephant fishes and chimeras (holocephalans, comprised
of 33 species). The osmoregulatory hallmark of chondrichth yan fishes is the retention of urea in
the plasma and cytoplasm to levels that would be lethal to most other v ertebrates (Table 8.1). The
potential denaturating effects of such high urea concentrations in chondrichthyan plasma and tissue
are countered by either changes in enzyme kinetics or the addition of counteracting solutes, such
as trimethylamine oxide (TMAO) (Table 8.1).217,546,547 Recent comparative work has demonstrated
that other meth ylamines (betaine and sarcosine) and β-amino acids ( β-alanine and taurine) also
may play a modulatory role in elasmobranch muscles. 502 The vast majority of elasmobranchs and
all holocephalan fishes are entirely marine, but at least 171 species of elasmobranchs are able to
enter brackish waters and freshwaters. Furthermore, one group of elasmobranchs (Potamotrygonid
rays) are restricted to freshwater of the Amazon and Orinoco basins.333 The biology and physiology
of elasmobranchs ha ve been re viewed by Shuttle worth,462 Hamlett,188 and Carrier et al., 56 each
including chapters dealing with osmore gulation.126,198,274,374,463 Additional, relevant reviews include
Anderson et al., 6 Evans,114,116,120 Evans et al., 127 Hazon et al., 191,193 Karnaky,246 and Marshall and
Grosell.326

A. MARINE SPECIES

In both elasmobranchs and holocephalans, plasma Na+, Cl–, K+, and Ca2+ levels are distinctly below
those in seawater (Table 8.1). Few measurements of transepithelial electrical potentials ha ve been
published for marine elasmobranchs, b ut the y appear to be –2 to –5 mV (plasma ne gative to
seawater)114 below what w ould account for the ionic gradients measured between the plasma and
the external medium in either marine or freshw ater species. Because of the structural comple xity
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of the gills, calculation of true branchial permeabilities to ions, w ater, and urea are probably
impossible, but early radioisotopic flux data suggested that elasmobranchs have retained the lo w
ionic but high osmotic permeabilities found in both hagfishes and lampreys.114,463 The apparent
low ionic permeabilities may be associated with the presence of what appear to be multistrand
tight junctions in the gill epithelium (see Section IV .A.3).127 Another study (using an isolated
perfused head preparation) suggests, ho wever, that the shark gill w ater permeability may not be
substantially greater than other epithelia, including teleost gills,381 and this hypothesis is supported
by measurement of w ater fluxes across apical and basolateral membrane v esicles from the spin y
dogfish (Squalus acanthias ) gill.206 Unfortunately, no molecular studies ha ve been reported on
putative gill aquaporin (A QP) channels, as ha ve been published for hagfish and teleost gill
tissue,80,366 although partial AQP cDNA sequences have been obtained from dogfish rectal gland
and bull shark ( Carcharhinus leucas ) kidney.78 The urea permeability of the elasmobranch gill
appears to be v ery low,35,206,344,381,385 consistent with the maintenance of substantial plasma urea
concentrations, despite the extremely large urea gradient favoring urea loss across the gills (Table
8.1). The apical membrane of the gill epithelial cell appears to be the ef fective barrier to urea
loss,206,381 and some evidence suggests that the basolateral membrane contains a urea transporter
that transports urea back into the blood from the branchial cells (in e xchange for blood Na +).138

In addition, an apparent urea transporter (UT) 448 has been cloned from elasmobranch kidne y,470

and expression was localized to the gill tissue (also li ver, blood, intestine, and rectal gland) by
northern blot. Unfortunately, this preliminary study of a putative elasmobranch gill urea transporter
has not been pursued. 344

Given the osmotic and ionic gradients across the gills of chondrichth yan fishes (Table 8.1),
osmoregulation in sea water entails e xcretion of the osmotically g ained water, renal and branchial
retention of urea, and e xcretion of e xcess ions. Entry into brackish or freshw ater by euryhaline
species (and residenc y in freshw ater by the potamotrygonid and dasyatid stingrays) requires
increased renal loss of w ater (and possibly a reduction in the urinary loss of ions) and either
ingestion of needed salts by feeding or branchial extraction of ions from the surrounding hypotonic
medium. As one might expect, a recent proteomic analysis (two-dimensional gels) of spiny dogfish
tissues has shown that osmoregulatory tissues (kidney, intestine, gill, rectal gland) are more similar
in their o verall proteomes than non-osmore gulatory tissues (heart and brain). 282 Despite the f act
that oral ingestion of the medium is not a necessary osmore gulatory strategy in marine elasmo-
branches, various studies have shown that ingestion of the medium can be stimulated by reduction
in blood volume (or injection of angiotensin II) or by transfer to a higher salinity ,5,6 so this might
be an important osmore gulatory response in euryhaline species as the y reenter seawater.6

1. Kidney

The elasmobranch kidney is arguably one of the most complex among the vertebrates, rivaling that
found in the mammals. 93,126,198–201,273,274,326 The elaborate arrangement of each nephron and its
vasculature gives rise to bundle zones (also termed lateral bundles2) in the dorsolateral part of the
kidney and sinus zones (also termed mesial tissue ) in the v entromedial re gion (Figure 8.7 and
Figure 8.8). Renal corpuscles (containing Bo wman’s capsules and glomeruli) are found at the
bundle–sinus boundary. Blood from the dorsal aorta perfuses the kidne ys via intercostal arteries,
which subdivide into renal arteries. These renal arteries, in turn, subdivide into afferent glomerular
arterioles and b undle arteries, which perfuse the b undle zones via interstitial capillaries. Ef ferent
glomerular arterioles perfuse the sinus zones, which are blood sinuses that surround the distal tubule
and portions of the collecting tubule. The sinus zone also receives blood from the bundle interstitial
capillaries and renal portal v eins, the latter coming from the v asculature in the caudal portions of
the body. Efferent intrarenal v eins drain the sinus zones and join the systemic v enous circulation
via an af ferent renal v ein (Figure 8.7). The nephron itself is composed of a glomerulus follo wed
by five tub ular se gments, although specific nomenclature and location are still debated in the
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literature and may be species specific. The tub ular subdi visions are generally termed the neck,
proximal, intermediate, and distal se gments, follo wed by collecting tub ules, which drain into a
collecting duct at the base of the bundle zone (Figure 8.7). The most important structural components

FIGURE 8.7 Schematic of an elasmobranch nephron and renal arterial blood flow. The neck se gment (NS)
arises from the distal end of Bo wman’s capsule and e xtends into the b undle zone, where it becomes the
proximal tubule (PT). The PT continues into the b undle zone but then takes a sharp turn (loop 1) to ward the
sinus zone. Deep in the sinus zone, the PT turns back to ward the bundle zone (loop 2), and before reaching
the bundle zone the nephron transforms into the intermediate se gment (IS). The IS e xtends into the b undle
zone, where it transitions into the distal tub ule (DT). The DT continues through the b undle zone but takes a
sharp turn (loop 3) to ward the sinus zone. The DT progresses deep into the sinus zone, where it turns back
(loop 4) toward the bundle zone. Before reaching the bundle zone, the DT transforms into the collecting tubule
(CT), which continues through the b undle zone and empties into a collecting duct (CD). The CDs eventually
empty into a v entral ureter , which carries urine to the cloaca for e xcretion. Aff A, af ferent arteriole; PS,
peritubular sheath. Arrows indicate direction of blood and urine flow. (From Evans, D.H. et al., in Biology of
Sharks and Their Relatives, Carrier, J. et al., Eds., CRC Press, Boca Raton, FL, 2004. With permission.)
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(with potential functional consequences) are four loops in the nephron tub ules: early proximal
segment (loop 1) and early distal segment (loop 3) tubular loops in the bundle zone and late proximal
segment (loop 2) and late distal segment (loop 4) loops in the sinus zone (see Figure 8.7 for details).
The tubular structure in loop 3 suggests that it is homologous to the thick ascending limb (T AL)
of the mammalian loop of Henle. 155,200 At the bundle and sinus zone boundaries, the intermediate
segment and collecting tub ule run parallel to the proximal and distal se gments. These loops and
parallel se gments may pro vide potential counter -current e xchange of v arious tub ular contents,
especially those in the b undle zone, which are surrounded by a cellular , peritubular sheath which
isolates them from the blood in the sinus zone (Figure 8.7).

Unfortunately, few studies of elasmobranch renal function ha ve been published (presumably
because of animal size and mobility), b ut an in situ , perfused kidne y preparation from the lesser
spotted dogfish (Scyliorhinus canicula) has been described, 522,523 so advances are expected. In this
preparation, as well as in the spin y dogfish in an experimental chamber, the glomerular filtration
rate (GFR) is approximately 1 mL/kg/hr ,23,523 of the same order as that described for freshw ater
teleosts and substantially abo ve that described for marine teleosts (see belo w). Presumably, this
high GFR is correlated with the osmotic influx of water across the gills, secondary to the osmotic
gradient produced by plasma urea le vels (Table 8.1). The associated urinary flow rate (UFR) is 30
to 50% of the GFR in the spin y dogfish23,523 as well as the Atlantic stingray ( Dasyatis sabina),234

indicating that tub ular absorption of filtered urine takes place. Elasmobranch urine osmolarity is
below that of the plasma, lar gely due to the reabsorption of the filtered organic osmolytes. Urine
urea levels are very low, with a fractional e xcretion equal to <1%, demonstrating nearly complete
tubular reabsorption of filtered urea.198 The concentration of TMAO in the urine is 10% of that in
the plasma, suggesting that this important solute also is reabsorbed in the elasmobranch renal
tubules.198 Urine monovalent ion concentrations approximate plasma le vels, but urine divalent ion
(e.g., Mg2+, SO4

2– )  concentrations are above plasma levels (and above what could be produced by
urinary water absorption), suggesting tub ular secretion.198

Like the proximal tubules of bony fishes (see below), the isolated proximal tubule of the spiny
dogfish can secrete fluid, secondary to the active extrusion of monovalent salts across the tub ular
epithelium.26,451 Interestingly, the fluid secretion rate of the isolated, proximal tubules from this

FIGURE 8.8 Schematic of a cross-section through a skate ( Raja erinacea) kidney showing general arrange-
ment of blood vessels and a single nephron. Arterial circulation (including capillaries and glomeruli) is solid
black. Venous circulation is thick-lined structures. Kidne y tubules (including nephron, collecting duct, and
ureter) are thin-lined structures. RA, renal artery; af f A, af ferent arteriole; GL, glomerulus; ef f A, ef ferent
arteriole; BA, bundle artery; ARV, afferent renal vein; AIRV, afferent intrarenal vein; EIRV, efferent intrarenal
vein; ERV, efferent renal vein; NS, neck se gment; PT, proximal tubule; IS, intermediate se gment; DT, distal
tubule; CD, collecting duct; UR, ureter; BZ, bundle zone; SZ, sinus zone. (From Evans, D.H. et al., in Biology
of Sharks and Their Relatives, Carrier, J. et al., Eds., CRC Press, Boca Raton, FL, 2004. With permission.)
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marine shark is quite similar to that described in proximal tub ules isolated from teleosts, such as
the euryhaline, glomerular killifish (Fundulus heteroclitus); the marine, glomerular flounder (Pleu-
ronectes americanus); and the marine, aglomerular toadfish (Opsanus tau). This suggests that this
NaCl-driven, proximal tub ule secretory urine formation is a general phenomenon in the piscine
vertebrates, and one might w onder what role similar pathw ays may play in tetrapod urine forma-
tion.26 The cellular pathways driving this fluid secretion are thought to be basolateral Na+–K+–2Cl–

cotransport (NKCC) coupled to an apical Cl – channel (CFTR) and paracellular leakage of Na +.
The basolateral Na + gradient is maintained by the ubiquitous NKA, and K + exits the basolateral
membrane via a K channel. 28,451 This secretory transport suite is identical to that described for the
elasmobranch rectal gland and marine teleost gill, both of which extrude NaCl (see Sections IV.A.2
and V.A.3).126,127 In the spiny dogfish preparation, tubular Mg2+ secretion is apparently not present,451

contrary to what has been suggested for other elasmobranch species, 198 so the mechanisms of the
putative di valent ion secretion in the elasmobranch proximal tub ule are unkno wn, contrary to
teleosts.26

The tubular reabsorption of NaCl (and urea) by the elasmobranch nephron is especially difficult
to study because of the comple x anatomy, but early studies in the spin y dogfish demonstrated a
good correlation between salt and urea reabsorption 454 and that infusion of the diuretic furosemide
(NKCC inhibitor) produced both natriuresis and inhibition of urea reabsorption. 360 In an ele gant
series of e xperiments, Friedman and Hebert 155 used isolated, perfused se gments from the loop 3
region in spin y dogfish kidney (Figure 8.7) and demonstrated that Cl – was reabsorbed ag ainst its
electrochemical gradient. Moreover, the Cl– transport was dependent on perfusate Na+ and inhibited
by furosemide, suggesting cotransport via NKCC, as has been described for the TAL in mammals.
Corroborating these data, the presence of shark-specific NKCC mRNA has been demonstrated in
the elasmobranch nephron by northern blots 544 and localized to the apical membrane of distal
segment cells by immunohistochemistry.29 Based on their studies, Friedman and Hebert155 proposed
that reabsorption of NaCl from the lumen of the loop 3 tub ule produces extratubular hypertonicity
that osmotically withdra ws urine from the subsequent loop 4 in the sinus zone (Figure 8.7). The
resulting increase in urea concentration in the urine as it enters the collecting tub ule in the bundle
zone (designated as “distal tubule” in Friedman and Hebert 155) favors reabsorption of urea into the
surrounding extratubular fluids within the bundle zone. Thus, urea reabsorption in the collecting
tubule is coupled to Na+ reabsorption in the distal tubule, which runs counter-current in the bundle
zone, analogous to the TAL and collecting duct morphology in the mammalian nephron (see Chapter
12). Such a functional linkage supports the seminal proposition by Boylan36 that the counter-current
arrangement of the elasmobranch nephron f acilitates the nearly total reabsorption of critical urea.
Transcripts of the mRN A for an elasmobranch urea transporter ha ve been measured in kidne y
extracts from the spiny dogfish,470 Atlantic stingray,233 little skate (Raja erinacea),353 and Japanese
dogfish (Triakis scyllium ).229 In the Japanese dogfish, the protein for the urea transporter was
localized only to the collecting tub ules in the b undle zone by immunohistochemistry , consistent
with the model proposed by Friedman and Hebert. 155 In addition, phloretin-sensitive, nonsaturable
urea transport has been described in brush-border v esicles isolated from the b undle zone in the
little skate kidne y.353 Importantly, the same study described phloretin-sensiti ve, Na +-linked urea
transport that did sho w Michaelis–Menton saturation kinetics (with a lo w Km) in vesicles isolated
from the sinus zone.354 These data suggest that the sinus zone may contain tub ules (loops 2 and 4)
that reabsorb urea via a Na +-urea carrier, a transporter that could account for the functional link
between Na+ and urea reabsorption that was initially described.454 Thus, the relative importance of
these alternative transporters in the reabsorption of urea (and Na +) by the elasmobranch kidne y
remains to be quantified. Pathways and mechanisms for the reabsorption of other osmolytes such
as TMAO have not been described, despite the f act that early studies suggested that a relati vely
specific TMAO pathway was present in the shark kidney.76 A bacterial TMAO transporter has been
described,426 but the uptake in the elasmobranch kidne y tubules may be passi ve, via channels that
are volume activated, as they are in erythroc ytes of the little skate. 265
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2. Rectal Gland Salt Extrusion

The best studied osmore gulatory or gan in the elasmobranchs is the digital rectal gland, which
secretes a fluid that contains more Na+ and Cl– (>524 mM)126 than either the plasma or sea water
into a duct that drains into the shark intestine and e xits via the cloaca. 47,246,326,374,463,466,467 It is
noteworthy that nearly all of the functional data ha ve been generated from tw o species: Squalus
acanthias and Scyliorhinus canicula . The rectal gland is encapsulated by connecti ve tissue (and
circumferential smooth muscle that can contract 125), perfused by a single (rarely multiple) rectal
artery, and drained by a single v ein. This simple vasculature, and the fact that a single duct carries
the secreted fluid, provides an organ that is relatively easy to perfuse with specific solutions while
collecting the secreted fluid for analysis.466 The gland also can be studied in situ ,479,480 and both
isolated tubules171 and cultured epithelia92,512 have been utilized. The secretory tubules (which empty
into a central lumen) are arranged radially in sharks and in discrete lob ules in batoids and are
surrounded by capillary beds perfused by arterioles distal to circumferential arteries, which arise
from the rectal gland artery (from the posterior mesenteric artery). The secretory tub ules are
composed of a columnar epithelium characterized by mitochondrion-rich cells (MRCs) with exten-
sive basolateral infoldings (Figure 8.9) and relatively shallow tight junctions between adjacent cells
(Figure 8.9B). 149 Subapical, membrane v esicles are often present. The most complete re view of
glandular ultrastructure is by Olson. 374

In vivo , the shark rectal gland produces about 500 µL/kg/hr of fluid; so, given fluid NaCl
concentrations that are above plasma and seawater (see above), the Na+ and Cl– excretory rates are
of the order of 200 µM/kg/hr.463 Interestingly, the salt excretory rate in isolated, perfused glands is
approximately 10% of these values and only attains in vivo rates after stimulation with secretagogs
that stimulate intracellular cyclic AMP production.374,483 The molecular pathways mediating tubular
NaCl secretion are well kno wn126,374,438,463 and thought to be identical to those described for NaCl
secretion by the marine teleost gill (see Figure 8.15 and Section V.A.3) and intestinal epithelium

FIGURE 8.9 (A) Electron micrograph of secretory tub ule cells from spin y dogfish rectal gland (original
magnification, 4800×). Note the nuclei (N) surrounded by clusters of mitochondria and e xtensive basolateral
membrane infoldings (X). L, tubule lumen. (B) Electron micrograph of apical regions of secretory tubule cells
(original magnification, 20,000×). Arrows indicate shallow tight junctions between tubule cells. (From Evans,
D.H. et al., in Biology of Sharks and Their Relatives , Carrier, J. et al., Eds., CRC Press, Boca Raton, FL,
2004. With permission.)
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(and other secretory epithelia 156), which contains an MRC that is structurally similar to the rectal
gland MRC.127 Early evidence supporting this model includes: (1) inhibition of secretion by removal
of Na+ or addition of either ouabain or furosemide to the perfusate, 467 (2) intracellular Cl– activities
far above what could be predicted by the electrical potential across the basolateral membrane, 524

and (3) a lumen-negative electrical gradient between the perfusate and duct fluids during secretion.464

Specific studies on the mechanisms of fluid transport into the gland tubule are lacking, but one must
suppose that fluid enters the lumen either paracellularly through tight junctions149 or transcellularly
via cellular AQP water channels. Isolated basolateral and apical rectal gland membrane v esicles
display relatively low water permeabilities, suggesting that aquaporins may not be present, 555 but
cDNAs for aquaporins ha ve no w been isolated from rectal gland tissue. 78 Complete or partial
sequences for cDNAs for rectal gland NKA, 307 NKCC,544 CFTR,314 and a K + channel519 have been
published, and immunochemical studies of rectal gland cells ha ve localized protein e xpression of
NKCC and NKA to the basolateral membrane 306 and CFTR to the apical membrane. 284,314

The ability of the rectal gland to secrete a h ypersaline solution and the inability of the kidne y
to secrete a h ypersaline urine suggest that the rectal gland w ould be vital for osmore gulation.
Surprisingly, this is not the case, because e xtirpation of the gland is follo wed by survi val and
maintenance of slightly ele vated blood NaCl le vels in the spin y dogfish in seawater.46,124,533 Under
these conditions, urinary Cl – excretion increases threefold (diuresis without an increase in urine
Cl– concentration),46 which may compensate for remo val of the rectal gland. The elasmobranch
kidney might be able to e xcrete the excess NaCl gained by diffusion and oral ingestion, as long as
the osmotic g ain of w ater across the gill epithelium is greater or equal to the dif fusional or oral
gain of salt. Thus, the kidney does not ha ve to produce a urine that is h ypernatric or hyperchloric
to the plasma, 127 especially when an e xtrarenal salt gland is present (see belo w). Interestingly, the
in vivo gland responds to a v olume load b ut not a salt load, 478 and rectal gland NKA acti vity is
stimulated by feeding, 307 so control of rectal gland secretion appears to be much more comple x
than merely for osmoregulation. In addition, because osmoregulation appears to be possible without
a rectal gland, one might suggest that the gill pro vides another site for salt secretion (see belo w).

3. Gill Salt Extrusion?

The morphology of the elasmobranch gill is basically intermediate between those of the lampre y
and bony fishes.126,127,530 The individual filaments on the four or more holobranchs are more elaborate
than those on the lampre y holobranch, and indi vidual hemibranchs are separated by a distinct
interbranchial septum. The water flowing across adjacent posterior and anterior hemibranchs e xits
the branchial chamber by indi vidual gill slits (Figure 8.1C). Blood flow through the filaments and
lamellae is as described for lampre ys and teleosts (see Sections III.A.2 and V.A.3), including the
presence of lamellar sheet flow of blood around pillar cells. The elasmobranch gill epithelium is
composed mostly (90%) of squamous pavement cells (PVCs) characterized by apical micro villi or
microplicae, few mitochondria, and no basolateral infoldings. Adjacent pavement cells share deep
tight junctions.127,530 Relatively large, ovoid MRCs are also present on the gill filaments (usually
single and interlamellar), as well as on the lamellae.62,503 The elasmobranch MRCs are characterized
by relatively complicated apical surfaces (microvilli on concave or convex membranes), basolateral
membrane infoldings into a basal labyrinth, and a tub ulovesicular system near the apical surf ace
(Figure 8.10). Adjacent PVCs and MRCs share deep tight junctions, 530 contrary to the relati vely
shallow tight junctions between MRCs and pa vement cells in the teleost gill epithelium. 127 Shark
MRCs express NKA,533 but evidence for the other putati ve transport proteins that are found in the
shark rectal gland and teleost gill (NKCC, CFTR, K channel) has not been published. Moreo ver,
removal of the rectal gland did not produce an y morphological (size, number , fine structure) or
functional (NKA acti vity) change in the branchial epithelium of Squalus acanthias .533 In f act,
acclimation of freshw ater Atlantic stingrays ( Dasyatis sabina ) to sea water actually reduced the
number of MRCs and NKA acti vity.400 Thus, no e vidence suggests that the elasmobranch gill
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epithelium plays a vital role in osmore gulation in seawater, in contrast to its importance in marine
bony fish osmoregulation (see Section V.A.3). The marine elasmobranch gill MRCs, ho wever, are
probably in volved in systemic acid–base re gulation, as v arious ph ysiological e xperiments ha ve
demonstrated branchial acid or base extrusion,72 and recent studies have localized acid–base relevant
proteins (i.e., V-HAT and NHE) to the MRCs in spin y dogfish in seawater.62,503,507,508

B. EURYHALINE AND FRESHWATER SPECIES

Euryhaline and freshw ater elasmobranches maintain their blood ionic concentrations abo ve those
in the freshwater environment (Table 8.1). Despite the fact that a surprising number of elasmobranch
species (about 171333) are able to enter brackish or freshwater, the resulting osmoregulatory changes
have been e xamined in only a fe w species. Of particular interest is the euryhaline b ull shark
(Carcharhinus leucas), which is found in rivers throughout the world (and was described 3800 km
up the Mississippi Ri ver in Alton, Illinois 496); euryhaline members of the stingray f amily
(Dasyatidae), which also occur in ri vers worldwide (including a reproducti ve population in lak es
in Central Florida240); and the stenohaline Potamotrygonid stingrays that occur only in the Amazon
and Orinoco basins.498 All three genera reduce their plasma urea levels and osmolarity significantly
in freshw ater (Table 8.1). Importantly , the Potamotrygonid stingrays ha ve reduced their plasma
urea levels to near zero and ha ve actually lost the ability to increase urea le vels when transferred
to higher salinities.162,497 In fact, they cannot tolerate salinities above approximately 65% seawater174

and are restricted to salinities of <10% sea water.38 The extremely low plasma urea concentration
appears to be due to a relati vely low rate of urea synthesis combined with a relati vely high rate of
urea loss, secondary to both high branchial permeability and relatively low rates of urea reabsorption
by the renal tub ules.167 These truly freshw ater rays, therefore, ha ve reduced the osmotic gradient

FIGURE 8.10 Transmission electron micrographs of the gill epithelium from a seawater elasmobranch (spiny
dogfish). In Part A, note the large size of the MRC with its numerous mitochondria (m), comple x basolateral
membrane infoldings (white arro w), and e xtensive tubulovesicular system (tvs), relati ve to the neighboring
PVC. The apical membrane of this MRC is not visible, b ut Part B shows the apical surf ace of another MRC
which forms deep intercellular junctions (black arro ws) with adjacent PVCs and has an e xtensive subapical-
tubulovesicular system. In P art A, bar = 5 mm and RBC indicates a red blood cell. In P art B, bar = 0.5 mm.
(From Evans, D.H. et al., Physiol. Rev., 85, 97–177, 2005. With permission.)
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across their gill epithelium by 50% compared with the euryhaline species, presumably reducing
the osmotic influx of water that must be e xcreted by the kidne ys. Early studies indicated that
Potamotrygon has whole-body w ater and ion permeabilities equi valent to those of other elasmo-
branchs,54 but a more recent study suggests that the ionic permeability of Potamotrygon might be
only 10% that of marine elasmobranchs. 541

Despite a reduction in plasma osmolarity , euryhaline and freshw ater elasmobranchs must
osmoregulate in a h ypotonic external medium, as do all other freshw ater vertebrates (see abo ve
and other chapters in this v olume). This requires an increase in urinary e xcretion of w ater, and
uptake (or ingestion) of needed salts to balance dif fusional loss across the gills, renal loss, and
possibly loss via the rectal gland, which increases flow in response to a v olume load.478 Moreover,
if they reenter the marine en vironment (bull sharks, for e xample), they must turn of f these osmo-
regulatory strate gies and restart the marine osmore gulatory strate gies, including possibly oral
ingestion of the medium as their blood v olume falls before their plasma regains the high urea (and
TMAO) levels characteristic of marine species. 6

1. Kidney

The renal structure of the euryhaline Atlantic stingray is characteristic of elasmobranchs in general
(see above),274 but the kidney of Potamotrygon has obvious structural modifications. In this genus,
the bundle zone and sinus zone are replaced by a peripheral “comple x zone” and central “sinus
zone,” respectively, with the renal corpuscles within the comple x zone. The most distinguishing
characteristics are the absence of loops 3 and 4 of the intermediate and distal se gments and the
lack of a peritubular sheath surrounding the tubular segments in the complex zone.274 It is generally
assumed that the lack of the distal loops is functionally associated with the inability of Potamot-
rygonid stingrays to reabsorb urea from the urine. 167,200 Unfortunately, no studies ha ve been pub-
lished on renal function in this v ery interesting group, other than the finding that the GFR is 8
mL/kg/hr,167 nearly 10 times that described for marine elasmobranchs.

We know much more about renal function in euryhaline elasmobranchs. When Dasyatis sabina
is acclimated to freshw ater, the urine flow rate is 10 mL/kg/hr ,235 which is equi valent to the rate
described for Pristis microdon (sawfish) in freshwater,476 slightly below that described for a fresh-
water lamprey (see above) but more than 10 times that published for marine elasmobranchs 23 and
approximately 5 to 10 times that described for bony fishes in freshwater.235 In addition, the stingray
urine osmolarity is only 10% that of the plasma, generating a free w ater clearance that is nearly
equivalent to the urine flow rate. 235 These data are consistent with the proposition that, e ven in
freshwater, the elasmobranch gill retains the relati vely high osmotic permeability that may ha ve
been a primitive vertebrate characteristic (see above). Despite tubular reabsorption of approximately
90% of the filtered urea, it is the dominant urinary solute (20 mM/L), followed by Na + (8 mM/L)
and Cl– (2 mM/L).235 Similar results have been published for a study of renal function in D. sabina
in dilute seawater (850 mOsm) vs. brackish water (440 mOsm);234 in this case, GFR was also shown
to increase threefold in the lo wer salinity. In elasmobranchs, increases in GFR may be secondary
to either increases in single-nephron GFR or glomerular recruitment. 198 In the study of stingrays
in 50% seawater,234 the fractional urea excretion increased fivefold in the lower salinity, which may
be due to downregulation of the renal urea transporter that another study reported. 353 Excretion of
such a dilute urine must in volve production of a distal tub ular osmotic gradient that may e xceed
that produced by other v ertebrate kidneys.235 Unfortunately, no data ha ve been published on the
actual tubular gradients or osmotic permeabilities in the distal renal se gments of the elasmobranch
kidney. Presumably, this reabsorption of ions tak es place in the distal loops, as described for the
marine dogfish shark.155 Of note, transport across the isolated loop 4 w as inhibited by ouabain,
suggesting that NKA was involved. Consistent with this proposition, acclimation of the euryhaline
bull shark to freshwater is associated with increased renal NKA acti vity.404 Clearly, much remains
to be discovered about renal function in euryhaline and freshw ater elasmobranchs.
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2. Rectal Gland

As one might expect, early studies determined that the rectal gland of elasmobranchs in freshwater
is much reduced compared to conspecifics in seawater,370 and the rectal gland of Potamotrygon is
quite atrophied, 499 even considering that batoids ha ve much reduced rectal glands compared to
sharks. More recently, Piermarini (unpublished) has found that the rectal gland of Atlantic stingrays
living in freshwater in central Florida is 30% (corrected for body weight) as lar ge as the gland in
marine populations. On the other hand, rectal gland size and putati ve secretion rate (assumed to
be correlated with NKA acti vity) may not al ways v ary together . F or e xample, acclimation of
members of the freshw ater population of Atlantic stingrays to sea water (1 week, after a gradual
7-day salinity change) w as not associated with an y significant change in rectal gland mass,400 and
the rectal gland mass of bull shark captured along a salinity gradient from 0 to 33‰ did not change
with salinity.403 In both studies, however, the enzymatic activity of NKA in the rectal gland tissue
doubled in the higher salinity , and in the stingray the immunoreacti vity of the NKA protein
increased in seawater to a level equivalent to that measured in members of the marine population.400

These data support the h ypothesis that rectal gland acti vity is reduced in lo wer salinities in
euryhaline elasmobranchs, b ut no ph ysiological data ha ve been published to support this idea.
Moreover, entry of euryhaline elasmobranchs into reduced salinities probably stimulates rectal
gland function initially, because a v olume load in the spin y dogfish stimulates a fourfold increase
in both duct flow and Cl – secretion, presumably to aid in the reduction in plasma osmolarity .478

One might suppose that long-term acclimation to lo wered salinities w ould be associated with a
reduction in rectal gland salt secretion (either by reduced flow of plasma-h yperionic solutions or
by reabsorption of salt in the gland tub ules), but no data have been published. Like the kidney, the
rectal gland of euryhaline and freshw ater elasmobranchs requires more study , but, even if rectal
gland and renal salt e xcretion is reduced to v ery low levels, the elasmobranch in freshw ater (or
any h ypoosmotic salinity) must e xtract needed salts either from the e xternal medium or from
ingested food.

3. Gill Salt Uptake

The influx of radioisotopes of both Na+ and Cl – into Potamotrygon shows saturation kinetics, 541

suggesting a carrier -mediated process. Attempts to discriminate putati ve ionic e xchange vs. ionic
channel pathways via addition of inhibitors to the e xternal medium were lar gely unsuccessful in
this study, and one has to merely assume that uptake is across the gills. Based on immunoreactivity
for NKA and V-HAT, two obvious MRC populations are present in the gill epithelium of the Atlantic
stingray in freshw ater,64,400,401 but no c ytological data ha ve been published to determine if ultra-
structural changes ha ve taken place during the e volution of this freshw ater population. As might
be expected, NKA-expressing cells can be immunolocalized in the gill epithelium of Potamotrygon
(P.M. Piermarini, unpublished data).

The gill NKA activity increases in the gill epithelium of both the bull shark and Atlantic stingray
in freshwater,400,404 contrary to what is often seen in the gill epithelium in teleosts (see belo w) and
the reduction in the rectal gland NKA acti vity in these species in freshw ater (see abo ve). The
expression of mRNA for the α1-subunit of NKA also is higher in freshwater-acclimated stingrays,64

and the number of NKA-rich MRCs is higher in the freshw ater population of the stingray , largely
due to increased MRCs on the gill lamellae.64,400 These data suggest that the NKA-rich MRCs must
be important for h yperosmoregulation in freshwater elasmobranchs. Supporting this h ypothesis is
a recent study that cloned a putati ve Na+/H+ exchanger (NHE3) from the gill of the stingray and
localized its expression (both mRNA and protein) to NKA-expressing cells.64 Like NKA, expression
of this e xchanger is greater (and more lamellar) in the freshw ater population vs. the sea water
population or individuals acclimated to sea water.64 As stated above, a basolateral V-HAT has also
been localized (by immunohistochemistry) in putative MRCs of the Atlantic stingray gill epithelium
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that do not e xpress NKA. 401 Gill V-HAT immunoreacti vity and the number of these V-HAT-
expressing MRCs (in both the interlamellar and lamellar re gions) were higher in stingrays from
the freshwater population than from indi viduals acclimated to sea water or from the marine popu-
lation.401 These same cells also express immunologically identifiable pendrin (a putative Cl–/HCO3

–

exchanger)444 on the apical surf ace, and expression of this protein v aries with salinity in the same
way as V-HAT.402

Thus, it appears that at least the freshwater stingray gill epithelium contains two separate cells
that provide putative pathways for the uptak e of needed NaCl (Figure 8.11). The NHE–NKA cell
(A-type MRC) mediates Na + uptake (and proton secretion) via coupled pathw ays similar to those
in the proximal tubules of the mammalian kidney; the pendrin V-HAT cell (B-type MRC) provides
for Cl– uptake (and base secretion) via coupled pathways very similar to those expressed by HCO3

– -
secreting, intercalated cells in the mammalian collecting duct (see Chapter 12). Recent e vidence
suggests that an H+,K+-ATPase (HKA) is also expressed in the A-type MRC in stingray gills, which
is upre gulated in freshw ater,67 so this transporter may play a role in K + balance. It should be
obvious that these transport systems (NHE, V-HAT, HKA, pendrin) also provide putative pathways
for acid–base re gulation in elasmobranchs that are important in all salinities. Indeed, V-HAT-
expressing cells ha ve been described for the stenohaline spin y dogfish in seawater,503,529 as have
NHE-expressing cells.62,70

4. Limits to Elasmobranch Euryhalinity?

If the marine elasmobranch kidne y is able to respond to a v olume load by increasing GFR and
urine flow (while decreasing urine salt concentration), and the NaCl uptak e pathways are present
in both freshwater and marine elasmobranchs (used for ion re gulation and acid–base regulation in
the former and acid–base regulation in the latter), what limits euryhalinity in most elasmobranchs?
Presumably the f ailure is quantitati ve rather than qualitati ve. Entry into freshw ater requires a
significant reduction in salt efflux (turn off the rectal gland, reduce urine salt concentration, and
possibly reduce gill permeability), increase in e xcretion of w ater (increased GFR, reduced renal
tubular water reabsorption), and stimulation of NaCl uptak e via carriers with suf ficient affinity to
extract salt from very low salinities. Presumably, failure occurs in control at the tissue (hormones,
nerves) and cellular (phosphorylation and protein–protein interactions) le vel.62,193 This is certainly
a fertile area for future research.

FIGURE 8.11 Working model of NaCl uptak e mechanisms proposed for the freshw ater Atlantic stingray.
One type of MRC (A MRC) e xpresses Na+,K+-ATPase (NKA) on its basolateral membrane and dra ws in Na+

across the apical surface in exchange for cytoplasmic H+ (NHE3). The other MRC (B MRC) expresses V-type
H+-ATPase (V-HAT) on its basolateral membrane and draws Cl– into the cell via an apical Cl/HCO3 exchanger
(pendrin, PDN). The pathway for basolateral Cl – movement is unkno wn. (From Ev ans, D.H. et al., Physiol.
Rev., 85, 97–177, 2005. With permission.)
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V. BONY FISHES

The bony fishes (Euteleostomi; formerly Osteichthyes) include tw o classes: Actinopterygii and
Sarcopterygii. The actinopterygians incorporate the basal bichirs, stur geons, paddlefishes, gar,
and bowfins—all freshwater or anadromous (stur geon)—as well as the more deri ved teleosts,
the largest fish group (approximately 27,000 species365). The sarcopterygians include two species
of extant, marine coelacanths 220 and six species of lungfishes, all freshwater.365 The osmolarity
and specific ionic concentration of the plasma in all bony fishes studied is intermediate between
seawater and freshw ater (Table 8.1). Osmore gulation by non-teleostean fishes has only been
studied rarely (see Section V.D), b ut multiple re views of teleost osmore gulation ha ve been
published.114,116,119,120,127,129,215,246,319,326,540

A. MARINE SPECIES

Because their plasma is h ypotonic (and h ypoionic) to sea water (Table 8.1), marine teleosts must
compensate for the osmotic loss of w ater and dif fusional gain of ions (most particularly NaCl),
across the gill epithelium and possibly the skin. As noted abo ve, accurate measurements of true
gill epithelial water and ionic permeabilities are difficult in all fish groups because of the structural
complexity of the tissue, b ut early , whole-animal, isotopic flux studies suggested that marine
teleosts display relatively higher NaCl permeabilities and lower water permeabilities than agnathan
and chondrichthyan fishes.109,114,119,232,384 In fact, the estimated water permeability of the teleost gill
(1 to 2 × 10–5 cm/sec)481 is significantly below that of other epithelia (10 –4 cm/sec),206 but more
recent study of w ater permeabilities of elasmobranch and teleost gill membrane v esicles found
somewhat higher permeabilities in both species (~10 × 10–4 cm/sec).206 This may be correlated with
the substantial e xpression of an aquaporin (A QP3) that has been described for the European eel
gill.80,288 The expression of this water channel appears to be regulated, because expression of mRNA
for AQP3 is reduced by up to 97% in sea water animals,80 and the protein expression is reduced by
65%, compared to freshw ater-acclimated eels. 288 This reduction in w ater channel ab undance in
seawater corroborates early w ater flux data that indicated that both diffusional and osmotic w ater
permeability w as higher in freshw ater teleosts than marine teleosts. 109,358 Protein e xpression of
AQP3 is found throughout the gill epithelium, including on both the apical and basolateral mem-
branes of mitochondrion-rich cells that also e xpress NKA. 288 On the other hand, it has been
suggested that other f actors, such as v entilation/perfusion mismatches, mucin dif fusion barriers,
and regulation of ionic gradients across the gill epithelium, may play a major role in determining
functional gill w ater permeability.206 Some evidence suggests that e xternal medium Ca 2+ concen-
trations may affect at least the ionic permeability of the gill epithelium,55 but, somewhat surprisingly,
it appears that gill ionic permeability is significantly lower in freshwater than marine teleosts.114,384

It is generally assumed that Cl – (but not Na +) is out of electrochemical equilibrium across the
teleost gill in seawater414 and hence is actively secreted across the gill. Indeed, the current model for
passive Na + transport contains this assumption (see belo w), b ut a significant number of trans-gill
electrical potential (TGP) measurements (re viewed in Evans115 and Marshall and Grosell 326) suggest
that Na+ actually may be out of electrochemical equilibrium in some species (e.g., toadfish, seahorse,
cod). One must assume that these atypical measurements of TGP are in error or that the standard
model for NaCl excretion across the teleost gill (see Section V.A.3) may not be applicable to all species.

To compensate for the osmotic loss of w ater, marine teleosts ingest sea water and desalinate
the ingested fluid to move needed water across the intestine. The intestinal ionic uptake (primarily
NaCl) adds to the net salt gain produced by the ionic influx across the gill epithelium. Because the
teleost kidney cannot produce urine that is h ypertonic to the plasma (see belo w), the e xcess salts
are e xcreted across the gill epithelium. To conserv e w ater, urine flows are minimal, sometimes
approaching zero. Homer Smith first proposed this suite of compensatory pathways,474 and a
substantial database exists that substantiates this h ypothesis (see reviews above). Thus, osmoregu-
latory organs in marine teleosts include the gut, kidne y, and gill.
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1. Gut

Initial measurements of drinking by marine teleosts found rates of 0.3 to 20 mL/kg/hr ,114 and more
recent data are in the same range of 1 to 5 mL/kg/hr .326 Given the average concentration of NaCl
in seawater (Table 8.1), this ingestion presents a NaCl load of approximately 5 m M/kg/hr to an
animal that is already facing a diffusional influx of salt. The subsequent processing of the ingested
seawater was first described by two studies,203,459 and a recent re view326 has summarized the data
from more modern, b ut often less complete, in vestigations. Table 8.2 is from Hickman’ s work on
the southern flounder (Paralichthys lethostigma), which remains the most complete balance sheet
of intestinal processing of ingested sea water.* Of note is that, although NaCl is nearly completely
absorbed (and e xcreted primarily via e xtrarenal pathways), Mg2+ and SO4

2–  are mostly left in the
gut contents and excreted rectally. The Mg2+ and SO4

2–  that are absorbed by the gut epithelium are
excreted by the kidne ys. Calcium handling appears to be intermediate: 30% is not absorbed and
excreted rectally , and 70% is absorbed and e xcreted mostly e xtrarenally (see belo w, ho wever).
Somewhat surprisingly, only 76% of the ingested w ater is absorbed (see Figure 8.13). In terms of
sequential processing, the esophageal epithelium desalinates the ingested seawater so the osmolarity
of the fluid is reduced from approximately 1000 mOsm/L to approximately 350 mOsm/L, isotonic
to the plasma.203 Because the esophageal epithelium apparently has an e xtremely low permeability
to water,207,380 the volume of the ingested fluid does not change appreciably. Somewhat unexpectedly,
aquaporin 1 and 3 (AQP1, APQ3) expression has been demonstrated in the eel esophagus, but their
roles are unclear .82,336 The uptake of NaCl w as initially assumed to be passi ve, but studies on the
winter flounder (Pseudopleuronectes americanus) demonstrated that an acti ve component is also
present.380 Because the Na + influx is inhibited by removal of Cl – or addition of ouabain and
amiloride, but not furosemide, it appears that basolateral NKA is in volved and possibly apical Na
channels or NHE b ut not apical NKCC. 380 Similar data have been described for the Japanese eel. 7

Clearly, molecular and immunohistochemical studies on this esophageal NaCl transport system are
warranted.

TABLE 8.2
Ionic and Water Balance Sheet for the Southern Flounder

Ion Swalloweda

Intestinal 
Absorptionb

Rectal 
Excretionb

Renal 
Excretionc

Extrarenal 
Excretionc

Na+ 1956 98.8 1.2 0.13 99.9
Cl– 2281 93.9 6.1 1.05 99.0
K+ 41.5 98.0 2.0 0.71 99.3
Ca2+ 42.6 68.5 31.5 11.4 88.6
Mg2+ 226 15.5 84.5 100 —
SO4

2– 128 11.3 88.7 100 —
Water 4.6d 76 24 5.2 94.8

a Expressed in µmol/kg/hr.
b Percent of swallowed.
c Percent of absorbed.
d Expressed in mL/kg/hr.

Source: Hickman, Jr., C. P., Can. J. Zool., 46, 457–466, 1968. With permission.

* Drinking rates and urinary and rectal outputs were measured. Absorption was calculated as the difference between intake
and rectal output; e xtrarenal excretion was calculated as the dif ference between the absorption rate and the renal output.
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The stomach epithelium is not thought to play a significant role in uptake of either NaCl or
water,207 but the intestine appears to be the major site of w ater absorption, secondary to uptak e of
NaCl.7,326,452,469 A variety of studies (re viewed by Marshall and Grosell 326) have demonstrated that
apical NaCl uptak e is via parallel cotransporters: NKCC and NCC (Na + + Cl –), with basolateral
NKA providing the electrochemical gradient for apical Na+ uptake (Figure 8.12). Expression levels
of NKCC decline along the intestine, 81 and some e vidence exists that NCC is only e xpressed in
the posterior intestine. 81,160 Interestingly, Na + uptake stops when Cl – is removed from the apical
bathing medium in in vitro experiments using anterior, mid-, or posterior intestine (but not rectum),
but Cl– uptake persists when Na + is removed,180 suggesting a component of Cl – uptake that is not
via NKCC. It is no w clear that this additional uptak e of Cl – from the intestinal contents is via a
Cl/HCO3 exchanger (AE),182 which may account for 50% of the total Cl – uptake.176 Recently, the
apical Cl/HCO 3 exchanger has been identified as Slc26a6 in the euryhaline pufferfish (Takifugu
obscurus) intestine.272 Because the secreted HCO 3

–  can precipitate intestinal Ca 2+ (lowering intes-
tinal osmolarity and thereby facilitating water uptake),537 as well as alkalinize the intestinal contents,
it is becoming increasingly clear that apical intestinal AE may play a significant role in teleost
osmoregulation, ion regulation (including Ca2+), acid–base balance, and e ven in the global carbon
cycle.175,177,178,181,326,494,520a,536 Moreover, the precipitated CaCO 3 may account for the relati vely low
intestinal Ca2+ concentrations that have been measured, which led to the conclusion that intestinal
Ca2+uptake was balanced primarily by e xtrarenal Ca2+ extrusion (Table 8.2).203 Sodium that enters
the enterocytes via the apical transporters e xits the cell via basolateral NKA, and Cl – extrusion
appears to be via both Cl – channels, possibly CFTR 305,332 and a K–Cl cotransporter .186 Basolateral
bicarbonate uptake appears to be via a Na–HCO 3 cotransporter (NBC1).272 Cellular K+ leaves the
cell via basolateral and apical K + channels.185 As one might e xpect, NKA mRNA expression and
enzyme activity increase in the intestine of euryhaline fishes in seawater, as does e xpression of
NKCC mRNA.326

Unfortunately, the specifics of intestinal uptake of Ca 2+ and Mg2+ by the marine fish intestine
appear to remain unstudied, but Mg2+ uptake by the intestine of the freshwater tilapia (Oreochromis
mossambicus) is inhibited by ouabain and b umetanide.514 The apparent coupling to Na + transport
may be indirect, ho wever, because further e xperiments determined that Mg 2+ transport across
enterocyte vesicles from the basolateral membrane of tilapia was coupled with an electrically neutral

FIGURE 8.12 Working model of NaCl uptake mechanisms proposed for the marine teleost intestine. Uptak e
of water (either transcellular or paracellular) is dri ven by uptak e of Na + and Cl – via apical Na +–K+–Cl– or
Na+–Cl– cotransporters (NKCC/NCC), and Cl –/HCO3

–  exchangers (AE) which are dri ven by basolateral
Na+,K+-ATPase (NKA). Basolateral K + + Cl – uptake is via a cotransporter (KCC) and Cl – channel. The
mechanisms of basolateral H+ uptake are unknown but presumably via either NHE or V-HAT. (Adapted from
Marshall, W.S. and Grosell, M., in The Physiology of Fishes, 3rd ed., Ev ans, D.H. and Claiborne, J.B., Eds.,
CRC Press, Boca Raton, FL, 2006, pp. 177–230.)
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anion symport mechanism.30,31 Some evidence suggests that enterocytes may cycle SO4
2– .  A recent

study has demonstrated the presence of an intestinal 2Cl –/SO4
2–  exchanger that might facilitate Cl–

(and water because of the 2:1 solute stoichiometry) uptak e and SO 4
2–  secretion.388 It appears that

the intestine also may secrete Cl – under certain conditions (e.g., increase in intracellular Ca 2+ and
cAMP), via apical CFTR. 328

Intestinal water uptake is usually thought to be via cellular and paracellular pathw ays303,326 and
in the Japanese eel ( Anguilla japonica ) is greater in the posterior se gment of the intestine. 8

Aquaporin 1 has been sequenced and localized to the apical membrane of enterocytes in the intestine
(predominantly posterior) of tw o eels, A. japonica and A. anguilla ; in both studies, the mRN A
expression increased after acclimation to sea water.8335 Expression of AQP1 protein also increased
in sea water A. anguilla , with the posterior intestine displaying 40-fold more protein e xpression
than the anterior intestine. 335 In the gilthead seabream ( Sparus aurata), two homologs of AQP1
(SaAqp1a and SaAqp1b) ha ve now been sequenced and localized to the duodenum, hindgut, and
rectum. The expression was differential, with SaAqp1a predominating in the duodenum and hindgut,
and SaAqp1b being the most abundant in the rectum.422 Immunoreactivity of AQP3 in the intestine
of A. anguilla  is so lo w that it appears that this AQP does not play a major role in the intestine
(contrary to the gill; see Section V.A.3).288

2. Kidney

The typical marine teleost kidney has the usual vertebrate complement of glomerulus, neck segment,
proximal tubule (usually divided into “early” and “late” or PTI and PTII, characterized by a brush
border), and collecting duct, b ut it usually lacks a distal tub ule and, in approximately 30 species,
even a glomerulus and PTI. 26,93,201,204,326 These are structural modifications that are consistent with
the need for reduced water loss and increased ionic excretion in a hyporegulating fish, but they are
not required, as evidenced by the presence of a glomerulus in most marine and euryhaline species
and a distal tub ule in some euryhaline species (e.g., eel, flounder, salmon).204 Surprisingly, some
aglomerular fishes are euryhaline (e.g., toadfish, Opsanus tau).20,277 Even glomerular species may
alter the number of functioning glomeruli in sea water (5%) vs. freshw ater (45%). 40 The renal
vascular system is similar to that in elasmobranchs, ha ving renal and intercostal arteries from the
dorsal aorta.93 Afferent arterioles lead into glomerular capillaries, which drain into efferent arterioles
that lead to a netw ork of sinusoids and peritub ular capillaries. In marine species, these capillaries
also receive blood from branches of the caudal and se gmental veins, giving rise to a renal portal
system. Most freshw ater teleosts appear to lack a renal portal system. 204 For general discussions
of teleost renal morphology and physiology, see Ditrich,93 Drummond,96 Hentschel and Elger,200,201

Kamunde and Kisia, 242 and Marshall and Grosell, 326 although Hickman’s 1969 re view204 remains
the most complete description of fish renal structure and function.

The glomerular filtration rate of marine teleosts is approximately 0.5 mL/kg/hr, about 50% the
GFR measured in marine elasmobranchs (Section IV .A.1) and 10% that measured in freshw ater
teleosts.204 Urine flows for glomerular teleosts in sea water are equi valent to the GFR, consistent
with the absence of a distal tub ule and the lack of net w ater reabsorption in the proximal tub ule
or collecting duct/bladder. Somewhat surprisingly, the urine flow in aglomerular marine teleosts is
equivalent to that of glomerular teleosts, and the urine ionic composition is similar (approximately
isotonic to plasma), thus indicating the primac y of tubular secretion.26,326

It is no w clear that both aglomerular and glomerular marine teleosts (and perhaps all other
vertebrates) secrete various ions across the epithelium of the proximal tubule (PTII) into the urine.25,26

As described for the elasmobranch proximal tub ule (see Section IV .A.1), fluid secretion in the
glomerular and aglomerular teleost proximal tub ule is primarily dri ven by NaCl secretion via the
combination of basolateral NKCC and apical Cl– channel (CFTR?), with Na+ driven into the lumen
through a paracellular route by the electrochemical gradient. 26,74,75 The expression of NKCC has
now been demonstrated in renal extracts from the European eel.81 Specific immunolocalizations of
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most of the putative transport proteins have not been published, but a recent study has found NKCC
expression in the basolateral membrane of PII in the killifish kidney (F. Katoh and G.G. Goss,
pers. comm.). It is important to note that this proposed salt secretory pathw ay is identical to that
described for the shark rectal gland (see Section IV .A.2) and the teleost gill (see Section V.A.3).
It is note worthy that the fluid secretion rate of proximal tubules isolated from the aglomerular
toadfish, two glomerular teleosts (flounder and killifish), and an elasmobranch (spiny dogfish) are
all approximately 37 pL/min/mm tubule length.26 The fluid movement is presumably via aquaporin
channels, as AQP1 been localized in the brush border of renal tub ules in the European eel. 334

Measurement of the Mg 2+ and SO 4
2–  electrochemical gradients across isolated proximal tub ules

from teleosts suggests that these di valent ions are also acti vely secreted but play a smaller role in
fluid secretion.26 Beyenbach has proposed that Mg2+ enters the tubular cell via a basolateral channel
and e xits the apical membrane via either a Mg/Na or Mg/H e xchanger, the latter dri ven by an
apical V-HAT.26 Some e vidence also suggests that apical Mg 2+ secretion may be via v esicular
exocytosis, as has been proposed for the dogfish PII segments.59 Sulfate is thought to cross the
basolateral membrane via a 2OH/SO4 exchanger and enter the tubular lumen via an apical anion/SO4
exchanger, with intracellular carbonic anh ydrase playing a pi votal role. 389,430,431 Consistent with
this model, the cDN A for an anion/SO 4

2–  exchanger (SLC26A1) has been cloned and its mRN A
localized to the apical border in PTI of the rainbow trout, along with V-HAT. 252 The teleost proximal
tubule also transports a suite of or ganic anions via relati vely well-defined carriers and exchange
systems.26,430

Surprisingly, these proximal tub ular secretory pathw ays also are apparently present in fresh-
water-acclimated euryhaline fishes,74,75 despite the fact that ion conservation is necessary in hyper-
regulating fishes. These studies pro vide an e xplanation for the earlier observ ation that freshw ater
eels sometimes display urine flow rates greater than the GFR. 453 The attending secretion of fluid
into the proximal tub ule presumably adds to the necessary e xcretion of water in these fishes. This
fluid and Na+ secretion can be calculated to be 3.5 times the measured GFR or Na + filtration rate!26

This consideration is especially important in calculations of fractional w ater and Na+ reabsorption
in glomerular, marine teleost kidne ys. Adding these secreted fluid and Na+ inputs into the kidne y
tubules to the GFR and Na + filtration rates increases the calculated, distal tubular reabsorption of
water from 40% to 87% and the distal Na + reabsorption rate from 89% to 97%, more in line with
other vertebrate nephrons.26 Beyenbach proposes that this proximal solute secretion is the only way
to produce urine in aglomerular teleosts, it increases tub ular volume in glomerular teleosts, and it
provides a mechanism for increasing the renal e xcretion of unwanted divalent ions, organic acids,
and xenobiotics.26

Much less is kno wn about the sites and mechanisms of ionic reabsorption in the more distal
tubules of the marine teleost kidne y, but the extremely high concentrations of Mg 2+ (140 mM) and
SO4

2–  (80 mM) in the urine are consistent with substantial late proximal or distal/collecting duct/
bladder absorption of water.326 In the late proximal tub ule, it is generally assumed that Na + uptake
is coupled to luminal membrane glucose or amino acid uptak e or else Na/H e xchange (NHE), and
that Cl – uptake is via Cl/HCO 3 exchange. Basolateral transport into the blood probably in volves
NKA in parallel with a Cl/HCO 3 exchanger, but more data are certainly needed. 326 Interestingly,
NKCC expression has been demonstrated in renal tissue from the European eel 81 and localized to
the apical membranes of the distal and collecting tubules in the killifish and rainbow trout (F. Katoh
and G.G. Goss, unpublished data), suggesting a role for the cotransporter in tub ular reabsorption
as well as secretion (in the proximal tub ule). Some e vidence also suggests that Mg 2+ may be
reabsorbed in the collecting duct. 59

When present, the urinary bladder in marine teleosts appears to play a major role in w ater
conservation,318 reabsorbing 60% of the urine v olume in the toadfish (Opsanus tau);225 however, it
is important to note that some euryhaline fishes (e.g., the killifish) lack a urinary bladder. The water
permeability of the urinary bladder of the starry flounder (Platichthys stellatus) in seawater is six
times that in the freshwater-acclimated fish,91 presumably maximizing necessary water reabsorption.
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In the winter flounder, bladder NaCl uptak e is coupled 429 and inhibited by thiazide b ut not by
bumetanide.484 The cDNA of a unique class of NaCl cotransporters (NCC, to be distinguished from
NKCC) was, in f act, first cloned and localized primarily to the bladder epithelium in the winter
flounder.160 An additional, amiloride-sensitive, electrogenic Na+ uptake was described in the urinary
bladder of the winter flounder429 and mudsuck er goby ( Gillichthys mirabilis),304 but the relati ve
importance of these tw o putati ve Na + uptake mechanisms remains unstudied. The apical Na +

electrochemical gradient is probably maintained by NKA, which has been localized to the baso-
lateral membrane,432 and the Cl– that is taken up at the apical surf ace is thought to exit the cell via
a basolateral diphenylamine-2-carboxylic acid (DPC)-sensitive Cl– channel.60,85

3. Gill Salt Extrusion

As indicated in an earlier re view,127 one of the earliest descriptions of acti ve Cl– transport across
an epithelium came from Ancel Keys’ studies of the European eel in seawater,253 and his subsequent
paper described the “chloride cell” (no w MRC) as the site of this salt secretion. 254 The marine
teleost gill has four holobranchs on each side, with no interbranchial septum and, therefore, tw o
hemibranchs (Figure 8.1D), so the direction of irrigating water is counter-current to the blood flow
through the lamellae. 127,530 Similar to what has been described for lampre y and elasmobranches
(see above), each branchial arch contains numerous gill filaments that are perfused through afferent
filamental arteries (on the trailing edge of the filament). Individual lamellae on each filament are
perfused by af ferent lamellar arterioles, and sheet blood flow through each lamella is controlled
by the distribution of pillar cells, which have been demonstrated to be contractile.164,350,471 Substantial
blood flow also occurs through the outer marginal channels on the periphery of individual lamellae.
Blood exiting the lamellae through ef ferent lamellar arterioles enters either the ef ferent filamental
arteries, leading into the ef ferent branchial arteries and the systemic circulation, or into series of
interlamellar and collateral vessels or sinuses that are thought to pro vide nutrients to the filaments.
In some species (e.g., spin y dogfish and European eel), this latter pathway may also be fed by
prelamellar arteriovenous anastomoses, pro viding a nonrespiratory shunt (termed arteriovenous)
directly back to the branchial v enous drainage to the heart. 127,375

The filamental epithelium is composed of cuboidal and squamous pavement cells (PVCs),
mucous cells, accessory cells (A Cs), and numerous lar ge MRCs. The lamellar epithelium also
contains PVCs and, rarely , MRCs and mucous cells. 127,530 As in the elasmobranchs, PVCs co ver
approximately 90% of the filamental surface. MRCs are most dense on the trailing edge of the
filament (over the afferent filamental artery), as well as in the interlamellar region.249,513 In addition
to numerous mitochondria, the marine teleost MRC is characterized by an apical crypt and an
extensive intracellular netw ork of tub ules that are intertwined with the mitochondria and deri ved
from basolateral in vaginations, and not from the endoplasmic reticulum (Figure 8.13). 405 In fact,
the MRC cytoplasm is so packed with tubules and mitochondria that microelectrode determinations
of apical vs. basolateral electrical potentials and conductances are technically extremely difficult.552

Individual MRCs are al ways associated with adjacent accessory cells, forming multicellular com-
plexes that are usually in crypts below the epithelial surface containing PVCs, opening via distinct
pores (Figure 8.14). 249,530 At least one study has demonstrated that crypt density (and epithelial
conductance) is proportional to salinity.84 Accessory cells contain numerous mitochondria but have
a less developed tubular system.223 It is unclear if they are a discrete cell type410 or merely immature
MRCs.525 The extensive interdigitations between MRCs and ACs have shallow tight junctions, so
they are generally considered to be the site of the relatively high ionic permeability that characterizes
the marine teleost gill epithelium. 245,450 It is note worthy that the opercular epithelium of the
killifish243 and tilapia152 and the ja w skin of the mudsuck er330 contain relatively high densities of
MRCs that are structurally and functionally identical to those in the branchial epithelium. These
tissues have provided experimental approaches (see belo w) that are impossible with the comple x,
branchial epithelium.88,153,316
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The molecular biology of ionic transport across sea water teleost MRCs has been e xtensively
reviewed recently79,127,215,226,319,322 and will only be summarized here. High activity of NKA in marine
gill tissue was measured 40 years ago106 and led to the suggestion that Na+ extrusion was via apical
Na/K exchange.122,308 This hypothesis, however, was not supported by the subsequent demonstration
of NKA (via ouabain-binding autoradiography) on the basolateral membrane of the MRC,247 which
has been confirmed repeatedly using immunohistochemistry for the α-subunit of NKA ( α5) in
marine and freshw ater teleosts, as well as elasmobranchs. 208,292,390,400,531–534 Indeed, α5 staining is
now used to delineate MRCs. 211,227,250 Basolateral expression of NKA is consistent with the f act
that injection of ouabain into the American eel (Anguilla rostrata) completely inhibits NKA activity
and both Na+ and Cl– effluxes (measured isotopically), with a much smaller effect on tritiated water
efflux (indirect measurement of cardiovascular or permeability effects).465 Consistent with concur-
rent studies of a v ariety of other tissues displaying Na +-coupled Cl– transport,156 it was proposed
that the marine teleost MRC expresses the suite of transport proteins (basolateral NKA, K+ channel,
and NKCC, as well as an apical CFTR) that were concurrently described for the shark rectal gland
(see Section IV .A.2) and, subsequently , the teleost proximal tub ule (see Section V.A.2). The
proposed model (Figure 8.15) w as supported by electrophysiological studies of isolated operculae

FIGURE 8.13 Transmission electron micrographs of MRCs from the gills of sea water teleosts. (A) MRC
from sole ( Solea solea) containing numerous mitochondria (m), a tub ular system (ts), a subapical tub ulove-
sicular system (tvs), and an apical crypt. (B) Apical region of a MRC from the killifish (Fundulus heteroclitus).
This MRC forms deep tight junctions (**) with surrounding PVCs and shallo w tight junctions (*) with
surrounding accessory cells (A Cs), which share an apical crypt with the MRC. (From Ev ans, D.H. et al.,
Physiol. Rev., 85, 97–177, 2005. With permission.)
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and ja w epithelia (see abo ve) that contain numerous MRCs (60% in killifish operculum) and
generate a short-circuit current that is equivalent to the net Cl– secretion and inhibited by basolateral
ouabain, furosemide, or Na+ substitution.88,151,316 Moreover, a distinct Cl– current could be measured
directly over the MRC,153 and a cDNA of CFTR was cloned from the killifish gill.468 More recently,
molecular studies ha ve localized NKCC to the basolateral membrane and CFTR to the apical

FIGURE 8.14 Scanning electron and transmission electron micrographs of gill filaments from killifish in
seawater (A and C) and killifish transferred from seawater to freshw ater after 30 days (B and D). Note trans-
formation of the apical region of MRCs (arrows) from a smooth, concave crypt that is recessed below the PVCs
(A and C), to a convex surface studded with microvilli that extend above the surrounding PVCs (B and D). Also,
note that an accessory cell (A C) is not associated with MRCs from freshw ater-acclimated killifish (C and D)
and that the distinct, whorl-like microridges on the surfaces of PVCs do not change with salinity (A and C). Bar
= 1 mm, e xcept where noted. (From Ev ans, D.H. et al., Physiol. Rev., 85, 97–177, 2005. With permission.)

FIGURE 8.15 Working model for the e xtrusion of NaCl by the marine teleost gill epithelium. Plasma Na +,
K+, and Cl– enter the cell via basolateral NKCC; Na+ is recycled back to the plasma via Na+,K+-ATPase (NKA)
and K + via a K + channel (K ir). Cl – is extruded across the apical membrane via a Cl – channel (CFTR). The
transepithelial electrical potential across the gill epithelium (plasma positi ve to sea water) drives Na+ across
the leaky tight junctions between the MRC and the AC. (From Evans, D.H. et al., Physiol. Rev., 85, 97–177,
2005. With permission.)
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membrane of the marine MRC. 214a,329,343,390,534 Complementary DNAs for these transport proteins
have been cloned and sequenced in a v ariety of marine teleosts, and their mRN A expression (or
that of the relevant protein) is upregulated in seawater and downregulated in freshwater.63,127,135,212,

214a,215,226,289,290,292,457,509 Recent work suggests that basolateral membrane lipid content can modulate
NKA function in seawater Arctic char (Salvelinus alpinus).50 Interestingly, activity and expression
of NKA in some euryhaline species are not al ways increased in sea water or may be increased in
freshwater,50a,63,127,212,296,297,322 but this may be due to the f act that different α-subunit isoforms (α1a
vs. α1b) are upre gulated and do wnregulated during salinity transfer 50a,51,433 or that the kinetics of
Na+ vs. K+ activation are altered by salinity.291 Moreover, because NKA is important in ionic uptake
in freshwater (and acid–base re gulation; see Sections IV .B.3, V.B.2, and V.C), no specific reason
exists to think that NKA e xpression or activity would be higher in sea water vs. freshwater, and at
least one study has sho wn that it increases in both high and lo w salinities relative to intermediate
salinities.278 The basolateral K+ channel (Figure 8.15) is suggested by the f act that basolateral Ba2+

inhibits the short-circuit current across the killifish opercular epithelium,87 and the cDN A of an
inward-rectifying K+ channel has no w been sequenced and sho wn to ha ve high e xpression in the
basolateral tubules of the MRCs of the Japanese eel, and the e xpression is increased in seawater.488

B. FRESHWATER SPECIES

In contrast to marine teleosts (but similar to freshwater lampreys), hyperregulating bony fishes must
compensate for osmotic w ater gain and dif fusional ion loss. Water absorbed across the gut with
food and salts lost renally also add to the osmore gulatory requirements for these animals. Thus,
water gained must be e xcreted via the kidne ys with typical high flow rates of dilute urine (when
compared to the sea water state). Ions lost to the en vironment must be replaced by acti ve uptake
across the gills. The regulatory sites (gut, kidne ys/bladder, and gills) f ace the opposite challenge
(conserve ions, void water) from those described for marine fishes (excrete ions, conserve water).
See also several recent reviews on freshwater osmoregulation.215,226,326,397

Branchial water permeability in freshw ater teleosts may be reduced from the sea water state,450

and upregulation of cell-junction claudin proteins may play a role in the decreasing tight junction
permeability in freshwater.500 Osmotic permeability is also af fected by the temperature of adaptation
and membrane cholesterol concentration. 439 A lower gill ion permeability can also reduce salt loss
down a blood-to-w ater concentration (and electrochemical) gradient of se veral orders of magnitude
(Table 8.1); for e xample, intraspecies dif ferences in freshw ater survival have been noted between
northern and southern populations (in North America) of the euryhaline killifish.455 Southern animals
exhibit a higher mortality when transferred from brackish w ater to freshw ater, and this correlates
with a fall in plasma chloride, an increase in chloride ef flux, and a threefold higher gill paracellular
leak (measured as e xtrarenal clearance of polyeth ylene glycol, presumably across the gills) when
compared to northern populations. Northern animals are better able to con vert from sea water-type
MRCs to freshwater type (with tighter cell–cell junctions), and this likely contributes to the measured
chloride efflux differences. The loss of base equivalents (HCO3

– ) across the gills (perhaps due to the
inability to decrease gill ion permeability) has also been observed in two euryhaline species—longhorn
sculpin ( Myoxocephalus octodecemspinosus ) and the toadfish (Opsanus tau )—when e xposed to
dilutions of the ambient water beyond their normal tolerance limits.71,73 Thus, regulatory adjustments
to decrease branchial ion permeability are a lik ely requirement for freshw ater osmoregulation.119

1. Gut

Most freshwater teleosts ingest v ery little of the ambient w ater, except for w ater taken in while
feeding; for example, the basal drinking rate for freshw ater juvenile Atlantic salmon (Salmo salar
L.) is only ~0.13 mL/kg/hr compared to 0.3 to 20 mL/kg/hr for marine fish,119 but water ingestion
increases by 5 times following feeding.99 Natural foods may consist of ~75% water. When dry food
is ingested, the volume of water contained in additional g astric fluid secreted (to provide moisture
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for digestion) by the stomach is on the same order as the v olume ingested with the food. 267 In
rainbow trout ( Oncorhynchus mykiss ), water secreted by the stomach during the early digesti ve
process is reabsorbed along the intestine, and ultimately a net water uptake from the gastrointestinal
tract may occur when the transfers across all re gions are summed. 45 Plasma Na+ levels spike for
several hours following the meal. Bucking and Wood44 showed that, in the first few hours following
a meal, the rate of Na + absorption from the stomach w as even higher than the reported branchial
influx.477 Little net Na+ uptake was noted, however, when the entire gastrointestinal tract was taken
into account, as secretion of Na + took place in the anterior intestine (lik ely due to the Na + content
of hepatic bile secretion). In contrast, 85 to 90% of ingested K + and Cl – was reabsorbed by the
gastrointestinal tract. Also, at least in freshw ater-adapted flounder, the Cl– uptake may be coupled
to HCO3

–  secretion, just as it is in sea water-adapted fish.495 When trout are fed a dietary salt load
(5% of body Na + content), branchial Na + influx rates are reduced to compensate for the large Na+

uptake across the stomach. 477 Higher levels of salt included in the meal induced an ele vation in
plasma [NaCl] and increased gill ef flux of Na+ (perhaps due to adjustments to gill permeability)
along with decreased branchial Na+ uptake. Overall, the salt ions absorbed across the gastrointestinal
tract following a meal is a relati vely small fraction of the total ion tak en up by most freshw ater
fishes (on the same order as the branchial Na+ influx over a single hour), b ut this amount still
normally compensates for ions lost in the urine (see re view by Marshall and Grosell326). In species
living in v ery dilute or acidic freshw ater (<50 µM Na+),168 where gill ion uptak e is e ven more
limited, the gastrointestinal absorption of salt is clearly important. 83

2. Kidney

As would be expected, urine flow rates (and GFR*) in freshwater species are ~5 to 10 times higher
than those in marine fishes; for example, European eel (Anguilla anguilla) urine flow ranged from
1.1 to 3.5 mL/kg/hr in freshw ater-adapted animals vs. 0.25 to 0.6 mL/kg/hr in sea water-adapted
conspecifics (reviewed by Hickman and Trump204). Surprisingly , freshw ater trout still maintain
about 40% of nephrons in reserv e,26 as the glomeruli are perfused b ut not filtering.40 In parallel
with higher urinary flow rates, freshwater fishes also produce a dilute urine with NaCl concentrations
in the range of 10 to 20 m M (for some species, <5 m M).205 Thus, the kidney tubule must actively
reabsorb 90% or more of luminal salt after filtration across the glomerulus. Reabsorption takes
place across the proximal (PT), distal (DT), and collecting (CT) tub ules, followed by the urinary
bladder (UB). As in mammals, reabsorption of filtered salt, glucose,43 and HCO3

– 161 occurs in the
PT. Although the renal tub ules have a relati vely low w ater permeability, especially the DT and
CT,367 some water is reabsorbed with the solutes in the PT so the urine flow rate is less than the
GFR.204 Interestingly, secretion (rather than reabsorption) of electrolytes and w ater occurs in
approximately 10% of the proximal tub ules in freshw ater-adapted (8 to 180 days in freshw ater)
killifish,75 perhaps to provide tubular flow even when some glomeruli are not filtering.40 Few fish-
specific data are available on the cellular or transporter mechanisms of tub ular ion uptak e, b ut
presumably the majority of ions are absorbed across the DT and CT se gments via transfers
homologous to other v ertebrates. A chloride channel (CLC-K), for e xample, is coe xpressed with
NKA on the basolateral membranes of distal tub ule cells in freshw ater-adapted, but not seawater-
adapted, tilapia.351 In trout, luminal furosemide (NKCC inhibition) decreases DT ion transport, and
this segment exhibits very low water permeability.368 Taken together, these data suggest that the
distal tubule may have transporter mechanisms homologous to those thought to drive salt reabsorp-
tion from the mammalian thick ascending limb of the loop of Henle. 136

The urinary bladder also reabsorbs ions before final excretion of the dilute urine to the w ater.
In sea bass adapted to lo w salinities, bladder ion reabsorption be gins early in de velopment to
produce a h ypoosmotic urine with bladder (and kidne y) transporting cells rich in NKA. 363,364 Na+

* Although nearly all freshw ater fishes possess glomeruli, several species of freshw ater, presumably aglomerular, toadfish
have been reported. 17
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and Cl – uptake in salmonids is electroneutral and may or may not be coupled to the luminal
concentration of the other ion, depending on the species measured. 48,154,317 The trout bladder may
also take up urea via  a facilitated transporter.345 An amiloride-sensitive apical Na +/H+ exchange is
present to drive Na+ uptake and may also serv e to secrete NH 4

+ into the urine. 321

3. Gill Salt Uptake

To extract Na+ and Cl– from the water into the plasma, both ions must be moved against the existing
electrochemical gradient. As proposed by Krogh, 269 the influx of NaCl may also be tied to the
excretion of acid–base rele vant ions (H + and HCO 3

– ). Two mechanisms ha ve been postulated to
provide apical Na + uptake: the electroneutral Na +/H+ antiporter (NHE; see Hirata et al. 209) and
passive uptake of Na+ through sodium channels (ENaC) do wn the electrochemical gradient estab-
lished by V-HAT-driven proton efflux (see, for example, Perry et al. 393). It has been suggested that
Cl– uptake in freshw ater tak es place via apical Cl –/HCO3

– exchangers (AE1 531 or SLC26a4/
pendrin402), NKCC,211 and thiazide-sensitive NaCl cotransporter (NCC). 226 Gill transport cells are
generally thought to appear early in embryological de velopment and are necessary for osmore gu-
lation, even before secondary lamellae for respiration ha ve formed.443 Over the past decade, ne w
molecular and immunological approaches ha ve pro vided a broad dataset defining the potential
transport mechanisms involved. The following is a summary of some of the most recent w ork; see
also recent reviews.127,226,326,394,504

Na+ uptake from the water in exchange for intracellular H+ (or NH4
+ ) via the Na+/H+ antiporter37

was supported by early w ork,309 but this model fell out of f avor on the grounds that the passi ve
NHE could not function against the Na+ (and H+) concentration gradients thought to exist between
the gill cell and the ambient freshw ater.415 Renewed interest in this process, ho wever, has resulted
from recent data indicating that NHE may still be important in some freshw ater species. Genome
sequencing and EST databases indicate that fishes (pufferfish, zebrafish, stickleback) have nine or
more isoforms of NHE that are homologous to mammalian paralogs. The cDNA for eight NHE
isoforms in zebrafish have no w been cloned. 545 Genome duplication e vents that ha ve occurred
during the evolution of the teleost clade69 have also resulted in multiple copies of some NHEs (and
likely other important membrane transporters) that may also play a role. NHE2 and NHE3 ha ve
been the isoforms described in the gills of freshw ater species to date. 101,103,209,531 Hirata et al. 209

were the first to clone NHE3 from a freshwater species, the Osorezan dace (Tribolodon hakonensis),
and demonstrate both immunologically and functionally a role for NHE3 in Na + uptake and H +

excretion. They h ypothesized that the apical NHE3 could function e ven ag ainst lar ge apparent
gradients for both Na + and H+ excretion when dace were e xposed to a w ater pH of 3.5. By using
a subtraction cDNA library approach to isolate transcripts that were altered following acidosis, gill
NHE3 mRNA was found to dramatically increase within a day after dace were transferred to lo w-
pH w ater. The NHE3 w as colocalized in MRCs that also contained basolateral NKA, NBC1,
aquaporin (A QP3), and c ytoplasmic carbonic anh ydrase (CA-II). Interestingly , little change in
mRNA or protein expression for H+-ATPase was noted. The authors proposed that Na+ uptake from
the water via NHE3 can be driven by the gradients established by NKA and NBC on the basolateral
membrane. The H+ and HCO 3

–  are provided by the h ydration of intracellular CO 2 enhanced by
cellular CA.209

NHE3 has also been immunolocalized in freshw ater-adapted trout, 101 and apical NHE2 w as
detected in tilapia. 531 The mRN A for gill NHE2 is e xpressed in both MRC and pa vement cell
fractions of trout gill. 361 Na+ uptake in adult zebrafish adapted to hardwater (~1.5-m M ambient
[Na+]) is inhibited by approximately 50% with external amiloride,33 and Na+ accumulation in skin-
surface MRCs in zebrafish larvae is nearly abolished by amiloride (at 1 × 10–4 M, a concentration
that ef fectively blocks NHE) or eth ylisopropylamiloride (EIP A), a specific NHE inhibitor.108

Amiloride analogs also inhibit Na + influx in goldfish.419 Edwards et al. 103 showed that gill NHE2
protein expression is present in killifish adapted to freshwater but is not consistently detected in
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seawater animals. Transcription of mRNA for NHE2 is also upre gulated following transfer of the
animal to freshwater.456 These data supported earlier ion flux experiments that also suggested Na+/H+

exchange was occurring in freshw ater-adapted killifish.383

Initial evidence for Na + uptake via the V-HAT/Na+ channel model w as provided by a v ariety
of work in salmonids 9,264,393,486 and has been described in recent re views.127,397 V-type (vacuolar)
H+-ATPase190 is thought to be the dri ving force for the proton e xcretion293 that in turn creates an
electrochemical gradient for Na + uptake even in freshw ater with micromolar Na + concentrations.
Suppression of Na+ uptake with bafilomycin (a specific inhibitor of V-HAT) has been demonstrated
in zebrafish,33 tilapia, carp,137 and trout427 MRCs. Phenamil, an ENaC blocker in mammals,262 added
to the water decreases in vivo Na+ influx in goldfish419 and Na+ uptake in isolated trout MRCs.379,427

A ne w model for the study of ionoc ytes has recently been described in the skin of zebrafish
embryos.294 Basolateral NKA was detected in MRCs, and a second cell type with fe wer mitochon-
dria expressed apical V-HAT. Using a proton-sensiti ve ion probe passed o ver the skin (strongest
readings were o ver the pericardial ca vity and yolk sac), indi vidual H + pumping cells could be
functionally detected, and these often correlated with the V-HAT-expressing cells. The drop in pH
near the apical surf ace of the cell could be inhibited with bafilinomycin. Interestingly, a second
acid-secreting cell type w as not af fected by V-HAT inhibition, nor w as V-HAT detected immuno-
logically in these cells. Injection of antisense morpholinos ag ainst V-HAT mRN A induced a
suppression of V-HAT expression and decreased proton ef flux across the V-HAT cell type. 224 Na+

and Ca 2+ content of the embryos e xposed to lo w-ionic-strength w ater w as decreased follo wing
V-HAT inhibition. Agreeing with earlier work on zebrafish,33 Yan et al.545 suggested a role for both
NHE and V-HAT in zebrafish gill cells as NHE3 mRNA is detected in V-HAT-rich cells b ut not
NKA cells. Immunolocalization using antibodies ag ainst dace NHE3 209 and killifish V-HAT250

showed that both transporters are expressed apically in these cells. mRNA for NHE3 is upregulated
following transfer of the animal to low Na+ water, at the same time that mRNA for V-HAT decreases.
In contrast, e xposure to lo w pH causes a decrease in NHE3 and an ele vation in V-HAT. Thus, as
suggested by the v ariation in NHE e xpression in freshw ater- and sea water-adapted killifish,103

zebrafish may utilize a combination of both NHE and V-HAT systems for osmore gulation and
acid–base regulation, depending on the e xternal salinity.

Less is known about the mechanisms of Cl – uptake from the w ater. Gill Cl –/HCO3
–  exchange

has long been postulated to be in volved.309 Antibodies against trout erythroc yte AE152 have been
used to immunolabel the apical membranes of gill cells (often also containing NKA signal) in
freshwater-adapted tilapia. 531 The mRNA for a pendrin-type (SLC26) anion e xchanger has been
cloned from the trout kidney,252 and homologs are found in several fish genome databases.521 Pendrin
has been immunolocalized in the gills of freshw ater-acclimated Atlantic stingray,402 but this exper-
iment has not been repeated in teleosts. F or both of these apical Cl –/HCO3

–  exchangers, uptake of
external Cl – at freshwater salinities w ould require significant cytoplasmic HCO3

–  concentrations.
Tresguerres et al.504 have proposed that if V-HAT is located on basolateral membrane invaginations
in close proximity to apical Cl–/HCO3

–  exchangers, the generation of H+ and HCO3
–  by cytoplasmic

carbonic anhydrase in this microenvironment could power HCO3
–  transfer to the water in exchange

for Cl – uptake. Cl – would then mo ve across the basolateral membrane through Cl – channels in
parallel to H + transfers via the H +-ATPase.

Na+–K+–2Cl– cotransporters (NKCC) are found in both a secretory and absorpti ve form in the
mammalian nephron.184 Apical NKCC could dri ve Cl– uptake across the gill in a similar f ashion.
Gill cells from adult freshw ater-adapted tilapia543 and MRCs from yolk sac membranes 211 express
apical NKCC with basolateral NKA. 214 These data suggest a role for NKCC in Cl – uptake in this
species. In contrast, basolateral NKCC has been observ ed immunologically, coexpressed in NKA
cells212 in three species of freshwater-adapted salmonids: lake trout (Salvelinus namaycush), brook
trout ( Salvelinus fontinalis ), and Atlantic salmon ( Salmo salar  L.). Sea water adaptation further
increased NKCC protein abundance in both of the trout species, while salmon expressed high levels
in freshwater and seawater. As described above (Section V.A.3), basolateral NKCCs are thought to
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participate in gill salt e xcretion in seawater-adapted fishes, so expression in freshwater salmonids
could indicate that either a basal le vel is maintained if the euryhaline animal encounters higher
salinities or the NKCC has another function yet to be described. 212

The thiazide-sensiti ve NaCl cotransporter (NCC) is another potential pathw ay for gill salt
uptake. It is apically expressed in mammalian distal tubule cells and is responsible for Na+ absorp-
tion (5 to 10% of filtered load).413 NCC isoforms were found in fish genome databases and were
strongly expressed in eel kidney and intestine when the animals were adapted to either freshw ater
or seawater, but little NCC mRNA signal was detected in the eel gill. 81 Other work has suggested
that NCC in MRCs in freshwater tilapia gill and zebrafish embryos may be involved with Cl– uptake
(described by Hwang and Lee 226). Most recently, NCC mRNA and protein ha ve been localized to
one class of MRCs (that also express basolateral NKA) in the yolk sac and gill epithelium of tilapia,
and the NCC mRNA content increases upon acclimation to freshw ater.214a Once absorbed apically,
NaCl is ultimately mo ved to the e xtracellular space as Cl – moves out through basolateral Cl –

channels319,493 in parallel with Na +, shuttled by NKA or an electrogenic transfer h ypothesized to
be decoupled from K + uptake.298

4. Correlation of Gill Cell Types with Transport

The branchial cell type in volved with the ion transfers has been studied since K eys and Wilmer254

observed mitochondria-rich “chloride cells” within the epithelium that had a morphology distinct
from the respiratory pavement cells (see reviews by Laurent279 and Wilson and Laurent530). Recent
work has pro vided evidence for se veral MRC subtypes that are lik ely the sites for ion transfers.
Pisam et al. 410 studied the progressi ve development of MRCs in the gills of embryos and fry of
brown trout in freshw ater. They documented three distinct MRC types. β cells appeared first and
were typically found in the interlamellar re gion in the gills beginning in prehatch embryos. Acces-
sory cells (A cells) then de veloped, nearly al ways adjacent to the β cells in post-hatch embryos.
Finally, after the yolk sac had been reabsorbed, a third type of MRCs ( α cells) appeared on the
lamellae of the fry. These lamellar (and sometimes interlamellar in other species460) cells are thought
to be specifically involved in ion uptak e in low salinities, because the y exhibit hypertrophy when
the fish is exposed to deionized w ater and re gress in euryhaline fishes when the animals are
transferred to higher salinities. 281 Laurent (pers. comm.) has suggested that the α cells are the
freshwater-type chloride cells (pro viding Cl– uptake in freshw ater), while the β cells410 may be a
precursor to the sea water-type chloride cells (dri ving Cl – efflux in seawater). At least tw o MRC
types have been reported in se veral other species. 95,408,411,461,538

Apical binding with peanut lectin agglutinin (PN A) has been used as a mark er to discriminate
between different cell types in the mammalian renal tub ule. Goss and coworkers169 utilized Percoll
density-gradient separation of gill MRCs follo wed by PN A binding assays to demonstrate tw o
distinct cell populations (PNA+ and PNA–) in the freshwater trout gill. Approximately 40% of the
MRCs were PN A+. The PN A+ and PN A– MRC cell populations also e xhibited ultrastructural
differences, with the PNA– cells lacking the normal intracellular v esiculotubular network found in
the PNA+ cells. Further separation of PN A subtypes and analysis of NKA and V-HAT expression
with western blots sho wed that NKA acti vity per cell in control fish was approximately threefold
higher in the PN A+ cells. In contrast, V-HAT e xpression w as approximately tw ofold higher in
PNA– cells. Hypercapnic acidosis increased the cellular detection of both transporters in the PNA–
cells relative to the PNA+ cells. Interestingly, alkalosis by base infusion also increased the relati ve
NKA activity in PNA– cells.159

Further work showed that Na+ uptake following acidosis in isolated PN A– cells was sensitive
to phenamil.4,427 The authors suggested that the PNA+ and PNA– subtypes (1% and 6% of the total
gill homogenates, respecti vely) are analogous to the β-type and α-type intercalated cells of the
mammalian collecting duct. 520 These are also presumably the same cells that had been pre viously
termed freshwater chloride cells  and MR PVCs , respecti vely.397 PNA– cells w ould e xpress the
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ENaC channels, allowing Na+ entry as intracellular protons are pumped out. Recent work by Parks
et al.379 observed phenamil sensiti vity in a subfraction of MRCs (~77%) that also e xhibited Na+-
induced intracellular acidification. These cells likely correlate with the Na–HCO3 cells above. Their
data and those of Hirata et al. 209,210 suggested that basolateral Na +–HCO3

–  cotransporter NBC1 or
homologs in combination with (or in lieu of) basolateral NKA could ultimately dri ve the transfer
of intracellular Na + to the blood.

Thus, the freshw ater chloride cells (PN A+) and MR PVCs (PN A–) cells may correspond with
the renal mammalian model for intercalated cells in the distal tub ule.518 Functionally, the PN A+
MRCs of trout may be the base-e xcreting/Cl– uptake cells and the PN A– MRCs may be the acid-
secreting/Na+ uptake cells.427 As pointed out by Kirschner ,259 some questions remain to be clarified
however; for example, the phenamil Na + channel had been presumed to be an ENaC b ut it has not
been cloned in fishes to date, and homologous genes for ENaC are not present in the pufferfish and
zebrafish genomes. The data from Reid and co workers427 demonstrate that se veral other Na + entry
pathways are also present, as significant Na+ uptake in control (non-acid) PN A+ and PN A– cells
was not af fected by phenamil. Inhibition of NHE, NKCC, and NKA w as required to e xpose the
phenamil sensitivity of Na + uptake even in the PN A– cells. Inhibition of V-HAT with bafilomycin
also decreased Na + uptake in not only PN A– but also PN A+ cell subtypes. This was attributed to
the general depolarization of cell membrane potential (and decreased electrochemical dri ving force
for Na+ entry) observed when V-HAT is inhibited24 but also suggests a caveat that must be considered
with experiments that inhibit the rather ubiquitous V-HAT. Moreover, recent data demonstrate that
PNA+ cells in the trout gill epithelium e xpress NHE2/NHE3 protein and that mRN A for NHE2 is
upregulated under h ypercapnic acidosis. 232a It also remains to be seen ho w this model fits the
observation that Na+ uptake in trout does not change following hypercapnia when measured in vivo.170

Although freshwater trout ha ve served as a customary model to study the cellular location of
ion uptake across the gills, findings from other species such as the dace,209 killifish,250 tilapia,283,543

zebrafish,108,224 and other euryhaline species296 have suggested additional variations on the theme.226

Katoh et al., 250 for example, found that gill V-HAT in freshwater-adapted killifish appears in well-
defined, large MRCs and is colocalized with NKA. In contrast to the trout, the V-HAT is expressed
on the basolateral membrane of the MRCs. It w as proposed that these were Na + uptake MRCs and
that basolateral excretion of H+ via V-HAT, along with Na + by NKA, would hyperpolarize the cell
and provide the electrochemical gradient for Na + apical entry via Na + channels (although no data
exist for these in killifish). 

The freshwater-adapted killifish, like the European eel, 179 is unusual in that it appears to tak e
up only Na+ when measured in vivo.382,539 Cl– uptake is near zero, and Cl– necessary to compensate
for diffusive loss is pro vide by the diet and opercular uptak e.280,319 In light of the lack of gill Cl –

uptake, Laurent et al. 280 suggested that the e xamination of gill cell types in killifish provides a
method to better define the cells responsible for Na+ uptake, as freshw ater-type chloride cells
(PNA+ MRCs) driving Cl– uptake presumably are either not present or not acti ve in this species.
On transfer from 10% sea water to freshwater, killifish decreased the number and apical exposure
of the sea water-type chloride cell (see Section V.A.3) within 3 hours by necrosis/apoptosis and
pavement cell covering of apical pits. Freshwater-type chloride cells did not appear even after one
week of freshw ater adaptation. In contrast, cuboidal-shaped cells, often with mitochondria near
the apical aspect, appeared in the filament epithelium among adjacent pavement cells. The cells
made up ~10% of the total PVC population within 3 hours of freshw ater transfer. This increase
was correlated with an enhancement of epithelia cell mitosis noted in the first day following
freshwater transfer.280 Thus, the cuboidal cells noted in killifish may be the same cell type as trout
PNA–, MR PVCs, or α-MRCs noted by other authors. Interestingly , whole-animal inhibitor ,383

molecular,456 and immunological103 studies all indicate that apical Na +/H+ exchangers may be the
mechanism for Na + entry across the cuboidal cells in killifish. Reevaluation of earlier data may
indicate that cuboidal cells are also acti ve in the b ullhead catfish (Ictalurus neb ulosus) and
freshwater-adapted European eel. 280
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It is clear that the cellular site and specific mechanisms for Na+ and Cl– uptake by freshwater
teleosts is still unsettled. Figure 8.16 presents a w orking model for this system. It is yet to be
determined if two or more cells are in volved and if dif ferences may be species specific.

C. WHAT LIMITS TELEOST EURYHALINITY?

Early studies have demonstrated that Na+ uptake by the euryhaline sailfin molly (Poecilia latipinna)
was saturable in both freshw ater and sea water, suggesting that the uptak e w as not merely by
diffusion.110 In addition, the Na+ uptake by four species of marine teleosts was inhibited by addition
of NH4

+  to the external medium but stimulated by injection of ammonium. Moreover, NH4
+  efflux

was partially dependent on external Na+.112 These studies prompted the suggestion that even marine
teleosts might e xtract NaCl from the e xternal medium, associated with acid–base equi valent or
nitrogen e xcretion.111 Subsequent studies ha ve demonstrated similar pathw ays in the gills of
stenohaline hagfishes (see Section II.B) and euryhaline and stenohaline elasmobranchs (see Sec-
tions IV.A.3 and IV.B.3), as well as the importance of the gill epithelium in acid–base re gulation
and nitrogen e xcretion in both marine and freshw ater teleosts.72,194–196,526 More recent, molecular
studies have demonstrated the presence of the rele vant proteins (i.e., V-HAT, NHE) in the marine
teleost gill epithelium, 58,72,103 so it seems relati vely clear that Na + (and probably Cl –) uptak e
mechanisms are resident in the gill epithelium of e ven stenohaline, marine teleosts. What, then,
limits euryhalinity for most marine teleosts? The question is still largely unanswered but probably
relates to the control of branchial ionic and osmotic permeability relati ve to the ef ficacy of ionic
uptake by the branchial epithelium and ionic reabsorption in the renal tub ules.119 How important
the presence of a distal renal tub ule is for euryhalinity is still not kno wn, because, although it is
common in freshw ater species (e.g., goldfish, bluegill, swordtail, bullhead) and some euryhaline
marine species (e.g., eel, salmon, southern flounder), other euryhaline species (e.g., killifish, three-
spine stickleback) do not ha ve a distal tub ule.204

FIGURE 8.16 Working model for the uptak e of NaCl by the freshw ater teleost gill epithelium. One type of
MRC (A MRC; PN A– MRC, cuboidal cell) e xpresses Na+,K+-ATPase (NKA) and a Na–HCO 3 cotransporter
(NBC) on its basolateral membrane and draws in Na+ across the apical surface either in exchange for cytoplasmic
H+ (NHE2/3) or through a Na + channel electrically coupled to an apical V-type H+-ATPase (V-HAT). Whether
these alternative, apical pathways are in the same cell or two cells remains to be determined and may be species
specific. The other MRC (B MRC; PNA+ MRC) expresses NKA, a Cl– channel, and V-HAT on its basolateral
membrane and dra ws Cl– into the cell via an apical Cl/HCO 3 exchanger (AE1?) or an apical Na +–K+–Cl– or
Na+–Cl– cotransporter (NKCC/NCC?), neither of which has been definitively identified. See text for details
and supporting evidence. (Adapted from Ev ans, D.H. et al., Physiol. Rev., 85, 97–177, 2005.)
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D. NONTELEOST BONY FISHES

The literature on osmoregulation in nonteleost bony fishes (e.g., coelacanth, lungfish, sturgeon, and
gar or bowfin) is extremely limited and has not been re viewed for nearly 30 years. 114 The marine
coelacanth is the only bony fish that, like the chondrichthyan fishes, stores urea and TMAO to raise
plasma osmotic pressure, b ut it appears that the plasma is still h ypotonic to the e xternal medium
(Table 8.1). In addition, the coelacanth has a postanal gland 349 that is structurally similar to the
elasmobranch rectal gland, including the presence of what appear to be MRCs that e xpress high
activity of NKA.173,285 This suggests a function similar to that described for the elasmobranch rectal
gland (see Section IV.A.2), but no functional studies have been published. Only one study of renal
structure in the coelacanth has been published, 275 and the complex structure that characterizes the
kidney of elasmobranches is not seen 485 (see Section IV.A.1). No studies of the cellular structure
of the coelacanth gill ha ve been published. Much is left to be learned about this e volutionarily
important fish, but its rarity limits what we might e xpect in the future.

The other sarcopterygian fishes, the freshwater lungfishes, have been studied in much more
detail, but more research is needed. Their blood ionic concentrations appear to be belo w those of
freshwater teleosts (T able 8.1). Recent measurement of radioisotopic and tritiated w ater fluxes
across an African lungfish (Protopterus dolloi) indicate a relatively reduced whole-body ionic and
diffusional water permeability (gills plus skin), 527 which may be correlated with the reduced gill
surface area of the oblig ate air -breathing African lungfishes.395 Such a reduced ion and w ater
permeability would be adaptive both in freshwater and during estivation (see below). Surprisingly,
some evidence276 exists for a cloacal e xcretory gland in Protopterus that shares some microscopic
similarities with the rectal gland of sharks and the coelacanth, and the authors propose that it may
be used for salt e xcretion during esti vation. This interesting gland needs to be ree xamined, using
more modern immunohistochemical techniques. The kidne y of Protopterus contains the usual
freshwater fish glomerulus, neck segment, proximal tub ule, intermediate se gment, distal tub ule,
collecting duct, and collecting tubule.372 The proximal tubule can be subdivided into PTI and PTII
and the distal tub ule into DTI and DTII, as described for these tub ules in other fish species.200,201

The PT, DT, collecting duct, and tub ule all display cells and nuclei that are considerably lar ger
(two to three times) than those described for these tubules in other fish species. The collecting duct
expresses principal cells 372 similar to those found in the CT in other fishes and the vertebrates in
general (see Section V.B.1), which are probably the site of salt (and possibly w ater) reabsorption.
Unfortunately, no histochemical or molecular studies ha ve been published on the lungfish kidney.
Both the gills (and opercular epithelium) and skin of Protopterus contain distinctive MRCs,485 as
defined by staining with an antibody against an epitope on the inner mitochondrial membrane,
staining with DASPEI (a vital stain for mitochondria), 330 and other structural features. Two MRC
types, equivalent to the α- and β-type of some freshw ater teleosts,407,412 are found in the gill, b ut
only the α-type is found in the skin.485 On the gill, both types of MRCs are found in the interlamellar
space on the filaments, as well as on the lamellae themselves. Both the gill and skin MRCs stain
using an antibody ag ainst Ca-ATPase, a characteristic of MRCs in teleosts (see Section VII). The
occurrence of MRCs in the skin and gill of Protopterus suggests the presence of the same NaCl
uptake mechanisms that have been described for the freshw ater teleost MRCs (see Section V.B.2),
and cDNAs for both V-HAT and NBC1 recently ha ve been cloned from Protopterus gill tissue,165

but immunohistochemical localization has not been published. The presence of α-type MRCs in
the skin and gill is especially intriguing, as this type has been proposed to be a precursor of the
MRC that characterizes the sea water teleost gill epithelium, 406 and lungfishes are never found in
seawater. Localization of putati ve sea water transport proteins (e.g., NKCC and CFTR) in these
cells would be especially interesting.

The African lungfishes estivate in mud cocoons during the dry season, and this is usually
associated with increased plasma Na +, Cl–, and urea le vels,89,239,475 presumably secondary to e vap-
orative water loss and the need to detoxify ammonia. A more recent study , however, suggests that
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moist substrate may reduce osmoregulatory problems during the dry season. During up to 20 weeks
of laboratory estivation of Protopterus dolloi (mucous cocoon covering the dorsolateral body surface,
ventral surface in a film of water = 0.4 mm depth, gills out of w ater), body mass, blood osmolality,
and NaCl concentrations changed little, b ut plasma and muscle urea increased approximately
sevenfold.527 The increase in plasma urea w as less than that described in other species of esti vating
Protopterus,89,231 which may have been secondary to the carrier -mediated urea excretion across the
skin of this species (under moist conditions) that w as described in an earlier study .542 The authors
were unable to detect TMAO in the plasma under aquatic or estivation conditions, and they suggest
that the lack of this counterbalancing solute might be associated with inhibition of metabolic enzymes
by urea, which might be important in the metabolic do wnregulation associated with esti vation.527

In addition, relatively high concentrations of urea in the muscles w ould raise intracellular osmotic
concentration, which could potentially mo ve water into the muscle cells to act as a w ater reservoir
during prolonged estivation.527 During estivation, the tritiated water efflux fell, but ionic fluxes (both
efflux and influx) remained the same. In both cases, one must propose that the fluxes were across
the ventral skin in contact with the small volume of water under the fish, because the gills were not
in contact with the w ater film. The authors propose that the ionic uptak e was via the skin MRCs
that had been described earlier in Protopterus annectens.485 Thus, it appears that lungfish may have
ventral skin similar to the pelvic patch in amphibians that has been sho wn to be important in ion
and water uptake.516 Of special interest is the finding that ammonia excretion continues in P. dolloi
under these moist esti vation conditions, 302,542 suggesting that urea retention has been selected for
water conservation, rather than ammonia detoxification, in estivating lungfish.527

Sturgeons are primiti ve actinopterygians that are either freshw ater or anadromous, b ut their
protected status in some areas and natural history (migratory habits, etc.) ha ve limited research.
Their plasma concentrations are in the same range as teleosts in seawater or freshwater (Table 8.1),
and some species (e.g., Acipenser naccarii ) are able to maintain relati vely consistent plasma
osmolarity after acclimation to seawater.337,338 Early isotopic flux studies suggested that the perme-
ability of the stur geon to ions and w ater w as basically the same as that found in marine and
freshwater teleosts.114 After transfer to seawater, the shortnose and Atlantic sturgeons (A. breviros-
trum and A. oxyrhynchus) both maintain their plasma ions (and total osmolarity) belo w seawater
levels by drinking the e xternal medium and remo ving Na+ and water and concentrating Ca 2+ and
Mg2+.266 A recent study has demonstrated that bicarbonate secretion (probably via AE) takes place
in the intestine of A. baerii acclimated to 50% sea water for 2 weeks. 494 As described for teleosts
(see Section V.A.1), the secreted bicarbonate presumably precipitates Ca 2+, thereby aiding in
intestinal w ater uptak e and Ca 2+ balance.494 Also similar to teleosts, the stur geon urine Mg 2+

concentration increases to above plasma levels (~50 mM) and, surprisingly, the urine Na + concen-
trations appear to reach 450 m M.266 This interesting finding must be confirmed, because it might
have been the result of e xperimental contamination of collected urine with sea water. During
acclimation to seawater, the glomeruli of both A. naccarii and A. brevirostrum are reduced in size
by 20 to 35%, consistent with the e xpected reduction in GFR, 57,266 although another anatomical
study suggests that the GFR may be relatively low in freshwater A. naccarii.371 The gill epithelium
of A. brevirostrum and A. naccarii contain distinct MRCs, with the usual subcellular morphology
(e.g., many mitochondria, basolateral invaginations).57,266,338 Acclimation of A. naccarii to seawater
is associated with reduction in number of lamellar MRCs 57 and the formation of an apical crypt
and subapical vesicles,53 which are characteristic of the α-type MRCs.412 To date, nothing has been
published on the e xpression of putati ve transport proteins in stur geon MRCs, e xcept that NKA
activity increases when A. naccarii is acclimated to seawater338 or juvenile A. baerii are acclimated
to approximately 40% sea water.442 Much is to be learned about the basic patterns and molecular
biology of osmoregulation by the commercially important and globally distrib uted sturgeons.

The other major group of nonteleostean actinopterygians, the g ar and bowfin, are also largely
unstudied. They are freshwater fishes (but some gar may be moderately euryhaline)183 that maintain
the usual pattern of plasma electrolytes (Table 8.1). The kidney of the bowfin contains a glomerulus,
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neck segment, first and second proximal and first and second distal tubules, and collecting se g-
ments.548 The GFR and UFR of the bo wfin are 8.2 and 5.3 mL/kg/hr, respectively,49 both in the
range described for teleosts in freshw ater (see Section V.B.1). Because the free w ater clearance
(4.9 mL/kg/hr) and GFR sho w a linear relationship in this species, v ariations in urine flow are
apparently due to variations in GFR rather than variations in tubular reabsorption.49 Urine Na+ and
Cl– concentrations and osmolarity are approximately 7%, 4%, and 11% of plasma le vels, respec-
tively, so significant tubular ion reabsorption takes place,49 as would be expected in this h yperreg-
ulating species. The gill filamental and lamellar structure and underlying vascular network of the
bowfin are basically like those of teleosts, with the e xception that an interfilamental support bar is
fused to the outer mar gins of lamellae of adjacent filaments and the presence of subepithelial
sinusoids in the filaments. In addition, the postbranchial circulation of arches III and IV perfuses
the air bladder .373 Early measurement of the rate of radioisotopic fluxes of Na +, Cl –, and w ater
suggest that the Florida spotted g ar (Lepisosteus platyrhincus) maintains the same lo w ionic and
diffusional water permeability (skin + gills) 554 that has been described in freshw ater teleosts (see
Section V.B).114 The urine flow was found to be 6.6 mL/kg/hr, with urine Na+ and Cl– concentrations
of 30 mM and 24 mM, respectively,554 significantly above levels described for the bowfin (9.6 mM
and 4.9 m M)49 and freshwater teleosts (see Section V.B.1).204 The causes for this discrepanc y are
unknown and should be confirmed. Clearly, both bowfin and gar need to be reexamined with more
modern molecular and ph ysiological techniques to determine if these nonteleostean bon y fishes
can extract needed salts from the environment via gill epithelial pathways similar to those described
for freshwater teleosts (see Section V.B.2).

VI. ENERGETICS OF OSMOTIC AND IONIC REGULATION

The energetic cost of osmore gulation (and ionic re gulation) is of some interest, especially when
considering euryhalinity or the e volution of hyporegulation (marine teleosts) vs. ureotelism (elas-
mobranchs). For example, does osmotic or ionic regulation require sufficient adenosine triphosphate
(ATP) production to limit migration into other salinities (historically or currently) or can the
energetic costs be of fset by increases in metabolic rates or reduction in other functions, such as
reproduction? Various techniques ha ve attempted to measure the true metabolic cost of osmore g-
ulation, with v arying degrees of success. Respirometry of fishes in various salinities (measuring
changes in oxygen uptak e relative to those measured in isotonic salinities) generates estimates of
costs from near zero in Ambassis interrupta  (Asiatic glassfish)369 and killifish256 to 20 to 50% of
the routine metabolic rate for osmore gulation in freshwater species, such as trout, 425 Tilapia nilot-
ica,130 and catfish (Ictalurus sp.).158 Other studies, however, have actually found a decline in routine
metabolic rate in salinities other than those that are isotonic to the blood for the milkfish (Chanos
chanos)489 and Tilapia mossambica.238 In a tilapia h ybrid, Febry and Lutz 131 found that osmoregu-
lation cost approximately 16% of the total metabolic rate in freshw ater (corrected for swimming
activity) and 12% in sea water.

Using rates of ionic fluxes, ionic permeabilities, and transepithelial electrical potentials, one
can calculate the putati ve energetic cost of osmore gulation.416 Such calculations suggest that the
energetic cost of either freshw ater or sea water osmoregulation is more of the order of 1.0% and
0.5%, respectively.97,98 Comparing the routine metabolic rate with the calculated cost of ATP use
by gill, intestinal, and renal ionic transport (i.e., the metabolic method) suggests that 2.5% of the
energy can be ascribed to osmore gulation in the trout in freshw ater261 and 7.5% in sea water.260

Similar calculations indicate that the metabolic cost of osmore gulation by the killifish is <1% in
freshwater and 9.8% in sea water.257 Using another approach, Mor gan and Iw ama352 measured the
oxygen consumption of isolated, perfused trout gills before and after addition of transport inhibi-
tors—ouabain for NKA and bafilomycin for V-HAT. They calculated that transport-specific, gill
metabolism was 3.9% in freshw ater and 2.4% in sea water.
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The single study (using the metabolic method) that compared the calculated ener getic costs of
marine teleostean osmore gulation (h yporegulation) vs. elasmobranch osmore gulation (ureotelic
regulation) determined that the costs are approximately the same: 7 to 10%. 260 This suggests that
neither alternative offers a significant metabolic advantage over the other mode, but this interesting
question should be studied further .

Despite a relati vely large database, it is clear that a definitive statement about the metabolic
costs of osmoregulation in freshwater vs. seawater fishes is not possible. But, the most recent data
suggest that the cost is less than 10% of the total metabolic rate of the fish; whether this cost is
physiologically or evolutionarily relevant remains to be determined.

VII. OTHER IONS

Regulation of Na + and Cl– content of plasma is the most significant and best-studied component
of osmoregulation in fishes, but plasma levels of other ions (e.g., K +, Ca2+, Mg2+, and SO 4

2– ) also
must be controlled in either seawater or freshwater. In marine fishes, or euryhaline fishes in seawater,
the plasma concentration of all of these ions is f ar below their concentrations in sea water (Table
8.1),114 although more modern measurements are needed. Because the Nernst equilibrium potential
for K+ is approximately +17 mV (plasma positi ve to medium), which is near that measured across
various marine teleost species, 115,326 it appears that K + may be in equilibrium across the gill.
Presumably, ingested K+ is absorbed in the intestine via NKCC (see Section V.A.1) and is excreted
renally, although the roles of these pathw ays have not been quantified to date. Basolateral uptake
of K+ via NKCC in the gill epithelial MRCs presumably does not pro vide an e xcretory pathway
for K + because of basolateral rec ycling of K + via an inw ard-rectifying K + channel (see Section
V.A.3).488 Branchial permeability to di valent ions in sea water is presumably nearly zero (b ut not
studied), and what little is known about the pathways for processing of ingested divalents (secondary
to oral ingestion of sea water for osmore gulation) has been described earlier (see Sections V.A.1
and V.A.2).

In freshwater fishes, K+, Ca2+, Mg2+, and SO4
2–  are definitely maintained at higher concentrations

than in the e xternal medium (T able 8.1). Presumably , ingested food pro vides ionic intak e, while
low branchial permeability and high renal reabsorption lower ionic loss. Choe67 has recently cloned
a putati ve H +,K+-ATPase from the stomach of the euryhaline stingray ( Dasyatis sabina ) and
demonstrated expression of the protein in NKA-rich cells in the branchial epithelium. This suggests
that some K + uptake may be coupled to proton e xcretion. Interestingly, HKA e xpression was not
upregulated when the stingray w as made h ypercapnic but it w as after acclimation to freshw ater,
suggesting that the ionic e xchange may play a role in K + balance in lo w salinities, rather than
acid–base regulation.

If divalent ion intak e from food is less than branchial/renal loss, then branchial acti ve uptake
must balance the net loss; for e xample, branchial uptake of Mg 2+ may account for 30% of uptak e
in freshwater tilapia fed a low Mg2+ diet.32 Unfortunately, studies on the mechanisms of Mg2+ uptake
have not been published. On the other hand, putative branchial Ca2+ uptake mechanisms have been
relatively well studied. 127,144–146,319,322 Teleostean bone is acellular ,287 so external Ca2+ must be the
source for bone growth and remodeling. Because gill cell Ca2+ concentrations are presumably below
those in even soft freshwater (<1 µM), entry of Ca 2+ from freshwater is presumably via an apical
Ca2+ channel (ECaC). A fish ortholog of ECaC has now been cloned from cDN A from the gill of
the pufferfish (Fugu rubripes)421 and the rainbow trout,458 and the expressed pufferfish protein can
mediate Ca2+ entry into Madin–Darby canine kidney cells. In the trout, localization of ECaC mRNA
via in situ  hybridization and protein via immunohistochemistry indicates that the channel is
expressed apically in both MRCs and PVCs in the gill epithelium, 458 suggesting that both cells
may be the site of Ca 2+ uptake. This finding is in contrast to earlier studies that found that Ca2+

uptake w as proportional to the density of MRCs in tilapia, 342 rainbow trout, 325 and killifish.323
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Presumed electrochemical gradients suggest that the basolateral membrane of the MRCs must
transport Ca 2+ up its electrochemical gradient, and Ca 2+ transport across membrane v esicles and
the killifish opercular membrane is Na+ dependent.143,515 A putative Na/Ca e xchanger (NCX) has
now been cloned from tilapia heart (A Y283779), and a partial sequence of a high-af finity Ca2+-
activated ATPase (PMCA) also has been published for the same species (AF236669), but gill cellular
localization of either transporter has not been published.

VIII. CONTROL MECHANISMS

The neuroendocrine control of fish osmoregulation (generally elasmobranchs and teleosts) has been
well reviewed in the past decade, 11,12,121,127,192,230,320,340,341,420,446,490,491,501,510,549,550 and space does not
permit another re view of the substantial literature in this chapter . In recent years, ho wever, it has
become increasingly clear that e xternal salinity itself can control a suite of gill intracellular
molecules that can mediate rapid responses important both for protection of the gill cells and
osmoregulation. The Ca2+ receptor protein (CaR) that was first described in mammalian parathyroid
and kidney39 has now been cloned from the dogfish shark kidney and localized (via R T-PCR) in
the kidney, rectal gland, stomach, intestine, and gill (as well as the olfactory epithelia and brain).362

The authors also found similar tissue distrib utions in tw o teleosts (winter flounder and salmon),
including localization in the MRCs of the gill and in the urinary bladder epithelium. The Ca 2+

sensitivity of shark CaR (e xpressed in human embryonic kidne y cells) was responsive to external
Na+ concentrations, so the authors propose that this receptor may mediate information about salinity
changes that may be sensed by the olf actory, intestinal, gill, or renal epithelial cells. 362 In f act,
feeding freshwater rainbow trout a salt-enriched diet prompts gill remodeling to the sea water type
and upregulation of gill NKA, NKCC1, and CFTR, e ven if the e xternal salinity is not changed. 396

These data provide a mechanism for the earlier finding that feeding a salt-enriched diet improves
the survival of three species of salmonids when transferred from freshw ater to seawater.391,447,553

In addition, it has become evident that the gill epithelium itself can respond rapidly to changes
in e xternal salinity, thereby decreasing potentially damaging v olume changes. The short-circuit
current (Isc) across the opercular epithelium of the killifish is doubled within 10 minutes after a
100-mOsm/L increase in the osmolarity in the basolateral (b ut not apical) Ringer’s solution551 and
decreased by 50% by a f all in osmolarity of 50 mOsm/L, which is equi valent to the measured f all
in plasma Na + 6 hours after transfer of this species from sea water to freshwater.324 In both exper-
iments, the tissue w as mounted in vitro (in Ussing chambers), so the responses were cellular , not
via neuroendocrine signaling. This rapid response may partially account for the time course of the
change in radioactive Na+ efflux that was measured 30 years before in intact killifish after similar
transfers.417 The stimulation of Isc by increased basolateral osmolarity could be inhibited by various
Cl– and K + channel blockers, suggesting that the k ey step is acti vation of the basolateral NKCC
transporter.219 The stimulation w as also strongly inhibited by a protein kinase (PKC) inhibitor , as
well as a myosin light-chain kinase (MLCK) inhibitor , indicating that both of these kinases may
be involved, but inhibition of protein kinase A (PKA) had no ef fect.219 Importantly, an inhibitor of
serine/threonine phosphatases of the PP-1 and PP-2A type stimulated the steady-state Isc by the
opercular epithelium. 219 These authors also described a serine-phosphorylated, 190-kDa protein
that w as upre gulated in gill cells by sea water acclimation and suggested that this protein w as
involved in the phosphorylation/dephosphorylation processes in volved in sea water acclimation.219

Notably, the protein tyrosine kinase (PTK) inhibitor genistein inhibited control Isc, b ut the ef fect
was not additi ve with the h ypotonic response, suggesting that tyrosine phosophorylation of some
intracellular protein is also in volved in stimulation of Isc across the opercular membrane, and its
inhibition is a component of the h ypotonic response. 324 The Hof fman and Marshall group has
recently proposed a model (Figure 8.17) for rapid control of NKCC in MRCs, based on the ef fect
of a series of relatively specific inhibitors as well as western blots of expressed proteins after salinity
stress. Their model includes stimulation by phosphorylation of NKCC by a suite of protein kinases
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such as cAMP/PKA, PKC, MLCK, a p38 mitogen-acti vated protein kinase (p38 MAPK), a stress
protein kinase (SPAK), and an oxidation stress response kinase (OSR1). NKCC is deacti vated by
hypotonic swelling, by Ca 2+, and by an unidentified protein phosphatase, and NKCC is also
controlled by PTK acting on a focal adhesion kinase (pF AK), which colocalizes with NKCC on
the basolateral membrane of the MRC. Activation of apical CFTR by intracellular cAMP and PKA
also may be important, 218,331 and recent evidence suggests that transfer of the killifish to seawater
stimulates rapid (15 to 30 minutes) e xpression of SGK1 and insertion of CFTR into the apical
membrane.458a The h ypothesis that MAPK plays a role in NKCC acti vation in high salinities
corroborated an earlier study that demonstrated increased expression of a MAPK protein (SAPK2)
in gills from killifish acclimated to seawater.270 In addition, the cDN A for a 14–3–3 protein has
been localized to the gill tissue of the killifish and shown to be upre gulated 2- to 4-fold 24 hours
after transfer from sea water to freshw ater.271 These proteins are nearly ubiquitous re gulators of
cellular function via binding and re gulation of protein kinases, phosphatases, and other phophop-
roteins.157 Rapid responses also can be demonstrated at the level of transcription factors. Two hours
after tilapia are transferred from freshw ater to sea water, the mRN A of tw o transcription f actors
(OSTF1 and TFIIB) is increased 4- to 6-fold. F our hours after transfer , the protein le vels have
increased 7.5 to 9-fold. 141 It is of interest that the e xpression of the homolog of OSTF1 (GILZ) is

FIGURE 8.17 A hypothetical model of the re gulation of NKCC in the basolateral membrane of chloride-
secreting cells in isolated killifish opercular epithelia. Extracellular side is below; cytosolic components above.
(Right) The kinases that ha ve been demonstrated to be near the basolateral membrane and that are acti vated
by hypertonic stimuli and ultimate NKCC acti vation associated with regulatory volume increase (RVI): JNK,
MLCK, and P38 MAPK. Also included are kinases that are colocalized with NKCC (FAK, OSR1, and SPAK).
Because SPAK and OSR1 coimmunoproecipitate with NKCC in other systems, the y are placed nearest to
NKCC. The order of the others in the cascade is unkno wn. (Left) The inhibitory cascade terminating with
PP1, a phosphatase that in other systems has been sho wn to coimmunoprecipate with NKCC. On this side
are some of the known players (JNK and p38 MAPK), but also included is the involvement of integrin, cSRC,
and ERK, which in other systems are associated with detection and mediation of h ypotonic stress. The model
proposes the following conditions: an unstable re gulating phase that can result in NKCC becoming phospho-
rylated (i.e., a pseudo-stable phase of stimulation during R VI) or becoming dephosphorylated and entering a
pseudo-stable inactive state during RVD. The reason FAK is shown occluding phosphorylation sites is because
of the unusual effect of the PTK genistein on the system, causing a decrease in Isc when it is high as well as
increasing Isc when it is lo w. The PTK depicted separately from F AK could be FAK itself. (From Hof fman,
E.K. et al., Comp. Biochem. Physiol. A, 148, 29–43, 2007. With permission.)
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induced in mammalian cortical collecting duct cells by corticosteroids, 141 because clear e vidence
is now available that cortisol is important in seawater acclimation in teleosts,121 and glucocorticoid
receptors are upregulated in the gill of tilapia after seawater transfer.86 A subsequent study, however,
demonstrated that the glucocorticoid receptor agonist de xamethazone did not stimulate OSTF1
levels in primary cultures of tilapia gill cells.140 The authors then demonstrated that the upregulation
of OSTF1 by h ypertonicity was mediated by transient mRN A stabilization, which is a re gulatory
mechanism common in inducible transcription f actors with high rates of mRN A turno ver10 and
involves a reduction in the de gradation of the mRNA.140 See Chapter 2 for a more complete study
of intracellular proteins involved in cellular osmoregulation, and see a recent review of osmosensing
by Fiol and Kültz. 142

Most recently, the Kültz group has used suppression subtractive hybridization (SSH) to identify
genes that are acti vated early during acclimation of tilapia to sea water and ha ve found that more
than 50% of the identified immediate hyperosmotic stress genes interact within a signaling network
that consists of six molecular processes: stress response signal transduction, compatible or ganic
osmolyte accumulation, ener gy metabolism, lipid transport and cell membrane protection, actin-
based cytoskeleton dynamics, and protein and mRNA stability.139 A similar, transcriptomic approach
(using SSH) was used to examine the effect of salinity acclimation on gill and intestinal transcripts
in the euryhaline sea bass (Dicentrarchus labrax).34 In this study, specific genes for proteins involved
in osmoregulation, cell-cycle regulation, cytoskeleton, energy metabolism, protein re gulation, cell
communication, detoxification, and nucleic acid regulation were upregulated in seawater in the gill,
and genes for cytoskeleton, energy metabolism, protein regulation, lipid metabolism, cell commu-
nication, and detoxification were upregulated in the intestine after sea water acclimation. Other
genes in the same cate gories were upregulated after freshwater acclimation. Importantly, however,
in each case >70% of sequences for the transcripts that were upregulated were not identifiable from
current sequence databases. Despite the current limitations, it is clear that such transcriptomic,
proteomic, and systems biology approaches will pro vide ne w insights into the signaling and
intracellular processing attending salinity changes in fishes.

IX. SUMMARY AND QUESTIONS REMAINING

It is clear that much has been learned about fish osmotic and ionic regulation in the 44 years since
Potts and P arry’s Osmotic and Ionic Re gulation in Animals was published, especially with the
recent adv ent of molecular techniques for the identification, localization, and quantification of
relevant mRNAs and proteins. The emerging fish genome projects and mRNA knock-down tech-
niques (morpholinos, siRN As) offer pathways to answer old questions and open up ne w lines of
research. What follows is a short list of what we feel are the most important knowns and unknowns
in fish osmoregulation:

1. It appears that descendents of marine hagfishes entered freshwater and g ave rise to
subsequent vertebrate evolution, but the fossil record, especially for the lar gely marine
elasmobranchs, is unclear and incomplete. Can the fossil record e ver gi ve us a clear
picture of early v ertebrate evolution?

2. Hagfishes are isosmotic but not isoionic to seawater. Are these slight ionic gradients due
to transepithelial electrical potentials or secondary to other processes, such as acid–base
regulation? Can renal e xcretion account for the reduced di valent ion concentrations in
the hagfish plasma, or is the slime really a means of excretion?

3. It is not clear if there is an y net filtration pressure across the hagfish glomerulus. What
are the relati ve roles of filtration vs. secretion in the hagfish kidney? Is it true that the
hagfish cannot increase GFR secondary to increased vascular pressures? Is the hagfish
archinephric duct really unable to absorb ions?
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4. It appears that the hagfish gill epithelium possesses mechanisms for Na+ uptake, second-
ary to the necessary secretion of acid or ammonia. Is the e xpected anionic e xchanger
(Cl/HCO3) also present? What is the relationship between the kinetics of these putati ve
ion uptake transporters and the dif fuisonal loss of ions in lo wered salinities? Does this
limit hagfish euryhalinity, or is that secondary to limited renal responses?

5. Cells in the hagfish gill appear to express CFTR and NKA, although in dif ferent cells.
Does the hagfish gill express NKCC and in what cell? If so, wh y can’ t the hagfish
acclimate to hypersaline solutions? Is it a renal limitation?

6. The lampre y distal tub ule can dilute the urine in freshw ater. What are the cellular
mechanisms of salt reabsorption? Can the lampre y proximal tubule secrete salts to form
urine, as has been described for both teleosts and elasmobranchs?

7. The freshwater lamprey gill epithelium apparently possesses molecular mechanisms for
both Na+ and Cl– uptake. What is the specific cellular localization of these transporters,
and what are their molecular pathw ays?

8. Our knowledge about osmoregulation by marine lampre ys is especially limited, lar gely
because of the dif ficulty in capturing specimens in seawater, before their entry into
brackish w ater. Does the marine lampre y kidne y secrete di valent ions? Is the urine
actually hyperosmotic to the plasma? Ho w is water conserved by the kidne y tubules?

9. Lampreys appear to ha ve higher drinking rates than marine teleosts. Is this due to a
relatively higher, branchial water permeability? What are the mechanisms of ionic uptake
by the lampre y intestine. Is the pattern of mono valent vs. di valent uptake vs. e xcretion
similar to that described for teleosts?

10. The marine lampre y gill possesses cells v ery similar to the MRCs of the teleost gill.
Does the epithelium use the same molecular mechanisms for salt e xtrusion as have been
described for the teleost gill (e.g., NKA, NKCC, CFTR)?

11. The elasmobranch gill appears to retain the relati vely high w ater permeability and lo w
ionic permeability found in hagfishes and lampreys. For all three groups, is this actually
a function of the structure of their gill epithelia or secondary to gill perfusion patterns?
What is the structural basis for the e xtremely low branchial urea permeability?

12. Why is the osmore gulatory strategy of marine elasmobranchs so dif ferent from that of
marine teleosts? Is one strate gy more energetically efficient?

13. The elasmobranch kidney is extremely complex. What are the sites and mechanisms for
urea, NaCl, and w ater reabsorption?

14. The spiny dogfish rectal gland appears to respond more to a volume load than a salt
load. Is v olume rather than plasma salt concentration the general stimulant for rectal
gland function? How does water enter the rectal gland tubule subsequent to salt secretion?

15. Numerous studies have demonstrated that removal of the rectal gland does not significantly
impair osmoregulation in seawater. Under these circumstances, is the excess salt secreted
by the urine or is dif fusional salt uptake decreased by changes in gill permeability?

16. Evidence suggests that the MRCs in the marine elasmobranch gill epithelium e xpress
salt uptake mechanisms that are involved in acid–base regulation rather than salt secretory
pathways. Is this actually the case? Are these pathways upregulated in euryhaline species
in freshwater?

17. Despite relatively high plasma osmolarities, some elasmobranchs are euryhaline. What
limits the euryhalinity of other elasmobranch species?

18. Evidence suggests that both elasmobranchs and teleosts e xpress a Cl/HCO 3 exchanger
in their gill epithelium. What specific anion exchanger is most common?

19. The most complete balance sheet for intestinal salt absorption and renal, rectal, and gill
excretion is 40 years old. These data should be e xtended to other species to get a more
general picture of the pathw ays involved in monovalent vs. divalent ion balance.
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20. How general and how important is proximal tubular salt secretion in the formation of urine
in various fish groups? What are the relati ve roles of di valent vs. monovalent secretion?

21. What are the mechanisms of salt and w ater reabsorption in the distal se gments of the
teleost kidney? Is a distal tub ule vital for osmore gulation in low salinities?

22. Some euryhaline teleosts lack a urinary bladder (e.g., killifish). What is the relative role
in salt reabsorption of the distal tub ules vs. the urinary bladder? What are the most
important mechanisms for salt uptak e by the bladder epithelium?

23. Is the model for marine teleost NaCl secretion that is based lar gely on the killifish
opercular epithelium generally applicable to most teleosts, e ven those that display a
negative transepithelial electrical potential?

24. Some e vidence e xists for a basolateral K + channel in the teleost MRC. What is the
molecular mechanism for this K + channel?

25. Evidence suggests two mechanisms for Na + uptake and acid e xcretion across the fresh-
water teleost gill epithelium, but little evidence exists for Cl– uptake and base excretion.
What are the cellular sites and molecular pathways for these uptakes, and are differences
species specific? Are one or two cells involved? What are the mechanisms for basolateral
Na+ and Cl– transport? How is apical Na/NH 4 exchange thermodynamically possible in
low salinities?

26. Some evidence exists for a role of apical NKCC in NaCl uptak e in the freshw ater gill
epithelium. Is this an important uptak e pathway?

27. Evidence suggests that neither the killifish nor freshwater eel e xtracts Cl – from the
external medium, only Na +. Is this a more general phenomenon?

28. What limits euryhalinity in most teleost species? Is there a dif ference in this limitation
between primarily freshwater vs. marine species?

29. What is the structure and function of the coelacanth postanal gland? Does the coelacanth
gill have MRCs that secrete salt? Do these cells also e xpress the NaCl uptak e proteins
that have been described in other groups of fishes?

30. Do the MRCs in the lungfish gill express these NaCl uptake proteins? What is the relative
role of gill vs. skin in NaCl uptak e? What is the structure and function of the cloacal
excretory gland in the African lungfish? Where are the sites of ion reabsorption in the
lungfish nephron?

31. What is the relati ve role of the intestine, kidne y, and gill epithelium in osmore gulation
in stur geons, g ars, and bo wfin? What are the molecular mechanisms in volved in the
relevant epithelia?

32. What is the real cost of osmore gulation in seawater vs. freshwater?
33. What is the balance sheet for K +, Mg2+, and SO 4

2–  in seawater vs. freshw ater teleosts?
Are there branchial vs. renal and rectal mechanisms for transport of these ions?

34. How do euryhaline fishes sense external or internal salinity changes to stimulate appro-
priate transport pathways?

35. What are the most important hormones or paracrines that control osmore gulation via
effects on the intestine, kidne y, and gill epithelia? Are specific hormones or paracrines
limiting euryhalinity?

36. What are the intracellular mechanisms that control intestinal, renal, or branchial cell
volume regulation in the f ace of substantial, transcellular ionic and osmotic gradients?

ACKNOWLEDGMENTS

We would like to thank Drs. Helmut Bartels, Klaus Beyenbach, Frank Chapman, Keith Choe, Susan
Edwards, George Kidder, Bruce MacF adden, Frank Nordlie, Peter Piermarini, and Ian Potter for
their reviews of subsections of this chapter. Their comments were extremely helpful, but any errors
that remain are ours. We are especially indebted to Dr. Keith Choe, who drew the “working models”



Osmotic and Ionic Regulation in Fishes 343

in Figures 8.6, 8.11, 8.12, 8.15, and 8.16. We are the academic of fspring (son and grandson) of
Bill Potts, so the original “Potts and P arry” was instrumental in our careers. We have been funded
by the National Science F oundation for much of our respecti ve careers, and the writing of this
chapter was supported by IOB-0519579 to DHE and IOB-06-061687 to JBC.

REFERENCES

1. Alt, J., M., Stolte, H., Eisenbach, G. M., and Walvig, F., Renal electrolyte and fluid excretion in the
Atlantic hagfish Myxine glutinosa, J. Exp. Biol., 91, 323–330, 1981.

2. Althoff, T., Hentschel, H., Luig, J., Schutz, H., Kasch, M., and Kinne, R. K., Na +–D-glucose cotrans-
porter in the kidney of Squalus acanthias: molecular identification and intrarenal distribution, Am. J.
Physiol., 290(4), R1094–R1104, 2006.

3. Altinok, I., Galli, S. M., and Chapman, F . A., Ionic and osmotic re gulation capabilities of juv enile
Gulf of Mexico sturgeon, Acipenser oxyrinchus de sotoi, Comp. Biochem. Physiol. A, 120(4), 609–616,
1998.

4. Alvarez de la Rosa, D., Canessa, C., Fyfe, G., and Zhang, P ., Structure and re gulation of amiloride-
sensitive sodium channels, Annu. Rev. Physiol., 62, 573–594, 2000.

5. Anderson, W. G., Takei, Y., and Hazon, N., Osmotic and v olaemic effects on drinking rate in elas-
mobranch fish, J. Exp. Biol., 205, 1115–1122, 2002.

6. Anderson, W. G., Taylor, J. R., Good, J. P., Hazon, N., and Grosell, M., Body fluid volume regulation
in elasmobranch fish, Comp. Biochem. Physiol. A, 148, 3–13, 2006.

7. Ando, M., Mukuda, T., and K ozaka, T., Water metabolism in the eel acclimated to sea w ater: from
mouth to intestine, Comp. Biochem. Physiol. B , 136(4), 621–33, 2003.

8. Aoki, M., Kaneko, T., Katoh, F., Hasegawa, S., Tsutsui, N., and Aida, K., Intestinal water absorption
through aquaporin 1 expressed in the apical membrane of mucosal epithelial cells in seawater-adapted
Japanese eel, J. Exp. Biol., 206, 3495–505, 2003.

9. Avella, M. and Bornancin, M., A new analysis of ammonia and sodium transport through the gills of
the freshwater rainbow trout (Salmo gairdneri), J. Exp. Biol., 142, 155–176, 1989.

10. Bakheet, T., Frevel, M., Williams, B. R., Greer, W., and Khabar, K. S., ARED: human AU-rich element-
containing mRNA database reveals an unexpectedly diverse functional repertoire of encoded proteins,
Nucleic Acids Res., 29, 246–54, 2001.

11. Balment, R. J., Lu, W., Weybourne, E., and Warne, J. M., Arginine vasotocin a k ey hormone in fish
physiology and behaviour: a review with insights from mammalian models, Gen. Comp. Endocrinol.,
147, 9–16, 2006.

12. Balment, R. J., Song, W., and Ashton, N., Urotensin II: ancient hormone with ne w functions in
vertebrate body fluid regulation, Ann. N.Y. Acad. Sci., 1040, 66–73, 2005.

13. Bartels, H., Assemblies of linear arrays of particles in the apical plasma membrane of mitochondria-
rich cells in the gill epithelium of the Atlantic hagfish (Myxine glutinosa), Anat. Rec., 211, 229–238,
1985.

14. Bartels, H., Intercellular junctions in the gill epithelium of the Atlantic hagfish, Myxine glutinosa ,
Cell Tissue Res., 254, 573–83, 1988.

15. Bartels, H., The gills of hagfishes. In The Biolo gy of Ha gfishes, Jor gensen, J. M., Lomholt, J. P .,
Weber, R. E., and Malte, H., Eds., Chapman & Hall, London, 1998, pp. 205–222.

16. Bartels, H., Moldenhauer, A., and Potter, I. C., Changes in the apical surface of chloride cells following
acclimation of lampreys to seawater, Am. J. Physiol., 270, R125–R33, 1996.

17. Bartels, H. and Potter , I. C., Structural changes in the zonulae occludentes of the chloride cells of
young adult lampreys following acclimation to sea water, Cell Tissue Res., 265, 447–458, 1991.

18. Bartels, H. and Potter , I. C., Cellular composition and ultrastructure of the gill epithelium of larv al
and adult lampre ys: implications for osmore gulation in fresh and sea water, J. Exp. Biol. , 207,
3447–3462, 2004.

19. Bartels, H., Potter, I. C., Pirlich, K., and Mallatt, J., Cate gorization of the mitochondria-rich cells in
the gill epithelium of the freshw ater phases in the life c ycle of lampre ys, Cell T issue Res., 291,
337–349, 1998.

20. Baustian, M. D., Wang, S. Q., and Be yenbach, K. W., Adaptive responses of aglomerular toadfish to
dilute sea water, J. Comp. Physiol. B , 167, 61–70, 1997.



344 Osmotic and Ionic Regulation: Cells and Animals

21. Beamish, F . W., Osmore gulation in juv enile and adult lampre ys, Can. J . F ish. Aquat. Sci. , 37,
1739–1750, 1980.

22. Beamish, F. W. H., Strachan, P. D., and Thomas, E., Osmotic and ionic performance of the anadromous
sea lamprey, Petromyzon marinus, Comp. Biochem. Physiol. A, 60, 435–443, 1978.

23. Benyajati, S. and Yokota, S. D., Renal ef fects of atrial natriuretic peptide in a marine elasmobranch,
Am. J. Physiol., 258, R1201–R1206, 1990.

24. Beyenbach, K., P annabecker, T., and Nagel, W., Central role of the apical membrane H +-ATPase in
electrogenesis and epithelial transport in Malpighian tub ules, J. Exp. Biol., 203, 1459–68, 2000.

25. Beyenbach, K. W., Secretory NaCl and volume flow in renal tubules, Am. J. Physiol., 250, R753–R763,
1986.

26. Beyenbach, K. W., Kidneys sans glomeruli, Am. J. Physiol., 286, F811–F827, 2004.
27. Deleted at proofs.
28. Beyenbach, K. W. and Fromter , E., Electroph ysiological e vidence for Cl secretion in shark renal

proximal tubules, Am. J. Physiol., 248, F282–295, 1985.
29. Biemesderfer, D., P ayne, J. A., Lytle, C. Y., and F orbush, 3rd, B., Immunoc ytochemical studies of

the Na–K–Cl cotransporter of shark kidne y, Am. J. Physiol., 270, F927–F936, 1996.
30. Bijvelds, M. J., K olar, Z. I., Wendelaar Bonga, S. E., and Flik, G., Magnesium transport across the

basolateral plasma membrane of the fish enterocyte, J. Membr. Biol., 154, 217–225, 1996.
31. Bijvelds, M. J., Velden, J. A., Kolar, Z. I., and Flik, G., Magnesium transport in freshw ater teleosts,

J. Exp. Biol., 201, 1981–1990, 1998.
32. Bijvelds, M. J. C., Flik, G., Kolar, Z. I., and Wendelaar Bonga, S. E., Uptake, distribution and excretion

of magnesium in Oreochromis mossambicus: uptake, distribution and excretion in diet and water, Fish
Physiol. Biochem., 15, 287–298, 1996.

33. Boisen, A. M., Amstrup, J., No vak, I., and Grosell, M., Sodium and chloride transport in soft w ater
and hard water acclimated zebrafish (Danio rerio), Biochim. Biophys. Acta, 1618, 207–218, 2003.

34. Boutet, I., Long Ky, C. L., and Bonhomme, F ., A transcriptomic approach of salinity response in the
euryhaline teleost, Dicentrarchus labrax, Gene 379, 40–50, 2006.

35. Boylan, J., Gill permeability in Squalus acanthias. In Sharks, Skates, and Rays, Gilbert, P. W., Mathew-
son, R. F., and Rall, D. P., Eds., The Johns Hopkins University Press, Baltimore, MD, 1967, pp. 197–206.

36. Boylan, J. W., A model for passi ve urea reabsorption in the elasmobranch kidne y, Comp. Biochem.
Physiol. A, 42, 27–30, 1972.

37. Brett, C. L., Donowitz, M., and Rao, R., Evolutionary origins of eukaryotic sodium/proton exchangers,
Am. J. Physiol., 288, C223–C239, 2005.

38. Brooks, D. R., Thorson, T. B., and Mayes, M. A., Fresh-water stingrays (Potamotrygonidae) and their
helminth parasites: testing h ypotheses of e volution and co-e volution. In Advances in Cladistics ,
Proceedings of the F irst Meeting of the Willi Hennig Society , Funk, V. A. and Brooks, D. R., Eds.,
The New York Botanical Garden, Bronx, NY, 1981, pp. 147–175.

39. Brown, E. M., Pollak, M., Seidman, C. E., Seidman, J. G., Chou, Y. H., Riccardi, D., and Hebert, S.
C., Calcium-ion-sensing cell-surface receptors, N. Engl. J . Med., 333(4), 234–240, 1995.

40. Brown, J. A., Oliver, J. A., Henderson, I. W., and Jackson, B. A., Angiotensin and single nephron
glomerular function in the trout Salmo gairdneri, Am. J. Physiol., 239(5), R509–R514, 1980.

41. Deleted at proofs.
42. Brown, J. A. and Rankin, J. C., Lack of glomerular intermittenc y in the ri ver lampre y, Lampetra

fluviatilis, acclimated to sea water and following acute transfer to iso-osmotic brackish w ater, J. Exp.
Biol., 202, 939–946, 1999.

43. Bucking, C. and Wood, C. M., Renal re gulation of plasma glucose in the freshw ater rainbow trout,
J. Exp. Biol., 208, 2731–2739, 2005.

44. Bucking, C. and Wood, C. M., Gastrointestinal processing of Na +, Cl–, and K+ during digestion: impli-
cations for homeostatic balance in freshwater rainbow trout, Am. J. Physiol., 291, R1764–R1772, 2006.

45. Bucking, C. and Wood, C. M., Water dynamics in the digesti ve tract of the freshw ater rainbow trout
during the processing of a single meal, J. Exp. Biol., 209, 1883–1893, 2006.

46. Burger, J. W., Roles of the rectal gland and kidne ys in salt and w ater excretion in the spin y dogfish,
Physiol. Zool., 38, 191–196, 1965.

47. Burger, J. W. and Hess, W. N., Function of the rectal gland of the spiny dogfish, Science, 131, 670–671,
1960.



Osmotic and Ionic Regulation in Fishes 345

48. Burgess, D. W., Miarczynski, M. D., O’Donnell, M. J., and Wood, C. M., Na + and Cl– transport by the
urinary bladder of the freshwater rainbow trout (Oncorhynchus mykiss), J. Exp. Zool., 287, 1–14, 2000.

49. Butler, D. G. and Youson, J. H., Kidney function in the bowfin (Amia calva L.), Comp. Biochem. Physiol.
A, 89, 343–345, 1988.

50. Bystriansky, J. S. and Ballantyne, J. S., Gill Na+-K+-ATPase activity correlates with basolateral membrane
lipid composition in sea water- but not freshw ater-acclimated Arctic char ( Salvelinus alpinus ), Am. J.
Physiol., 292, R1043–R1051, 2007.

50a. Bystriansky, J. S., Frick, N. T., Richards, J. G., Schulte, P . M., and Ballantyne, J. S., Wild Arctic char
(Salvelinus alpinus) upregulate gill Na+,K+-ATPase during freshwater migration, Physiol. Biochem. Zool.,
80(3), 270-282, 2007.

51. Bystriansky, J. S., Richards, J. G., Schulte, P . M., and Ballantyne, J. S., Reciprocal e xpression of gill
Na+/K+-ATPase alpha-subunit isoforms alpha1a and alpha1b during seawater acclimation of three salmo-
nid fishes that vary in their salinity tolerance, J. Exp. Biol., 209, 1848–1858, 2006.

52. Cameron, B. A., Perry, S. F., Wu, C., Ko, K., and Tufts, B. L., Bicarbonate permeability and immuno-
logical evidence for an anion exchanger-like protein in the red blood cells of the sea lamprey, Petromyzon
marinus, J. Comp. Physiol. B , 166, 197–204, 1996.

53. Carmona, R., Garcia-Gallego, M., Sanz, A., Domezain, A., and Ostos-Garrido, M. V., Chloride cells and
pavement cells in gill epithelia of Acipenser naccarii: ultrastructural modifications in seawater-acclimated
specimens, J. Fish Biol., 64, 553–566, 2004.

54. Carrier, J. C. and Ev ans, D. H., Ion and w ater turnover in the fresh-w ater elasmobranch Potamotrygon
sp., Comp. Biochem. Physiol. A, 45, 667–670, 1973.

55. Carrier, J. C. and Ev ans, D. H., The role of environmental calcium in freshwater survival of the marine
teleost Lagodon rhomboides, J. Exp. Biol., 65, 529–538, 1976.

56. Carrier, J. C., Musick, J. A., and Heithaus, M. R., Biology of Sharks and Their Relatives, CRC Press,
Boca Raton, FL, 2004.

57. Cataldi, E., Ciccotti, E., Dimarco, P ., Disanto, O., Bronzi, P ., and Cataudella, S., Acclimation trials of
juvenile Italian stur geon to dif ferent salinities: morphoph ysiological descriptors, J. Fish Biol. , 47,
609–618, 1995.

58. Catches, J. S., Burns, J. M., Edw ards, S. L., and Claiborne, J. B., Na +/H+ antiporter, V-H+-ATPase and
Na+/K+-ATPase immunolocalization in a marine teleost ( Myoxocephalus octodecemspinosus ), J. Exp.
Biol., 209, 3440–3447, 2006.

59. Chandra, S., Morrison, G. H., and Be yenbach, K. W., Identification of Mg-transporting renal tubules
and cells by ion microscop y imaging of stable isotopes, Am. J. Physiol., 273, F939–F948, 1997.

60. Chang, W. and Loretz, C. A., DPC blockade of transepithelial chloride absorption and single anion
channels in teleost urinary bladder , Am. J. Physiol., 265, R66–R75, 1993.

61. Choe, K. P., Edwards, S., Morrison-Shetlar, A. I., Toop, T., and Claiborne, J. B., Immunolocalization of
Na+/K+-ATPase in mitochondrion-rich cells of the Atlantic hagfish (Myxine glutinosa ) gill, Comp.
Biochem. Physiol. A, 124, 161–168, 1999.

62. Choe, K. P., Edwards, S. L., Claiborne, J. B., and Evans, D. H., The putative mechanism of Na+ absorption
in euryhaline elasmobranchs exists in the gills of a stenohaline marine elasmobranch, Squalus acanthias,
Comp. Biochem. Physiol. A, 146, 155–162, 2007.

63. Choe, K. P., Havird, J., Rose, R., Hyndman, K., Piermarini, P., and Evans, D. H., COX2 in a euryhaline
teleost, Fundulus heteroclitus: primary sequence, distribution, localization, and potential function in gills
during salinity acclimation, J. Exp. Biol., 209(Pt. 9), 1696–1708, 2006.

64. Choe, K. P., Kato, A., Hirose, S., Plata, C., Sindic, A., Romero, M. F ., Claiborne, J. B., and Ev ans, D.
H., NHE3 in an ancestral v ertebrate: primary sequence, distrib ution, localization, and function in gills,
Am. J. Physiol., 289, R1520–R1534, 2005.

65. Choe, K. P., Morrison-Shetlar, A. I., Wall, B. P., and Claiborne, J. B., Immunological detection of Na+/H+

exchangers in the gills of a hagfish, Myxine glutinosa, an elasmobranch, Raja erinacea, and a teleost,
Fundulus heteroclitus, Comp. Biochem. Physiol. A, 131, 375–385, 2002.

66. Choe, K. P., O’Brien, S., Ev ans, D. H., Toop, T., and Edw ards, S. L., Immunolocalization of Na +/K+-
ATPase, carbonic anhydrase II, and vacuolar H+-ATPase in the gills of freshwater adult lampreys, Geotria
australis, J. Exp. Zool., 301, 654–665, 2004.

67. Choe, K. P., Verlander, J. W., Wingo, C. S., and Evans, D. H., A putative H+-K+-ATPase in the Atlantic
stingray Dasyatis sabina: primary sequence and expression in gills, Am. J. Physiol., 287, R981–R991, 2004.



346 Osmotic and Ionic Regulation: Cells and Animals

68. Cholette, C., Gagnon, A., and Germain, P., Isosmotic adaptation in Myxine glutinosa L. I. Variations
of some parameters and role of the amino acid pool of the muscle cells, Comp. Biochem. Physiol. ,
33, 333–346, 1970.

69. Christoffels, A., Koh, E. G., Chia, J. M., Brenner , S., Aparicio, S., and Venkatesh, B., Fugu genome
analysis provides evidence for a whole-genome duplication early during the e volution of ray-finned
fishes, Mol. Biol. Evol. , 21, 1146–1151, 2004.

70. Claiborne, J. B., Choe, K. P ., Morrison-Shetlar, A. I., Weakley, J. C., Havird, J., Freiji, A., Evans, D.
H., and Edwards, S. L., Molecular detection and immunological localization of gill Na+/H+ exchanger
(NHE2) in the dogfish (Squalus acanthias), Am. J. Physiol., 294, R1092–R1102, 2007.

71. Claiborne, J. B., Compton-McCullough, D., and Walton, J. S., Branchial acid–base transfers in the
euryhaline o yster toadfish (Opsanus tau ) during e xposure to dilute sea water, J. Fish Biol. , 56,
1539–1544, 2000.

72. Claiborne, J. B., Edw ards, S. L., and Morrison-Shetlar , A. I., Acid–base regulation in fishes: cellular
and molecular mechanisms, J. Exp. Zool., 293, 302–319, 2002.

73. Claiborne, J. B., Perry , E., Bello ws, S., and Campbell, J., Mechanisms of acid e xcretion across the
gills of a marine fish, J. Exp. Zool., 279, 509–520, 1997.

74. Cliff, W. H. and Beyenbach, K. W., Fluid secretion in glomerular renal proximal tubules of freshwater-
adapted fish, Am. J. Physiol., 254, R154–R158, 1988.

75. Cliff, W. H. and Be yenbach, K. W., Secretory renal proximal tub ules in sea water- and freshw ater-
adapted killifish, Am. J. Physiol., 262, F108–F116, 1992.

76. Cohen, J. J., Krupp, M. A., Chidsey, I., C.A., and Blitz, C. L., Ef fect of TMA and its homologues on
renal conserv ation of TMA-oxide in the spin y dogfish Squalus acanthias , Am. J . Physiol. , 194,
229–235, 1959.

77. Conley, D. M. and Mallatt, J., Histochemical localization of Na +K+ATPase and carbonic anh ydrase
activity in the gills of 17 fish species, Can. J. Zool., 66, 2398–2405, 1988.

78. Cutler, C. P ., Cloning and identification of four aquaporin genes in the dogfish shark (Squalus
acanthias), Bull. Mt. Desert Isl. Biol. Lab ., 46, 19, 2007.

79. Cutler, C. P. and Cramb, G., Molecular ph ysiology of osmoregulation in eels and other teleosts: the
role of transporter isoforms and gene duplication, Comp. Biochem. Physiol. A, 130, 551–564, 2001.

80. Cutler, C. P. and Cramb, G., Branchial e xpression of an aquaporin 3 (A QP-3) homologue is do wn-
regulated in the European eel Anguilla anguilla  following seawater acclimation, J. Exp. Biol. , 205,
2643–2651, 2002.

81. Cutler, C. P. and Cramb, G., Dif ferential expression of absorpti ve cation–chloride cotransporters in
the intestinal and renal tissues of the European eel ( Anguilla anguilla), Comp. Biochem. Physiol. B ,
149, 63–73, 2008.

82. Cutler, C. P., Martinez, A. S., and Cramb, G., The role of aquaporin 3 in teleost fish, Comp. Biochem.
Physiol. A, 148, 82–91, 2007.

83. D’Cruz, L. M. and Wood, C. M., The influence of dietary salt and energy on the response to lo w pH
in juvenile rainbow trout, Physiol. Zool., 71, 642–657, 1998.

84. Daborn, K., Cozzi, R. R., and Marshall, W. S., Dynamics of pa vement cell–chloride cell interactions
during abrupt salinity change in Fundulus heteroclitus, J. Exp. Biol., 204, 1889–1899, 2001.

85. Dawson, D. C. and Frizzell, R. A., Mechanism of acti ve K + secretion by flounder urinary bladder,
Pflügers Arch., 414, 393–400, 1989.

86. Dean, D. B., Whitlow, Z. W., and Borski, R. J., Glucocorticoid receptor upre gulation during seawater
adaptation in a euryhaline teleost, the tilapia ( Oreochromis mossambicus), Gen. Comp. Endocrinol. ,
132, 112–118, 2003.

87. Degnan, K. J., The role of K+ and Cl– conductances in chloride secretion by the opercular epithelium,
J. Exp. Zool., 236, 19–25, 1985.

88. Degnan, K. J., Karnaky, Jr., K. J., and Zadunaisky, J., Active chloride transport in the in vitro opercular
skin of a teleost (Fundulus heteroclitus), a gill-like epithelium rich in chloride cells, J. Physiol. Lond.,
271, 155–191, 1977.

89. DeLaney, R. G., Lahiri, S., Hamilton, R., and Fishman, P., Acid–base balance and plasma composition
in the aestivating lungfish (Protopterus), Am. J. Physiol., 232, R10–R17, 1977.

90. Delsuc, F., Brinkmann, H., Chourrout, D., and Philippe, H., Tunicates and not cephalochordates are
the closest living relatives of vertebrates, Nature, 439, 965–968, 2006.



Osmotic and Ionic Regulation in Fishes 347

91. Demarest, J. R., Ion and w ater transport by the flounder urinary bladder: salinity dependence, Am. J.
Physiol., 246, F395–F401, 1984.

92. Devor, D. C., F orrest, Jr., J. N., Suggs, W. K., and Frizzell, R. A., cAMP-activated Cl – channels in
primary cultures of spiny dogfish (Squalus acanthias) rectal gland, Am. J. Physiol., 268, C70–C79, 1995.

93. Ditrich, H., Renal Structure and Function in Vertebrates, Science Publishers, Enfield, NH, 2005.
94. Donoghue, P. C., F orey, P. L., and Aldridge, R. J., Conodont af finity and chordate phylogeny, Biol.

Rev. Camb. Philos. Soc. , 75, 191–251, 2000.
95. Doyle, N. and Gorecki, D., The so-called chloride cell of the fish gill, Physiol. Zool., 34, 81–85, 1961.
96. Drummond, I. A., Zebrafish kidney development, Meth. Cell Biol. , 76, 501–530, 2004.
97. Eddy, F. B., The effect of calcium on gill potentials and on sodium and chloride fluxes in the goldfish

Carassius auratus, J. Comp. Physiol., 96, 131–142, 1975.
98. Eddy, F. B., Osmotic and ionic regulation in captive fish with particular reference to salmonids, Comp.

Biochem. Physiol. B , 73, 125–142, 1982.
99. Eddy, F. B., Drinking in juvenile Atlantic salmon (Salmo salar L.) in response to feeding and activation

of the endogenous renin–angiotensin system, Comp. Biochem. Physiol. A, 148, 23–28, 2007.
100. Edwards, S. L., Claiborne, J. B., Morrison-Shetlar, A. I., and Toop, T., Expression of Na+/H+ exchanger

mRNA in the gills of the Atlantic hagfish (Myxine glutinosa) in response to metabolic acidosis, Comp.
Biochem. Physiol. A, 130, 81–91, 2001.

101. Edwards, S. L., Tse, C. M., and Toop, T., Immunolocalisation of NHE3-like immunoreactivity in the
gills of the rainbow trout (Oncorhynchus mykiss) and the blue-throated wrasse (Pseudolabrus tetrious),
J. Anat., 195, 465–469, 1999.

102. Edwards, S. L., Wall, B. P., Morrison-Shetlar, A., Sligh, S., Weakley, J. C., and Claiborne, J. B., The
effect of environmental hypercapnia and salinity on the e xpression of NHE-like isoforms in the gills
of a euryhaline fish (Fundulus heteroclitus), J. Exp. Zool., 303, 464–475, 2005.

103. Deleted at proofs.
104. Elger, M., The branchial circulation and the gill epithelia in the Atlantic hagfish, Myxine glutinosa

L., Anat. Embryol. (Berl.) , 175(4), 489–504, 1987.
105. Ellis, L. C. and Youson, J. H., Ultrastructure of the pronephric kidney in upstream migrant sea lamprey,

Petromyzon marinus L., Am. J. Anat., 185, 429–443, 1989.
106. Epstein, F., Katz, A. I., and Pickford, G. E., Sodium- and potassium-activated adenosine triphosphatase

of gills: role in adaptation of teleots to salt w ater, Science, 156, 1245–1247, 1967.
107. Ernst, S.A., Hootman, S.R., Schreiber, J.H., and Riddle, C.V., Freeze-fracture and morphometric analysis

of occluding junctions in rectal glands of elasmobranch fish, J. Membr. Biol., 58(2), 101–114, 1981.
108. Esaki, M., Hoshijima, K., Kobayashi, S., Fukuda, H., Kawakami, K., and Hirose, S., Visualization in

zebrafish larvae of Na(+) uptak e in mitochondria-rich cells whose dif ferentiation is dependent on
foxi3a, Am. J. Physiol. Regul. Integr. Comp. Physiol. , 292(1), R470–R480, 2007.

109. Evans, D. H., Studies on the permeability to w ater of selected marine, freshw ater and euryhaline
teleosts, J. Exp. Biol., 50, 689–703, 1969.

110. Evans, D. H., Sodium uptak e by the sailfin molly, Poecilia latipinna : kinetic analysis of a carrier
system present in both fresh-water-acclimated and sea-water-acclimated individuals, Comp. Biochem.
Physiol. A, 45(3), 843–850, 1973.

111. Evans, D. H., Ionic exchange mechanisms in fish gills, Comp. Biochem. Physiol. A, 51, 491–495, 1975.
112. Evans, D. H., Further evidence for Na/NH4 exchange in marine teleost fish, J. Exp. Biol., 70, 213–220,

1977.
113. Evans, D. H., Fish. In Osmotic and Ionic Re gulation in Animals, Vol. 1, Maloiy , G. M. O., Ed.,

Academic Press, London, 1979, pp. 305–390.
114. Evans, D. H., Fish. In Comparative Physiology of Osmoregulation in Animals, Vol. 1, Maloiy, G. M.

O., Ed., Academic Press, Orlando, 1979, pp. 305–390.
115. Evans, D. H., Kinetic studies of ion transport by fish gill epithelium, Am. J . Physiol. , 238(3),

R224–R230, 1980.
116. Evans, D. H., Osmotic and ionic regulation by freshwater and marine fish. In Environmental Physiology

of Fishes, Ali, M. A., Ed., Plenum Press, Ne w York, 1981, pp. 93–122.
117. Evans, D. H., Gill Na/H and Cl/HCO 3 exchange systems evolved before the vertebrates entered fresh

water, J. Exp. Biol., 113, 464–470, 1984.
118. Deleted at proofs.



348 Osmotic and Ionic Regulation: Cells and Animals

119. Evans, D. H., The roles of gill permeability and transport mechanisms in euryhalinity . In Fish
Physiology, Hoar, W. S. and Randall, D. J., Eds., Academic Press, New York, 1984, pp. 239–283.

120. Evans, D. H., Osmotic and ionic re gulation. In The Physiology of F ishes, Evans, D. H., Ed., CRC
Press, Boca Raton, FL, 1993, pp. 315–341.

121. Evans, D. H., Cell signaling and ion transport across the fish gill epithelium, J. Exp. Zool. , 293(3),
336–347, 2002.

122. Evans, D. H. and Cooper , K., The presence of Na–Na and Na–K e xchange in sodium e xtrusion by
three species of fish, Nature, 259(5540), 241–242, 1976.

123. Evans, D. H. and Hooks, C., Sodium fluxes across the hagfish, Myxine glutinosa, Bull. Mt. Desert
Isl. Biol. Lab., 23, 61–62, 1983.

124. Evans, D. H., Oikari, A., Kormanik, G. A., and Mansberger, L., Osmoregulation by the prenatal spiny
dogfish, Squalus acanthias, J. Exp. Biol., 101, 295–305, 1982.

125. Evans, D. H. and Piermarini, P . M., Contractile properties of the elasmobranch rectal gland, J. Exp.
Biol., 204(Pt. 1), 59–67, 2001.

126. Evans, D. H., Piermarini, P . M., and Choe, K. P ., Homeostasis: osmore gulation, pH re gulation, and
nitrogen excretion. In Biology of Sharks and Their Relatives, Carrier, J., Musick, J., and Heithaus, J.,
Eds., CRC Press, Boca Raton, FL, 2004.

127. Evans, D. H., Piermarini, P . M., and Choe, K. P ., The multifunctional fish gill: dominant site of gas
exchange, osmoregulation, acid–base re gulation, and e xcretion of nitrogenous w aste, Physiol. Rev.,
85(1), 97–177, 2005.

128. Deleted at proofs.
129. Evans, D. H., Piermarini, P. M., and Potts, W. T. W., Ionic transport in the fish gill epithelium, J. Exp.

Zool., 283, 641–652, 1999.
130. Farmer, G. J. and Beamish, F. W. H., Oxygen consumption of Tilapia nilotica in relation to swimming

speed and salinity, J. Fish. Res. Bd. Can. , 26, 2807–2821, 1969.
131. Febry, R. and Lutz, P ., Energy partitioning in fish: the activity-related cost of osmore gulation in a

euryhaline cichlid, J. Exp. Biol., 128, 63–85, 1987.
132. Fels, L. M., Kastner , S., and Stolte, E. H., The hagfish kidney as a model to study renal ph ysiology

and toxicology. In The Biology of Hagfishes, Jorgensen, J. M., Lomholt, J. P., Weber, R. E., and Malte,
H., Eds., Chapman & Hall, London, 1998.

133. Fels, L. M., Raguse-De gener, G., and Stolte, H., The archinephron of Myxine glutinosa L. (Cyclos-
tomata). In Structure and Function of the Kidne y, Kinne, R. K. H., Ed., Kar ger, Basel, 1989, pp.
73–102.

134. Fels, L. M., Sanz-Altamira, P . M., Deck er, B., Elger , B., and Stolte, H., Filtration characteristics of
the single isolated perfused glomerulus of Myxine glutinosa, Ren. Physiol. Biochem., 16(5), 276–284,
1993.

135. Feng, S. H., Leu, J. H., Yang, C. H., F ang, M. J., Huang, C. J., and Hw ang, P. P., Gene e xpression
of Na +-K+-ATPase alpha 1 and alpha 3 sub units in gills of the teleost Oreochromis mossambicus ,
adapted to different environmental salinities, Mar. Biotechnol. (N.Y.), 4(4), 379–391, 2002.

136. Fenton, R. A. and Knepper , M. A., Mouse models and the urinary concentrating mechanism in the
new millennium, Physiol. Rev., 87(4), 1083–1112, 2007.

137. Fenwick, J. C., Wendelaar Bonga, S. E., and Flik, G., In vivo  bafilomycin-sensitive Na + uptake in
young freshwater fish, J. Exp. Biol., 202, 3659–3666, 1999.

138. Fines, G. A., Ballantyne, J. S., and Wright, P. A., Active urea transport and an unusual basolateral
membrane composition in the gills of a marine elasmobranch, Am. J. Physiol. Re gul. Integr. Comp.
Physiol., 280(1), R16–R24, 2001.

139. Fiol, D. F., Chan, S., and K ultz, D., Identification and pathway analysis of immediate h yperosmotic
stress responsive molecular mechanisms in tilapia ( Oreochromis mossambicus) gill, Comp. Biochem.
Physiol. D, 1, 344–356, 2006.

140. Fiol, D. F., Chan, S. Y., and Kultz, D., Regulation of osmotic stress transcription f actor 1 (Ostf1) in
tilapia (Oreochromis mossambicus) gill epithelium during salinity stress, J. Exp. Biol. , 209(Pt. 16),
3257–3265, 2006.

141. Fiol, D. F. and Kultz, D., Rapid hyperosmotic coinduction of two tilapia (Oreochromis mossambicus)
transcription factors in gill cells, Proc. Natl. Acad. Sci. USA , 102(3), 927–932, 2005.



Osmotic and Ionic Regulation in Fishes 349

142. Fiol, D. F . and K ultz, D., Osmotic stress sensing and signaling in fishes, FEBS Lett. , 274(22),
5790–4798, 2007.

143. Flik, G., Kaneko, T., Greco, A. M., Li, J., and Fenwick, J. C., Sodium-dependent ion transporters in
trout gills, Fish Physiol. Biochem., 17, 385–396, 1997.

144. Flik, G., Klaren, P. H. M., Schoenmakers, T. J. M., Bijv elds, M. J. C., Verbost, P. M., and Bonga,
S. E. W., Cellular calcium transport in fish: unique and universal mechanisms, Physiol. Zool., 69(2),
403–417, 1996.

145. Flik, G. and Verbost, P. M., Calcium transport in fish gills and intestine, J. Exp. Biol., 184, 17–29, 1993.
146. Flik, G., Verbost, P. M., and Wendelaar Bonga, S. E., Calcium transport processes in fishes. In Cellular

and Molecular Approaches to F ish Ionic Re gulation, Wood, C. M. and Shuttle worth, T. J., Eds.,
Academic Press, San Die go, CA, 1995, pp. 317–342.

147. Forey, P. L. and Janvier, P., Agnathans and the origin of jawed vertebrates, Nature, 361(6408), 129–134,
1993.

148. Forey, P. L., Agnathans recent and fossil, and the origin of ja wed vertebrates, Rev. Fish Biol. F ish.,
5, 267–303, 1995.

149. Forrest, Jr., J. N., Boyer, J. L., Ardito, T. A., Murdaugh, Jr., H. V., and Wade, J. B., Structure of tight
junctions during Cl secretion in the perfused rectal gland of the dogfish shark, Am. J. Physiol., 242(5),
C388–C392, 1982.

150. Forster, R. P., Goldstein, L., and Rosen, J. K., Intrarenal control of urea reabsorption by renal tub ules
of the marine elasmobranch, Squalus acanthias, Comp. Biochem. Physiol. A, 42(1), 3–12, 1972.

151. Foskett, J. K., Bern, H. A., Machen, T. E., and Conner , M., Chloride cells and the hormonal control
of teleost fish osmoregulation, J. Exp. Biol., 106, 255–281, 1983.

152. Foskett, J. K., Logsdon, C. D., Turner, T., Machen, T. E., and Bern, H. A., Dif ferentiation of the
chloride extrusion mechanisms during seawater adaptation of a teleost fish, the cichlid Sarotherodon
mossambicus, J. Exp. Biol., 93, 209–224, 1981.

153. Foskett, J. K. and Machen, T. E., Vibrating probe analysis of teleost opercular epithelium: correlation
between active transport and leak pathways of individual chloride cells, J. Membr. Biol., 85(1), 25–35,
1985.

154. Fossat, B. and Lahlou, B., The mechanism of coupled transport of sodium and chloride in isolated
urinary bladder of the trout, J. Physiol., 294, 211–222, 1979.

155. Friedman, P. A. and Hebert, S. C., Diluting se gment in kidne y of dogfish shark. I. Localization and
characterization of chloride absorption, Am. J. Physiol., 258(2, Pt. 2), R398–R408, 1990.

156. Frizzell, R. A., Field, M., and Schultz, S. G., Sodium-coupled chloride transport by epithelial tissues,
Am. J. Physiol., 236(1), F1–F8, 1979.

157. Fu, H., Subramanian, R. R., and Masters, S. C., 14–3–3 proteins: structure, function, and re gulation,
Annu. Rev. Pharmacol. Toxicol., 40, 617–647, 2000.

158. Furspan, P., Prange, H. D., and Greenwalt, L., Energetics and osmoregulation in the catfish, Ictalurus
nebolusus and I. punctatus, Comp. Biochem. Physiol. A, 77, 773–778, 1984.

159. Galvez, F., Reid, S. D., Hawkings, G., and Goss, G. G., Isolation and characterization of mitochondria-
rich cell types from the gill of freshwater rainbow trout, Am. J. Physiol. Regul. Integr. Comp. Physiol.,
282(3), R658–R668, 2002.

160. Gamba, G., Saltzberg, S. N., Lombardi, M., Miyanoshita, A., Lytton, J., Hediger, M. A., Brenner, B. M.,
and Hebert, S. C., Primary structure and functional expression of a cDNA encoding the thiazide-sensitive,
electroneutral sodium-chloride cotransporter, Proc. Natl. Acad. Sci. USA , 90(7), 2749–2753, 1993.

161. Georgalis, T., Gilmour, K. M., Yorston, J., and Perry , S. F., Roles of c ytosolic and membrane-bound
carbonic anhydrase in renal control of acid–base balance in rainbow trout, Oncorhynchus mykiss, Am.
J. Physiol. Ren. Physiol. , 291(2), F407–F421, 2006.

162. Gerst, J. W. and Thorson, T. B., Effects of saline acclimation on plasma electrolytes, urea e xcretion,
and hepatic urea biosynthesis in a freshw ater stingray , Potamotrygon sp. Garman, 1877, Comp.
Biochem. Physiol. A, 56, 87–93, 1977.

163. Gess, R. W., Coates, M. I., and Rubidge, B. S., A lamprey from the Devonian period of South Africa,
Nature, 443(7114), 981–984, 2006.

164. Gettex-Galland, M. and Hughes, G. M., Contractile filamentous material in the pillar cells of fish
gills, J. Cell Sci., 13, 359–370, 1973.



350 Osmotic and Ionic Regulation: Cells and Animals

165. Gilmour, K. M., Euv erman, R. M., Esbaugh, A. J., K enney, L., Che w, S. F., Ip, Y. K., and Perry , S.
F., Mechanisms of acid–base re gulation in the African lungfish Protopterus annectens, J. Exp. Biol.,
210(Pt. 11), 1944–59, 2007.

166. Gluck, S., Underhill, D., Iyori, M., Holliday , S., K ostrominova, T., and Lee, B., Ph ysiology and
biochemistry of kidney vacuolar H+-ATPase, Annu. Rev. Physiol., 58, 427–445, 1996.

167. Goldstein, L. and F oster, R. P ., Urea biosynthesis and e xcretion in freshw ater and marine elasmo-
branchs, Comp. Biochem. Physiol., 398, 415–421, 1971.

168. Gonzalez, R. J., Wilson, R. W., Wood, C. M., P atrick, M. L., and Val, A. L., Di verse strategies for
ion regulation in fish collected from the ion-poor, acidic Rio Ne gro, Physiol. Biochem. Zool., 75(1),
37–47, 2002.

169. Goss, G. G., Adamia, S., and Galvez, F., Peanut lectin binds to a subpopulation of mitochondria-rich
cells in the rainbo w trout gill epithelium, Am. J . Physiol. Re gul. Inte gr. Comp. Physiol. , 281(5),
R1718–R1725, 2001.

170. Goss, G. G., Perry, S. F., Wood, C. M., and Laurent, P., Mechanisms of ion and acid–base re gulation
at the gills of freshw ater fish, J. Exp. Zool., 263(2), 143–159, 1992.

171. Greger, R. and Schlatter, E., Mechanism of NaCl secretion in the rectal gland of spiny dogfish (Squalus
acanthias). I. Experiments in isolated in vitro perfused rectal gland tub ules, Pflügers Arch., 402(1),
63–75, 1984.

172. Griffith, R. W., Chemistry of the body fluids of the coelacanth, Latimeria chalumnae, Proc. R. Soc.
Lond. B Biol. Sci. , 208(1172), 329–347, 1980.

173. Griffith, R. W. and Burdick, C. J., Sodium–potassium activated adenosine triphosphatase in coelacanth
tissues: high activity in rectal gland, Comp. Biochem. Physiol. B , 54(4), 557–559, 1976.

174. Griffith, R. W., Pang, P. K. T., Srivastava, A. K., and Pickford, G. E., Serum composition of freshwater
stingrays (Potamotrygonidae) adapted to fresh and dilute sea w ater, Biol. Bull., 144, 304–320, 1973.

175. Grosell, M., Intestinal anion e xchange in marine fish osmoregulation, J. Exp. Biol. , 209(Pt. 15),
2813–2827, 2006.

176. Grosell, M., De Boeck, G., Johannsson, O., and Wood, C. M., The effects of silver on intestinal ion
and acid–base re gulation in the marine teleost fish Parophrys vetulus , Comp. Biochem. Physiol. C
Pharmacol. Toxicol. Endocrinol., 124(3), 259–270, 1999.

177. Grosell, M. and Genz, J., Ouabain-sensiti ve bicarbonate secretion and acid absorption by the marine
teleost fish intestine play a role in osmoregulation, Am. J . Physiol. , Regul. Integr. Comp. Physiol. ,
291(4), R1145–R1156, 2006.

178. Grosell, M., Gilmour, K. M., and Perry , S. F., Intestinal carbonic anh ydrase, bicarbonate, and proton
carriers play a role in the acclimation of rainbo w trout to sea water, Am. J . Physiol. Re gul. Integr.
Comp. Physiol., 293(5), R2099–R2111, 2007.

179. Grosell, M., Hogstrand, C., Wood, C. M., and Hansen, H. J., A nose-to-nose comparison of the
physiological effects of exposure to ionic silv er versus silver chloride in the European eel ( Anguilla
anguilla) and the rainbo w trout (Oncorhynchus mykiss), Aquat. Toxicol., 48(2–3), 327–342, 2000.

180. Grosell, M., Laliberte, C. N., Wood, S. J., Jensen, F. B., and Wood, C. M., Intestinal HCO 3 secretion
in marine teleost fish: evidence for an apical rather than a basolateral Cl/HCO3 exchanger, Fish Physiol.
Biochem., 24, 81–95, 2001.

181. Grosell, M. and Taylor, J. R., Intestinal anion e xchange in teleost w ater balance, Comp. Biochem.
Physiol. A, 148(1), 14–22, 2007.

182. Grosell, M., Wood, C. M., Wilson, R. W., Bury, N. R., Hogstrand, C., Rankin, C., and Jensen, F . B.,
Bicarbonate secretion plays a role in chloride and water absorption of the European flounder intestine,
Am. J. Physiol. Regul. Integr. Comp. Physiol. , 288(4), R936–R946, 2005.

183. Gunter, G., A revised list of euryhaline fishes of North and Middle America, Am. Midl. Nat. , 56,
345–354, 1956.

184. Haas, M. and F orbush, B., The Na–K–Cl cotransporter of secretory epithelia, Annu. Rev. Physiol. ,
62, 515–534, 2000.

185. Halm, D. R., Krasn y, Jr., E. J., and Frizzell, R. A., Potassium transport across the intestine of the
winter flounder: active secretion and absorption, Prog. Clin. Biol. Res. , 126, 245–255, 1983.

186. Halm, D. R., Krasn y, Jr., E. J., and Frizzell, R. A., Electrophysiology of flounder intestinal mucosa.
I. Conductance properties of the cellular and paracellular pathw ays, J. Gen. Physiol. , 85, 843–864,
1985.



Osmotic and Ionic Regulation in Fishes 351

187. Halstead, L. B., The vertebrate invasion of freshwater, Philos. Trans. R. Soc. Lond. B , 309, 243–258,
1985.

188. Hamlett, W. C., Sharks, Skates, and Rays, The Johns Hopkins University Press, Baltimore, MD, 1999.
189. Hardisty, M. W. and Potter, I. C., The Biology of Lampreys, Academic Press, London, 1972.
190. Harvey, B. J., Ph ysiology of V-ATPases, J. Exp. Biol., 172, 1–17, 1992.
191. Hazon, N., Tierney, M. L., Anderson, G., Mack enzie, S., Cutler , C., and Cramb, G., Ion and w ater

balance in elasmobranch fish. In Ionic Regulation in Animals: A Tribute to Pr ofessor W.T.W. Potts,
Hazon, N., Eddy, F. B., and Flik, G., Eds., Springer , Berlin, 1997, pp. 70–86.

192. Hazon, N., Tierney, M. L., and Takei, Y., Renin–angiotensin system in elasmobranch fish: a review,
J. Exp. Zool., 284(5), 526–534, 1999.

193. Hazon, N., Wells, A., Pillans, R. D., Good, J. P., Gary Anderson, W., and Franklin, C. E., Urea-based
osmoregulation and endocrine control in elasmobranch fish with special reference to euryhalinity,
Comp. Biochem. Physiol. B , 136, 685–700, 2003.

194. Heisler, N., Regulation of the acid–base status in fishes. In Environmental Physiology of Fishes, Ali,
M. A., Ed., Plenum Press, Ne w York, 1980, pp. 123–162.

195. Heisler, N., Transepithelial transfer processes as mechanisms for fish acid–base regulation in h yper-
capnia and lactacidosis, Can. J. Zool., 60, 1108–1123, 1982.

196. Heisler, N., Acid–base regulation in fishes. In Fish Physiology, Hoar, W. S. and Randall, D. J., Eds.,
Academic Press, New York, 1984, pp. 315–401.

197. Helfman, G. S., Collette, B. B., and Facey, D. E., The Diversity of Fishes, Blackwell Science, London,
1997.

198. Henderson, I. W., O’Toole, L. B., and Hazon, N., Kidne y function. In Physiology of Elasmobr anch
Fishes, Shuttleworth, T. J., Ed., Springer -Verlag, Berlin, 1988, pp. 201–214.

199. Hentschel, H., Renal blood v ascular system in the elasmobranch Raja erinacea  Mitchill in relation
to kidney zones, Am. J. Anat., 183, 130–147, 1988.

200. Hentschel, H. and Elger , M., The distal nephron in the kidne y of fishes, Adv. Anat. Embryol. Cell
Biol., 108, 1–151, 1987.

201. Hentschel, H. and Elger , M., Morphology of glomerular and aglomerular kidne ys. In Structure and
Function of the Kidne y, Kinne, R. K. H., Ed., Kar ger, Basel, 1989, pp. 1–72.

202. Hentschel, H., Mahler, S., Herter, P., and Elger, M., Renal tub ule of dogfish, Scyliorhinus caniculus:
a comprehensive study of structure with emphasis on intramembrane particles and immunoreacti vity
for H+-K+-adenosine triphosphatase, Anat. Rec., 235, 511–532, 1993.

203. Hickman, Jr ., C. P ., Ingestion, intestinal absorption and elimination of sea w ater and salts in the
southern flounder, Paralichthys lethostigma, Can. J. Zool., 46, 457–466, 1968.

204. Hickman, Jr., C. P., The kidney. In Fish Physiology, Hoar, W. S. and Randall, D. J., Eds., Academic
Press, New York, 1969, pp. 91–239.

206. Hill, W. G., Mathai, J. C., Gensure, R. H., Zeidel, J. D., Apodaca, G., Saenz, J. P., Kinne-Saffran, E.,
Kinne, R., and Zeidel, M. L., Permeabilities of teleost and elasmobranch gill apical membranes:
evidence that lipid bilayers alone do not account for barrier function, Am. J. Physiol., 287, C235–C242,
2004.

207. Hirano, T. and Mayer-Gostan, N., Eel esophagus as an osmore gulatory organ, Proc. Natl. Acad. Sci.
USA, 73(4), 1348–1350, 1976.

208. Hirata, T., Kanek o, T., Ono, T., Nakazato, T., Furuka wa, N., Hase gawa, S., Wakabayashi, S.,
Shigekawa, M., Chang, M. H., Romero, M. F ., and Hirose, S., Mechanism of acid adaptation of a
fish living in a pH 3.5 lak e, Am. J. Physiol. Regul. Integr. Comp. Physiol. , 284(5), R1199–R1212,
2003.

210. Hirata, T., Ono, T., Nakazato, T., Y. Saruta, T. Kaneko, Hirano, T., and Hirose, S., Maintenance of
acid–base balance by Na +/H+ exchanger (NHE3) and Na +/HCO3

–  cotransporter (NBC) in the gill of
dace adapted to extremely acidic conditions (pH 3.5). In Control and Diseases of Sodium-Dependent
Transport Proteins and Ion Channels, Suketa, Y., Carafoli, E., Lazdunski, M., Mikoshiba, K., Okada,
Y., and Wright, E. M., Eds., Else vier Science, Amsterdam, 2000, pp. 127–128.

211. Hiroi, J., McCormick, S., Ohtani-Kanek o, R., and Kaneko, T., Functional classification of mitochon-
drion-rich cells in euryhaline Mozambique tilapia ( Oreochromis mossambicus ) embryos, by means
of triple immunofluorescence staining for Na+/K+-ATPase, Na+/K+/2Cl– cotransporter and CFTR anion
channel, J. Exp. Biol., 208, 2023–2036, 2005.



352 Osmotic and Ionic Regulation: Cells and Animals

212. Hiroi, J. and McCormick, S. D., Variation in salinity tolerance, gill Na +/K+-ATPase, Na +/K+/2Cl–

cotransporter and mitochondria-rich cell distrib ution in three salmonids: Salvelinus namaycush ,
Salvelinus fontinalis, and Salmo salar, J. Exp. Biol., 210, 1015–1024, 2007.

214. Hiroi, J., Miyazaki, H., Katoh, F ., Ohtani-Kaneko, R., and Kanek o, T., Chloride turno ver and ion-
transporting acti vities of yolk-sac preparations (yolk balls) separated from Mozambique tilapia
embryos and incubated in freshw ater and seawater, J. Exp. Biol., 208, 3851–3858, 2005.

214a. Hiroi, J., Yasumasu, S., McCormick, S., Hw ang, P., and Kanek o, T., Evidence for an apical NaCl
cotransporter involved in ion uptak e in a teleost fish, J. Exp. Biol., 211, 2584–2599, 2008.

215. Hirose, S., Kaneko, T., Naito, N., and Takei, Y., Molecular biology of major components of chloride
cells, Comp. Biochem. Physiol. B , 136, 593–620, 2003.

217. Hochachka, P. W. and Somero, G. N., Biochemical Adaptation: Mechanism and Pr ocess in Physio-
logical Evolution, Oxford University Press, Oxford, U.K., 2002.

218. Hoffman, E. K., Schettino, T., and Marshall, W. S., The role of volume-sensitive ion transport systems
in regulation of epithelial transport, Comp. Biochem. Physiol. A, 148, 29–43, 2007.

219. Hoffmann, E. K., Hof fmann, E., Lang, F ., and Zadunaisk y, J. A., Control of Cl – transport in the
operculum epithelium of Fundulus heteroclitus: long- and short-term salinity adaptation, Biochim.
Biophys. Acta Biomembr., 1566, 129–139, 2002.

220. Holder, M. T., Erdmann, M. V., Wilcox, T. P., Caldwell, R. L., and Hillis, D. M., Two living species
of coelacanths?, Proc. Natl. Acad. Sci. USA , 96, 12616–12620, 1999.

221. Holland, N. D. and Chen, J., Origin and early evolution of the vertebrates: new insights from advances
in molecular biology, anatomy, and palaeontology, Bioessays, 23(2), 142–151, 2001.

222. Holmes, W. N. and Donaldson, E. M., The body compartments and the distrib ution of electrolytes.
In Fish Physiology, Hoar, W. S. and Randall, D. J., Eds., Academic Press, New York, 1969, pp. 1–89.

223. Hootman, S. R. and Philpott, C. W., Accessory cells in teleost branchial epithelium, Am. J. Physiol.,
238, R199–R206, 1980.

224. Horng, J., Lin, L., Huang, C., Katoh, F., Kaneko, T., and Hwang, P., Knockdown of V-ATPase subunit
A (atp6v1a) impairs acid secretion and ion balance in zebrafish (Danio rerio), Am. J. Physiol., 292,
R2068–R2076, 2007.

225. Howe, D. and Gutknecht, J., Role of urinary bladder in osmore gulation in marine teleost, Opsanus
tau, Am. J. Physiol., 235, R48–R54, 1978.

226. Hwang, P. P. and Lee, T. H., New insights into fish ion regulation and mitochondrion-rich cells, Comp.
Biochem. Physiol. A, 148, 479–497, 2007.

227. Hyndman, K. A., Choe, K. P., Havird, J. C., Rose, R. E., Piermarini, P. M., and Evans, D. H., Neuronal
nitric oxide synthase in the gill of the killifish, Fundulus heteroclitus, Comp. Biochem. Physiol. B ,
144, 510–519, 2006.

228. Hyodo, S., Bell, J. D., Healy, J. M., Kaneko, T., Hasegawa, S., Takei, Y., Donald, J. A., and Toop, T.,
Osmoregulation in elephant fish Callorhinchus milli (Holocephalii), with special reference to the rectal
gland, J. Exp. Biol., 210, 1303–1310, 2007.

229. Hyodo, S., Katoh, F., Kaneko, T., and Takei, Y., A facilitative urea transporter is localized in the renal
collecting tubule of the dogfish Triakis scyllia, J. Exp. Biol., 207, 347–356, 2004.

230. Inoue, K. and Takei, Y., Molecular evolution of the natriuretic peptide system as re vealed by compar-
ative genomics, Comp. Biochem. Physiol. D , 1, 69–76, 2006.

231. Ip, Y. K., Yeo, P. J., Loong, A. M., Hiong, K. C., Wong, W. P., and Chew, S. F., The interplay of
increased urea synthesis and reduced ammonia production in the African lungfish Protopterus
aethiopicus during 46 days of aesti vation in a mucus cocoon, J. Exp. Zool. , 303A, 1054–1065,
2005.

232. Isaia, J., Water and nonelectrolyte permeation. In Fish Physiology, Hoar, W. S. and Randall, D. J.,
Eds., Academic Press, New York, 1984, pp. 1–38.

232a. Ivanis, G., Esbaugh, A., and Perry, S., Branchial expression and localization of SLC9A2 and SLC9A3
sodium/hydrogen exchangers and their possible role in acid–base re gulation in freshw ater rainbow
trout (Oncorhynchus mykiss), J. Exp. Biol., 211, 2467–2477, 2008.

233. Janech, M. G., Fitzgibbon, W. R., Chen, R., Nowak, M. W., Miller, D. H., Paul, R. V., and Ploth, D. W.,
Molecular and functional characterization of a urea transporter from the kidney of the Atlantic stingray,
Am. J. Physiol., 284, F996–F1005, 2003.



Osmotic and Ionic Regulation in Fishes 353

234. Janech, M. G., Fitzgibbon, W. R., Ploth, D. W., Lac y, E. R., and Miller , D. H., Ef fect of lo w
environmental salinity on plasma composition and renal function of the Atlantic stingray, a euryhaline
elasmobranch, Am. J. Physiol., 291, F770–F780, 2006.

235. Janech, M. G. and Piermarini, P. M., Renal water and solute excretion in the Atlantic stingray in fresh
water, J. Fish Biol., 60, 1–5, 2002.

236. Janvier, P., Catching the first fish, Nature, 402, 21–22, 1999.
237. Jeffery, W. R., Strickler , A. G., and Yamamoto, Y., Migratory neural crest-lik e cells form body

pigmentation in a urochordate embryo, Nature, 431, 696–699, 2004.
238. Job, S. W., The respiratory metabolism of Tilapia mossambica  (Teleostei). I. The ef fect of size,

temperature and salinity, Mar. Biol., 2, 121–126, 1969.
239. Johansen, K., Lykkeboe, G., Weber, R. E., and Maloiy , G. M. O., Respiratory properties of blood in

awake and estivating lungfish, Protopterus amphibius, Resp. Physiol., 27(3), 335–345, 1976.
240. Johnson, M. R. and Snelson, F. F., Reproductive life history of the Atlantic stingray, Dasyatis sabina

(Pisces, Dasyatidae), in the freshw ater St. Johns Ri ver, Florida, Bull. Mar. Sci., 59, 74–88, 1996.
241. Jorgensen, J. M., Lomholt, J. P., Weber, R. E., and Malte, H., The Biology of Hagfishes, Chapman &

Hall, London, 1998.
242. Kamunde, C. N. and Kisia, S. M., Fine structure of the nephron in the euryhaline teleost Oreochromis

niloticus, Acta Biol. Hung., 45(1), 111–121, 1994.
243. Karnaky, Jr., K. G. and Kinter , W. B., Killifish opercular skin: a flat epithelium with a high density

of chloride cells, J. Exp. Zool., 199, 355–364, 1977.
244. Karnaky, Jr., K. G., Structure and function of the chloride cell of  Fundulus heteroclitus and other

teleosts, Am. Zool., 26, 209–224, 1986.
245. Karnaky, Jr., K. G., Teleost osmoregulation: changes in the tight junction in response to the salinity

of the en vironment. In Tight Junctions, Cereijido, M., Ed., CRC Press, Boca Raton, FL, 1992, pp.
175–185.

246. Karnaky, Jr., K. G., Osmotic and ionic regulation. In The Physiology of Fishes, 2nd ed., Evans, D. H.,
Ed., CRC Press, Boca Raton, FL, 1998, pp. 157–176.

247. Karnaky, Jr ., K. G., Kinter , L. B., Kinter , W. B., and Stirling, C. E., Teleost chloride cell. II.
Autoradiographic localization of gill Na,K-A TPase in killifish Fundulus heteroclitus adapted to lo w
and high salinity en vironments, J. Cell Biol., 70, 157–177, 1976.

248. Kato, A., Doi, H., Nakada, T., Sakai, H., and Hirose, S., Takifugu obscurus  is a euryhaline Fugu
species very close to Takifugu rubripes  and suitable for studying osmore gulation, BMC Physiol. , 5,
18, 2005.

249. Katoh, F., Hasegawa, S., Kita, J., Takagi, Y., and Kaneko, T., Distinct seawater and freshwater types
of chloride cells in killifish, Fundulus heteroclitus, Can. J. Zool., 79, 822–829, 2001.

250. Katoh, F., Hyodo, S., and Kaneko, T., Vacuolar-type proton pump in the basolateral plasma membrane
energizes ion uptake in branchial mitochondria-rich cells of killifish, Fundulus heteroclitus, adapted
to a low ion environment, J. Exp. Biol., 206, 793–803, 2003.

252. Katoh, F., Tresguerres, M., Lee, K. M., Kanek o, T., Aida, K., and Goss, G. G., Cloning of rainbo w
trout SLC26A1: involvement in renal sulf ate secretion, Am. J. Physiol., 290, R1468–R1478, 2006.

253. Keys, A., Chloride and w ater secretion and absorption by the gills of the eel,  Z. vergl. Physiol. , 15,
364–389, 1931.

254. Keys, A. B. and Willmer, E. N., “Chloride-secreting cells” in the gills of fishes with special reference
to the common eel, J. Physiol. Lond., 76, 368–378, 1932.

256. Kidder, 3rd, G. W., Petersen, C. W., and Preston, R. L., Ener getics of osmore gulation: I. Oxygen
consumption by Fundulus heteroclitus, J. Exp. Zool., 305A, 309–317, 2006.

257. Kidder, 3rd, G. W., Petersen, C. W., and Preston, R. L., Ener getics of osmoregulation. II. Water flux
and osmoregulatory work in the euryhaline fish, Fundulus heteroclitus, J. Exp. Zool. A Comp. Exp.
Biol., 305(4), 318–327, 2006.

258. Deleted at proofs.
259. Kirschner, L. B., The mechanism of sodium chloride uptak e in h yperregulating aquatic animals, J.

Exp. Biol., 207, 1439–1452, 2004.
260. Kirschner, L. B., The energetics of osmotic re gulation in ureotelic and h ypoosmotic fishes, J. Exp.

Zool., 267, 19–26, 1993.



354 Osmotic and Ionic Regulation: Cells and Animals

261. Kirschner, L. B., Energetics of osmoregulation in fresh water vertebrates, J. Exp. Zool., 271, 243–252,
1995.

262. Kleyman, T. and Cragoe, E., Amiloride and its analogs as tools in the study of ion transport, J. Membr.
Biol., 105, 1–21, 1988.

263. Kluge, B. and Fischer, A., The pronephros of the early ammocoete larv a of lampreys (Cyclostomata,
Petromyzontes): fine structure of the external glomus, Cell Tiss. Res., 260, 249–259, 1990.

264. Klungsoyr, L., Magnesium ion acti vated ATPase and proton transport in v esicles from the gill of
rainbow trout (Salmo gairdneri), Comp. Biochem. Physiol. B , 88, 1125–1134, 1987.

265. Koomoa, D. L., Musch, M. W., MacLean, A. V., and Goldstein, L., Volume-activated trimethylamine
oxide efflux in red blood cells of spiny dogfish (Squalus acanthias), Am. J. Physiol., 281, R803–R810,
2001.

266. Krayushkina, L. S., Gerasimo v, A. A., and Smirno v, A. V., Hypoosmotic re gulation in anadromous
marine sturgeon, with special reference to the structure and function of their kidneys and gill chloride
cells, Dokl. Biol. Sci. , 378, 210–212, 2001.

267. Kristiansen, H. R. and Rankin, J. C., Discrimination between endogenous and exogenous water sources
in juvenile rainbow trout fed e xtruded dry feed, Aquat. Living Resour., 14(6), 359–366, 2001.

268. Krogh, A., Osmotic re gulation in freshw ater fishes by active absorption of chloride ions, Z. vergl.
Physiol., 24, 656–666, 1937.

269. Krogh, A., The active absorption of ions in some freshwater animals, Z. vergl. Physiol., 25, 335–350,
1938.

270. Kultz, D. and Avila, K., Mitogen-acti vated protein kinases are in vivo  transducers of osmosensory
signals in fish gill cells, Comp. Biochem. Physiol. B , 129, 821–829, 2001.

271. Kultz, D., Chakra varty, D., and Adilakshmi, T., A no vel 14–3–3 gene is osmore gulated in gill
epithelium of the euryhaline teleost Fundulus heteroclitus, J. Exp. Biol., 204, 2975–2985, 2001.

272. Kurita, Y., Nakada, T., Kato, A., Doi, H., Mistry, A. C., Chang, M. H., Romero, M. F ., and Hirose, S.,
Identification of intestinal bicarbonate transporters involved in formation of carbonate precipitates to
stimulate water absorption in marine teleost fish, Am. J. Physiol., 294(4), R1402–R1412, 2008.

273. Lacy, E. R. and Reale, E., Functional morphology of the elasmobranch nephron and retention of urea.
In Cellular and Molecular Approaches to Fish Ionic Regulation, Wood, C. M. and Shuttleworth, T. J.,
Eds., Academic Press, San Die go, CA, 1995, pp. 107–146.

274. Lacy, E. R. and Reale, E., Urinary system. In Sharks, Skates, and Rays , Hamlett, W. C., Ed., The
Johns Hopkins University Press, Baltimore, MD, 1999, pp. 353–397.

275. Lagios, M. D., Granular epithelioid (juxtaglomerular) cell and renovascular morphology of the coela-
canth Latimeria chalumnae Smith (Crossopterygii) compared with that of other fishes, Gen. Comp.
Endocrinol., 22, 296–307, 1974.

276. Lagios, M. D. and McCosk er, J. E., A cloacal e xcretory gland in the lungfish Protopterus, Copeia,
1977, 176–178, 1977.

277. Lahlou, B., Henderson, I. W., and Sa wyer, W. H., Renal adaptations by Opsanus tau , a euryhaline
aglomerular teleost, to dilute media, Am. J. Physiol., 216, 1266–1272, 1969.

278. Laiz-Carrion, R., Guerreiro, P. M., Fuentes, J., Canario, A. V., Martin Del Rio, M. P ., and Mancera,
J. M., Branchial osmore gulatory response to salinity in the gilthead sea bream, Sparus auratus, J.
Exp. Zool., 303A, 563–576, 2005.

279. Laurent, P., Gill internal morphology . In Fish Physiolo gy, Hoar , W. S. and Randall, D. J., Eds.,
Academic Press, New York, 1984, pp. 39–63.

280. Laurent, P., Chevalier, C., and Wood, C., Appearance of cuboidal cells in relation to salinity in gills
of Fundulus heteroclitus, a species e xhibiting branchial Na + but not Cl – uptake in freshw ater, Cell
Tissue Res., 325, 481–492, 2006.

281. Laurent, P. and Dunel, S., Morphology of gill epithelia in fish, Am. J. Physiol., 238(3), R147–R159,
1980.

282. Lee, J., Valkova, N., White, M. P., and Kultz, D., Proteomic identification of processes and pathways
characteristic of osmoregulatory tissues in spiny dogfish (Squalus acanthias), Comp. Biochem. Physiol.
D, 1, 328–343, 2006.

283. Lee, T. H., Feng, S. H., Lin, C. H., Hw ang, Y. H., Huang, C. L., and Hw ang, P. P., Ambient salinity
modulates the e xpression of sodium pumps in branchial mitochondria-rich cells of Mozambique
tilapia, Oreochromis mossambicus, Zool. Sci., 20, 29–36, 2003.



Osmotic and Ionic Regulation in Fishes 355

284. Lehrich, R. W., Aller, S. G., Webster, P., Marino, C. R., and F orrest, Jr., J. N., Vasoactive intestinal
peptide, forsk olin, and genistein increase apical CFTR traf ficking in the rectal gland of the spiny
dogfish, Squalus acanthias . Acute re gulation of CFTR traf ficking in an intact epithelium, J. Clin.
Invest., 101, 737–745, 1998.

285. Lemire, M. and Lagios, M. D., Ultrastructure of the secretory parench yma of the postanal gland of
the coelacanth, Latimeria chalumnae Smith, Acata Anat. (Basel), 104, 1–15, 1979.

286. Liebert, A. M. and Schreck, C. B., Ef fects of acute stress on osmore gulation, feed intake, IGF-1, and
cortisol in yearling steelhead trout ( Oncorhynchus mykiss) during sea water adaptation, Gen. Comp.
Endocrinol., 148, 195–202, 2006.

287. Liem, K. F ., Bemis, W., Walker, W. F., and Grande, L., Functional Anatomy of the Vertebrates: An
Evolutionary Perspective, 3rd ed., Brooks/Cole, Florence, KY , 2001.

288. Lignot, J. H., Cutler, C. P., Hazon, N., and Cramb, G., Immunolocalisation of aquaporin 3 in the gill
and the gastrointestinal tract of the European eel Anguilla anguilla (L.), J. Exp. Biol., 205, 2653–2663,
2002.

289. Lima, R. N. and Kültz, D., Laser scanning cytometry and tissue microarray analysis of salinity effects
on killifish chloride cells, J. Exp. Biol., 207, 1729–1739, 2004.

290. Lin, C.-H., Huang, P .-P., Yang, C.-H., Lee, T.-H., and Hw ang, P.-P., Time-course changes in the
expression of Na,K-A TPase and the morphometry of mitochondria-rich cells in gills of euryhaline
tilapia (Oreochromis mossambicus) during freshwater acclimation, J. Exp. Zool., 301A, 85–96, 2004.

291. Lin, C. H. and Lee, T. H., Sodium or potassium ions acti vate different kinetics of gill Na,K-A TPase
in three seawater- and freshwater-acclimated euryhaline teleosts, J. Exp. Zool., 303A, 57–65, 2005.

292. Lin, C. H., Tsai, R. S., and Lee, T. H., Expression and distribution of Na,K-ATPase in gill and kidney
of the spotted green puf ferfish, Tetraodon nigr oviridis, in response to salinity challenge, Comp.
Biochem. Physiol. A, 138, 287–295, 2004.

293. Lin, H. and Randall, D. J., H +-ATPase acti vity in crude homogenates of fish gill tissue: inhibitor
sensitivity and environmental and hormonal re gulation, J. Exp. Biol., 180, 163–174, 1993.

294. Lin, L. Y., Horng, J. L., K unkel, J. G., and Hw ang, P. P., Proton pump-rich cell secretes acid in skin
of zebrafish larvae, Am. J. Physiol., 290, C371–C378, 2006.

295. Deleted at proofs.
296. Lin, Y. M., Chen, C. N., and Lee, T. H., The expression of gill Na,K-ATPase in milkfish, Chanos chanos,

acclimated to seawater, brackish water and fresh water, Comp. Biochem. Physiol. A, 135, 489–497, 2003.
297. Lin, Y. M., Chen, C. N., Yoshinaga, T., Tsai, S. C., Shen, I. D., and Lee, T. H., Short-term ef fects of

hyposmotic shock on Na +/K+-ATPase expression in gills of the euryhaline milkfish, Chanos chanos,
Comp. Biochem. Physiol. A, 143, 406–415, 2006.

298. Lingwood, D., Harauz, G., and Ballantyne, J., Decoupling the Na+,K+-ATPase in vivo: a possible new
role in the gills of freshw ater fishes, Comp. Biochem. Physiol. A, 144, 451–457, 2006.

299. Logan, A. G., Moriarty , R. J., Morris, R., and Rankin, J. C., The anatomy and blood system of the
kidney in the ri ver lamprey, Lampetra fluviatilis, Anat. Embryol. (Berl.) , 158, 245–252, 1980.

300. Logan, A. G., Moriarty , R. J., and Rankin, J. C., A micropuncture study of kidne y function in the
river lamprey, Lampetra fluviatilis, adapted to fresh w ater, J. Exp. Biol., 85, 137–147, 1980.

301. Logan, A. G., Morris, R., and Rankin, J. C., A micropuncture study of kidne y function in the ri ver
lamprey, Lampetra fluviatilis, adapted to sea w ater, J. Exp. Biol., 88, 239–247, 1980.

302. Loong, A. M., Hiong, K. C., Lee, S. M., Wong, W. P., Chew, S. F., and Ip, Y. K., Ornithine–urea cycle
and urea synthesis in African lungfishes, Protopterus aethiopicus and Protopterus annectens, exposed
to terrestrial conditions for six days, J. Exp. Zool., 303A, 354–65, 2005.

303. Loretz, C. A., Electrophysiology of ion transport in teleost intestinal cells. In Cellular and Molecular
Approaches to Fish Ionic Regulation, Wood, C. M. and Shuttleworth, T. J., Eds., Academic Press, San
Diego, CA, 1995, pp. 25–56.

304. Loretz, C. A. and Bern, H. A., Ion transport by the urinary bladder of the gobiid teleost, Gillichthys
mirabilis, Am. J. Physiol., 239(5), R415–R423, 1980.

305. Loretz, C. A. and Fourtner, C. R., Functional characterization of a v oltage-gated anion channel from
teleost fish intestinal epithelium, J. Exp. Biol., 136, 383–403, 1988.

306. Lytle, C., Xu, J. C., Biemesderfer , D., Haas, M., and F orbush, 3rd, B., The Na–K–Cl cotransport
protein of shark rectal gland. I. De velopment of monoclonal antibodies, immunoaf finity purification,
and partial biochemical characterization, J. Biol. Chem., 267, 25428–25437, 1992.



356 Osmotic and Ionic Regulation: Cells and Animals

307. MacKenzie, S., Cutler , C. P ., Hazon, N., and Cramb, G., The effects of dietary sodium loading on
the activity and expression of Na,K-ATPase in the rectal gland of the European dogfish (Scyliorhinus
canicula), Comp. Biochem. Physiol. B , 131, 185–200, 2002.

308. Maetz, J., Sea w ater teleosts: e vidence for a sodium–potassium e xchange in the branchial sodium-
excreting pump, Science, 166, 613–615, 1969.

309. Maetz, J., Fish gills: mechanisms of salt transfer in fresh w ater and sea w ater, Philos. Trans. R. Soc.
Lond. B, 262, 209–251, 1971.

310. Mallatt, J. and Chen, J. Y., Fossil sister group of craniates: predicted and found, J. Morphol., 258(1),
1–31, 2003.

311. Mallatt, J., Conley, D. M., and Ridgw ay, R. L., Why do hagfish have gill “chloride cells” when the y
need not regulate plasma NaCl concentration?, Can. J. Zool., 65, 1956–1965, 1987.

312. Mallatt, J. and P aulsen, C., Gill ultrastructure of the P acific hagfish Eptatretus stouti , Am. J. Anat.,
177(2), 243–269, 1986.

313. Mallatt, J. and Sulli van, J., 28S and 18S rDN A sequences support the monoph yly of lampre ys and
hagfishes, Mol. Biol. Evol. , 15, 1706–1718, 1998.

314. Marshall, J., Martin, K. A., Picciotto, M., Hockfield, S., Nairn, A. C., and Kaczmarek, L. K.,
Identification and localization of a dogfish homolog of human cystic fibrosis transmembrane conduc-
tance regulator, J. Biol. Chem., 266, 22749–22754, 1991.

316. Marshall, W. S., Sodium dependency of active chloride transport across isolated fish skin (Gillichthys
mirabilis), J. Physiol., 319, 165–178, 1981.

317. Marshall, W. S., Independent Na + and Cl – active transport by urinary bladder epithelium of brook
trout, Am. J. Physiol., 250, R227–R234, 1986.

318. Marshall, W. S., Transport processes in isolated teleost epithelia: opercular epithelium and urinary
bladder. In Cellular and Molecular Approaches to Fish Ionic Regulation, Wood, C. M. and Shuttle-
worth, T. J., Eds., Academic Press, San Die go, CA, 1995, pp. 1–23.

319. Marshall, W. S., Na +, Cl–, Ca2+ and Zn2+ transport by fish gills: retrospective review and prospective
synthesis, J. Exp. Zool., 293, 264–283, 2002.

320. Marshall, W. S., Rapid re gulation of NaCl secretion by estuarine teleost fish: coping strategies for
short-duration freshwater exposures, Biochim. Biophys. Acta, 1618, 95–105, 2003.

321. Marshall, W. S. and Bryson, S. E., Intracellular pH re gulation in trout urinary bladder epithelium:
Na+-H+(NH4+) exchange, Am. J. Physiol., 261, R652–R658, 1991.

322. Marshall, W. S. and Bryson, S. E., Transport mechanisms of seawater teleost chloride cells: an inclusive
model of a multifunctional cell, Comp. Biochem. Physiol. A, 119(1), 97–106, 1998.

323. Marshall, W. S., Bryson, S. E., Bur ghardt, J. S., and Verbost, P. M., Ca 2+ transport by opercular
epithelium of the fresh w ater adapted euryhaline teleost, Fundulus heteroclitus, J. Comp. Physiol. B ,
165, 268–277, 1995.

324. Marshall, W. S., Bryson, S. E., and Luby , T., Control of epithelial Cl – secretion by basolateral
osmolality in the euryhaline teleost  Fundulus heteroclitus, J. Exp. Biol., 203, 1897–1905, 2000.

325. Marshall, W. S., Bryson, S. E., and Wood, C. M., Calcium transport by isolated skin of rainbow trout,
J. Exp. Biol., 166, 297–316, 1992.

326. Marshall, W. S. and Grosell, M., Ion transport, osmore gulation and acid–base balance. In The Phys-
iology of Fishes, 3rd ed., Evans, D. H. and Claiborne, J. B., Eds., CRC Press, Boca Raton, FL, 2006,
pp. 177–230.

328. Marshall, W. S., Howard, J. A., Cozzi, R. R., and Lynch, E. M., NaCl and fluid secretion by the intestine
of the teleost Fundulus heteroclitus: involvement of CFTR, J. Exp. Biol., 205(Pt. 6), 745–758, 2002.

329. Marshall, W. S., L ynch, E. M., and Cozzi, R. R., Redistrib ution of immunofluorescence of CFTR
anion channel and NKCC cotransporter in chloride cells during adaptation of the killifish Fundulus
heteroclitus to sea water, J. Exp. Biol., 205, 1265–1273, 2002.

330. Marshall, W. S. and Nishioka, R. S., Relation of mitochondria-rich chloride cells to acti ve chloride
transport in the skin of a marine teleost, J. Exp. Zool., 214, 147–156, 1980.

331. Marshall, W. S., Ossum, C. G., and Hof fmann, E. K., Hypotonic shock mediation by p38 MAPK,
JNK, PKC, F AK, OSR1, and SP AK in osmosensing chloride secreting cells of killifish opercular
epithelium, J. Exp. Biol., 208, 1063–1077, 2005.

332. Marshall, W. S. and Singer, T. D., Cystic fibrosis transmembrane conductance regulator in teleost fish,
Biochim. Biophys. Acta, 1566, 16–27, 2002.



Osmotic and Ionic Regulation in Fishes 357

333. Martin, R. A., Conservation of freshw ater and euryhaline elasmobranchs, J. Mar. Biol. Assoc. U.K.,
85, 1049–1073, 2005.

334. Martinez, A. S., Cutler , C. P ., Wilson, G. D., Phillips, C., Hazon, N., and Cramb, G., Cloning and
expression of three aquaporin homologues from the European eel ( Anguilla anguilla ): ef fects of
seawater acclimation and cortisol treatment on renal e xpression, Biol. Cell, 97, 615–627, 2005.

335. Martinez, A. S., Cutler , C. P., Wilson, G. D., Phillips, C., Hazon, N., and Cramb, G., Re gulation of
expression of tw o aquaporin homologs in the intestine of the European eel: ef fects of sea water
acclimation and cortisol treatment, Am. J. Physiol., 288, R1733–R1743, 2005.

336. Martinez, A. S., Wilson, G., Phillips, C., Cutler , C., Hazon, N., and Cramb, G., Ef fect of cortisol on
aquaporin expression in the esophagus of the European eel, Anguilla anguilla, Ann. N.Y. Acad. Sci.,
1040, 395–398, 2005.

337. Martinez-Alvarez, R. M., Hidalgo, M. C., Domezain, A., Morales, A. E., Garcia-Galle go, M., and
Sanz, A., Physiological changes of stur geon Acipenser naccarii caused by increasing en vironmental
salinity, J. Exp. Biol., 205, 3699–3706, 2002.

338. Martinez-Alvarez, R. M., Sanz, A., Garcia-Gallego, M., Domezain, A., Domezain, J., Carmona, R.,
del Valle Ostos-Garrido, M., and Morales, A. E., Adaptive branchial mechanisms in the stur geon
Acipenser naccarii during acclimation to saltwater, Comp. Biochem. Physiol. A, 141, 183–190, 2005.

339. Martini, F. H., The ecology of hagfishes. In The Biology of Hagfishes, Jorgensen, J. M., Lomholt, J. P.,
Weber, R. E., and Malte, H., Eds., Chapman & Hall, London, 1998, pp. 57–77.

340. McCormick, S. D., Endocrine control of osmoregulation in teleost fish, Am. Zool., 41, 781–794, 2001.
341. McCormick, S. D. and Bradshaw, D., Hormonal control of salt and water balance in vertebrates, Gen.

Comp. Endocrinol., 147, 3–8, 2006.
342. McCormick, S. D., Hasegawa, S., and Hirano, T., Calcium uptake in the skin of a freshw ater teleost,

Proc. Natl. Acad. Sci. USA , 89, 3635–3638, 1992.
343. McCormick, S. D., Sundell, K., Bjornsson, B. T., Brown, C. L., and Hiroi, J., Influence of salinity

on the localization of Na +/K+-ATPase, Na+/K+/2Cl– cotransporter (NKCC) and CFTR anion channel
in chloride cells of the Hawaiian goby (Stenogobius hawaiiensis), J. Exp. Biol., 206, 4575–4583, 2003.

344. McDonald, M. D., Smith, C. P ., and Walsh, P. J., The physiology and evolution of urea transport in
fishes, J. Membr. Biol., 212, 93–107, 2006.

345. McDonald, M. D., Walsh, P. J., and Wood, C. M., Transport ph ysiology of the urinary bladder in
teleosts: a suitable model for renal urea handling?, J. Exp. Zool., 292(7), 604–617, 2002.

346. McFarland, W. N. and Munz, F. W., Regulation of body weight and serum composition by hagfish in
various media, Comp. Biochem. Physiol., 14, 393–398, 1965.

347. McInerney, J. E., Renal sodium reabsorption in the hagfish, Eptatretus stouti, Comp. Biochem. Physiol.,
49, 273–280, 1974.

348. McVicar, A. J. and Rankin, J. C., Dynamics of glomerular filtration in the river lamprey, Lampetra
fluviatilis L., Am. J. Physiol., 249, F132–F138, 1985.

349. Millot, J. and Anthony, J., Le glande post-anale de Latimeria, Ann. Sci. Natur. Zool. Paris 12e Ser.,
14, 305–318, 1960.

350. Mistry, A. C., Kato, A., Tran, Y. H., Honda, S., Tsukada, T., Takei, Y., and Hirose, S., FHL5, a no vel
actin fiber-binding protein, is highly expressed in gill pillar cells and responds to w all tension in eels,
Am. J. Physiol., 287, 1141–1154, 2004.

351. Miyazaki, H., Kanek o, T., Uchida, S., Sasaki, S., and Takei, Y., Kidne y-specific chloride channel,
OmClC-K, predominantly e xpressed in the diluting se gment of freshw ater-adapted tilapia kidne y,
Proc. Natl. Acad. Sci. USA , 99, 15782–15787, 2002.

352. Morgan, J. D. and Iw ama, G. K., Ener gy cost of NaCl transport in isolated gills of cutthroat trout,
Am. J. Physiol., 277, R631–R639, 1999.

353. Morgan, R. L., Ballantyne, J. S., and Wright, P. A., Regulation of a renal urea transporter with reduced
salinity in a marine elasmobranch, Raja erinacea, J. Exp. Biol., 206, 3285–3292, 2003.

354. Morgan, R. L., Wright, P. A., and Ballantyne, J. S., Urea transport in kidne y brush-border membrane
vesicles from an elasmobranch, Raja erinacea, J. Exp. Biol., 206, 3293–3302, 2003.

355. Morris, R., The mechanism of marine osmoregulation in the lampern, Lampetra fluviatilis L., and the
cause of its breakdo wn during the spa wning migration, J. Exp. Biol., 35, 649–665, 1958.

356. Morris, R., General problems of osmore gulation with special reference to c yclostomes, Symp. Zool.
Soc. Lond., 1, 1–16, 1960.



358 Osmotic and Ionic Regulation: Cells and Animals

357. Morris, R., Osmore gulation. In The Biolo gy of Lampr eys, Hardisty, M. W. and Potter , I. C., Eds.,
Academic Press, London, 1972, pp. 193–239.

358. Motais, R., Isaia, J., Rankin, J. C., and Maetz, J., Adaptive changes of w ater permeability of the
teleostean gill epithelium in relation to e xternal salinity, J. Exp. Biol., 51, 529–546, 1969.

359. Munz, F. W. and McF arland, W. N., Re gulatory function of a primiti ve v ertebrate kidne y, Comp.
Biochem. Physiol., 13, 381–400, 1964.

360. Myers, J. D., Murdaugh, H. V., Davis, B., Blumentals, A., Eichenholz, A., Ragn, M. V., and Murdaugh,
E. W., Effects of diuretic drugs on renal function in Squalus acanthias , Bull. Mt. Desert Isl. Biol.
Lab., 11, 71–71, 1971.

361. Nawata, C. M., Hung, C. C., Tsui, T. K., Wilson, J. M., Wright, P. A., and Wood, C. M., Ammonia
excretion in rainbo w trout ( Oncorhynchus mykiss ): e vidence for Rh glycoprotein and H +-ATPase
involvement, Physiol. Genom., 31, 463–474, 2007.

362. Nearing, J., Betka, M., Quinn, S., Hentschel, H., Elger , M., Baum, M., Bai, M., Chattopadyhay , N.,
Brown, E. M., Hebert, S. C., and Harris, H. W., Polyvalent cation receptor proteins (CaRs) are salinity
sensors in fish, Proc. Natl. Acad. Sci. USA , 99, 9231–9236, 2002.

363. Nebel, C., Negre-Sadargues, G., Blasco, C., and Charmantier , G., Morphofunctional ontogeny of the
urinary system of the European sea bass Dicentrarchus labrax, Anat. Embryol. (Berl.), 209, 193–206,
2005.

364. Nebel, C., Romestand, B., Ne gre-Sadargues, G., Grousset, E., Aujoulat, F., Bacal, J., Bonhomme, F.,
and Charmantier , G., Dif ferential freshw ater adaptation in juv enile sea-bass Dicentrarchus labrax:
involvement of gills and urinary system, J. Exp. Biol., 208, 3859–3871, 2005.

365. Nelson, J. S., Fishes of the World, 4th ed., John Wiley & Sons, Hobok en, NJ, 2006.
366. Nishimoto, G., Sasaki, G., Yaoita, E., Nameta, M., Li, H., Furuse, K., Fujinaka, H., Yoshida, Y.,

Mitsudome, A., and Yamamoto, T., Molecular characterization of w ater-selective AQP (EbAQP4) in
hagfish: insight into ancestral origin of AQP4, Am. J. Physiol., 292, R644–R651, 2007.

367. Nishimura, H. and Imai, M., Control of renal function in freshw ater and marine teleosts, Fed. Proc.,
41(8), 2355–2360, 1982.

368. Nishimura, H., Imai, M., and Og awa, M., Sodium chloride and w ater transport in the renal distal
tubule of the rainbo w trout, Am. J. Physiol., 244(3), F247–F254, 1983.

369. Nordlie, F. G., The influence of environmental salinity on respiratory oxygen demands in the euryhaline
teleost, Ambassis interrupta Bleeker, Comp. Biochem. Physiol. A, 59, 271–274, 1978.

370. Oguri, M., Rectal glands of marine and fresh-w ater sharks: comparati ve histology , Science, 144,
1151–1152, 1964.

371. Ojeda, J. L., Icardo, J. M., and Domezain, A., Renal corpuscle of the sturgeon kidney: an ultrastructural,
chemical dissection, and lectin-binding study , Anat. Rec., 272, 563–573, 2003.

372. Ojeda, J. L., Icardo, J. M., Wong, W. P., and Ip, Y. K., Microanatomy and ultrastructure of the kidne y
of the African lungfish Protopterus dolloi, Anat. Rec., 288, 609–625, 2006.

373. Olson, K. R., Morphology and v ascular anatomy of the gills of a primiti ve air -breathing fish, the
bowfin (Amia calva), Cell Tissue Res., 218, 499–517, 1981.

374. Olson, K. R., Rectal gland and v olume homeostasis. In Sharks, Skates, and Rays , Hamlett, W. C.,
Ed., The Johns Hopkins Uni versity Press, Baltimore, MD, 1999, pp. 329–352.

375. Olson, K. R., Vascular anatomy of the fish gill, J. Exp. Zool., 293(3), 214–231, 2002.
376. Ota, K. G., K uraku, S., and K uratani, S., Hagfish embryology with reference to the evolution of the

neural crest, Nature, 446, 672–675, 2007.
377. Ota, K. G. and K uratani, S., The history of scientific endeavors to wards understanding hagfish

embryology, Zool. Sci., 23, 403–418, 2006.
378. Parks, S. K., Tresguerres, M., and Goss, G. G., Blood and gill responses to HCl infusions in the

Pacific hagfish (Eptatretus stoutii), Can. J. Zool., 85(8), 855–862, 2007.
379. Parks, S. K., Tresguerres, M., and Goss, G. G., Interactions between Na + channels and Na +-HCO3

–

cotransporters in the freshw ater fish gill MR cell: a model for transepithelial Na+ uptake, Am. J .
Physiol., 292, C935–C944, 2007.

380. Parmelee, J. T. and Renfro, J. L., Esophageal desalination of sea water in flounder: role of active
sodium transport, Am. J. Physiol., 245, R888–R893, 1983.

381. Pärt, P., Wright, P. A., and Wood, C. M., Urea and w ater permeability in dogfish (Squalus acanthias)
gills, Comp. Biochem. Physiol. A, 119, 117–123, 1998.



Osmotic and Ionic Regulation in Fishes 359

382. Patrick, M., Part, P., Marshall, W., and Wood, C., Characterization of ion and acid–base transport in
the fresh-water-adapted mummichog (Fundulus heteroclitus), J. Exp. Zool., 279, 208–219, 1997.

383. Patrick, M. L. and Wood, C. M., Ion and acid–base regulation in the freshwater mummichog (Fundulus
heteroclitus): a departure from the standard model for freshw ater teleosts, Comp. Biochem. Physiol.
A, 122, 445–456, 1999.

384. Payan, P., Girard, J. P ., and Mayer -Gostan, N., Branchial ion mo vements in teleosts: the roles of
respiratory and chloride cells. In Fish Physiology, Hoar, W. S. and Randall, D. J., Eds., Academic
Press, Orlando, FL, 1984, pp. 39–63.

385. Payan, P., Goldstein, L., and F orster, R. P., Gills and kidne ys in ureosmotic re gulation in euryhaline
skates, Am. J. Physiol., 224, 367–372, 1973.

386. Payan, P. and Maetz, J., Balance hydrique chez les Elasmobranches: arguments en faveur d’un controle
endocrinien, Gen. Comp. Endocrinol. , 16, 535–554, 1971.

387. Peek, W. D. and Youson, J. H., Ultrastructure of chloride cells in young adults of the anadromous sea
lamprey, Petromyzon marinus L., in fresh water and during adaptation to sea water, J. Morphol., 160,
143–164, 1979.

388. Pelis, R. M., Edwards, S. L., Kunigelis, S. C., Claiborne, J. B., and Renfro, J. L., Stimulation of renal
sulfate secretion by metabolic acidosis requires Na +/H+ exchange induction and carbonic anh ydrase,
Am. J. Physiol. Ren. Physiol. , 289, F208–F216, 2005.

389. Pelis, R. M. and Renfro, J. L., Role of tub ular secretion and carbonic anh ydrase in v ertebrate renal
sulfate excretion, Am. J. Physiol., 287, R491–R501, 2004.

390. Pelis, R. M., Zydle wski, J., and McCormick, S. D., Gill Na +–K+–2Cl– cotransporter abundance and
location in Atlantic salmon: ef fects of sea water and smolting, Am. J. Physiol. , 280, R1844–R1852,
2001.

391. Pellertier, D. and Besner , M., The effect of salty diets and gradual transfer to sea w ater on osmotic
adaptation, gill Na +,K+-ATPase activation, survival of brook char , Salvelinus fontinalis  Mitchill, J.
Fish Biol., 141, 791–803, 1992.

392. Perrot, M. N., Grierson, C. E., Hazon, N., and Balment, R., Drinking beha viour in sea w ater and
fresh water teleosts, the role of the renin-angiotensin system, Fish Physiol. Biochem., 10, 161–168,
1992.

393. Perry, S. F., Beyers, M. L., and Johnson, D. A., Cloning and molecular characterisation of the trout
(Oncorhynchus mykiss) vacuolar H+-ATPase B subunit, J. Exp. Biol., 203, 459–470, 2000.

394. Perry, S. F. and Gilmour, K. M., Acid–base balance and CO2 excretion in fish: unanswered questions
and emerging models, Respir. Physiol., 154, 199–215, 2006.

395. Perry, S. F., Gilmour, K. M., Swenson, E. R., Vulesevic, B., Chew, S. F., and Ip, Y. K., An investigation
of the role of carbonic anhydrase in aquatic and aerial gas transfer in the African lungfish Protopterus
dolloi, J. Exp. Biol., 208, 3805–3815, 2005.

396. Perry, S. F., Rivero-Lopez, L., McNeill, B., and Wilson, J., Fooling a freshwater fish: how dietary salt
transforms the rainbow trout gill into a saltw ater phenotype, J. Exp. Biol., 209, 4591–4596, 2006.

397. Perry, S. F., Shahsavarani, A., Georgalis, T., Bayaa, M., Furimsky, M., and Thomas, S. L. Y., Channels,
pumps, and e xchangers in the gill and kidne y of freshw ater fishes: their role in ionic and acid–base
regulation, J. Exp. Zool., 300A, 53–62, 2003.

398. Pickering, A. D. and Morris, R., Osmore gulation of Lampetra fluviatilis L. and Petromyzon marinus
(Cyclostomata) in hyperosmotic solutions, J. Exp. Biol., 53, 231–243, 1970.

399. Piermarini, P. M. and Ev ans, D. H., Osmore gulation of the Atlantic stingray (Dasyatis sabina) from
the freshwater Lake Jesup of the St. Johns Ri ver, Florida, Physiol. Zool., 71, 553–560, 1998.

400. Piermarini, P. M. and Ev ans, D. H., Ef fects of environmental salinity on Na +/K+-ATPase in the gills
and rectal gland of a euryhaline elasmobranch ( Dasyatis sabina), J. Exp. Biol., 203, 2957–66, 2000.

401. Piermarini, P. M. and Ev ans, D. H., Immunochemical analysis of the v acuolar proton-ATPase B-
subunit in the gills of a euryhaline stingray (Dasyatis sabina): effects of salinity and relation to Na+/K+-
ATPase, J. Exp. Biol., 204, 3251–3259, 2001.

402. Piermarini, P. M., Verlander, J. W., Royaux, I. E., and Evans, D. H., Pendrin immunoreactivity in the
gill epithelium of a euryhaline elasmobranch, Am. J. Physiol., 283, R983–R992, 2002.

403. Pillans, R. D. and Franklin, C. E., Plasma osmolyte concentrations and rectal gland mass of b ull
sharks Carcharhinus leucas , captured along a salinity gradient, Comp. Bioc hem. Physiol. A, 138,
363–371, 2004.



360 Osmotic and Ionic Regulation: Cells and Animals

404. Pillans, R. D., Good, J. P ., Anderson, W. G., Hazon, N., and Franklin, C. E., Freshw ater to seawater
acclimation of juv enile b ull sharks ( Carcharhinus leucas ): plasma osmolytes and Na +/K+-ATPase
activity in gill, rectal gland, kidne y and intestine, J. Comp. Physiol. B , 175, 37–44, 2005.

405. Pisam, M., Membranous systems in the “chloride cell” of teleostean fish gill; their modifications in
response to the salinity of the en vironment, Anat. Rec., 200, 401–414, 1981.

406. Pisam, M., Auperin, B., Prunet, P ., Rentier -Delrue, F ., Martial, J., and Rambour g, A., Ef fects of
prolactin on alpha and beta chloride cells in the gill epithelium of the saltw ater adapted tilapia
Oreochromis niloticus, Anat. Rec., 235, 275–284, 1993.

407. Pisam, M., Boeuf, G., Prunet, P ., and Rambour g, A., Ultrastructural features of mitochondria-rich
cells in stenohaline freshw ater and seawater fishes, Am. J. Anat., 187, 21–31, 1990.

408. Pisam, M., Lemoal, C., Auperin, B., Prunet, P., and Rambourg, A., Apical structures of “mitochondria-
rich” a and b cells in euryhaline fish gill: their behaviour in various living conditions, Anat. Rec., 241,
13–24, 1995.

409. Deleted at proofs.
410. Pisam, M., Massa, F., Jammet, C., and Prunet, P., Chronology of the appearance of beta, A, and alpha

mitochondria-rich cells in the gill epithelium during ontogenesis of the bro wn trout ( Salmo trutta ),
Anat. Rec., 259, 301–311, 2000.

411. Pisam, M., Prunet, P., and Rambourg, A., Accessory cells in the gill epithelium of freshwater rainbow
trout Salmo gairdneri, Am. J. Anat., 184, 311–320, 1989.

412. Pisam, M. and Rambour g, A., Mitochondria-rich cells in the gill epithelium of teleost fishes: an
ultrastructural approach, Int. Rev. Cytol., 130, 191–232, 1991.

413. Plotkin, M. D., Kaplan, M. R., Verlander, J. W., Lee, W. S., Brown, D., Poch, E., Gullans, S. R., and
Hebert, S. C., Localization of the thiazide sensiti ve NaCl cotransporter , rTSC1, in the rat kidne y,
Kidney Int., 50, 174–183, 1996.

414. Potts, W. T. W., Transepithelial potentials in fish gills. In Fish Physiology, Hoar, W. S. and Randall,
D. J., Eds., Academic Press, New York, 1984, pp. 105–128.

415. Potts, W. T. W., Kinetics of sodium uptak e in freshwater animals: a comparison of ion-e xchange and
proton pump hypotheses, Am. J. Physiol., 266, R315–R320, 1994.

416. Potts, W. T. W. and Eddy, F. B., An analysis of the sodium and chloride fluxes in the winter flounder
Platichthys flesus, J. Comp. Physiol., 87, 21–28, 1973.

417. Potts, W. T. W. and Evans, D. H., Sodium and chloride balance in the killifish Fundulus heteroclitus,
Biol. Bull., 133, 411–425, 1967.

418. Potts, W. T. W. and Parry, G., Osmotic and Ionic Regulation in Animals, Macmillan, New York, 1964.
419. Preest, M. R., Gonzalez, R. J., and Wilson, R. W., A pharmacological e xamination of Na + and Cl –

transport in two species of freshw ater fish, Physiol. Biochem. Zool., 78, 259–272, 2005.
420. Prunet, P., Sturm, A., and Milla, S., Multiple corticosteroid receptors in fish: from old ideas to new

concepts, Gen. Comp. Endocrinol. , 147, 17–23, 2006.
421. Qiu, A. and Hogstrand, C., Functional characterisation and genomic analysis of an epithelial calcium

channel (ECaC) from puf ferfish, Fugu rubripes, Gene, 342, 113–123, 2004.
422. Raldua, D., Otero, D., F abra, M., and Cerda, J., Dif ferential localization and re gulation of tw o

aquaporin-1 homologs in the intestinal epithelia of the marine teleost Sparus aurata, Am. J. Physiol.,
294(3), R993–R1003, 2008.

423. Rankin, C., Osmotic and ionic regulation in cyclostomes. In Ionic Regulation in Animals: A Tribute
to Professor W.T.W. Potts, Hazon, N., Eddy , F. B., and Flik, G., Eds., Springer , Berlin, 1997, pp.
50–69.

424. Rankin, J. C., Log an, A. G., and Moriarty , R. J., Changes in kidne y function in the ri ver lamprey,
Lampetra fluviatilis L., in response to changes in external salinity. In Epithelial Transport in the Lower
Vertebrates, Lahlou, B., Ed., Cambridge Uni versity Press, Cambridge, U.K., 1980, pp. 171–184.

425. Rao, G. M. M., Oxygen consumption of rainbo w trout Salmo gairdneri in relation to acti vity and
salinity, Can. J. Zool., 46, 781–786, 1968.

426. Raymond, J. and Plopper , G., A bacterial TMAO transporter, Comp. Biochem. Physiol. B , 133, 29,
2002.

427. Reid, S. D., Ha wkings, G. S., Galv ez, F ., and Goss, G. G., Localization and characterization of
phenamil-sensitive Na+ influx in isolated rainbow trout gill epithelial cells, J. Exp. Biol., 206, 551–559,
2003.



Osmotic and Ionic Regulation in Fishes 361

428. Reis-Santos, P., McCormick, S. D., and Wilson, J. M., Ionoregulatory changes during metamorphosis
and salinity exposure of juvenile sea lamprey (Petromyzon marinus L.), J. Exp. Biol., 211, 978–988,
2008.

429. Renfro, J. L., Interdependence of Active Na+ and Cl– transport by the isolated urinary bladder of the
teleost, Pseudopleuronectes americanus, J. Exp. Zool., 199, 383–390, 1977.

430. Renfro, J. L., Recent de velopments in teleost renal transport, J. Exp. Zool., 283, 653–661, 1999.
431. Renfro, J. L., Maren, T. H., Zeien, C., and Swenson, E. R., Renal sulfate secretion is carbonic anhydrase

dependent in a marine teleost, Pleuronectes americanus, Am. J. Physiol., 276, F288–F294, 1999.
432. Renfro, J. L., Miller, D. S., Karnaky, Jr., K. J., and Kinter, W. B., Na-K-ATPase localization in teleost

urinary bladder by [ 3H]ouabain autoradiography, Am. J. Physiol., 231, 1735–1743, 1976.
433. Richards, J. G., Semple, J. W., Bystriansky, J. S., and Schulte, P . M., Na +/K+-ATPase alpha-isoform

switching in gills of rainbow trout (Oncorhynchus mykiss) during salinity transfer, J. Exp. Biol., 206,
4475–4486, 2003.

434. Riegel, J. A., The absence of an arterial pressure ef fect on filtration by perfused glomeruli of the
hagfish, Eptatretus stouti (Lockington), J. Exp. Biol., 126, 361–374, 1986.

435. Riegel, J. A., An analysis of the function of the glomeruli of the hagfish mesonephric kidney. In The
Biology of Ha gfishes, Jorgensen, J. M., Lomholt, J. P ., Weber, R. E., and Malte, H., Eds., Chapman
& Hall, London, 1998.

436. Riegel, J. A., Analysis of fluid dynamics in perfused glomeruli of the hagfish Eptatretus stouti
(Lockington), J. Exp. Biol., 201, 3097–3104, 1998.

437. Riegel, J. A., Secretion of primary urine by glomeruli of the hagfish kidney, J. Exp. Biol., 202, 947–955,
1999.

438. Riordan, J. R., F orbush, 3rd, B., and Hanrahan, J. W., The molecular basis of chloride transport in
shark rectal gland, J. Exp. Biol., 196, 405–418, 1994.

439. Robertson, J. C. and Hazel, J. R., Influence of temperature and membrane lipid composition on the
osmotic water permeability of teleost gills, Physiol. Biochem. Zool., 72, 623–632, 1999.

440. Robertson, J. D., The chemical composition of the blood of some aquatic chordates, including members
of the Tunicata, Cyclostomata, and Osteichth yes, J. Exp. Biol., 31, 424–442, 1954.

441. Robertson, J. D., Osmotic constituents of the blood plasma and parietal muscle of Myxine glutinosa.
In Contemporary Studies in Marine Science , Barnes, H., Ed., George Allen & Unwin, London, 1966,
pp. 631–644.

442. Rodriguez, A., Gallardo, M. A., Gisbert, E., Santilari, S., Ibarz, A., Sanchez, J., and Castello-Orvay, F.,
Osmoregulation in juvenile Siberian sturgeon (Acipenser baerii), Fish Physiol. Biochem., 26, 345–354,
2002.

443. Rombough, P., The functional ontogeny of the teleost gill: which comes first, gas or ion e xchange?,
Comp. Biochem. Physiol. A, 148, 732–742, 2007.

444. Royaux, I. E., Wall, S. M., Karniski, L. P ., Everett, L. A., Suzuki, K., Knepper , M. A., and Green,
E. D., Pendrin, encoded by the Pendred syndrome gene, resides in the apical region of renal intercalated
cells and mediates bicarbonate secretion, Proc. Natl. Acad. Sci. USA , 98(7), 4221–4226, 2001.

445. Rudy, P. P. and Wagner, R. C., Water permeability in the Pacific hagfish, Polistotrema stoutii, and the
staghorn sculpin, Leptocottus armatus, Comp. Biochem. Physiol., 34, 399–403, 1970.

446. Sakamoto, T. and McCormick, S. D., Prolactin and gro wth hormone in fish osmoregulation, Gen.
Comp. Endocrinol., 147, 24–30, 2006.

447. Salman, N. A. and Eddy , F. B., Increased sea-w ater adaptability of non-smolting rainbo w trout by
salt feeding, Aquaculture, 86, 259–270, 1990.

448. Sands, J. M., Mammalian urea transporters, Annu. Rev. Physiol., 65, 543–566, 2003.
449. Deleted at proofs.
450. Sardet, C., Pisan, M., and Maetz, J., The surface epithelial of teleostean fish gills: cellular and tight

junctional adaptations of the chloride cell in relation to salt adaptations, J. Cell Biol., 80, 96–117, 1979.
451. Sawyer, D. B. and Be yenbach, K. W., Mechanism of fluid secretion in isolated shark renal proximal

tubules, Am. J. Physiol., 249, F884–F890, 1985.
452. Schettino, T. and Lionetto, M. G., Cl – absorption in European eel intestine and its re gulation, J. Exp.

Zool., 300A, 63–68, 2003.
453. Schmidt-Nielsen, B. and Renfro, J. L., Kidne y function of the American eel Anguilla rostrata, Am.

J. Physiol., 228, 420–431, 1975.



362 Osmotic and Ionic Regulation: Cells and Animals

454. Schmidt-Nielsen, B., Truniger, B., and Rabino witz, L., Sodium-link ed urea transport by the renal
tubule of the spin y dogfish Squalus acanthias, Comp. Biochem. Physiol. A, 42, 13–25, 1972.

455. Scott, G., Rogers, J., Richards, J., Wood, C., and Schulte, P., Intraspecific divergence of ionoregulatory
physiology in the euryhaline teleost Fundulus heteroclitus: possible mechanisms of freshw ater adap-
tation, J. Exp. Biol., 207, 3399–3410, 2004.

456. Scott, G. R., Claiborne, J. B., Edwards, S. L., Schulte, P. M., and Wood, C. M., Gene expression after
freshwater transfer in gills and opercular epithelia of killifish: insight into divergent mechanisms of
ion transport, J. Exp. Biol., 208, 2719–2729, 2005.

457. Scott, G. R., Richards, J. G., Forbush, B., Isenring, P., and Schulte, P. M., Changes in gene expression
in the gills of the euryhaline killifish Fundulus heteroclitus after abrupt salinity transfer, Am. J. Physiol.,
287, 300–309, 2004.

458. Shahsavarani, A., McNeill, B., Galv ez, F., Wood, C. M., Goss, G. G., Hw ang, P. P., and Perry, S. F.,
Characterization of a branchial epithelial calcium channel (ECaC) in freshwater rainbow trout (Onco-
rhynchus mykiss), J. Exp. Biol., 209(Pt. 10), 1928–1943, 2006.

458a. Shaw, J. R., Sato, J. D., VanderHeide, J., LaCasse, T., Stanton, C. R., Lank owski, A., Stanton, S. E.,
Chapline, C., Coutermarsh, B., Barnaby , R., Karlson, K., and Stanton, B. A., The role of SGK and
CFTR in acute adaptation to sea water in Fundulus heteroclitus, Cell. Physiol. Bioc hem., 22, 69–78,
2008.

459. Shehadeh, Z. H. and Gordon, M. S., The role of the intestine in salinity adaptation of the rainbo w
trout, Salmo gairdneri, Comp. Biochem. Physiol., 30, 397–418, 1969.

460. Shikano, T. and Fujio, Y., Immunolocalization of Na +/K+-ATPase in branchial epithelium of chum
salmon fry during sea water and freshwater acclimation, J. Exp. Biol., 201, 3031–3040, 1998.

461. Shirai, N. and Utida, S., De velopment and de generation of the chloride cell during sea water and
freshwater adaptation of the Japanese eel, Anguilla japonica , Z. Zellfor sch. Mikr osk. Anat., 103,
247–264, 1970.

462. Shuttleworth, T. J., Physiology of Elasmobranch Fishes, Springer-Verlag, Berlin, 1988, p. 324.
463. Shuttleworth, T. J., Salt and w ater balance: e xtrarenal mechanisms. In Physiology of Elasmobr anch

Fishes, Shuttleworth, T. J., Ed., Springer -Verlag, Berlin, 1988, pp. 171–199.
464. Siegel, N. J., Schon, D. A., and Hayslett, J. P., Evidence for active chloride transport in dogfish rectal

gland, Am. J. Physiol., 230(5), 1250–1254, 1976.
465. Silva, P., Solomon, R., Spokes, K., and Epstein, F., Ouabain inhibition of gill Na,K-ATPase: relation-

ship to active chloride transport, J. Exp. Zool., 199, 419–426, 1977.
466. Silva, P., Solomon, R. J., and Epstein, F. H., Shark rectal gland, Meth. Enzymol., 192, 754–766, 1990.
467. Silva, P., Stoff, J., Field, M., Fine, L., Forrest, J. N., and Epstein, F. H., Mechanism of active chloride

secretion by shark rectal gland: role of Na-K-A TPase in chloride transport, Am. J. Physiol. , 233(4),
F298–F306, 1977.

468. Singer, T. D., Tucker, S. J., Marshall, W. S., and Higgins, C. F., A divergent CFTR homologue: highly
regulated salt transport in the euryhaline teleost F. heteroclitus, Am. J. Physiol., 274, C715–C723, 1998.

469. Skadhauge, E., The mechanism of salt and w ater absorption in the intestine of the eel ( Anguilla
anguilla) adapted to w aters of various salinities, J. Physiol., 204, 135–158, 1969.

470. Smith, C. P. and Wright, P. A., Molecular characterization of an elasmobranch urea transporter , Am.
J. Physiol., 276, R622–R626, 1999.

471. Smith, D. G. and Chamle y-Campbell, J., Localisation of smooth-muscle myosin in branchial pillar
cells of snapper ( Chrysophys aur atus) by immunofluorescence histochemistry, J. Exp. Zool. , 215,
121–124, 1981.

472. Smith, H. W., The excretion of ammonia and urea by the gills of fish, J. Biol. Chem., 81, 727–742, 1929.
473. Smith, H. W., Metabolism of the lungfish Protopterus aethiopicus, J. Biol. Chem., 88, 97–130, 1930.
474. Smith, H. W., The absorption and excretion of water and salts by marine teleosts, Am. J. Physiol., 93,

480–505, 1930.
475. Smith, H. W., Observations of the African lung-fish, Protopterus aethiopicus, Ecology 12, 164–181,

1931.
476. Smith, H. W., The absorption and e xcretion of w ater and salts by the elasmobranch fishes. I. Fresh

water elasmobranchs, Am. J. Physiol., 98, 279–295, 1931.
477. Smith, N., Eddy , F., and Talbot, C., Ef fect of dietary salt load on transepithelial Na + exchange in

freshwater rainbow trout (Oncorhynchus mykiss), J. Exp. Biol., 198, 2359–2364, 1995.



Osmotic and Ionic Regulation in Fishes 363

478. Solomon, R., Taylor, M., Sheth, S., Silv a, P., and Epstein, F . H., Primary role of v olume expansion
in stimulation of rectal gland function, Am. J. Physiol., 248, R638–R640, 1985.

479. Solomon, R. J., Taylor, M., Stoff, J. S., Silva, P., and Epstein, F. H., In vivo effect of volume expansion
on rectal gland function. I. Humoral f actors, Am. J. Physiol., 246, R63–R66, 1984.

480. Solomon, R. J., Taylor, M., Rosa, R., Silva, P., and Epstein, F. H., In vivo effect of volume expansion
on rectal gland function. II. Hemodynamic changes, Am. J. Physiol., 246, R67–R71, 1984.

481. Steen, J. B. and Stray-Pederson, S., The permeability of fish gills with comments on the osmotic
behavior of cellular membranes, Acta Physiol. Scand. , 95, 6–20, 1975.

482. Stinson, C. M. and Mallatt, J., Branchial ion fluxes and toxicant e xtraction ef ficiency in lampre y
(Petromyzon marinus) exposed to methylmercury, Aquat. Toxicol., 15, 237–252, 1989.

483. Stoff, J. S., Silva, P., Field, M., Forrest, J., Stevens, A., and Epstein, F. H., Cyclic AMP regulation of
active chloride transport in the rectal gland of marine elasmobranchs, J. Exp. Zool. , 199, 443–448,
1977.

484. Stokes, J. B., Sodium chloride absorption by the urinary bladder of the winter flounder: a thiazide-
sensitive, electrically neutral transport system, J. Clin. Invest., 74, 7–16, 1984.

485. Sturla, M., Masini, M. A., Prato, P., Grattarola, C., and Uv a, B., Mitochondria-rich cells in gills and
skin of an African lungfish, Protopterus annectens, Cell Tissue Res., 303(3), 351–358, 2001.

486. Sullivan, G. V., Fryer, J. N., and Perry , S. F ., Localization of mRN A for proton pump (H +-ATPase)
and Cl–/HCO3

–  exchanger in rainbow trout gill, Can. J. Zool., 74, 2095–2103, 1996.
487. Sulya, L. L., Box, B. E., and Gunther , G., Distrib ution of some blood constituents in fish from the

Gulf of Mexico, Am. J. Physiol., 199, 1177–1180, 1969.
488. Suzuki, Y., Itakura, M., Kashiw agi, M., Nakamura, N., Matsuki, T., Sakuta, H., Naito, N., Takano,

K., Fujita, T., and Hirose, S., Identification by differential display of a hypertonicity-inducible inward
rectifier potassium channel highly expressed in chloride cells, J. Biol. Chem., 274, 11376–11382, 1999.

489. Swanson, C., Interactive effects of salinity on metabolic rate, acti vity, growth and osmoregulation in
the euryhaline milkfish (Chanos chanos), J. Exp. Biol., 201, 3355–3366, 1998.

490. Takei, Y. and Hirose, S., The natriuretic peptide system in eels: a k ey endocrine system for euryha-
linity?, Am. J. Physiol. Regul. Integr. Comp. Physiol. , 282, R940–R951, 2002.

491. Takei, Y. and Loretz, C. A., Endocrinology. In The Physiology of F ishes, 3rd ed., Ev ans, D. H. and
Claiborne, J. B., Eds., CRC Press, Boca Raton, FL, 2006, pp. 271–318.

492. Takezaki, N., Figueroa, F ., Zaleska-Rutczynska, Z., and Klein, J., Molecular ph ylogeny of early
vertebrates: monophyly of the agnathans as re vealed by sequences of 35 genes, Mol. Biol. Evol. , 20,
287–292, 2003.

493. Tang, C. H. and Lee, T. H., The effect of environmental salinity on the protein expression of Na+/K+-
ATPase, Na +/K+/2Cl– cotransporter, c ystic fibrosis transmembrane conductance regulator, anion
exchanger 1, and chloride channel 3 in gills of a euryhaline teleost, Tetraodon nigroviridis, Comp.
Biochem. Physiol. A, 147, 521–528, 2007.

494. Taylor, J. R. and Grosell, M., Ev olutionary aspects of intestinal bicarbonate secretion in fish, Comp.
Biochem. Physiol. A, 143, 523–529, 2006.

495. Taylor, J. R., Whittamore, J. M., Wilson, R. W., and Grosell, M., Postprandial acid–base balance and
ion regulation in freshwater and seawater-acclimated European flounder, Platichthys flesus, J. Comp.
Physiol. B, 177, 597–608, 2007.

496. Thomerson, J. E. and Thorson, T. B., The bull shark, Carcharhinus leucas, from the upper Mississippi
river near Atlon, Illinois, Copeia, 1977(1), 166–168, 1977.

497. Thorson, T. B., Fresh w ater stingrays, Potamotrygon spp.: failure to concentrate urea when e xposed
to saline medium, Life Sci., 9, 893–900, 1970.

498. Thorson, T. B., Cowan, C. M., and Watson, D. E., Potamotrygon spp.: elasmobranchs with lo w urea
content, Science, 158, 375–377, 1967.

499. Thorson, T. B., Wotton, R. M., and Georgi, T. A., Rectal gland of freshwater stingrays, Potamotrygon
spp. (Chondrichthyes: Potamotrygonidae), Biol. Bull., 154, 508–516, 1978.

500. Tipsmark, C. K., Baltzegar, D. A., Ozden, O., Grubb, B. J., and Borski, R. J., Salinity regulates claudin
mRNA and protein e xpression in the teleost gill, Am. J. Physiol. Regul. Integr. Comp. Physiol. , 294,
R1004–R1014, 2008.

501. Toop, T. and Donald, J. A., Comparative aspects of natriuretic peptide physiology in non-mammalian
vertebrates: a review, J. Comp. Physiol. B , 174, 189–204, 2004.



364 Osmotic and Ionic Regulation: Cells and Animals

502. Treberg, J. R., Speers-Roesch, B., Piermarini, P . M., Ip, Y. K., Ballantyne, J. S., and Driedzic, W. R.,
The accumulation of meth ylamine counteracting solutes in elasmobranchs with dif fering levels of
urea: a comparison of marine and freshw ater species, J. Exp. Biol., 209, 860–870, 2006.

503. Tresguerres, M., Katoh, F., Fenton, H., Jasinska, E., and Goss, G. G., Re gulation of branchial V-H+-
ATPase, Na+/K+-ATPase and NHE2 in response to acid and base infusions in the Pacific spiny dogfish
(Squalus acanthias), J. Exp. Biol., 208, 345–354, 2005.

504. Tresguerres, M., Katoh, F ., Orr, E., P arks, S., and Goss, G., Chloride uptak e and base secretion in
freshwater fish: a transepithelial ion-transport metabolon?, Physiol. Bioc hem. Zool. , 79, 981–996,
2006.

505. Tresguerres, M., P arks, S. K., and Goss, G. G., V-H(+)-ATPase, Na(+)/K(+)-ATPase and NHE2
immunoreactivity in the gill epithelium of the P acific hagfish (Epatretus stoutii ), Comp. Biochem.
Physiol. A, 145(3), 312–321, 2006.

506. Tresguerres, M., Parks, S. K., and Goss, G. G., Reco very from blood alkalosis in the P acific hagfish
(Eptatretus stoutii): involvement of gill V-H+-ATPase and Na +/K+-ATPase, Comp. Biochem. Physiol.
A, 148, 133–141, 2007.

507. Tresguerres, M., P arks, S. K., Katoh, F ., and Goss, G. G., Microtub ule-dependent relocation of
branchial V-H+-ATPase to the basolateral membrane in the P acific spiny dogfish (Squalus acanthias):
a role in base secretion, J. Exp. Biol., 209, 599–609, 2006.

508. Tresguerres, M., Parks, S. K., Wood, C. M., and Goss, G. G., V-H+-ATPase translocation during blood
alkalosis in dogfish gills: interaction with carbonic anhydrase and in volvement in the postfeeding
alkaline tide, Am. J. Physiol., 292, R2012–R2019, 2007.

509. Tse, W. K., Au, D. W., and Wong, C. K., Characterization of ion channel and transporter mRN A
expressions in isolated gill chloride and pa vement cells of sea water acclimating eels, Biochem.
Biophys. Res. Commun. , 346, 1181–1190, 2006.

510. Tsukada, T. and Takei, Y., Integrative approach to osmore gulatory action of atrial natriuretic peptide
in seawater eels, Gen. Comp. Endocrinol. , 147, 31–38, 2006.

511. Turner, S. and Miller , R. F., New ideas about old sharks, Am. Sci., 93, 244–252, 2004.
512. Valentich, J. D. and F orrest, Jr., J. N., Cl – secretion by cultured shark rectal gland cells. I. Transepi-

thelial transport, Am. J. Physiol., 260, C813–C823, 1991.
513. Van Der Heijden, A. J. H., Verbost, P. M., Eygenste yn, J., Li, J., Bong a, S. E. W., and Flik, G.,

Mitochondria-rich cells in gills of tilapia ( Oreochromis mossambicus) adapted to fresh w ater or sea
water: quantification by confocal laser scanning microscopy, J. Exp. Biol., 200, 55–64, 1997.

514. Van der Velden, J. A., Groot, J. A., Flik, G., Polak, P ., and Kolar, Z. I., Magnesium transport in fish
intestine, J. Exp. Biol., 152, 587–592, 1990.

515. Verbost, P. M., Bryson, S. E., Bonga, S. E., and Marshall, W. S., Na+-dependent Ca2+ uptake in isolated
opercular epithelium of Fundulus heteroclitus, J. Comp. Physiol. B , 167, 205–212, 1997.

516. Viborg, A. L. and Hillyard, S. D., Cutaneous blood flow and w ater absorption by deh ydrated toads,
Physiol. Biochem. Zool., 78, 394–404, 2005.

517. Volff, J. N., Genome e volution and biodiversity in teleost fish, Heredity, 94, 280–294, 2005.
518. Wagner, C. A. and Geibel, J. P., Acid–base transport in the collecting duct, J. Nephrol., 15(Suppl. 5),

S112–S127, 2002.
519. Waldegger, S., F akler, B., Bleich, M., Barth, P ., Hopf, A., Schulte, U., Busch, A. E., Aller, S. G.,

Forrest, Jr., J. N., Gre ger, R., and Lang, F ., Molecular and functional characterization of s-KCNQ1
potassium channel from rectal gland of Squalus acanthias, Pflügers Arch., 437, 298–304, 1999.

520. Wall, S., Recent advances in our understanding of intercalated cells, Curr. Opin. Nephrol. Hypertens.,
14, 480–484, 2005.

520a. Walsh, P., Blackwelder, P., Gill, K. A., Danulat, E., and Mommsen, T. P., Carbonate in the marine
fish intestine: a new source of sediment production, Limnol. Oceanogr., 36, 1227–1232, 1991.

521. Weber, T., Gopfert, M., Winter, H., Zimmermann, U., K ohler, H., Meier, A., Hendrich, O., Rohbock,
K., Robert, D., and Knipper, M., Expression of prestin-homologous solute carrier (SLC26) in auditory
organs of nonmammalian vertebrates and insects, Proc. Natl. Acad. Sci. USA, 100, 7690–7695, 2003.

522. Wells, A., Anderson, W. G., Cains, J. E., Cooper, M. W., and Hazon, N., Effects of angiotensin II and
C-type natriuretic peptide on the in situ  perfused trunk preparation of the dogfish, Scyliorhinus
canicula, Gen. Comp. Endocrinol. , 145, 109–115, 2006.



Osmotic and Ionic Regulation in Fishes 365

523. Wells, A., Anderson, W. G., and Hazon, N., De velopment of an in situ  perfused kidney preparation
for elasmobranch fish: action of arginine vasotocin, Am. J. Physiol., 282, R1636–R1642, 2002.

524. Welsh, M. J., Smith, P. L., and Frizzell, R. A., Intracellular chloride activities in the isolated perfused
shark rectal gland, Am. J. Physiol., 245, F640–F644, 1983.

525. Wendelaar Bonga, S. E., Flik, G., Balm, P . H. M., and v an der Meij, J. C. A., The ultrastructure of
chloride cells in the gills of the teleost Orechromis mossambicus during exposure to acidified water,
Cell Tissue Res., 259, 575–585, 1990.

526. Wilkie, M. P., Ammonia excretion and urea handling by fish gills: present understanding and future
research challenges, J. Exp. Zool., 293, 284–301, 2002.

527. Wilkie, M. P ., Morgan, T. P., Galvez, F., Smith, R. W., Kajimura, M., Ip, Y. K., and Wood, C. M.,
The African lungfish (Protopterus dolloi): ionoregulation and osmore gulation in a fish out of water,
Physiol. Biochem. Zool., 80(1), 99–112, 2007.

528. Wilson, J. and Laurent, P ., Fish gill morphology: inside out, J. Exp. Zool., 293, 192–213, 2002.
529. Wilson, J., Randall, D. J., Vogl, A. W., and Iw ama, G. K., Immunolocalization of proton-A TPase in

the gills of the elasmobranch, Squalus acanthias, J. Exp. Zool., 278, 78–86, 1997.
531. Wilson, J. M., Laurent, P ., Tufts, B. L., Benos, D. J., Dono witz, M., Vogl, A. W., and Randall, D. J.,

NaCl uptake by the branchial epithelium in freshw ater teleost fish: an immunological approach to
ion-transport protein localization, J. Exp. Biol., 203, 2279–2296, 2000.

533. Wilson, J. M., Mor gan, J. D., Vogl, A. W., and Randall, D. J., Branchial mitochondria-rich cells in
the dogfish Squalus acanthias, Comp. Biochem. Physiol. A, 132, 365–374, 2002.

534. Wilson, J. M., Randall, D. J., Dono witz, M., Vogl, A. W., and Ip, A. K. Y., Immunolocalization of
ion-transport proteins to branchial epithelium mitochondria-rich cells in the mudskipper ( Perioph-
thalmodon schlosseri), J. Exp. Biol., 203, 2297–2310, 2000.

535. Wilson, J. M., Randall, D. J., Vogl, A. W., and Iwama, G. K., Immunolocalization of proton-A TPase
in the gills of the elasmobranch, Squalus acanthias, J. Exp. Zool., 278, 78–86, 1997.

536. Wilson, R. W. and Grosell, M., Intestinal bicarbonate secretion in marine teleost fish-source of
bicarbonate, pH sensitivity, and consequences for whole animal acid–base and calcium homeostasis,
Biochim. Biophys. Acta, 1618, 163–174, 2003.

537. Wilson, R. W., Wilson, J. M., and Grosell, M., Intestinal bicarbonate secretion by marine teleost fish:
why and how?, Biochim. Biophys. Acta, 1566, 182–193, 2002.

538. Wong, C. and Chan, D., Chloride cell subtypes in the gill epithelium of Japanese eel Anguilla japonica,
Am. J. Physiol., 277, R517–R522, 1999.

539. Wood, C. and Laurent, P ., Na+ versus Cl– transport in the intact killifish after rapid salinity transfer,
Biochim. Biophys. Acta, 1618, 106–119, 2003.

540. Wood, C. M. and Marshall, W. S., Ion balance, acid–base re gulation and chloride cell function in the
common killifish, Fundulus heteroclitus: a freely euryhaline estuarine teleost, Estuaries, 17, 34–52,
1994.

541. Wood, C. M., Matsuo, A. Y., Gonzalez, R. J., Wilson, R. W., Patrick, M. L., and Val, A. L., Mechanisms
of ion transport in Potamotrygon, a stenohaline freshw ater elasmobranch nati ve to the ion-poor
blackwaters of the Rio Ne gro, J. Exp. Biol., 205, 3039–3054, 2002.

542. Wood, C. M., Walsh, P. J., Chew, S. F., and Ip, Y. K., Greatly elevated urea excretion after air exposure
appears to be carrier mediated in the slender lungfish (Protopterus dolloi), Physiol. Biochem. Zool.,
78, 893–907, 2005.

543. Wu, Y. and Lee, T., Na+,K+,2Cl– cotransporter: a novel marker for identifying freshwater- and seawater-
type mitochondria-rich cells in gills of the euryhaline tilapia, Oreochromis mossambicus, Zool. Stud.,
42, 186–192, 2003.

544. Xu, J. C., L ytle, C., Zhu, T. T., Payne, J. A., Benz, Jr ., E., and F orbush, 3rd, B., Molecular cloning
and functional e xpression of the b umetanide-sensitive Na-K-Cl cotransporter , Proc. Natl. Acad. Sci.
USA, 91, 2201–2205, 1994.

545. Yan, J. J., Chou, M. Y., Kanek o, T., and Hw ang, P. P., Gene e xpression of Na +/H+ exchanger in
zebrafish H+-ATPase-rich cells during acclimation to low-Na+ and acidic environments, Am. J. Physiol.,
293, C1814–C1823, 2007.

546. Yancey, P. H., Nitrogen compounds as osmolytes. In Nitrogen Excretion, Wright, P. A. and Anderson,
P. M., Eds., Academic Press, San Die go, CA, 2001, pp. 309–341.



366 Osmotic and Ionic Regulation: Cells and Animals

547. Yancey, P . H. and Somero, G. N., Meth ylamine osmore gulatory solutes of elasmobranch fishes
counteract urea inhibition of enzymes, J. Exp. Zool., 212, 205–213, 1980.

548. Youson, J. H. and Butler, D. G., Morphology of the kidney of adult bowfin, Amia calva, with emphasis
on “renal chloride cells” in the tub ule, J. Morphol., 196, 137–156, 1988.

549. Yuge, S., Inoue, K., Hyodo, S., and Takei, Y., A novel guanylin family (guanylin, uroguanylin, and
renoguanylin) in eels: possible osmore gulatory hormones in intestine and kidne y, J. Biol. Chem. ,
278(25), 22726–22733, 2003.

550. Yuge, S., Yamagami, S., Inoue, K., Suzuki, N., and Takei, Y., Identification of two functional guanylin
receptors in eel: multiple hormone-receptor system for osmore gulation in fish intestine and kidney,
Gen. Comp. Endocrinol. , 149, 10–20, 2006.

551. Zadunaisky, J. A., Cardona, S., Au, L., Roberts, D. M., Fisher , E., Lowenstein, B., Cragoe, Jr ., E. J.,
and Spring, K. R., Chloride transport activation by plasma osmolarity during rapid adaptation to high
salinity of Fundulus heteroclitus, J. Membr. Biol., 143, 207–217, 1995.

552. Zadunaisky, J. A., Curci, S., Schettino, T., and Scheide, J. I., Intracellular v oltage recordings in the
opercular epithelium of Fundus heteroclitus, J. Exp. Zool., 247, 126–130, 1988.

553. Zaugg, W. S., Roley, D. D., Prentice, E. F., Gores, K. X., and Waknitz, F., Increased seawater survival
and contrib ution to the fishery of Chinook salmon (Oncorhynchus tshawytsc ha) by supplemental
dietary salt, Aquaculture, 32, 183–188, 1983.

554. Zawodny, J. F ., Osmoregulation in the Florida Spotted Gar , Lepisosteus platyrhincus , M.S. thesis,
University of Miami, 1975.

555. Zeidel, J. D., Mathai, J. C., Campbell, J. D., Ruiz, W. G., Apodaca, G. L., Riordan, J., and Zeidel,
M. L., Selective permeability barrier to urea in shark rectal gland, Am. J. Physiol., 289, F83–F89, 2005.



367

9 Osmotic and Ion 
Regulation in Amphibians

Stanley D. Hillyard, Nadja Møbjerg, 
Shigeyasu Tanaka, and Erik Hviid Larsen

CONTENTS

I. Introduction ........................................................................................................................368
II. Volume and Composition of the Body Fluids 

in Relation to En vironmental Conditions ..........................................................................368
A. Physiological Fluid Compartments ...........................................................................368
B. Physiological Variations of Body Fluid Volumes and Their Composition...............371

III. Structure and Physiology of the Skin ................................................................................375
A. Structure and Morphological Cell Types ..................................................................375
B. Water Exchange across the Skin Epithelium ............................................................377
C. Epidermal Ion Transport: Background ......................................................................384
D. Functional Organization of the Epithelium ...............................................................385
E. Principal Cell Compartment ......................................................................................387
F. Mitochondria-Rich Cells ...........................................................................................389
G. Paracellular Transport ................................................................................................394
H. Solute-Coupled Water Transport ...............................................................................395
I. Skin Glands................................................................................................................395

IV. Structure and Function of the Kidne y ...............................................................................397
A. Pronephros .................................................................................................................397
B. Amphibian Mesonephros ...........................................................................................398

V. Structure and Function of the Urinary Bladder ................................................................407
A. Anatomy of Urinary Bladder ....................................................................................408
B. Aquaporins in Urinary Bladder .................................................................................409
C. Ion Transport and Acid Secretion by Urinary Bladder .............................................410

VI. Nitrogenous Wastes............................................................................................................411
VII. Integrating the Organ Functions: Endocrine and Autonomic Control ..............................412

A. AVT..........................................................................................................................  412
B. Hydrins.......................................................................................................................414
C. Prolactin .....................................................................................................................414
D. Insulin ........................................................................................................................415
E. Sympathetic Nervous System ....................................................................................415
F. Renin, Angiotensin, and Aldosterone........................................................................416
G. Water Absorption Behavior .......................................................................................417
H. Lymphatics and Circulation .......................................................................................419

VIII. Epilogue .............................................................................................................................419
References ......................................................................................................................................420



368 Osmotic and Ionic Regulation: Cells and Animals

I. INTRODUCTION

Amphibians were the first vertebrates to emer ge from aquatic habitats, and modern species ha ve
evolved a variety of mechanisms to regulate water and electrolyte homeostasis. Fossil evidence for
terrestrial vertebrates first appears in the upper Devonian (360–380 mya) in the form of tetrapods
such as Ichthyostega and Ancanthostega. The fossil record has a lar ge gap before the emer gence
of the major tetrapod lineages in the Upper Carboniferous with numerous amphibian taxa that are
primarily associated with freshwater deposits. The earliest fossils that can be attrib uted to modern
amphibians first appear in the early Triassic, and their relationship with the primiti ve forms is
speculative.67,78 Modern amphibians are collecti vely termed Lissamphibia (smooth skinned) and
include three orders: Anura (frogs and toads), Caudata/Urodela (ne wts and salamanders), and
Gymnophiona (legless wormlike animals also kno wn as apodans or caecilians). All three orders
have species that occup y a wide range of habitats from purely aquatic to highly terrestrial. The
phylogeny of Amphibia has recently been ree valuated by Frost et al. 143 to include both morpho-
logical and molecular parameters. Man y of the traditional genera ha ve been di vided to reflect a
more detailed description of evolutionary relationships; for example, the North American frog Rana
pipiens is now classified as Lithobates pipiens, whereas the European frog, R. temporaria remains
in the genus Rana. We ha ve elected to retain the traditional generic names because the y are
historically embedded in the literature cited in this chapter and still widely used by contemporary
researchers in the field of ionic and osmotic regulation.

The literature on amphibian ph ysiology is heavily biased toward anurans. Frost et al. 143 recog-
nized 5227 species in 32 f amilies of anurans b ut only 548 species in 10 f amilies of the caudata
and 173 species in 6 families of the apoda. In addition, a relatively small number of anuran species
have historically been used as model or ganisms for the study of ionic and osmotic processes
collectively termed as amphibian. The three orders of modern amphibians are considered to be
monophyletic, and transport mechanisms characterized in anurans generally apply to urodeles and
apodans, as well. Jørgensen240 summarized the historical development of our understanding of water
balance mechanisms in amphibians, dating from the English naturalist Robert Townson, who, in
1795, observed the roles of the skin, kidne ys, and urinary bladder in the w ater economy of frogs.
The literature on ionic and osmotic re gulation by aquatic and terrestrial amphibians has been
reviewed by Boutilier et al.44 and Shoemaker et al.442 In this review, we include more recent studies
on mechanisms of ionic and osmotic regulation and also provide a historical perspective of studies
leading to the current description of the biological processes required for the amphibious life style
and how they have contributed to our understanding of basic ph ysiological mechanisms in other
animal phyla.

II. VOLUME AND COMPOSITION OF THE BODY FLUIDS 
IN RELATION TO ENVIRONMENTAL CONDITIONS

A. PHYSIOLOGICAL FLUID COMPARTMENTS

Representative data on the water content and ionic composition of amphibian body fluids are listed
in Table 9.1 and Table 9.2. Body water ranges from 70 to 80% of the body mass and is distrib uted
between the intracellular and interstitial compartment, the lymph space, and the blood plasma.
Anurans are unique among vertebrates in having large subcutaneous lymph sacs that may constitute
a large fraction of the extracellular fluid volume, whereas the skin of urodeles and apodans is firmly
attached to the underlying tissues.248,272,342 In addition, the large bladder capacity of many terrestrial
anuran and urodele species is an aspect that must be considered when e valuating body fluid
composition. Generally, the body fluid composition is evaluated relative to a hydrated animal whose
bladder has been emptied, a term that Ruibal 414 referred to as the standard body mass ; however,
residual urine may remain in the bladder , and hydration states are variable depending on a v ariety
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of factors, including natural conditions (e.g., season, breeding status) or husbandry in the laboratory
(e.g., temperature, w ater a vailability). These v ariables, discussed belo w, may contrib ute to the
variability of values for total extracellular fluid volume that can range from 24 to 48% of the body
mass and variation of the relati ve plasma v olume as well (T able 9.1). Water and solutes from the
plasma are filtered through the capillary endothelium and enter the interstitial fluid from which
respiratory gases, ions, nutrients, and metabolites are exchanged with the intracellular compartment.
The relati ve flow of fluid between the extracellular compartments is v ery f ast relati ve to other
vertebrates and may result in a daily lymph production of one to two times the animal’s body mass
in frogs and toads, as observ ed by Isayama. 217,218 The interstitial fluid drains into the lymphatic
spaces and returns to the blood via the great lymph trunks and sinuses ener gized by the lymph
hearts. These issues are discussed in further detail in Section VII.H at the end of the chapter .

The ion concentrations follow the general vertebrate pattern, with Na+ and Cl– being dominant
in the e xtracellular fluid (Table 9.2) and K + above and Na + significantly below thermodynamic
equilibrium in the cell w ater (Table 9.3). Intracellular Cl – is near its equilibrium concentration in
striated muscle fibers and significantly above equilibrium in the exocrine gland and in the epithelial
cells of the skin. With a pH of ∼7.8 and with [HCO3

– ]/pCO2 as the major extracellular buffer system,
the concentration of HCO 3

– is about 22 m M at an arterial pCO2 of ∼12 mmHg (~1.6 kP a) in
amphibians with pulmonary respiration. 45 Adult amphibians with cutaneous g as e xchange and
tadpoles with gill respiration have a significantly lower arterial pCO2 of ∼3 to 5 mmHg (0.4 to 0.7
kPa). The extracellular pH of about 7.8 is here maintained by an extracellular [HCO3

– ] of ∼8 mM.63

Although the data presented in Table 9.2 are from studies on anuran amphibians supposedly in a
normally hydrated state, the concentrations v ary somewhat both between species and laboratories.
The general trend, ne vertheless, is that e xtracellular concentrations of Na + and Cl– are lower than
those of other v ertebrate groups.

TABLE 9.1
Examples of Amphibian Body Fluid Volumes

Species

Total Body Water 
(TBW) (% of 

Total Body Mass)

Extracellular 
Volume

and Marker

Plasma 
Volume 

and Marker

Hematocrit 
(% Blood 

Cells) Remarks
Rana pipiens 78.9a 23.6–29.8b

Thiocyanate 
5.6–9.3b

T-1824 
—

Rana catesbeiana — 29.8–47.9b

Thiocyanate
7.2–8.8b

T-1824
30 ± 5.3c

Hyla cinerea 80.1a — — —
Scaphiopus hammondii 80.0a — — —
Scaphiopus couchi 69.8–81.6d — — —
Aneides flavipunctatus 71–78e — — —
Bufo bufo 81.3 ± 1.0f 32.0 ± 1.6g

14C-inulin 
— — TBW of lean body mass; 

empty urinary bladder
Bufo marinus — — — 37 ± 1.7c

26.4 ± 2.2i

Bufo viridis 72.7 ± 0.9h 35h

14C-inulin
6.3h

Evans blue
— Free access to tapwater; 

empty urinary bladder

a Thorson and Svihla. 485 f Nielsen and Jørgensen.355

b Prosser and Weinstein.393 g Jørgensen et al. 355

c Hillman and Withers.189 h Hoffman and Katz. 204

d McClanahan.318 i Konno et al. 270

e Ray.397
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B. PHYSIOLOGICAL VARIATIONS OF BODY FLUID VOLUMES AND THEIR COMPOSITION

The extreme tolerance of amphibians to hydration and dehydration is associated with the large and
variable extracellular volume and rapid fluid exchange between plasma and lymph space which
secure the blood flow despite lar ge v ariations of total body w ater content. 188,191,239 Thus, blood
pressure and hematocrit v alues were not significantly affected in the deh ydration-tolerant Bufo
marinus and Scaphiopus couchi when dehydrated by 20% of their body mass, 190,318 nor did a 5%
loss of body mass by bleeding affect blood flow.19,189,325 During 14 weeks on soil with water potential
of approximately −5 atm, Bufo viridis  lost about 5% of its body w ater, which w as accounted for
by a decrease of e xtracellular v olume with no significant change in plasma volume.204 Finally,
Conklin81–83 increased the body mass of Rana pipiens by 20% by intravenous injection of Ringer’s
solution, which was passed into the lymphatic space, without af fecting blood pressure.

The European toad Bufo bufo acclimated in a simulated terrestrial habitat e xperiences sponta-
neous variations in hydration of up to ±5% of the standard body mass.235 With free access to a pool
of water, the toads spent most of the time in the dry en vironment, where they lost about 3% of the
body mass per day by evaporation at 16°C. Interestingly, the toad visited the water bath for cutaneous
drinking in a h ydrated state and generally before the urinary bladder w as empty. This drinking
behavior characterized by water intake by toads in a hydrated state was termed anticipatory drinking
as opposed to emergency drinking  by deh ydrated toads 235,236,239 (see Section VII.G). Re gulated
displacements of body fluid volumes and osmotic concentrations ha ve been observ ed in response
to feeding or changes of the environmental temperature, in hibernating animals, during the breeding
season, and during acclimation to changes of en vironmental salinity.

1. Feeding

Food intake initiates drinking behavior in the terrestrial Bufo bufo. Following a meal, the toad visits
a water source and tak es up w ater at an amount e xceeding the mass of the food eaten. The water
intake is proportional to the size of the meal (meal worms) and may amount to as much as 15% of
the body mass measured with empty urinary bladder .237 Eventually, the excess water increases the
water store in the bladder. This significant increase in water turnover secures secretion of digestive
fluids but may lead to a temporary disturbance of e xtracellular Cl– balance and alkalosis, as has
been described for another carnivorous vertebrate, the alligator (reviewed in Taplin478). The spade-
foot toad (Scaphiopus couchi) is only active above ground for a few days in a year and may consume

TABLE 9.3
Intracellular Concentrations of Small Diffusible Ions and Membrane Potential of Amphibian 
Tissue Cells

Tissue
Na+ (mmol/

kg H2O)
K+ (mmol/
kg H2O)

Cl– (mmol/
kg H2O)

HCO3
–  (mmol/ 

kg H2O) Vm (mV)
Striated muscle 10.4a 124a 1.5a 12.4a –95b

Acinus of subepidermal gland 11.5c 155c 55c — –69.5 ± 0.7d

Principal cell compartment of epidermis 12e 153e 47e — –108 ± 2f

a Conway.85

b Hodgkin and Horowicz.199

c Electron microprobe analysis corrected for a mean dry mass of 18.6 g/100 g (Mills et al. 328).
d Basolateral membrane potential of resting gland cells (Sørensen and Larsen 448).
e Electron microprobe analysis corrected for a mean dry mass of 25 g/100 g (Rick et al. 406).
f Basolateral membrane potential (Nagel 345).
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55% of its body mass as food in a single feeding. 105 At the same time, the animals must attain a
hydration status that permits survival when burrowed between annual rainfall periods.415 The balance
between food consumption and w ater g ain remains an interesting question in this and other
seasonally active species.

2. Temperature

When frogs ( Rana esculenta  and R. catesbeiana) and toads ( Bufo bufo) kept in tapw ater at room
temperature are transferred to lo w temperatures (2 to 4°C), the y accumulate fluid within 1 to 2
days corresponding to a 5 to 10% g ain in body mass. This is caused by both high cutaneous w ater
inflow and reduced urine production. 234,245,327,426 This fast water gain occurs without salt accumu-
lation, and it is rapidly eliminated upon retransfer to room temperature. In B. bufo transferred from
20°C to 4°C, the inulin space increased from 32 to 38% of body mass (with an empty urinary
bladder), with an associated drop in lymph concentration of Na + from 112.4 ± 0.8 to 94.6 ± 2.0
mM. By comparing these changes with the simultaneously measured body mass increase, it w as
calculated that about 90% of the accumulated w ater was partitioned to the e xtracellular space.245

3. Hibernation

Frogs and toads emer ging from hibernation are edematous, with f airly lar ge amounts of fluid
accumulated in the lymphatic system. 76 Fluid accumulation during hibernation is associated with
a much more complex change in the w ater and salt balance of the animal than the abo ve fast (and
passing) response to lo w temperature. F ollowing a fe w days in tapw ater at 4°C in a simulated
hibernation, toads begin to accumulate Na + at a rate corresponding to 1% of the original Na + pool
per day, which is accompanied by further w ater retention. Following about 3 months of NaCl and
water accumulations, the uptak e through the skin and the urinary elimination of NaCl become
about equal, and a steady state is approached where the body Na + pool is increased by 60 to
75%.245,355 The initial fast water volume gain is associated with decreases in the concentrations of
Na+ and Cl –, but the concentrations of these tw o ions increase during the subsequent period of
further fluid accumulation, with the concentrations rising above their respecti ve values at 20°C.
Both the rate and the net accumulation of Cl – were found to e xceed those of Na +. The lymph
concentration of K+ showed the opposite changes by decreasing from ∼3 mM at 20°C to ∼1.9 mM
after 3 days at 4°C. This lower value was maintained during the follo wing 5 months at 4°C. 355 It
appears, therefore, that the body pools of the three dif fusible ions Na +, Cl–, and K + are subject to
different regulations in a simulated hibernation. 

The abo ve studies also indicate that an o verall electroneutral ion e xchange is achie ved by
additional as yet unidentified charge transfers. In sum, at steady state during hibernation in the
laboratory, the extracellular and intracellular spaces of Bufo bufo are expanded by about 70% and
10%, respectively. Of the accumulated fluid, about 80% is partitioned to the extracellular space,
amounting to 40% of the body mass with a ne w steady state in the turno ver of salt and w ater. At
retransfer to 20°C, elimination of salt and w ater begins immediately at rates that are the re verse
of the initial water and ion accumulations at 4°C. Thus, initially water excretion dominates with a
temporary increase in lymph concentrations of Na + and Cl –, which is follo wed by a period of
dominating salt elimination. 355 Tadpoles and frogs of Rana muscosa , which o verwinter in ice-
covered lakes and streams, also accumulate w ater and ions during hibernation in the laboratory .46

During the first month of simulated hibernation, water content increased by 5.7% in frogs and 14%
in tadpoles, with the latter group losing ions to the surroundings as well. Thus, initially , the
extracellular fluid became diluted. Interestingly, after this initial period of e xposure to 4°C, both
frogs and tadpoles began to accumulate salt without losing more w ater. During a prolonged period
at 4°C (7 to 12 months), w ater content increased ag ain and ions were lost, resulting in dilution of
the body fluids.
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Jørgensen and co workers sho wed that handling of the animals, catheterization of the urinary
bladder, and h ypophysectomy prior to lo wering the environmental temperature partly or fully abol-
ished salt accumulation, confirming that the cold-induced alterations discussed above reflect regulated
physiological processes. 245,355 Further studies are necessary to pro vide detailed information on this
and to investigate the physiological significance of the fluid and ion accumulations during hibernation.

4. Breeding

Expanded extracellular volume with distended lymphatic space is characteristic of posthibernating
anurans during the breeding season irrespective of the environmental temperature. The explanation
for this is unkno wn, but it illustrates a striking dif ference between salt and w ater accumulation in
hibernating anurans and anurans acclimated to lo w temperature in the laboratory , because in the
laboratory the animals eliminate the accumulated salt and w ater immediately upon transfer from
4°C to room temperature. 236

5. Salinity

Although most amphibians live in or near freshwater, the ability to tolerate brackish w ater is often
overlooked. Brackish w ater is defined by the European Environment Agency as ha ving a salinity
range of 5 to 18 parts per thousand (ppt) NaCl, which corresponds to concentrations of 85 to 308
mM and osmotic concentrations of 159 to 572 mOsm/kg (assuming an osmotic coef ficient of 0.93
for NaCl). This ranges from mildly hypoosmotic to considerably hyperosmotic relative to the body
fluids of hydrated animals (Table 9.2). Nonetheless, Neill 354 identified 52 species and subspecies
of amphibian that have been observed in habitats in which ele vated salinity might be encountered.

Bufo calamita, for example, inhabits estuarine regions of northern Europe and is able to tolerate
salinities of 16 to 17 ppt (~290 m M NaCl) for up to 4 days. 314 Even the aquatic species Xenopus
laevis (Pipidae) has been reported to tolerate environmental NaCl concentrations equivalent to 300
to 400 mOsm/kg.257,408 Among the urodeles, the slender salamander Batrachoseps attenuatus (Pleth-
odontidae) has been acclimated to NaCl solutions as high as 600 mOsm and Ambystoma tigrinum
(Ambystomatidae) to solutions having osmotic concentrations as high as 450 mOsm. 231,409 In both
cases, gradual acclimation w as required to obtain survi val at the higher salt concentrations, and it
was also necessary to feed A. tigirinum.

Balinsky16 reviewed the literature on amphibians capable of regulating the internal environment
in response to raised e xternal osmotic salinities by maintaining body fluids hyperosmotic to the
external bathing solution. As a general rule, saline-tolerant species are able to survi ve ele vated
NaCl concentrations in the e xtracellular fluid and retain urea that arises from protein catabolism,
thus the need for gradual acclimation and feeding to obtain maximal survival. A similar mechanism
to o vercome desiccating en vironments has been e xploited by species that a void desiccation by
burrowing (see Section III.B.1); for e xample, spadefoot toads ( Scaphiopus) remain h yperosmotic
to the environment and maintain hematocrit and hemoglobin concentrations constant during esti-
vation in the desert throughout the dry season by storing urea in the body fluids.432,440 In desiccating
environments, body volume is reduced by 10 to 20% and is maintained at a lo wer value with the
increased amounts of osmotically acti ve solutes, urea and NaCl, the concentrations of which are
regulated by cutaneous transports, urea synthesis, and the kidne ys. The intracellular w ater being
little affected and the body w ater being hyperosmotic relative to the environment indicate that the
lower body water content reflects an osmoregulatory response associated with tolerated downward-
shifted extracellular volume.

Two anuran species, Rana cancrivor a161 and Bufa viridis ,159,250 have e xploited this general
mechanism to maintain their body fluids hypertonic relative to salinities near that of sea water and
are able to inhabit estuarine or even marine environments. This extraordinary ability has generated
a considerable number of studies, which are summarized belo w.
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a. Rana cancrivora
Even before the re vision of Frost et al., 143 this semiterrestrial crab-eating frog w as classified as
Limnonectes cancrivorus . These frogs li ve in coastal lo wland habitats of Southeast Asia, where
they breed in w ater-filled ditches of varying salinity. In the laboratory , slowly acclimated adult
frogs and tadpoles tolerate salinities as high as 80% and 108% sea water, respectively. Over the
entire range of tolerated e xternal salinities, the adult frog becomes h yperosmotic relative to the
environment, with NaCl and urea contributing about 40 and 60%, respectively, to the raised osmotic
concentration of blood plasma. Whereas plasma Na+ and Cl– concentrations were found to be above
those of the e xternal medium at lo w salinities, the opposite w as found to be true in animals
acclimated to salinities above 30%.161 Following transfer to a relatively more concentrated external
medium, the frog lost water with a time course of about 24 hours, at which time a near steady state
was reached, with up to 20% decreased body mass. This state of lo wer body w ater volume was
maintained for a week (the period of observ ation), during which body w ater approached a steady
state with the production of a h ypotonic urine of a concentration, which increased almost linearly
to the plasma concentration. 161 Urine production did not stop at higher salinities b ut was reduced
significantly at an external salinity of 600 mOsm, when it amounted to no more than ∼1% of the
urine flow measured in freshw ater acclimated frogs. The antidiuresis was caused by both reduced
glomerular filtration rate and increased tubular reabsorption of water.427 The urea concentration of
the urine equilibrated with that of plasma, b ut, due to the reduced urine flow, the total urinary urea
loss decreased to small amounts at the highest e xternal salinities. 427 Muscle inulin space did not
change significantly during salinity acclimation of the frogs between freshwater and 80% seawater,
and muscle cell v olume decreased by only 7% in frogs e xhibiting a threefold increase in plasma
osmotic concentration, indicating uptak e or cellular production of osmotically acti ve solutes. The
urea contrib ution w as estimated to be about 60%, the small dif fusible ions contrib uted another
10%, and synthesis of α-amino nitrogen compounds seemed to ha ve contributed the remaining
amount of increased osmotically acti ve solutes of the cell w ater. This latter pool w as dominated
by taurine, glycine, and β-alanine at the highest external salinities.160 The increasing urea accumu-
lation in the body fluids with external salinity is due to upre gulation of the hepatic urea synthesis,
with variation among dif ferent tissues of the relati ve contribution of ne wly synthesized urea and
amino acids (muscle, 119 vs. 38 m M; liver, 132 vs. 3 m M).548

b. Bufo viridis
The terrestrial green toad Bufo viridis  is widely distrib uted in the old w orld with its southern
boundary in North Africa (Sahara) and eastern boundary in central Asia (Tibet). Among known
breeding habitats are coastal rockpools, ditches, small freshwater lakes, estuaries, and salt meadows
with salinities of up to 8 ppt (standard sea water has a salinity of 35 ppt). In nature, the adult toad
tolerates salinities of ∼20 ppt. Katz250 showed that in the laboratory re gularly fed B. viridis can be
acclimated to live in salinities as high as 800 mOsm (by NaCl). Acclimation is a time-consuming
process that depends on the season in which the animal is caught. Thus, a toad experiencing a large
change of environmental salinity in one step could die within 3 to 4 days, and winter toads were
not able to survi ve in salinities abo ve 500 mOsm. Salinity acclimation of B. viridis  is associated
with loss of w ater; for e xample, in freshw ater the w ater content amounted to 79% of total body
mass as compared to 72% in 800 mOsm. Blood plasma is al ways significantly hypertonic with
relative contributions of about 2/3 NaCl and 1/3 urea in animals acclimated at salinities greater
than 200 mOsm. In the same study, urine concentrations of both Na+ and urea increased significantly
with external salinity in such a w ay that the urine w as hypoosmotic below 400 mOsm and near
isosmotic at higher external salinities. In its natural habitat, B. viridis responds to water restriction
by burrowing97 like the desert spadefoot toads. 318,433 Under burrowing conditions in the laboratory
in soil containing 8 to 14% w ater, plasma osmolality increased slo wly due to urea accumulation,
with smaller e xtracellular changes occurring in concentrations of Na + and Cl – and paralleled by
similar concentration changes of these solutes in bladder urine. Urine w as not voided, and whole-
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body water volume and tissue w ater were maintained f airly constant e ven after 70 to 80 days in
burrows, provided the animals were allo wed contact with the soil. 254 In another laboratory study
under similar conditions, a loss of body w ater was recorded initially that stabilized at 85% of the
hydrated body mass during the subsequent period of 2 to 3 months. 203 These and further studies 205

suggested that the increased plasma urea concentration maintains an inw ard dri ving force for
osmotic cutaneous w ater uptake from the soil, that urea loss is pre vented by rec ycling across the
skin, and that tissue h ydration is maintained by equilibration of urea between the e xtra- and
intracellular body compartments. 254,532 In salinity-acclimated toads, urea and K + retentions were
concluded to be caused by specific tubular processes.443

c. Larval Stages
i. Anurans
Embryos and larvae of anuran species that live in estuarine environments show a range of tolerances
to salinity. Survival of Rana temporaria larvae declines from 80% in NaCl solutions ha ving an
osmolarity of 56 mOsm (2.3 ppt) to about 20% for 130-mOsm (4.5-ppt) NaCl solutions. 516 The
greatest salinity where oviposition was observed in natural habitats was 0.9 ppt, indicating that the
frogs are able to detect dilute NaCl solutions and select sites for o viposition well within the larval
salinity tolerance. In contrast, Bufo calamita are able to successfully metamorphose in salinities of
10 ppt (~300 mOsm), although larv al size is smaller and time to metamorphosis is longer .157,158

Larval B. calamita taken from saline habitats were able to tolerate higher salinities than those from
freshwater breeding sites and accumulated a small amount of urea but not enough to be osmotically
effective.157 R. cancrivora larvae tolerate salinities up to or even higher than seawater by increasing
plasma Na + and Cl – concentrations and maintaining plasma osmolality that is dilute relati ve to
seawater.160 During climax stages of metamorphosis, R. cancrivora express urea c ycle enzymes
and accumulate urea so the body fluid osmolality slightly exceeds seawater, as is the case in adults.
Some larval anurans deposit e ggs on land and the larv ae accumulate urea. This will be discussed
in Section VI.
ii. Urodeles
Larval Ambystoma tigrinum  reared in the laboratory de velop successfully at salinities of 1.37 ×
normal Ringer’s (137 mM NaCl) but not at 220 m M NaCl. During exposure to 137-mM NaCl the
plasma concentrations of Na+ and Cl– increase to keep the plasma hypertonic to the external medium
by 22 mOsm. 264 Unlike the adults, urea is not an osmolyte in the larv ae. Taylor480 investigated a
reproducing population of A. subsalsum in Lake Alchichica in Mexico which has a reported salinity
in excess of 5.2 ppt NaCl plus appreciable concentrations of bicarbonate, carbonate, and sulf ate
that raise the osmotic concentration to an estimated v alue of about 200 mOsm.

III. STRUCTURE AND PHYSIOLOGY OF THE SKIN

A. STRUCTURE AND MORPHOLOGICAL CELL TYPES

Except for the presence of dermal scales in some apodan species, all amphibians ha ve a similar
arrangement of dermal and epidermal structures (Figure 9.1A). The dermis consists of an inner
stratum compactum and an outer stratum spongiosum containing glands that secrete a near isosmotic
fluid that may contain mucus, lipids, or toxins. The epidermis consists of an inner layer of cells,
the stratum germanitivum, which is attached to the dermis by a basement membrane. Cells of the
s. germanitivum undergo mitotic cell division and propagate to form three distinct layers. The first
layer above the s. germaniti vum is the s. spinosum, and abo ve that is the s. granulosum, which is
the outermost living cell layer. Cells of the s. granulosum are connected by zonulae occludens, or
tight junctions, that separate the apical plasma membrane, which faces the cornified cells, from the
plasma membrane lining the lateral intercellular space. The apical plasma membrane is the limiting
barrier for transcellular solute and water transport across the epidermis, although evidence suggests
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that the tight junctions are re gulated and paracellular transport occurs as well. 144,196,406,501,522 The
basolateral plasma membranes of the s. granulosum form extensive connections, both desmosomes
and gap junctions, with the plasma membranes of the s. spinosum and the s. spinosum with the s.
germanitivum.435 The cells of these layers form a functional sync ytium denoted the principal cell
compartment, with functions resembling those of principal cells of the urinary bladder and the
single-layered collecting tub ules and collecting ducts of the kidne y. Trans-cellular transport thus
requires passage across the apical plasma membrane of the s. granulosum, dif fusion through the
cytosol of principal cells and through g ap junctions between them, and transport across the baso-
lateral plasma membrane, which includes the plasma membranes of the s. spinosum and s. ger -
manitivum.406,445

Cells of the stratum granulosum accumulate k eratin, die, and are replaced by cells migrating
from the s. spinosum. The dead cells form a flattened, one- to two-cell-thick layer, termed the s.
corneum. With the exception of some cocoon-forming fossorial species, the s. corneum is generally
not a limiting barrier for either e vaporative water loss or absorption of w ater and solutes. The s.
corneum is shed at re gular intervals—the molting c ycle, which is about 1 week at 20°C. 59,60,292

During molting, the skin becomes leaky to electrolytes and water.233 In vitro studies have indicated
that the cells replacing the old s. granulosum are not fully functionally dif ferentiated until the
slough is formed and shed. 282,362

In addition to principal cells are Merck el cells of poorly kno wn function and bottle-shaped
mitochondria-rich (MR) cells (also called flask cells), which extend into the s. granulosum and s.
spinosum and connect to the outer surf ace of the skin, with a narro w neck projecting between the
s. granulosum cells to which the y are linked by tight junctions (Figure 9.1B). Their apical plasma
membrane faces the subcorneal space, and they connect with neighboring cells by desmosomes. 537

MR cell histochemistry553 and immunoreactivity61,178,259,451 are different from those for the principal
cells. MR cells are selecti vely stained by silv er and meth ylene blue, re vealing a density on the
order of 10 5 MR cells per cm 2 of epithelial surf ace area. The density is species dependent, often

FIGURE 9.1 (A) Cross-section of skin from Rana pipiens (see Farquhar and Palade128). The epidermis consists
of the outermost stratum corneum (S.Co), a dead cell layer that is not a permeability barrier for small ions
and water except in some cocoon forming anuran species. The apical membrane of the outermost li ving cell
layer, the stratum granulosum (S.Gr), is the limiting barrier for salt and water transport. The stratum granulosum
becomes cornified and replaced by cells of the stratum spinosum (S.Sp) that are renewed by division of cells
in the stratum germaniti vum (S.Ger). Mitochondria-rich cells (MRs) are interspersed among the principal
cells. The dermis consists of an outer layer—the stratum spongiosum, which contains glands (G) and blood
vessels (V)—and an inner layer, the stratum compactum. (B) Two mitochondria-rich cells from the same toad
skin preparation. On top is seen the dead cornified layer. The mitochondria-rich cells expose a relatively small
plasma membrane area to the subcorneal space. (From Willumsen, N.J. et al., Biochim. Biophys. Acta, 1566,
28–43, 2002. With permission.)
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with regional differences, and it v aries with the prehistory of the animal. 61,116,216,260,542 The area of
the apical plasma membrane of MR cells is enlar ged by 0.5- to 1- µm microvillar ridges and is
critical for acid–base secretion and Cl – uptake (discussed in Section III.F).

B. WATER EXCHANGE ACROSS THE SKIN EPITHELIUM

1. Evaporative Water Loss

Evaporation of w ater from the animal occurs through the respiratory epithelium of the lungs (the
nassobuccopharyngal cavity) and through the skin. Amphibian olfaction is closely associated with
buccopharyngeal v entilation, by which the y smell and react to chemical cues in air and w ater
(reviewed in Jør gensen242). The shallo w oscillatory mo vement of the b uccal floor that serves
olfactory purposes results in e vaporative water loss, b ut its quantitati ve contribution to the total
water loss on land is not kno wn. Adolph5 observed that skinned frogs ( Rana pipiens) lost water at
rates comparable to intact animals and concluded that the skin forms no appreciable barrier for
evaporation. This was for many years the assumption for amphibians in general and may still apply
to urodeles and apodans. More recent studies ha ve shown a v ariety of mechanisms that reduce
evaporation across the anuran skin, including those of “w aterproof” frogs with e vaporative water
losses comparable to some reptiles. These mechanisms occur independently among man y anuran
families that also have species with the more typical high rates of evaporation. Spotila and Berman453

and Lillywhite 296 quantified the resistance of the integument to e vaporative w ater loss among
amphibians and other v ertebrates in terms of an e vaporative resistance coefficient of the skin (RS;
sec/cm), which is the reciprocal of the rate of e vaporation per cm 2 per unit of v apor pressure
difference between the animal and the surrounding air at the pre vailing temperature. Resistance
values for semiaquatic Rana species are predictably lo w, near zero, which is the resistance for
evaporation from a free water surface. Those of the more terrestrial North American desert amphib-
ians Bufo co gnatus and Scaphiopus couc hi are about 5 × greater b ut are still reflective of high
evaporative w ater loss. In the 1970s, it w as found that the African Rhacophorid Chiromantis
xerampelina had an evaporative skin resistance of 400 to 900 sec/cm, which is comparable to that
of many reptilian species. 301 

This intrinsic property of the skin is as yet not fully understood b ut has been suggested to be
related to the lipid composition of the apical plasma membranes. Reed frogs (Hyperolidae) are
also able to tolerate long periods in desiccating en vironments.546 The skin of Hyperolius nasutus
has an e vaporative resistance coef ficient in excess of 100 to 200 sec/cm depending on the
movement of air (flowing vs. still air). Thus, some compensation for a lo w intrinsic e vaporative
skin resistance is achieved if the animal stays motionless. An alternative mechanism for reducing
evaporative water loss includes w ax secretions from skin glands by some members of the South
and Central American genus Phyllomedusa (Hylidae). The frogs wipe the secretions over the entire
skin area to pro vide very high resistance coef ficients of over 300 sec/cm. 441 Other Hylid frogs
and arboreal frogs in the genus Pelopedates (Rhacophoridae) show similar wiping behaviors and
skin secretions and may e xhibit resistance v alues comparable to Phyllomedusa.298 In all cases,
wiping is followed by the animals remaining motionless to a void disruption of the w axy layer. It
should be noted that resistance v alues given in the literature depend on temperature (according
to the definition of RS; see abo ve) and often also on conditions of air flow because an unstirred
air layer on the skin surface reducing the rate of diffusion has not always been corrected for. This
should be kept in mind in comparative studies and when laboratory data are applied to the natural
habitat of the species.

Many species burrow to avoid evaporation. Some fossorial species, such as Scaphiopus couchi
(Pelobatidae), and many Bufonids accumulate electrolytes and urea to maintain the w ater poten-
tial of the body fluids in equilibrium with the soil.241 Even species commonly thought of as
aquatic, such as Xenopus laevis and the urodele Ambystoma tigrinum , inhabit ponds that may
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dry up, requiring the animals to b urrow in the mud to accumulate electrolytes and urea. 99,240

Burrowed S. couchi accumulate urea more rapidly when b urrowed in soils with a lo wer w ater
potential319 and routinely estivate for up to a year between summer acti vity periods that coincide
with seasonal summer rainf all. Different soil types ha ve different water-retaining properties, so
selection of burrowing sites is important for survival during dry periods.192 Water absorption from
soil is covered below. In addition to accumulating solutes, anurans from several families accumu-
late man y (60 to o ver 200) layers of shed epidermis to form a w atertight cocoon. Cyclorana
australis (Hylidae) has a skin resistance to e vaporative w ater loss of RS = 2.4 sec/cm, which
increases to 60 to 214 sec/cm when a cocoon forms. Cocooned Neobatrachus aquilonius (Myo-
batrachidae) uncovered 1.5 years after a recorded rainfall had urine that was nearly isosmotic with
the plasma, and it w as estimated the y had a 2-year tolerance to deh ydration under the ambient
soil moisture conditions. 69 Of interest, N. aquilonius  burrowed in a moist soil did not form a
cocoon, indicating that the animals are able to assess the w ater potential of their surroundings
and respond accordingly.

2. Water Absorption

In 1795, Townson487 observed (his capital letters): “THESE TAKE IN THEIRS THROUGH THE
SKIN ALONE: ALL OF THE AQUEOUS FLUID WHICH THEY TAKE IN BEING ABSORBED
BY THE SKIN AND ALL THEY REJECT BEING TRANSPIRED THR OUGH IT.” This was
reestablished in the paper “Do Frogs Drink?” by Bentle y and Yorio.31 Frogs placed in h ypersaline
baths have been observ ed to drink, b ut Rana cancrivora in near-seawater does not. One frog for
which drinking is significant is Phyllomedusa sauvagii, which becomes w aterproof when it wipes
itself with waxy skin secretions. During a rain, these frogs will allo w water falling on the head to
flow into their mouths 321 and may re gain 20% of their body mass per hour , but when not w axed
they are able to absorb w ater across their skin.

a. Comparative Studies of Cutaneous Water Uptake
Comparative measurements of w ater absorption ha ve been made with intact animals and with
isolated skin. The latter has been a popular tissue for studying osmotic w ater movement because
it is long li ved when mounted in a chamber consisting of a tube with the skin tied to form a
membrane at one end. The tube is filled with one solution and the skin end is immersed in a second
solution. This arrangement, termed an osmometer,112 was applied to frog skin by Matteucci. 315

Osmotic water movement can be quantified either as the change in fluid volume of the osmometer
or as the mass g ain by the intact animal. With body mass ( M) expressed in grams, Mullen and
Alvarado341 used the equations A = 8.9·M0.56 cm2 to estimate area-specific water absorption by Bufo
boreas and A = M0.56 cm2 for Ascaphus trueii , Hyla r egilla, and Rana pipiens . Katz and Ben-
Sasson252 applied the formula A = 6.3·M0.63 cm2 for B. viridis . Dehydration and subsequent reh y-
dration, as they relate to the osmotic concentration of the body fluids, can then be evaluated relative
to the standard mass, which, as discussed above, depends on both environmental and physiological
conditions. Rehydration is commonly e xpressed in units of mL/g /hr or extrapolated for the whole
surface area based on body mass. The skin of aquatic species of anurans, 29,341 urodeles,30,187 and
apodans222 has a lower water permeability than the skin of more terrestrial forms. This reduces the
tendency of aquatic species to absorb e xcessive water and permits terrestrial species to reh ydrate
more rapidly when they return to water.21 Absorption by the more terrestrial Bufo was observed to
be greater than for the more aquatic anuran species. Among the urodeles, the terrestrial species
Notopthalmus viridescens (Salamandridae) and Aneides lugubris (Plethodontidae) are able to rehy-
drate as quickly as terrestrial anurans. 54,187

Smaller animals have a greater surface area-to-volume ratio. With a given area-specific rate of
water absorption, smaller animals will reco ver a greater percentage of their body mass within a
given period of time. In addition, man y species of terrestrial anuran ha ve a re gion in the v entral
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skin, termed the seat patch or pelvic patch, that is specialized for water absorption.28,75,320 Its water
permeability can be greatly stimulated in deh ydrated animals and may account for 85% of the
water absorbed.311 Thus, area-specific rates based on body mass will underestimate the actual water
flux across the seat patch. Finally, many species have a system of grooves and channels in the skin,
termed epidermal sculpturing, that can amplify the effective surface area for water absorption94,297,374

and has been suggested to account for the difference in water permeability between Bufonidae and
Ranidae.75 Examples of osmotic water uptakes in different anuran species under laboratory condi-
tions together with calculated osmotic permeabilities ( Pf) are given in Table 9.4 (for definition of
Pf, see discussion below). This study found a fairly large difference in Pf between Bufo boreas and
the other three anurans, probably due to the greater osmotic permeability of the seat patch re gion
of the ventral skin.

b. Water Uptake from Soil Water
Many anuran and urodele and most apodan species are partially or completely fossorial and depend
on soil moisture as a h ydration source. Soil w ater potential depends on the adsorption of w ater
to soil particles (matric potential, πM ≤ 0), the solutes dissolved in the soil water (osmotic potential,
πSW ≤ 0), the ele vation in the gra vitational field (gravitational potential, which may be ne gative,
zero, or positi ve), and the e xternal applied pressure (pressure potential, lik ewise negative, zero,
or positive). When discussing w ater movement between soil w ater and a b urrowing amphibian,
only the matric potential and the osmotic potential of the soil need be considered. The matric
potential can be measured with the ceramic plate e xtraction method,444 in which w ater-saturated
soil is placed on a ceramic plate in a pressure v essel. An imposed nitrogen pressure forces w ater
from the particle matrix to a collection tube until the gas pressure equilibrates with water retained
by the soil. For a given pressure, a certain percentage of water is retained by the soil. By measuring
soil water content over a range of pressures, one can characterize the water-retention characteristics
of soil in a gi ven burrowing site as a function of its w ater content. The force of w ater retention
thus obtained, expressed as the negative value of the pressure forcing water out, defines the matric
potential (πΜ), which is determined by soil particle size, porosity of particles, and organic content.
The osmotic potential (osmotic pressure) of pure w ater is defined as zero and becomes more
negative as solute is added. The accumulation of solutes in the body fluids reduces the osmotic
potential relative to that of pure w ater (πBW < 0) and can be determined by a freezing point or
vapor pressure osmometer. Thermodynamically, osmotic water flow proceeds with a negative free-
energy change. Thus, burrowing animals can maintain fluid balance when the osmotic potential
of the animal’ s body fluids is equal to or more negative than the soil w ater potential, gi ven by
the sum of its matric and osmotic potential—that is, when πBW ≤ πΜ + π SW. Historically, π has
been expressed in units of bars (1 bar = 1.013 atmospheres), b ut more recently the SI unit kP a
has been used (1 bar = 100 kP a).

TABLE 9.4
Osmotic Permeabilities of Amphibian Skin

Species
Mean Body Mass

(g)
Jv

(µL/cm2/hr)
Pf

(cm/sec) Remarks
Ascaphus truei 2.5 ± 0.2 3.98 ± 0.19 3.59 In vivo
Rana pipiens 39.7 ± 5.0 4.80 ± 0.42 3.83 In vivo
Hyla regilla 2.6 ± 0.3 5.60 ± 0.27 3.96 In vivo
Bufo boreas 61.1 ± 5.2 15.80 ± 2.1 10.38 In vivo

Source: Data from Mullen, T.E. et al., Am. J. Physiol., 231, 501–508, 1976.



380 Osmotic and Ionic Regulation: Cells and Animals

c. Osmotic and Diffusional Permeability
i. Osmotic Permeability
Experimental measurements of water absorption across the amphibian skin contributed significantly
to the quantitative formulation of the two major physiological concepts of epithelial water transport:
the osmotic permeability and the dif fusional permeability. The osmotic pressure ( π) of a diluted
solution of an osmolyte ( S) with the molar v olume concentration of CS is given by v an’t Hoff’s
equation:*

π = R·T·CS (9.1)

π is in the unit of P a when R = 8.31 Joule/mol·K, T is in K elvin, and CS is in mol/m 3 (≡ mM).
Considering a membrane with h ydraulic conductance LP and solute reflection coefficient σS, the
water volume flow (JV) across the membrane is:

JV = LP·R·T·σS·∆CS (9.2)

where ∆CS is the transmembrane concentration dif ference, and the reflection coefficient is defined
such that σS = 1 for a membrane that is permeable to water but impermeable to S (a semipermeable
membrane), and σS = 0 for a membrane that cannot discriminate between solv ent and solute. The
osmotic permeability (Pf) of a membrane is gi ven by:131

 (9.3)

which, combined with Equation 9.2 for w ater flow, gives:

(9.4)

In physiological literature, JV is in cm 3/cm2/sec (≡ cm/sec) when Pf is in cm/sec, VW is in cm 3 per
mol H 2O (∼18 cm 3/mol at 20°C), and CS is in mol/cm 3. The osmotic coef ficients of the external
bath and e xtracellular body fluid can be quite different, which can be tak en into account by
measuring the osmotic concentrations with an osmometer . In man y studies, it is tacitly assumed
that σS = 1, which may be a reasonable approximation for tight epithelia such as amphibian skin
and urinary bladder with high-resistance tight junctions.
ii. Diffusional Permeability
Another method that has been used in studies of w ater exchange across membranes is to add an
isotopic tracer for water (3H2O, D2O, H2O18) and measure unidirectional diffusion fluxes across the
membrane. If the unidirectional tracer flux per unit area of membrane is proportional to the water
concentration in the solution to which the tracer is added ([H 2O]o and [H 2O]i), the net dif fusion
flux would be the dif ference between influx and efflux as indicated by Fick’s law:

 (9.5)

where Pdw is the w ater dif fusion permeability based on the assumption that there is no isotopic
effect (the tracer beha ves exactly as H2O). If the w ater concentration in the membrane is so small
that the w ater molecules do not interact with each other , it can be sho wn131 that the osmotic

* The van’t Hoff equation504 applies to ideal solutions. The body fluid cannot be considered to be an ideal solution. Thus,
in the physiological range of osmotic concentrations more correctly, π = φ·R·T·CS, where φ is a nondimensional, empirically
determined osmotic coefficient with φ = 0.9 for the amphibian Ringer’ s solution.

P RT
V

Lf
W

P=

J P V CV f W S S= ⋅ ⋅ ⋅σ ∆

J P J P

J

in
dw o

out
dw iH O 2 H O 2

H

2 2

2

H O     H O= ⋅ = ⋅[ ] , [ ]

OO 2 2H O H O= ⋅ −Pdw o i([ ] [ ] )



Osmotic and Ion Regulation in Amphibians 381

permeability given by Equation 9.4 will be equal to the dif fusion permeability given by Equation
9.5. In a study of frogs in vivo, the cutaneous water permeability obtained from the rate of osmotic
water uptake was compared with that obtained by the rate of dif fusion of D2O.186 It was found that
the osmotic permeability w as se veral times higher than the permeability calculated from the
diffusion of heavy water assuming that the ratio between the influx and efflux is equal to the ratio
of the water concentrations on the tw o sides of the skin (see Equation 9.5). K oefoed-Johnsen and
Ussing266 pointed out that this latter assumption is not valid if the diffusion of water is superimposed
on a convective flow of water through pores in the membrane. They developed appropriate equations
for testing this h ypothesis in e xperiments on isolated frog skin stimulated by neuroh ypophyseal
hormone. They found that the hormone increased the osmotic net w ater flux 2.3× when estimated
as water volume uptake but by no more than 10% when the influx was estimated with the D 2O
isotope tracer method. 266 From these observ ations water movement was proposed to result from
mass flow through pores rather than from thermal motions of single w ater molecules dissolved in
the membrane phase.

3. Amphibian Aquaporins

Biophysical and physiological studies on the water permeability of biological membranes including
amphibian skin266 and urinary bladder181,400 predicted water movement to take place through pores.
Water channel proteins were initially identified by freeze fracture electron microscopy as intramem-
brane particle aggregates.50,72,246 During the early 1990s, such w ater channel proteins were indeed
discovered390 and given the name aquaporins (AQPs) which have subsequently been identified in
many organisms, ranging from bacteria to plants and animals. 219,378 AQPs form membrane pores
that are selecti vely permeable to w ater, and a subf amily of AQPs, termed aquaglyceroporins, are
comprised of membrane pores that are permeated by w ater and certain small solutes, such as
glycerol and urea. A common feature of AQPs is a sequence of tw o Asn–Pro–Ala (NPA) motifs
that form the w ater-selective pathway and the ability of Hg 2+ and other mercurial compounds to
inhibit water transport. Specific aquaporins in the skin and urinary bladder are stimulated by the
amphibian antidiuretic hormone ar ginine v asotocin (AVT), thereby f acilitating w ater absorption
and retention in most anuran species and in man y urodeles.

At the present time, the full-length sequences of 17 AQP cDN As ha ve been elucidated in
anurans. A phylogenetic analysis of AQP proteins from anuran amphibians and mammals suggested
that anuran AQPs can be di vided into six clusters: types 1, 2, 3, and 5 and tw o anuran-specific
types designated as a1 and a2 (the letter “a” represents anuran) (Figure 9.2). Types 1, 2, 3, and 5
correspond to mammalian AQP1, AQP2, AQP3, and AQP5, respectively.470 The cluster of type a1
AQPs is composed of AQPxlo from Xenopus lae vis oocytes518 and another X. lae vis AQP
(BC090201). The cluster of type a2 AQPs contains AQP-h2178 and AQP-h3477 from the tree frog
Hyla japonica and AQP-t2 (AF02622) and AQP-t3 (AF020622) from the toad Bufo marinus. It is
of interest that AQP2 and type a2 clusters belong to dif ferent groups, although all of these AQPs
can be stimulated by AVT (see below).

AQP-h1 has higher homology to toad AQP-t1, Rana FA-CHIP (AQP1),1 and rat AQP1, whereas
AQP-h3 and AQP-h2 ha ve higher homology to mammalian AQP2 than to mammalian AQP3.
AQP-h1 showed a ubiquitous tissue distribution, whereas AQP-h3 displayed a specific distribution
that was restricted to the ventral pelvic skins. AQP-h2 was expressed in the ventral pelvic skin and
urinary bladder but not in the kidne y.178,477 Recently, two aquaporins were added to the amphibian
AQP f amily: AQP-h2K w as isolated from the kidne y of Hyla japonica , which is a homolog to
AQP2 (HC-2) from Cope’s tree frog (Hyla chrysoscelis),559 and Hyla AQP-h3BL was identified by
molecular cloning.6 This AQP-h3BL showed a high amino acid sequence similarity to mammalian
AQP3 and, lik e the mammalian isoform, is predominately e xpressed in the basolateral plasma
membrane of several osmoregulatory tissues, including skin, mucous glands, urinary bladder , and
kidney.
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a. Aquaporins of Amphibian Skin
It is the granulosum cell layer (pre viously denoted the first-reacting cell layer ) that plays a k ey
role in controlling water transport.304,521 By immunofluorescence staining, both AQP-h2 and AQP-h3
were localized in tw o or three layers of principal cells. 178,477 These immunolabels were strongest
along the plasma membranes, and AQP-h2 appeared to be colocalized with AQP-h3.178 No signal
was found in the mitochondria-rich cells. AQP-h3BL was constitutively expressed in the basolateral
membrane of principal cells in the stratum granulosum of the whole frog body. AQP-h2 and AQP-h3

FIGURE 9.2 Phylogenetic and sequence analysis of amphibian AQPs. Note that the AQP-a2 cluster includes
the –h2, –t2, –h3, and –t3 isoforms specific for anurans that, like the AQP2 cluster (including mammals), is
stimulated by AVT. Note also that the Type 3 AQP3 cluster includes the mammalian AQP3 which, lik e the
amphibian AQP-h3BL and HC-3 isoforms, is located in the basolateral membranes. (From Ogushi, Y. et al.,
Endocrinology, 148, 5891–5901, 2007. With permission.)
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are specifically expressed in the ventral pelvic skins, where water absorption occurs,6,178,477 and are
translocated to the apical plasma membrane in response to treatment with the amphibian antidiuretic
hormone arginine vasotocin (AVT), which results in enhancement of the cutaneous w ater perme-
ability. Water absorbed into the cells exits across the basolateral membrane through the AQP-h3BL
proteins and moves to subepidermal capillaries (Figure 9.3). It is an interesting issue to determine
whether AQP-h3BL, AQP-h2, and AQP-h3 are colocalized on the plasma membrane and intracel-
lular vesicles. Further studies will be required to define the roles of each AQP in the water absorption
of the ventral pelvic skins.

b. Comparative Studies of Amphibian Aquaporins
The response to antidiuretic hormone tends to be greater in the anuran species normally occup ying
drier habitats than in those from wet habitats. 23,25 To examine the putati ve involvement of AQPs
for this functional dif ferentiation, immunoblots and immunohistochemical analyses ha ve been
performed for ventral pelvic skins of five anurans. According to their habitats, they are divided into
four groups (Table 9.1): X. laevis is aquatic; R. japonica, R. catesbeiana, and R. nigromaculata are

FIGURE 9.3 AVT-controlled signaling pathways for apical membrane insertion of Hyla AQP-h2 and AQP-h3
of the outermost granular cells of v entral pelvic skin (left) and urinary bladder (right). AVT increases w ater
permeability by binding to V2-type AVT receptors on the basolateral plasma membrane of the granular cells.
The ligand-bound AVT receptors acti vate adenylyl cyclase (AC) and the intracellular cAMP le vel increases,
in turn leading to activation of protein kinase A (PKA). The PKA phosphorylates AQP-h2 and AQP-h3 in the
ventral pelvic skin and AQP-h2 in the urinary bladder , promoting translocation of the AQP-bearing vesicles
to the apical plasma membrane. Transmembrane osmotic water flows are indicated by black and dotted arrows.
AQP-h3BL is located at the basolateral membrane of the granular cells, thereby promoting w ater flows from
the c ytoplasm into the connecti ve tissues and the spaces between granular cells. Apically located high-
resistance tight junctions (TJ) join together the granular cells. AQP-h1 channels are located at the plasma
membrane of the endothelial cells of capillaries where the y mediate osmotic transport of absorbed w ater into
the bloodstream.
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semiterrestrial; B. japonicus explores drier terrestrial habitats and is classified as a terrestrial; and
the arboreal H. japonica constitutes the fourth group. Because the antibody ag ainst Hyla AQP-h2
was utilized in western blot analysis and immunohistochemistry for other anurans, this antibody
was applied. AQP-h2 or AQP-h2-like protein w as detected in the urinary bladder of all of the
species examined (Table 9.5). The AQP-h2 homolog was detected in the pelvic skin of the terrestrial
toad Bufo japonica  as in the tree-adapting frog H. japonica , but not in the other species (T able
9.1). In contrast, e xpression of the AQP-h3-like cDNA was identified in the ventral skin of all of
the frogs, from aquatic species to terrestrial dwellers, e xamined by molecular cloning; therefore,
AQP-h2 seems to be a urinary-bladder-type AQP, and AQP-h3 seems to be a ventral-skin-type AQP.
It may be speculated that, as anurans adapted to drier terrestrial environments, the urinary-bladder-
type AQP became e xpressed in the pelvic skin, as well, resulting in w ater absorption from the
environment via both AQP-h2 and AQP-h3.

C. EPIDERMAL ION TRANSPORT: BACKGROUND

The literature on ion transport in amphibian skin can roughly be divided between papers on general
and on comparative physiological issues. As examples of the first group of studies, frog skin was
used extensively by ph ysiologists in the 19th and 20th centuries as a model for in vestigating the
nature of bioelectricity and membrane transport (re viewed in Jør gensen240 and Ussing et al. 503).
DuBois-Reymond107,108 observed that frog skin generates an electric current ( Froschhautstromme),
which Galeotti146 showed to be dependent on e xternal Na+ (or Li+), and forw arded the interesting
hypothesis that the skin is more permeable for the tw o alkali metal ions in the inw ard direction
than in the outw ard direction. A number of more speculati ve theories were also forw arded before
Huf 211 demonstrated cutaneous ion uptake in closed sacs from le g skin filled with a Ringer’s. The
sacs were immersed in the same solution and g ained mass by cutaneous w ater uptake that w as
abolished by cyanide. Analysis of the contents of the bag re vealed an accumulation of Cl –, which
he concluded to be the result of an acti ve transport in the inw ard direction. A similar conclusion
was reached already in 1890 by Reid, 398 who studied fluid transport across the isolated frog skin
and concluded “that in the li ving skin of the frog there is at w ork some form of absorpti ve force
dependent on protoplasmic activity and exerted in a direction from the external towards the internal
surface” (p. 346) (see also Section III.H).

The concept of active tr ansport was defined by Krogh as a transport that occurs against a
concentration gradient. In his first study, Krogh 277,278 raised tw o fundamental questions which
became major themes in general and comparati ve physiology. First, can transport of an ion tak e
place against its concentration gradient—that is, in the direction opposite of that predicted by Fick’s

TABLE 9.5
Phylogenetic Distribution of AQP Expression in the Abdominal Skin 
and Urinary Bladder of Anurans

Species Habitat
Ventral-Type 

AQP Pelvic Skin

Urinary Bladder–Type AQP

Pelvic Skin
Urinary 
Bladder

Hyla japonica Arboreal + + +
Bufo japonica Terrestrial + + +
Rana nigromaculata Semiterrestrial + – +
Rana japonica Semiterrestrial + – ?
Rana catesbeiana Semiterrestrial + – +
Xenopus laevis Aquatic + – +

Source: Suzuki, M. et al., Comp. Biochem. Physiol. A, 148 72–81, 2007. With permission.
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law? Second, what is the biological significance of active ion transport? These questions were
analyzed in e xperiments with a v ariety of freshw ater animals that maintain lar ge concentration
gradients between body fluids and the external bath. It was shown that Rana esculenta can absorb
Cl– from freshwater and from NaCl solutions as dilute as 10 –5 M, and that Na + and Cl– could be
taken up independently of each other.279 With respect to the physiological significance of cutaneous
ion transport, Krogh emphasized that he could demonstrate Cl – accumulation in frogs only if the y
had been forced into a negative NaCl balance by being kept starved and sprayed for several weeks
by distilled water. This treatment resulted in a fairly large loss of body water and extracellular Cl–,
induced active cutaneous ion uptake, and reduced significantly the cutaneous and renal loss of Cl–.
Krogh suggested that ion balance is normally maintained by uptak e of ions from food, and the
uptake via the skin is of physiological significance only during hibernation at the bottom of ponds.277

As discussed in Section II.B.3, significant amounts of NaCl and water are accumulated by anurans
via cutaneous uptak e during hibernation in an artificial terrestrial habitat, which is also the case
during hibernation in nature. Another function of cutaneous ion uptak e in well-fed animals might
be to generate solute-coupled w ater uptak e (see Section III.H). It should also be noted that the
active Na+ transport together with a parallel anion conductance serv e a chemosensory function for
detecting osmotically available water (see Section VII.G).

Krogh’s studies 277 also showed that the skin becomes quite tight to passi ve ion loss during
periods of forced negative whole-body ion balance, which w as the first indication of physiological
regulation of the passi ve permeability of the skin. More recent measurements of cutaneous fluxes
with radioactive tracers ha ve shown aquatic species to ha ve a higher af finity for salt uptake and
lower loss to dilute solutions than do terrestrial species, 164,341 indicating that selection for high-
affinity salt uptake and reduced passi ve loss has occurred in natural habitats.

D. FUNCTIONAL ORGANIZATION OF THE EPITHELIUM

To obtain a rigorous theoretical tool in the study of mechanisms of ion transport, Ussing 496 derived
the flux ratio equation for passive transport by electrodif fusion which applies to an y membrane
independent of its comple xity:

(9.6a)

Thus, for passi ve transport of the ion j with charge zj the ratio of influx to ef flux of j (left-hand
side of the equation) is equal to the ratio of the ion activity in the solutions bathing the membrane,
(j)o and (j)i, multiplied by an exponential function that tak es into account the electrical potential
difference across the membrane,  VT (= ψi – ψo). In Equation 9.6a, zj is the valency of the ion, F
is the Faraday constant, R is the universal gas constant, and T is the temperature in K. 461 Ussing
and Zerahn499 were the first to conclusively demonstrate active Na+ transport by mounting isolated
frog skin between two chambers with identical Ringer’ s bathing either side of the tissue. An
external short-circuit current ( ISC) was passed to re gulate the transepithelial potential difference
resulting from acti ve ion transport to 0 mV  (considered to be the Ussing c hamber tec hnique).
Under the standard conditions where ( j)o and ( j)i are equal and VT is clamped to 0 mV (short-
circuited), a net flux in the inward direction ( Jj

in/Jj
out  greater than unity) defines active transport.

Dividing ISC by Faraday’s constant provided a measure of net transepithelial ion flux that was shown
to be about the same as the net flux of Na+ calculated from unidirectional fluxes of radioactive Na+

isotopes. 
The two-membrane model  of acti ve sodium transport proposed by K oefoed-Johnsen and

Ussing267 depicted the frog skin epithelium as a single functionally polarized unit with an apical
plasma membrane that is permeable to Na + and a basolateral plasma membrane permeable to K +,
with an active transport step (the Na +–K+ pump) also in the basolateral plasma membrane (Figure
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9.4A). Numerous studies of epithelial transport ha ve shown that this model, with a passi ve entry
step and a primary acti ve e xit mechanism, is a general principle for acti ve transepithelial Na +

transports that applies to se veral other types of electrolyte absorbing epithelia, as well. 400

Jørgensen et al.243 investigated the existence of active Cl– uptake by living anurans in freshwater
taking into consideration the transepithelial potential difference as putative driving force (Equation
9.6a). They measured the Cl – influx with radioactive isotopes and the net Cl – flux by titration of
the external bath. The electrical potential across the skin in vivo was measured with a Ringer–agar
bridge deeply inserted into the dorsal lymph sac and with the reference electrode of appropriate
composition dipped into the bath. With some v ariation between the animals b ut independent of
water uptake (solvent drag), the y found that Cl – is actively transported inw ard across the skin of
B. bufo, R. esculenta, and R. temporaria. In studies with radioisotopes of both Na + and Cl– and in
studies on selectively ion-depleted animals, they confirmed that the Na+ and Cl– are transported in
the inward direction by independent membrane mechanisms. Because of the very large electrostatic
forces required to separate ions of opposite char ge, Krogh proposed that the independent uptak e
of Na+ and Cl– involved exchange of an ion of the same sign, in casu (e.g., Cl– for HCO3

– ), which
was in agreement with measured HCO 3

– excretion in some of his e xperiments and because “the
CO2 produced by metabolism and excreted through the skin and gills is probably sufficient to serve
in exchanged for Cl – absorbed.”279 The cation exchanging for Na + was not identified in frog skin,
but his suggestion that “NH 3 liberated at the outer surf ace [from NH 4

+ ]  of an absorbing cell may
partly diffuse back and become utilized o ver again”279 would imply that Na + was exchanged for
H+. Similar observ ations were made with the axolotl Ambystoma mexicanum and a lar ge number
of freshw ater teleosts, indicating that the uptak e of Na + and Cl – is common among freshw ater
organisms.278,280 

Garcia-Romeu et al.149 extended previous in vivo studies on NaCl uptake by freshwater animals
by measuring quantitative relationships of cutaneous Na +, Cl–, H+, and HCO3

– (base) exchanges in
the South American frog Calyptocephalella gayi. With salt-depleted frogs, they confirmed Na+ and
Cl– uptake in near 1:1 proportion by animals k ept in artificial freshwater. Selectively Cl–-depleted
frogs displayed a stationary Cl – uptake from NaCl solutions accompanied by e xcretion of base

FIGURE 9.4 Functional organization of principal cell compartment. (A) Model for transepithelial Na + trans-
port as proposed by K oefoed-Johnsen and Ussing. 267 Na+ enters across the apical (outside f acing) membrane
down an electrochemical gradient that is maintained by acti ve Na + transport out of the cell by the ATP-
consuming basolateral Na +–K+ pump (P). The relatively high K + permeability of the basolateral membrane
secures passive back leak of K+ into the interstitial fluid and a negative membrane potential. (B) A more recent
model applied to the syncytium of principal cells which also contains NKCC cotransporters and Cl – channels
in the basolateral membrane, which displays transport systems for intracellular pH re gulation: Na +/H+ and
Cl–/HCO3

–  exchangers, respecti vely. The K + channels of the apical membrane (sho wn in parentheses) are
normally downregulated but constitute important pathw ays for eliminating a body load of K +, in which case
they become activated.
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(HCO3
– )  without a concomitant uptak e of Na+. In a similar w ay, Na+-depleted animals exposed to

low concentrations of NaCl absorbed Na + with no uptak e of Cl –. As a no vel observation, it w as
found that in selecti vely Na+-depleted animals Na + exchanged with H + in a 1:1 proportion. Both
types of exchanges were depressed by a carbonic anh ydrase inhibitor. 

These and other similar observ ations were discussed in a re view by Motais and Garcia-
Romeu,339 in which they forwarded the general h ypothesis that in the skin of amphibians and the
gills of freshwater teleosts the exchanges of Cl– for HCO3

– and of Na+ for H+ were obligatory, with
a fixed stoichiometry of 1:1 for both mechanisms. This hypothesis conformed to early observations
that anuran skin acidifies the external solution133,213,496 and to subsequent studies confirming oblig-
atory apical anion e xchange.113 A contemporary study of the isolated skin confirmed that anuran
skin displays a proton-secreting mechanism that is dependent on cellular ener gy metabolism and
can be suppressed by an inhibitor of carbonic anhydrase.120 When considering the energetic require-
ment, however, a proton pump rather than a 1:1 Na+/H+ seems to be demanded for ion uptake from
diluted NaCl solutions, and H+ secretion has turned out to be associated with Cl– uptake rather than
Na+ uptake (see Section III.F .3.b).

Numerous studies on anuran skin o ver a period of 40 to 50 years ha ve extended the model
with additional transport systems of the principal cells, added a paracellular pathw ay, and sho wn
that transepithelial Cl–, HCO3

– ,  and H+ fluxes are governed by flask-shaped intercalated mitochon-
dria-rich cells. These studies are discussed belo w.

E. PRINCIPAL CELL COMPARTMENT

Two regulated transepithelial ion fluxes are known to flow through the principal cell compartment
(see Figure 9.4B). The acti ve uptak e of Na + and an acti ve secretion of K + are both fueled by
hydrolysis of adenosine triphosphate (A TP) by the basolateral Na +,K+-ATPase. At the e xpense of
metabolic energy these pumps maintain the intracellular [K +] above thermodynamic equilibrium
and the intracellular [Na+] below (Table 9.2).148,352,359,406 Experiments with diluted external solutions
on the outside indicated that the apical plasma membrane potential is governed by the K+ distribution
across the basolateral membrane with a K + equilibrium potential more ne gative than –100 mV.346

The combination of lo w cellular Na + activity and ne gative apical membrane potential dra ws Na+

passively across the apical membrane e ven if the e xternal Na + activity is as lo w as 100 µM.175

Radioautographic analysis of the sodium pump inhibitor 3H-ouabain showed that the Na+–K+ pumps
are localized in the plasma membranes of the stratum granulosum and in the plasma membranes
of deeper cell layers that interf ace with the intercellular spaces of the epithelium. In contrast, the
serosal plasma membranes f acing the basement membrane w as not labeled by 3H-ouabain.329 Due
to the small Na+ dissociation constant of the pump283,359 and because the principal cells are connected
by gap junctions allo wing Na + to diffuse into cells of the s. spinosum and s. germinati vum, the
basolateral sodium pumps ef fectively drive Na+ into the relati vely large lateral intercellular space
while maintaining low cellular Na + concentrations. 

Lindemann and Van Driessche299 analyzed microscopic amiloride-induced fluctuations in ISC and
demonstrated the pathway for apical Na + entry to be channels that fluctuate between open, closed,
and amiloride-blocked states (reviewed in Van Driessche507). The single-channel current is a function
of the conductance of individual channels (γNa) and the driving force of apical Na+ entry, iNa = γNa·(VM
– ENa), where VM is the apical membrane potential and ENa is the equilibrium (Nernst) potential of
the Na + distribution across the apical plasma membrane. INa, measured as the amiloride-sensiti ve
component of ISC, is then a function of the single channel current ( iNa), the density of channels in
the apical membrane ( N), and the probability that a gi ven channel is in an open state ( Po): INa =
iNa·N·Po. N and Po can be regulated physiologically by channel insertion/retrieval and by controlling
the gating of channels resident in the membrane, respecti vely. A number of hormones, including
AVT, stimulate Na+ transport in the skin, kidne y, and urinary bladder to maintain the Na + concen-
tration and e xtracellular fluid volume.15,184 Baker and Hillyard 15 observed a fivefold increase in
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amiloride-sensitive ISC following AVT stimulation of isolated toad skin which correlated significantly
with the density of electrically acti ve Na + channels. Apical membrane area e valuated from the
change in capacitance increased significantly by a factor of about 18%. These results might be
explained by insertion of vesicles with a high density of channels152 or by a combination of insertion
and activation of channels already in the membrane.

1. The Apical Sodium Channel and Its Regulation: ENaC

Canessa et al. 65 showed that amiloride-blockable Na + channels are related to mechanosensiti ve
cation channels in the body w all of the w orm Caenorhabditus elegans. Subsequent studies ha ve
characterized a lar ge f amily of epithelial sodium channels (ENaCs) that perform a number of
transport functions, including Na + absorption by amphibian skin, urinary bladder , and renal
tubules.152,261,434 ENaC is a multimeric membrane protein made of three homolog units, α, β, and
γ, with a conductance of ∼5 pS for Na + and ∼9 pS for Li +.66,394 The functional channel is probably
a tetramer of 2 α, 1 β, and 1 γ.13 The v oltage dependence of the Na + current is described by the
Goldman–Hodgkin–Katz electrodif fusion equation; ho wever, in frog skin the apical Na + perme-
ability (PNa) decreases with an increase in the external sodium concentration.145 The downregulation
of PNa predicts Michaelis–Menten-like saturation kinetics of the Na+ influx with increasing external
Na+ concentration in agreement with direct observ ations.34,262,411,503 Supposedly, binding of Na + to
an external Na+ selective site closes the adjacent channel, leaving the remaining channels unaffected.
This h ypothesis was confirmed by fluctuation analysis of Na+ currents in the presence of small
concentrations of amiloride on the external side of the membrane. It w as found that the number of
amiloride-accessible Na+ channels decreased with increasing external Na+ concentration, while the
single-channel currents increased linearly with increasing Na+ concentration.508 The assumed func-
tion of this phenomenon is to reduce Na + entry from ele vated e xternal Na + concentrations and
preserve cell v olume. Also of ph ysiological significance is downregulation of the apical Na +

permeability at increasing intracellular concentrations of H + and Ca2+, respectively.49,174

2. Apical Potassium Channels

Van Driessche and Zeiske509 used stationary current fluctuation analysis to demonstrate the presence
of apical K + channels in the skin of Rana temporaria that provide the mechanism of cutaneous
secretion of K+ measured in living K+-loaded frogs.142,506 The potassium conductance of the apical
membrane is usually v ery small and not easy to detect unless the K + concentration in the outside
bath is raised 349 or Cl– of the bathing solutions is replaced by the impermeable gluconate, which
induces an ouabain-inhibitable active secretion of K + via Ba2+-blockable K+ channels in the apical
plasma membrane.360 Fluctuation analysis has also re vealed an apical cation channel that operates
in parallel with ENaC b ut is not block ed by amiloride. It is poorly selecti ve for Na + vs. K+, and
its function is not understood. 510

3. Basolateral Membrane and Cell Volume Regulation

The Na+–K+ pump is located in the membranes lining the labyrinth of lateral intercellular spaces.329

As in other cells, the pump in frog skin is rheogenic with a cation stoichiometry of 3Na:2K.348,357,358

One ATP is hydrolyzed per pump cycle with a free energy of hydrolysis (∆GATP) = –60 kJ/mol.77,123

The major conductance of the basolateral membrane is K + selective, which can be inhibited by
Ba2+.347 The K+ channels of the basolateral membrane serv e several functions, as the y recycle K+

into the lateral intercellular space after it has been pumped into the cells via the adjacent Na +–K+

pumps,495 control the electrical dri ving force for Na + uptake across the apical Na + selective mem-
brane,174 and rec ycle K + into the interstitial space that has been tak en up by the Na +–K+–2Cl–

exchange protein (NKCC) of the basolateral membrane. 106 Possibly these functions are go verned
by dif ferent populations of K + channels, b ut little is kno wn about this. The set of basolateral
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Cl–/HCO3
– and Na +/H+ exchange mechanisms (Figure 9.4B) serv es to control intracellular

pH,109,110,466 which Harv ey174,176 has shown plays a significant role in regulating the coordinated
activity of apical Na + and basolateral K + channels, denoted as cross talk.430

Studies on the principal cell compartment of the isolated epithelium with double-barreled Cl –-
sensitive microelectrodes have shown that the intracellular acti vity of 20 to 50 m M for this ion is
far above thermodynamic equilibrium in both frog and toad skin (T able 9.2). 155,175,542 The apical
membrane w as found to be tight to Cl –,36,542 so the intracellular Cl – space and thereby the cell
volume is controlled by the NKCC transporters and Cl – channels in the basolateral cell mem-
brane.106,130,155,497,498 With the apical Na+ channels of the skin (Bufo bufo) blocked by amiloride, the
ratio of the basolateral K + conductance and basolateral Cl – conductance w as GK/GCl = 0.87,
confirming macroscopic K+ selectivity of the basolateral membrane in the resting state.544 Increasing
the v olume of this lar ge epidermal cell compartment by diluting the serosal bath acti vated the
basolateral Cl– conductance, whereby the v olume decreased toward its control v alue.497 Thus, the
cell v olume of the principal cells seems to be controlled by mechanisms similar to those of
nonpolarized body cells. 206

F. MITOCHONDRIA-RICH CELLS

Mitochondria-rich cell v olume is about 500 µm3, and with a density on the order of 10 5 cells per
cm2 they occupy about 50 nL/cm2 as compared to a total epithelial cell volume of about 7000 nL/cm2.
Due to their small size and inaccessibility with glass pipette microelectrodes, MR cells have not been
easy to study , and for se veral years their role in Cl – absorption was simply o verlooked.522 As with
principal cells, MR cells exhibit high K+ and low Na+ concentrations in the cytosol that are regulated
by apical ENaCs and a K+-selective basolateral membrane that also expresses Na+–K+ pumps.173,288,406

Because of the dif ferent intracellular Cl – concentrations,288,304,403 different responses of the
intracellular Na+ concentration to antidiuretic hormone,404 and different volume responses to exter-
nal electrolyte and osmotic perturbations 288,454,497 it is assumed that MR cells and principal cells
are not coupled via conducting g ap junctions. With respect to the whole-body functions of MR
cells, they have been divided into three subpopulations (Figure 9.5). The α-type is specialized for
H+ secretion in animals experiencing a body acid load, and the β-type is specialized for eliminating
a surplus of base as HCO 3

– associated with an active electroneutral uptake of Cl– . These properties
of α- and β-cells (also denoted A- and B-cells) were first characterized in urinary bladder epithelium
of turtle and in the collecting duct of mammalian kidne y.156,305,459,460 Studies by Larsen and
collaborators224,288,289,446,542 have indicated the e xistence of a third type, the γ-type MR cell, that
unlike the α- and β-type MR cells displays a passi ve Cl – conductance together with a H + pump
and a Cl –/HCO3

– exchange mechanism in the apical plasma membrane. The coupled fluxes of Cl –

and HCO3
– are fueled by a V-type H+-ATPase in all three MR cell types (see Figure 9.5).

1. α-Type Mitochondria-Rich Cells

The frog Rana pipiens , imposed with metabolic acidosis, increased the rate of cutaneous acid
secretion511 associated with an increased number of MR cells. 375 Likewise, the isolated skin of R.
esculenta responded to metabolic acidosis by an increased H + secretion that w as associated with
stimulated Na+ uptake. The density of MR cells w as increased together with an increased pit area
of their apical membrane, which w as taken to indicate that this membrane is the site of the proton
pump.114 Acidification of the solution bathing the epidermal side of the skin was correlated with
serosal alkalanization and w as suppressed if the serosal Cl – was replaced by a nonpermeating
anion.110 Taken together , these e xperiments pro vide the e vidence for an MR cell type with the
proton pump in the apical membrane and the Cl –/HCO3

– exchanger in the basolateral membrane
(Figure 9.5A). Immunostaining with a monoclonal antibody directed ag ainst the 31-kDa subunit E
of the bovine renal V-ATPase has provided the evidence for expression of a V-type H+ ATPase in
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the α-type mitochondria-rich cells in the skin of R. esculenta .115,265 Harvey173 proposed that a
secondary role of the apical H + pump of this cell type w ould be to ener gize the Na + uptake via
principal cells in the absence of a permeant anion on the corneal side under open circuit conditions.
Such a mechanism would also account for the 1:1 e xchange of Na+ and H+ observed in selectively
Na+-depleted frogs with no transcutaneous anion fluxes.149

2. β-Type Mitochondria-Rich Cells

Bicarbonate-induced alkalosis of Rana pipiens evokes cutaneous base secretion,511 probably through
β-type MR cells, which in turtle urinary bladder and mammalian collecting ducts display the H +

pump in the basolateral membrane and the Cl–/HCO3
– antiporter in the apical membrane.306,462 With

this configuration of the pump and the anion exchanger, HCO3
– secretion would be coupled to active

nonrheogenic cutaneous Cl– uptake energized by the basolateral proton pump (Figure 9.5B). Thus,
this cell type has the capacity to account for the 1:1 e xchange of Cl– and HCO3

– in the absence of
transcutaneous cation fluxes observed in selectively Cl–-depleted frogs.149

3. γ-Type Mitochondria-Rich Cells

Under normal physiological conditions, the transport properties attrib uted to the γ-type cell shown
in Figure 9.5C suggest that it is the most abundant of the three types of MR cells, and it is probably
this cell that displays the acti ve Cl– mechanism discovered by Krogh 277 and subsequently studied
in unperturbed or NaCl-depleted animals by Jørgensen et al.,243 Garcia-Romeu et al.,149 and Mullen
and Alvarado.341 It is also the γ-type MR cell that is dif ferentiated for highly re gulated passive
transepithelial Cl– uptake via apical chloride channels under conditions where the Cl– concentration
exceeds 3 to 5 mM. To distinguish this cell type from the two other MR cell types discussed above,
it was denoted as the γ-type MR cell. 284,289

FIGURE 9.5 The current model of anuran skin epithelium also includes three types of intercalated mitochon-
dria-rich cells, here indicated with their apical membranes turned to ward the left. (A) The α-type is a proton-
secreting cell similar to the A-type of distal renal epithelia. It has been suggested that this type is dominant
in animals e xperiencing an acid load. With Na+ channels in the apical membrane, the cutaneous elimination
of the acid load may be associated with uptak e of Na + by the same cell (see Ehrenfeld and Harv ey114 and
Harvey173). (B) The β-type is configured for eliminating a base load like the B-type of distal renal epithelia.
The anion exchange across the apical membrane is electroneutral, as is the e xit of Cl– together with H+ across
the basolateral membrane. Thus, this cell type is also configured for electroneutral active uptake of Cl– fueled
by the basolateral proton ATPase as suggested by Steinmetz. 460 (C) Transport mechanisms associated with
γ-type MR cells (see Larsen284 and Willumsen et al.545). The apical membrane contains the large depolarization-
activated Cl – channel, the small CFTR-lik e Cl – channel, an amiloride-blockable Na + channel, and a set of
Cl–/HCO3

–  exchangers and H + pumps, which couple cellular ener gy metabolism to acti ve uptake of Cl– from
freshwater and diluted salt solutions. Active uptake of Na + is energized via the basolateral Na +–K+ pump. At
very lo w e xternal [NaCl] (<100 µM) the apical rheogenic H + pump h yperpolarizes the apical membrane
potential as suggested by Ehrenfeld et al. 117 In this mode, the transepithelial electrical potential dif ference is
reversed with the serosal side being relati vely negative (discussed in Jensen et al. 225).
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a. Apical Chloride/Bicarbonate Exchange
The skin of members of the Ranidae and Bufonidae displays a saturating net uptak e of Cl– with a
half-maximum saturation concentration of e xternal Cl – of 0.1 to 0.5 m M.9,58,113,116 Cl– uptake is
inhibited by diamox, an inhibitor of carbonic anh ydrase that, along with a band-3-related protein,
has been immunolocalized in the apical membrane of MR cells of Bufo viridis,256 which would be
the expected site of the anion e xchanger of the γ-type and the β-type MR cells (Figure 9.5B and
C). The coupling of Cl – influx and HCO3

– efflux is fixed,113 and the Cl– influx from low concentra-
tions of its salt is unaf fected by shifting VT between positi ve and ne gative v alues,113,223,273 in
agreement with an electroneutral anion uptak e mechanism at lo w [Cl–]o.

With cutaneous respiration in freshw ater, the c ytosolic concentrations of HCO 3
– and Cl – are

supposed to be lo w and of similar magnitude. 225 Thus, the coupled ef flux of HCO3
– and influx of

Cl– at low external Cl– concentration113,149 indicates that the cytosolic binding site of the carrier has
higher affinity for HCO3

– than for Cl –. For a symmetrical carrier , this w ould be the case for the
external binding site as well. By k eeping the HCO 3

– concentration low at the outer surf ace of the
skin, the apical proton pump would facilitate binding of Cl– to the external binding site and inward
transport of this ion e ven when the e xternal Cl– concentration is low.

b. Active Chloride Uptake Energized by a Proton Pump

In the absence of e xternal halide ions, the proton ef flux generates a pH gradient in the external
unstirred layer which is eliminated by suppression of the cellular energy metabolism, in agreement
with an active mechanism located in the apical membrane.224,289 The rheogenic nature of the proton
efflux mechanism of the skin was indicated by the follo wing types of e xperiments: First, in the
skin of Rana esculenta , proton secretion depends on both VT and externally imposed pH clamps
with a significantly decreased proton efflux at an external pH of 5.8 or for VT = −80 mV (inside of
the skin negative).176 Second, the ratio of the CO2-stimulated hydrogen ion efflux multiplied by the
Faraday (F·∆JH) and the associated change of amiloride-insensiti ve short-circuit current ( ∆ISC) is
not significantly different from unity, with –∆ISC/F·JH = 0.90 ± 0.09 in R. esculenta176 and –∆ISC/F·JH
= 0.96 ± 0.07 in Bufo bufo.223 In other words, the proton flux is generated by a rheogenic mechanism.
Third, the proton ef flux is inhibited by the specific V-ATPase H + pump inhibitor concanamycin
A.223,265 The acti ve fluxes of H + and Cl – are opposite in direction b ut numerically of similar
magnitude in the skin of both B. bufo and R. esculenta, and quantitatively similar components of
the proton efflux and the 36Cl– influx are inhibited by concanamycin A.225 These observations provide
the e vidence that the acti ve Cl – uptake is ener gized by the apical H + pump (see Figure 9.5C).
Subsequently, with an immunohistochemical method, it w as confirmed that in the γ-type MR cell
of toad skin the pump is also a V-type H+-ATPase.225

At steady state, for each anion transport cycle driven by the apical exit of H+ a negative charge
is moved in the inward direction across the cell, which is carried by Cl – across both the apical and
the basolateral plasma membrane (the simultaneous e xit of H + via the pump and HCO 3

– via the
exchanger carries no net char ge; see Figure 9.5C). This indicates that the γ-cell also accounts for
the negative short-circuit current associated with active uptake of Cl– as observed in Leptodactyllus
ocellatus,554 Bufo bufo,58 and Bufo arenarium.33

c. The γ-Type MR Cell Displays a Dynamic Apical Cl– Conductance 
Activated by [Cl–]o and Transcellular Hyperpolarization

A lar ge number of studies ha ve indicated that e ven a small increase in the e xternal chloride
concentration, such as [Cl –]o = 3 to 6 m M, stimulates a passi ve Cl– conductance (GCl) of frog and
toad skin.172,223,263,341 A dependence of GCl on external [Cl–] over and above that expected from the
increase in [Cl–]o was first suggested by Linderholm300 and later exploited by Koefoed-Johnsen and
Ussing267 in their study of chloride-tight skins resulting in the two-membrane model. More detailed
studies of the skin of Rana temporaria275 and Bufo bufo172 with radioactive tracers indicated that
GCl activation by [Cl–]o results from binding to an e xternal site of high affinity for Cl– and Br–, but
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not for other anions, and that the acti vated GCl exhibits poor anion selecti vity with the follo wing
relative permeability sequence: SCN –→Br–→Cl–→I– = 1.7→1.3→1→0.8. The above GCl is also
voltage dependent by being slo wly activated (seconds) by transepithelial h yperpolarization (inside
of the skin relatively more positive) and deactivated when VT is reversed (inside of the skin negative).
This has been found for a number of anurans in vestigated ( B. b ufo,58,285 R. esculenta  and R.
temporaria,276 B. viridis,253 B. marinus,288 and Hyla arborea260). The voltage sensitivity of GCl results
in a steady-state transepithelial ICl–VT relationship that is strongly rectified with large currents
carried by an inward flux of Cl– and vanishingly small Cl– currents in the opposite direction.58,253,542

The dynamic GCl is reversibly antagonized by α1-adrenoceptors.351 A notable exception to the above
anurans is the frog Xenopus laevis, the skin of which does not display a dynamic GCl; that is, the
passive Cl– permeability remains low independent of [Cl –]o and VT.260

i. Localization of the Dynamic GCl

The passive Cl– flux (measured as ICl
 or with 36Cl–) is positively correlated with the density of MR

cells in the skin of Rana esculenta,522 Bufo bufo,542 and B. marinus.102 Other studies confirmed that
the dynamic GCl increases or decreases with protocols that stimulate or reduce, respecti vely, the
density of MR cells ( B. viridis ,255,253 B. bufo61). In a comparati ve study 260 of anuran Amphibia it
was found that, although the abdominal skin of Hyla arborea has a high density of MR cells, this
cell type is virtually absent in the dorsal skin. Only the abdominal skin displayed the dynamic Cl –

conductance.* With the estimated density of MR cells of B. bufo, the fully acti vated dynamic GCl
was calculated to correspond to 20 to 30 nS/cell. 61,542 This very high conductance of the relati vely
small bottle-shaped cell was directly verified by recording transcellular currents in isolated voltage
clamped MR cells. 291,545 With the self-referencing vibrating probe, currents of similar magnitudes
were sampled above a number of MR cells in situ (R. pipiens135 and B. viridis353).
ii. Patch Clamp Studies of the Voltage-Activated Cl– Channel in MR Cells
Fluctuation analysis of depolarization-activated stationary Cl– currents of single isolated MR-cells
in whole-cell patch clamp mode indicated a single-channel conductance of 150 to 300 pS. 286 A
subsequent cell-attached patch clamp study of the apical membrane of isolated cells similarly
reported channels of this magnitude that were active only upon membrane depolarization, confirm-
ing that the transcellular Cl – conductance is controlled by depolarization-acti vated apical Cl –

channels.446 Altogether, three to four types of Cl – channels were observ ed, of which a small ( ∼8-
pS) channel w as the most ab undant (discussed belo w). The basolateral membrane also contains
different types of anion-selecti ve channels. The tw o most frequently observ ed anion channels
displayed single-channel conductances of 10 and 30 pS. 543

d. Relationship between Active and Passive Cutaneous Cl– Uptake
In the lo w range of en vironmental concentrations, the uptak e of Cl – by the γ-type MR cell is
accomplished by H +-pump-driven active transport, which is sensiti ve to the carbonic anh ydrase
inhibitor diamox (Figure 9.6A). With the high Cl– affinity of the apical anion exchanger, this would
be the prevailing mechanism in freshw ater with simultaneous uptak e of Na+ and Cl–.149,243,277,341 In
this range of concentrations, the passi ve back flux is suppressed because the dynamic GCl of the
γ-type MR cells is do wnregulated; ho wever, at lar ger e xternal Cl – concentrations, GCl becomes
activated (Figure 9.6B), thus allo wing much lar ger Cl – fluxes to pass the MR cells pro vided the
electrical driving force is inw ardly directed.172,285 The combination of these tw o regulations (i.e.,
[Cl–]o and the apical membrane potential) secures high permeability for passi ve Cl – uptake and
prevents cutaneous loss of Cl – if the transepithelial electrochemical potential dif ference of Cl –

reverses. This is illustrated by Figure 9.6C, where the results of unidirectional Cl– flux studies have
been collected and presented as a flux ratio analysis with following rewriting of Equation 9.6a:

* Other studies reported no correlation between MR cell density and transepithelial Cl – conductance (R. esculenta and R.
pipiens350 and B. viridis413), which would indicate the presence of MR cell types that do not display the dynamic GCl (i.e.,
the α-type or β-type MR cells) or that Cl – flowed through other pathw ays (e.g., extracellular leaks).
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(9.6b)

where the transepithelial equilibrium potential for Cl – (ECl) is given by Nernst’s equation, and fo and
fi are the activity coefficients of the solutions bathing the two sides of the epithelium. On the right-
hand site of the diagram of Figure 9.6C, the dri ving force on chloride ions is inw ardly directed (VT

FIGURE 9.6 The different modes of Cl– transport by the γ-type MR cells demonstrated by e xperiments with
preparations of the European toad, B. bufo. (A) Active transport at low external Cl– concentrations indicating
the very high affinity to Cl– of the external binding site of the apical Cl –/HCO3

–  exchanger. In this low range
of [Cl–]o the apical Cl– channels are closed, and Cl – uptake takes place by active transport that is inhibited by
the carbonic anhydrase inhibitor diamox (data from Bruus et al. 58). (B) Dependence of the rate coef ficient for
passive Cl – uptake on [Cl –]o. The rate coef ficient was calculated as kCl = JCl

in / [Cl–]o with the Cl – influxes
measured by the radioacti ve 36Cl– isotope and VT clamped at +80 mV with the inside of the skin positi ve
(experimental data from Harck and Larsen 172). (C) Flux ratio analysis performed according to Equation 9.6b .
The experimental data indicated by symbols ● and ■ are from Willumsen and Larsen 542 and Jensen et al., 223

respectively. The flux ratio follows the line predicted for passi ve electrodiffusion if the dri ving force of Cl –

(i.e., VT – ECl) is in the inw ard direction at elevated external Cl– concentrations where the apical Cl – channels
of the γ-MR cells are activated (right-hand side). In contrast, if VT – ECl is in the outward direction (left-hand
side), the apical chloride channels are closed, and acti ve Cl – transport fueled by the apical H +-ATPase and
Cl–:Cl– exchange diffusion become the dominating modes of Cl – transport.
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– ECl > 0), apical Cl– channels are open (i.e., GCl is activated), and the flux ratio obeys Equation 9.6b
as indicated by the straight line. The flux ratio, however, does not follow the theoretical relationship
for passive electrodiffusion at lo w [Cl–]o with outwardly directed dri ving forces (left-hand side of
Figure 9.6C). Here, with the Cl– channels closed (deactivated GCl), ATP-dependent active uptake and
exchange diffusion are the dominating mechanisms of Cl – transport. This type of re gulation of GCl
via apical Cl– channels implies that it is the acti ve Na+ flux through the principal cells that controls
the passive flow of Cl – through mitochondria-rich cells. When the acti ve Na+ uptake is stimulated,
the transepithelial potential difference hyperpolarizes, and via current loops through the parallel MR
cells their apical membrane becomes depolarized. In turn, if [Cl –]o is sufficiently high, the apical Cl–

channels open. Thus, the active flux of Na+ through principal cells both generates the dri ving force
for passive Cl– uptake through MR cells and controls the Cl – conductance of this cell type. 284

e. The Receptor-Coupled and cAMP-Activated Cl– Channel of MR Cells
The chloride conductance of the apical membrane is also controlled by β-adrenergic receptors via
a cAMP-dependent signaling pathw ay.96,544 The independence of channel acti vity on membrane
potential and the single-channel conductance of γCl = ∼8 pS,446 together with its selecti vity (Cl–→
Br–→NO3→I– = 1 →0.70→0.53→0.18) and pharmacology , indicate that at the molecular le vel
the channel is the toad c ystic fibrosis transmembrane regulator (CFTR 407).11,545 This channel is
active during hormone-stimulated, solute-coupled cutaneous w ater uptake (see Section III.H).

G. PARACELLULAR TRANSPORT

It is likely that in freshwater a major function of tight junctions is to pre vent passive leakage of small
diffusive ions from the extracellular fluid to the environment. In a comparative study, these leaks were
estimated by Mullen and Alvarado,341 who calculated the paracellular electrodif fusion permeability
by recording the accumulation of ions in the bath. To prevent ion ef fluxes via e xchange pathways,
the animals were submer ged in distilled w ater. The permeabilities were calculated by the Gold-
man–Hodgkin–Katz flux equation. Their data are collected in Table 9.6, together with electrodiffusion
permeabilities obtained from isotope tracer flux studies in isolated preparations mounted in Ussing

TABLE 9.6
Estimated Paracellular Ion Permeabilities of Anuran Skin

Species PNa (10–8 cm/sec) PCl (10–8 cm/sec) Remarks
Ascaphus trueia 2.1 0.9 In vivo, aquatic
Rana pipiensa 11.1 6.0 In vivo, semiaquatic
Hyla regillaa 3.9 1.3 In vivo, terrestrial
Bufo boreasa 10.4 9.3 In vivo, terrestrial
Rana pipiens 3.5b 5c Isolated whole skin
Rana temporaria 0.8 and 0.15 d 22e In vitro
Bufo bufof 1.7 0.97 Isolated whole skin

a Mullen and Alvarado.341

b Helman and Miller.183

c Biber et al. 35

d Isolated epithelium: bilateral NaCl Ringer’ s solution and 1/10 Ringer’ s solution outside,
respectively (Eskesen and Ussing 123).

e  Whole skin (Kristensen 274).
f Na–gluconate outside (Bruus et al. 58).

Note: The estimated PCl in both the in vivo  and the in vitro studies are based on ef fluxes
measured into a Cl –-free external bath.
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chambers. All permeability v alues are lo w, and no ob vious dif ference e xists between aquatic and
terrestrial species (e.g., compare the aquatic A. truei and the terrestrial  H. regilla). The data listed in
Table 9.6 also do not indicate much dif ference in the estimates obtained from in vivo  and in vitro
studies. A general tendency for all species studied in vivo, however, is that the tight junction is slightly
cation selective. This is seen also in the only in vitro estimates where the tw o permeabilities were
from the same study . During molting, the selecti vity is lost and ions leak out of the animal. 233 The
electrical conductance of the junctions can be re versibly increased by e xposing the e xternal side of
the skin to hypertonic Ringer’s solution,500 which increases the paracellular permeability for Na + and
SO4

2– 501 and lanthanum. 122 Salt depletion of frogs results in reduced cutaneous ion loss, 277 which
suggests physiological regulation of tight-junction ion permeability , but little is kno wn about this.

H. SOLUTE-COUPLED WATER TRANSPORT

Early studies discovered that anuran skin is capable of transporting w ater in the absence of a transep-
ithelial osmotic concentration difference both in vitro399 and in vivo,111 which was denoted nonosmotic
water uptake. The osmolarity of the transported fluid depends on anuran species and e xperimental
conditions, and h yperosmotic,212,361 near isosmotic, 194,363 and h ypoosmotic363 transport has been
reported. The nonosmotic water uptake was stimulated by insipidin (Bufo bufo247), by arginine vasotocin
(Rana esculenta361 ), and by the β-adrenergic agonist isoproterenol (B. bufo363). The skin is also capable
of water uptake from a hyperosmotic outside solution—that is, of uphill water transport (R. esculenta,361

B. bufo363). Because the Na +–K+ pumps on all plasma membranes line the lateral intercellular space
(lis), the prevailing theories on solute-coupled water transport assume coupling of ion and water flows
in lis which would be hyperosmotic and hyperbaric at transepithelial osmotic equilibrium conditions.
As a general principle governing solute-coupled water transport across such a system, Curran90 pointed
out that the direction of w ater flow would be gi ven by the relati ve magnitude of solute reflection
coefficients at the two barriers delimiting the coupling compartment. With the reflection coefficient
of the apical barriers being lar ger than that of the interspace basement membrane, w ater flows in
the inward direction, resulting in absorption of fluid. Diamond and Bossert103 analyzed water transport
by this local osmosis model  and suggested that a longitudinal concentration gradient is b uilt up in
lis in such a w ay that the solute concentration dif ference is lar ge across the apical boundary and
zero across the interf ace between lis and the serosal bath, denoted as the standing-gradient theory.
This eliminates diffusion of solutes across the latter boundary (Fick’s law) so convection only drives
solutes out of lis, which w as shown to be a necessary condition for truly isosmotic absorption. 

The alternative Na+ recirculation theory suggested by Ussing takes into account diffusion fluxes
across the interface basement membrane that are different from zero and assumes isosmotic transport
to be achieved by a regulated back flux of Na+ and other ions into lis via cotransporters in the basal
plasma membrane and Na +–K+ pumps and ion channels in the lateral plasma membranes. Whereas
the standing-gradient theory e xcludes transjunctional w ater transport into lis, and thus paracellular
solvent drag, the Na + recirculation theory co vers both transjunctional and translateral w ater uptake
and thus paracellular solv ent drag. The Na + recirculation theory also accounts for the observ ations
that the ratio of the transepithelial-active Na+ flux and the associated oxygen uptake spans the range
from below to above that of the Na+ pump itself, which is 18 mol Na+ per mol O2. In a straightforward
way, both theories explain uphill water uptake, but only the Na+ recirculation theory has the capacity
to generate a h yposmotic transport at transepithelial osmotic equilibrium conditions. 287,290

I. SKIN GLANDS

Besides the ion and w ater uptake systems of the epithelium discussed abo ve, anuran skin contains
secretory subepidermal glands that secrete fluid driven by a secondary acti ve transport of Cl – when
activated by catecholamines.268 The function of glandular secretion has been suggested to be associated
with evaporative cooling because fluid secretion in the dorsal surface of R. catesbeiana was increased
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when the animals were exposed to elevated temperatures.295 Of special notice, skin glands are partic-
ularly abundant on the v entral surface, especially in the seat patch re gion of terrestrial b ufonids that
is specialized for cutaneous water absorption. In this regard, skin glands in the toad Bufo woodhouseii
contain AQP-X5-like aquaporin in the apical membrane which is homologous with mammalian AQP5
located in the apical membrane of sali vary glands of animals that drink orally and rely on sali vary
secretion to sensitize taste cells in the tongue (Figure 9.7A). Nag ai and coworkers343 have suggested
a chemosensory function for toad skin with respect to the salt content of h ydration sources, which
may be influenced by isosmotic glandular secretion.

The acinar cells of the frog skin gland are electrically coupled. 448 Binding of isoproterenol to
β-adrenergic receptors or of prostaglandin E 2 to EP2/EP4 receptors stimulates the formation of an
isosmotic secretion.39,328,483,484 The response is mediated by cAMP with no ef fect on cellular free
[Ca2+]. In contrast, carbachol stimulation of muscarinic M1/M2 receptors results in an increase in
free [Ca2+] with no effect on cellular cAMP.356 Frog skin glands also display α1-adrenergic receptors,
the activation of which also elicits Cl – secretion but via a transient increase in the concentrations
of IP3 and Ca2+.168 Using preparations of collagenase-stripped glands, patch clamp studies of the
apical plasma membrane re vealed the presence of CFTR Cl – channels, depolarization- and Ca 2+-
stimulated maxi K+ channels, and a small ENaC-lik e Na+ channel.447,448,450,449 A previous immuno-
cytochemical study of Xenopus lae vis also indicated e xpression of CFTR in the luminal mem-
brane.121 Maxi K+ channels are expressed in the basolateral membrane, as well, and they recirculate
K+ back into the serosal solution, which has been tak en up by the acinar cells via the Na +–K+

pumps and the NKCC transporters. 14 Figure 9.7B sho ws the updated e xocrine gland cell model,
which integrates the above experimental findings. With respect to the apical membrane, it is lik ely
that the depolarization induced by acti vation of the CFTR Cl – channels activates the coe xpressed
maxi K+ channels and that this mechanism is responsible for the acti ve K+ efflux during secretion
that results in a [K +] of the secreted fluid much above that of plasma. 450 Such interplay between
apical Cl– and apical K+ channels was predicted to enhance the secretory rate in receptor -activated
exocrine glands.86

FIGURE 9.7 (See color insert following page 208.)  The fluid-secreting subepidermal gland of anuran skin.
(A) Immunofluorescence labeling of AQP-x5 in mucous gland of the toad Bufo woodhouseii. AQP-x5, which
is homologous to mammalian AQP5, is visible as a narrow light band in the apical plasma membrane (green)
of the secretory cells of the mucous gland. AQP-h3BL w as similarly immunolocalized in the basolateral
membrane (red) of the same cells and granular cells in the epidermis. Nuclei are counterstained with D API
(blue). Scale bar = 50 µm. (B) Model of the or ganization of ion transport systems of frog skin acinar cells
identified by transepithelial isotope tracer and water flow studies, measurements of intracellular ion concen-
trations, patch-clamp electrophysiology, and application of pharmacological protocols as explained in the text.
(From Sørensen, J.B. and Larsen, E.H., Pflügers Arch., 439, 101–112, 1999. With permission.)
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IV. STRUCTURE AND FUNCTION OF THE KIDNEY

Within the amphibian life c ycle, two kidney systems are present and functional (Figure 9.8). The
pronephroi are the functional kidne ys of amphibian larv ae. They begin to form soon after fertili-
zation and are fully functional around the time of hatching. The mesonephroi, which will become
the functional kidneys of the adult, gradually replace pronephric function, and around the time of
metamorphosis the pronephroi undergo regression and apoptosis.139,153,323,331,402 The amphibian neph-
ron consists of a filtration unit and a renal tubule. Primary urine is produced by filtration of blood
across the glomerular filtration barrier of the filtration unit, and the filtrate is subsequently modified
by selective reabsorption and secretion of ions and or ganic molecules across the renal tub ule.

A. PRONEPHROS

The paired pronephroi are located retroperitoneally immediately behind the gill re gion (Figure 9.8).
The most ob vious function of this early kidne y system in amphibian freshw ater larvae is to e xpel
water entering the body by osmosis and at the same time minimize ion loss. In anurans and urodeles,
each pronephros is a very simple organ, essentially a single nephron composed of a filtration unit and
a pronephric tubule which communicates with the exterior through the pronephric duct.74,137,220,331,517,519

In these taxa the pronephric filtration unit lacks a capsule of Bowman and is formed by an external
glomerulus or glomus. The capillary networks forming amphibian pronephric glomeruli and glom-
era are derived from the dorsal aorta. The efferent arteriole leaves the pronephric filtration unit and
enters a sinus of the posterior cardinal v ein, surrounding the pronephric tub ules. Ultrafiltration of
blood occurs across a filtration barrier that, on the ultrastructural level, resembles that of the adult
mesonephros (described below). The filtrate enters the coelom before it is taken up by the tub ular
part of the nephron with the aid of cilia mo vement. The pronephric tub ule (a single con voluted
tubule) opens into the coelom via ciliated nephrostomes. The number of nephrostomes v aries
between species, with three being the typical number for anurans and tw o to five being reported

FIGURE 9.8 Anuran tadpole ( Bufo viridis) with v entral body w all and intestinal system remo ved to re veal
the two kidney systems: the pronephroi and the mesonephroi. The kidneys are located on each side of the
dorsal aorta, which anteriorly is di vided into tw o branches. (Adapted from Møbjer g, N. et al., J. Morphol.,
245, 177–195, 2000.)

Pronephros 

Mesonephros 

2 mm 



398 Osmotic and Ionic Regulation: Cells and Animals

from urodeles. In caecilians, the pronephros is an elong ated organ extending over approximately
10 body se gments in Ichthyophis kohtaoensis;549 up to 12 renal tub ules (8 to 9 functional) ha ve
been reported for Hypogeophis rostratus.47 In I. kohtaoensis, glomeruli form a single, large glomus
that is partly internalized; the nephrocoel still communicates with the coelom via ciliated funnels.549

Interfering with cilia formation impairs fluid movement into the nephrostomes and leads to edema
formation.489

Based on light and electron microscopic in vestigations, the pronephric tub ule can be di vided
into ciliated and proximal tubule branches corresponding to the number of nephrostomes, a common
proximal tubule, and a distal tubule, which continues as the pronephric duct.74,138,140,154,331 A ciliated
intermediate segment is present between the proximal and distal tub ule in urodele amphibians. 74

Physiological investigations on the amphibian pronephros are sparse. Howland209 demonstrated
that bilateral excisions of the pronephric rudiment in embryos of Ambystoma punctatum led to the
formation of edema and expansion of the pericardial and abdominal cavities in the larvae, followed
by death. More recently , Zhou and Vize556 have shown that fluorescence-labeled macromolecules
introduced into the circulation of Xenopus laevis tadpoles are filtered by the glomus and subse-
quently appear in the pronephric tub ules; considerable amounts of the filtered molecules are
subsequently taken up by the epithelium of the proximal tub ule, presumably by endoc ytosis.

Gene expression assays suggest that proximal as well as distal tub ules can be subdi vided into
early and late se gments based on dif ferential e xpression of transporter proteins in these subdo-
mains.489,556 Several studies report a high le vel of expression of the Na +,K+-ATPase (α-, β-, and γ-
subunits) in both tub ules and duct of the maturing pronephros. 118,494,556 The presence of a Na +,K+-
ATPase in the basolateral cell membrane of pronephric epithelial cells w ould provide the dri ving
force for luminal uptake of Na+ through channels or transporters coupling Na+ uptake to the uptake
of, for example, amino acids, glucose, or inor ganic ions. Expression of se veral solute carriers has
been reported from primarily the pronephric proximal tub ule, including tw o sodium-dependent
solute carriers that may be in volved in glucose reabsorption as well as amino acid transport-
ers.119,344,556,557

The search for pronephric markers in X. laevis has also revealed expression of several channels
and cotransporters within the distal nephron and pronepric duct that may participate in reabsorption
of NaCl. The Na +–K+–2Cl– cotransporter (NKCC2) is highly e xpressed in the pronephric early
distal tub ule of X. lae vis.489,556 In the latter kidney generations, this transporter provides the
molecular basis for urine dilution through luminal uptake of Na+, K+, and Cl– across the amphibian
mesonephric early distal tubule and the mammalian metanephric thick ascending limb of the loop
of Henle (see belo w). In addition, the thiazide-sensiti ve NaCl cotransporter (NCC) seems to be
expressed in late distal tubule and pronephric duct, and high lev els of expression of a Cl– channel
(ClC-K) have been reported in both early and late distal tub ules and the pronephric duct. 489,520,556

Tran and co workers489 furthermore reported that the K + channel (R OMK) that mediates the
secretion of potassium across the apical plasma membrane of thick ascending limbs and cortical
collecting duct principal cells of the mammalian kidne y is highly e xpressed in the early distal
tubule and pronephric duct. Moreover, e xpression of c arbonic anhydrase (CAII) and sodium–
bicarbonate cotransporters (NBC) has been reported in the early proximal as well as late distal
tubule, suggesting that H + may be secreted and HCO 3

– reabsorbed in these segments. 489,558 Taken
together, these in vestigations suggest that the amphibian pronephric nephron contains se veral
functional distinct cell types, including types necessary for urine dilution, and that the pronephros
plays a key role in regulating the ion and water as well as acid–base balance of amphibian larv ae.

B. AMPHIBIAN MESONEPHROS

As holds for amphibian larvae, juvenile and adult amphibians in a freshwater environment maintain
the osmolality of their body fluids well above those of the surroundings. In terrestrial environments
amphibians tend to lose water and are therefore faced with the problem of dehydration. Amphibians
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cannot concentrate their urine, and under terrestrial conditions body water is conserved by a drastic
reduction in glomerular filtration. In terrestrial anurans, the urinary bladder works in conjunction
with the mesonephros and functions as a w ater reservoir, enabling the animal to remain h ydrated
on land in the face of high evaporative water loss across the highly w ater permeable integument240

(see Section III.B).
The paired mesonephroi are located retroperitoneally in the dorsal w all of the body ca vity on

each side of the aorta and v ena cava. Renal arteries originating from the aorta supply the meso-
nephric filtration units and, in addition, the mesonephros receives blood from a renal portal
vein.281,338,373,555 Blood containing solutes and w ater reabsorbed by the renal tub ules drains into
renal efferent veins that open into v ena cava. A number of studies ha ve dealt with the structure of
the mesonephros and mesonephric nephron in anurans,18,127,126,129,330,479,493 urodeles,37,79,198,416,457 and
caecilians.70,333,417–419,524,533 Uchiyama and Yoshizawa491 found a positive correlation between meso-
nephric kidney mass and body mass in anuran amphibians. To estimate nephron numbers, the y
furthermore counted glomeruli and reported that the number of nephrons in each kidne y varied
from about 60 in the African dwarf frog (Hymenochirus boettgeri; body mass, 1.3 g) to about 8000
in the Colorado Ri ver toad (Sonoran Desert toad) ( Bufo alvarius; body mass, 215 g).

1. The Mesonephric Filtration Unit, Ciliated Segments, 
and Peritoneal Funnels

The filtration unit in the mesonephric kidney, the Malpighian corpuscle, is formed by two structures:
the vascular loops of the glomerulus and the capsule of Bo wman surrounding the glomerulus. The
capsule of Bowman consists of a visceral layer composed of podoc ytes, which encircle the glom-
erular capillaries, and a parietal layer , which is continuous with the epithelium of the renal tub ule.
The space between the visceral and parietal layers, the nephrocoel or urinary space, is continuous
with the lumen of the tubule. Structural investigations on the mesonephric filtration unit in species
from all three amphibian orders have revealed that the filtration barrier in the Malpighian corpuscle
consists of a fenestrated endothelium of the glomerular capillaries, a glomerular basement mem-
brane, and slit diaphragms bridging podoc yte foot processes. The pores of the endothelium are
relatively large (100 to 350 nm) and probably serv e to limit filtration of cellular elements. The
three-layered basement membrane is thick, up to ~1 µm, due to a wide subendothelial space
containing abundant microfibrils, collagen fibrils, and occasionally cellular processes of glomerular
mesangial cells. Podocyte foot processes are separated by filtration slits bridged by slit diaphragms.
These diaphragms are unique cell junctions between the interdigitating foot processes of adjacent
podocytes. In amphibians, the slit diaphragms seem to constitute the principal filtration barrier to
plasma proteins.424

The first studies to clearly demonstrate that formation of primary urine in vertebrate glomerular
nephrons relies on ultrafiltration of plasma and to examine the roles of h ydrostatic and colloid
osmotic pressures within the glomerular capillaries and capsule of Bo wman were performed using
the micropuncture technique on the mesonephric kidne ys of Necturus maculosus  and Rana pipi-
ens.180,531,536 The kidney micropuncture technique w as developed on amphibians in the laboratory
of A.N. Richards in the early 1920s, 20 years before the first publications of similar studies in
mammals were presented.

The formation of primary urine is controlled by the permeability of the filtration barrier, the
available filtration surface, and the balance of h ydrostatic and osmotic forces across this barrier
(Starling’s forces). The net glomerular filtration pressure (PGF) is determined by the h ydrostatic
pressure difference between the glomerular capillaries (PGC) and Bowman’s space (PBS) and by the
oncotic pressure exerted by plasma proteins in the glomerular capillaries ( πGC). Assuming that the
osmotic force due to proteins in Bo wman’s space is insignificant, the net glomerular filtration
pressure is:

PGF = PGC – PBS – πGC
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The ultrafiltrate has the same composition as plasma with regard to small molecules such as
inorganic ions and glucose. The filtration barrier, however, reflects large proteins and the cellular
components of the blood.

The available filtration surface is a function of the total length of the filtration area determined
by the number of filtering glomeruli and the size and differentiation of the glomerular tufts. In
addition, the area and permeability of the filtration barrier may be regulated by the presence of
cellular processes from mesangial cells in the glomerulus. The glomerular filtration rate (GFR) in
amphibians varies from approximately 10 to 100 mL/kg/hr .44,92 This reflects variations between
species, but noticeably v ariation also occurs within single indi viduals. In freshw ater, amphibians
generally produce copious and v ery dilute urine; ho wever, under terrestrial conditions or during
exposure to hyperosmotic saline, GFR and urine flow drops drastically, while reabsorption of water
by the renal tubule may increase.426 The GFR is regulated by AVT, which binds to V1 receptors in
the afferent arterioles to constrict glomerular blood flow and cause a reduction in the filtration rate
of single nephrons. 492 In addition, AVT seems to increase the clearance by peritoneal funnels in
anurans.337 In caecilians and salamanders, neck se gments of a subpopulation of nephrons commu-
nicate with the coelom via ciliated peritoneal funnels. In anurans, these funnels are detached from
the tubule and open into the v enous system (Figure 9.9). Thus, as holds for the pronephros, not
only ultrafiltrate from the filtration unit but also coelomic fluid may be drawn into the lumen of
the renal tub ule (caecilians and urodeles) or into the renal v eins (anurans). Sev eral studies ha ve
shown that macromolecules injected into the coleom are tak en up by the funnels and either enter
peritubular vessels or nephrons. 167,337

2. Structure and Function of the Mesonephric Tubule

The mesonephric renal tub ule is composed of a single-layered epithelium and e xtends from the
Malpighian corpuscle to the junction with the renal duct (the Wolffian duct or accessory ureters).
Based on de velopmental, morphological, and ph ysiological properties it can be di vided into six
distinct sections: ciliated neck segment, proximal tubule, ciliated intermediate segment, early distal
tubule, late distal tub ule, and finally the collecting tubule, which opens into collecting ducts that

FIGURE 9.9 Schematic illustration of the e volutionary events that may ha ve led to the de velopment of the
vertebrate nephron. These e vents are represented by kidne y systems present in e xtant animal taxa. (A)
Invertebrate metanephridium with an external glomerulus situated in the body ca vity (coelom); a renal tubule
opens into the ca vity via a nephrostome and empties into a renal duct at its distal end. (B) The pronephros
of anuran larv ae; a small coelomic chamber (nephrocoel) surrounds the e xternal glomerulus, and the renal
tubule opens into this chamber via a nephrostome. (C) Mesonephric nephron found in caecilian and urodele
amphibians; the nephrocoel has become the capsule of Bo wman and the glomerulus has consequently been
internalized so the tw o structures now form a Malpighian corpuscle. The renal tubule opens into the coelom
via a ciliated peritoneal funnel. The nephrostomes in P arts A and B are homologs with the neck se gments of
mesonephric renal tubules (compare to Figure 9.10). (D) The nephron has lost its connection to the coelom.
In anuran amphibians the peritoneal funnels no w open into peritub ular blood v essels. (From Møbjer g, N. et
al., J. Morphol., 262, 583–607, 2004. With permission.)
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lead the urine to the ureter (Figure 9.10). In a series of e xperiments with punctures of Bo wman’s
capsule and various sites along the nephron in live Necturus maculosus and Rana pipiens, Richards
and collaborators pro vided essential information on the role of the filtration unit and the renal
tubule in urine formation. 401,527,525,526,528 They showed that primary urine contains glucose and Cl –

in concentrations similar to that of plasma, whereas the ureter/bladder concentrations were v ery
low, providing evidence for tubular reabsorption. It was also found that the concentration of glucose
diminished rapidly as the filtrate moved along the proximal tubule, reaching levels on the order of
those measured in urine from the ureter, showing that the site of glucose reabsorption is the proximal
tubule. Figure 9.11 is a representation of original charts from Walker and Hudson 525 and Walker
et al. 528 showing the glucose, the total osmotic, and the Cl – concentration of the urine relati ve to
that of plasma at different puncture sites along the nephron. The latter study demonstrated that the

FIGURE 9.10 Schematic illustration of the v ertebrate nephron. The nephron can be di vided into tw o major
parts based on ontogenetic studies: the proximal nephron and the distal nephron. The proximal nephron is
comprised of the Malpighian corpuscle, a ciliated neck segment, the proximal tubule, and a ciliated intermediate
segment. The ciliated neck se gment may open into the coelom via a ciliated tub ule. The distal nephron is
comprised of early and late distal tub ules. The late distal tubule opens into the collecting tub ule, which is the
first unbranched portion of the collecting duct system. This model of the nephron is present in salamander
and caecilian mesonephric kidne ys. (Adapted from Møbjer g, N. et al., J. Morphol., 262, 583–607, 2004.)
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most obvious function of the distal nephron is to reabsorb osmolytes and thereby dilute the urine.
Another functional aspect of the amphibian nephron w as also sho wn at this time—namely , that
the urine was acidified in the distal nephron.336 In 1962, Bott43 presented data that were obtained

FIGURE 9.11 The percentage deviation in glucose (top) and chloride and total molar concentration of osmolytes
(bottom) of the filtrate relative to that of plasma at various puncture sites along the nephron of Necturus maculosus
and Rana pipiens. The ordinate values indicate percentage dif ference from plasma. The values on the abscissae
indicate the relative distance along the proximal and distal tub ule, respectively. The glomerular filtrate entering
the capsule of Bowman is essentially identical to plasma with regard to glucose, chloride, and molar concentration
of osmolytes. Glucose is reabsorbed in the proximal tub ule. In the distal tub ule, a significant reabsorption of
osmolytes occurs, resulting in dilution of the filtrate. (From Walker, A.M. and Hudson, C.L., Am. J. Physiol. ,
118, 130–143, 1936; Walker, A.M. et al., Am. J. Physiol., 118, 121–129, 1936. With permission.)
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from micropuncture and inulin clearance experiments in Necturus. His results sho wed that up to
50% (on a verage 25 to 30%) of the primary urine w as isosmotically reabsorbed in the proximal
tubule. One puncture site in the collecting duct indicated that as much as 75% of the w ater could
be reabsorbed by the end of the distal nephron. In agreement with the results of Walker et al., 528

Bott found that the Na+ and Cl– concentration decreased markedly at the onset of the distal nephron.
Whereas K + was isotonically absorbed in the proximal tub ule, great v ariation w as seen in K +

concentrations along the distal nephron, indicating that this ion could be reabsorbed and secreted
in different distal tubule segments.43

In the 1970s and 1980s, much ef fort was devoted to the study of the amphibian mesonephric
nephron, which w as used as a model for v ertebrate tubular transport. This resulted in a gro wing
knowledge of the function of proximal and distal tub ules.104,170,214,540 As w as already noticed in
Richards’ laboratory almost 60 years earlier , the amphibian kidne y represented an or gan ideal for
vertebrate kidney studies. The advantage of amphibian tissue is the possibility to w ork at room
temperature and the relatively good viability of amphibian renal tub ules. In addition, the presence
of a renal portal circulation allo ws for double perfusion of the isolated kidne y through the aorta
and renal portal v eins, respectively. The large tubule diameter and lar ge cell size of urodele renal
tubules resulted in a focus on transport characteristics of the mesonephric nephron from this
amphibian group, and experiments were especially conducted on either oblig ate aquatic species or
animals held under aquatic conditions. More recent studies ha ve focused on hormonal re gulation
and on nephric transport mechanisms associated with adaptations to terrestrial and h ypersaline
environments.269–271,332,334,335

a. Proximal Tubule
The cells of the amphibian mesonephric proximal tubule are specialized for the uptake of an isotonic
absorbate, as well as macromolecules by receptor-mediated endocytosis. Hence, these cells possess
a luminal brush border, apical endocytotic apparatus, and lysosomal system, as well as conspicuous
lateral intercellular spaces and a basal labyrinth.79,316,317,330,418 The mesonephric proximal tubule may
be subdivided in two segments, based primarily on cellular and brush-border height, as well as on
the e xtent of the basal labyrinth. 129,333,385,479,493 An intercalated cell type (bald-headed cell) of
unknown function is present in the proximal tub ules of some caecilians and salamanders. 317,333,418

b. Distal Nephron
The amphibian mesonephric distal nephron is a comple x structure with se veral subdivisions, each
of which has its o wn structural and functional characteristics. The distal nephron consists of three
different segments: the early distal tubule, the late distal tubule, and the collecting tubule. The early
distal tubule is composed of a single cell type characterized by a lar ge number of apical junctional
complexes and a well-developed basolateral labyrinth, which together with the palisade arrangement
of the large number of mitochondria give the cell a striated appearance (Figure 9.12). This segment
is also called the diluting segment.467 The late distal tub ule can be further subdi vided into three
morphologically different sections. The late distal tub ule section I is distinctly defined; the cells
comprising this section ha ve a large nucleus and well-de veloped lateral and basal labyrinths. The
late distal tub ule sections II and III represent the gradual transition between section I and the
distinctly defined heterocellular collecting tubule. The collecting tubule and duct are composed of
principal and intercalated cells. Distal tub ule length seems to be greater and late distal tub ule
segmentation more pronounced in terrestrial anurans. 330,491

i. Early Distal Tubule: The Diluting Segment
In isolated and perfused renal tub ules from urodele and anuran amphibians, Stoner 467 measured
transepithelial potential difference (VT) and collected and subsequently analyzed the ion composition
and water content of the tub ular fluid. He showed that the early distal tub ule has a lumen-positive
VT and possesses transport properties strikingly similar to those of the thick ascending limb of
Henle’s loop in the mammalian nephron. Stoner therefore named this segment the diluting segment.
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Like its mammalian counterpart, the amphibian diluting segment reabsorbs NaCl and has low water
permeability, thus diluting the urine. 165,170 In mammals, the interstitial h ypertonicity generated by
the NaCl reabsorption in this se gment is used to withdra w water from the collecting ducts during
antidiuresis, resulting in the production of highly concentrated urine. A similar mechanism is not
found in amphibians, which lack a loop of Henle and are unable to form concentrated urine. In the
basolateral cell membranes of the diluting segment a Na+,K+-ATPase, energized by ATP hydrolysis,
maintains a lo w intracellular Na + concentration and thereby pro vides the dri ving force for Na +

uptake at the apical cell membrane (Figure 9.12). NaCl enters the cell via a furosemide-sensiti ve
Na+–K+–2Cl– cotransporter, and Cl – leaves the cell across the basolateral cell membrane via Cl –

channels and K +–Cl– cotransporters. Both the apical and basolateral cell membranes possess K +

conductances, through which K + is recycled for the Na +–K+–2Cl– cotransporter and the Na +,K+-
ATPase, respectively. K+ movement into the lumen of the tub ule and Cl– movement out of the cell
across the basolateral cell membrane probably generate the current responsible for the lumen-
positive transepithelial potential difference. The paracellular pathway is cation selective, and move-
ment of cations across the shunt thus closes the current loop. As a result, Na+ is reabsorbed across
the paracellular pathway in addition to cellular reabsorption.

Two functional cell types with dif ferent basolateral K + and Cl – conductances ha ve been
described for the Amphiuma early distal tub ule.169 In low-conductance cells, most KCl lea ves the
cell via the basolateral K +–Cl– cotransporter, whereas the ions in high-conductance cells preferen-
tially leave via the K+ and Cl– channels. Under normal physiological conditions, a small reabsorption
of K+ occurs in the amphibian early distal tub ule, whereas K + is secreted in animals e xperiencing
a K + load.170,368,482,541 Using the double-perfused kidne y from K +-loaded Amphiuma sp., Rana

FIGURE 9.12 The amphibian early distal tub ule—the diluting segment—reabsorbs NaCl and has lo w water
permeability. (A) Transmission electron microscop y (TEM) of early distal tub ule from the mesonephros of
Bufo bufo. The tubule is composed of a single cell type characterized by a well-developed basolateral labyrinth
(bl), which together with the palisade arrangement of a lar ge number of mitochondria gi ve the se gment a
striated appearance (nu, nucleus). (B) Model illustrating the cellular mechanisms in volved in NaCl reabsorp-
tion. Na+,K+-ATPases in the basolateral cell membrane pump K+ into and Na+ out of the cell, thereby providing
the driving force for Na + uptake at the apical cell membrane. NaCl enters the cell via apical Na +–K+–2Cl–

cotransporters, and Cl – leaves the cell across the basolateral cell membrane via Cl – channels and K +–Cl–

cotransporters. Both apical and basolateral cell membranes possess K+ conductances, which allow K+ to recycle
for Na+–K+–2Cl– cotransporters and Na+,K+-ATPases. K+ movement into the lumen of the tubule and basolateral
Cl– movement out of the cell generate a lumen-positi ve transepithelial potential dif ference, which in addition
drives Na+ reabsorption across the cation selecti ve paracellular shunt.
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esculenta, and R. pipiens and with microelectrode recordings, Oberleithner and collaborators 370, 369

showed that Na+ reabsorption may also occur via luminal amiloride-sensiti ve Na+/H+ exchange; as
a consequence, the early distal tubule may participate in urinary acidification. It was suggested that,
in these K+-loaded animals, HCO3

– leaves the cell at the basolateral cell membrane by electrogenic
cotransport with Na+.170,529 Cooper and Hunter87 measured intracellular pH in isolated and perfused
early distal tubules from K+-loaded R. temporaria. They could not, however, confirm the presence
of an apical Na +/H+ exchanger. Instead, the authors presented e vidence for the presence of such a
transporter on the basolateral cell membrane and suggested that the contradictory results may be
a result of species dif ference or differences in experimental approach.

In a recent study , Konno and co workers269 cloned a urea transporter belonging to the UT -A2
family of f acilitative urea transporters from the kidne y of Bufo marinus . The expression of this
transporter in the kidney as well as urinary bladder w as significantly increased in toads exposed to
dry or h ypersaline conditions. Within the nephron, the transporter seems to be localized on the
luminal membrane of early distal tubule cells, suggesting that this segment may be involved in urea
reabsorption.
ii. Late Distal Tubule
Obviously, a significant amount of salt reabsorption occurs in the diluting segment. In addition, in
the amphibians studied so f ar, reabsorption of NaCl occurs in the late distal tub ule and collecting
duct system. Whereas the early distal tub ule and collecting tub ules are relati vely easy to identify
at the light microscopic le vel in fresh tissue, the heterogeneity of the late distal tub ule makes the
identification and thereby the study of the functional characteristics of this nephron segment
difficult. Stanton et al.457 described the ultrastructure of the distal nephron in Amphiuma means and
subdivided it into early and late distal tub ules and a collecting tub ule. In this description, the late
distal tubule is clearly defined and corresponds to the late distal tubule section I as described above.
The transition between this section and the collecting tub ule was termed the transition region. The
late distal tubule of Amphiuma means, like its mammalian counterpart, the distal convoluted tubule,
reabsorbs Na+ and Cl– through electrically neutral mechanisms.104,455,456 Furthermore, it secretes H+,
which is in agreement with the observ ations of Montgomery and Pierce. 336 The transepithelial
voltage is ~0 mV , and the apical cell membrane has no significant rheogenic pathways, whereas
the basolateral cell membrane is conducti ve to K + and Cl–. NaCl enters the cell across the apical
cell membrane via a thiazide-sensitive Na+–Cl– cotransporter. In addition, NaCl may be reabsorbed
through parallel operation of Na +/H+ and Cl–/HCO3

– exchangers. Na+ leaves the cell via the baso-
lateral Na +,K+-ATPase, while Cl – exists down its electrochemical gradient through a basolateral
channel of unkno wn molecular identity . The basolateral cell membrane moreo ver contains a
Cl–/HCO3

– exchanger. According to Stanton and collaborators, a second cell type, having the above-
mentioned transporters but lacking the luminal Cl –/HCO3

– exchanger, accounts for H+ secretion. In
apparent contradiction to the transepithelial measurements in Amphiuma by Stanton and collabo-
rators, a lumen-ne gative transepithelial potential has been observ ed in the late distal tub ule of
Triturus, Necturus, and Ambystoma.12,208,384,467,481 The difference in transepithelial potential v alues
may reflect measurements made in different portions of the late distal tub ule, with increasing
negative luminal potentials to ward the collecting tub ule.481

iii. Collecting Duct System
The amphibian collecting tub ules, constituting the most terminal part of the nephron, open into
the collecting ducts. The epithelium constituting the collecting tubules and ducts is heterocellular,
consisting of principal and intercalated (mitochondria-rich) cells, the latter constituting approxi-
mately 1/3 of the total cell number in the collecting tub ule of Bufo bufo.330 The collecting tubule
has been shown to express a lumen-ne gative voltage, to have low water permeability, to actively
reabsorb NaCl, and to secrete K + and H +.98,104,207,215,271,467,468,541,551,552 In freshw ater, the primary
function of the collecting duct system is to contrib ute to urine dilution. A basolateral Na +,K+-
ATPase provides the driving force for apical uptake of Na+ through the epithelial sodium channel
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(ENaC) in the principal cells (Figure 9.13). Electroph ysiological studies failed to reveal an apical
K+ conductance in the aquatic urodele Amphiuma, and K + secretion in the amphibian collecting
duct system w as therefore presumed to occur across the paracellular pathw ay.104,207,215 An apical
K+ conductance, however, is clearly present in principal cells of the collecting duct system from
the terrestrial anuran  Bufo bufo.332 K+ secretion through apical K + channels is probably a major
task of the collecting duct system of this terrestrial amphibian (Figure 9.13). In the terrestrial
environment amphibians produce less dilute urine, and NaCl transport by the collecting duct
system is downregulated.334 In addition to fine-tuning urine Na+, K+, and Cl– levels and urine pH,
the collecting duct system probably participates in re gulating amphibian inor ganic phosphate
homeostasis.335

Heterocellularity in the collecting duct system is a highly adv anced feature of the v ertebrate
meso- and metanephric nephrons. It has no counterpart in the pronephros. 331 Heterocellularity and
the presence of principal and mitochondria-rich cells, ho wever, are features closely related to the
amphibian lifestyle and characteristic of other osmore gulatory epithelia in amphibians (e.g., skin
and urinary bladder).61,73,284,523,537 Mitochondria-rich cells are characterized by a significant carbonic
anhydrase activity. In the skin, the y occur in three v ersions (α, β, γ) that are specialized for acti ve
transport of H+, HCO3

– ,  and Cl–, respectively (see Section III.F). It remains to be shown how many
functional types are present in the mesonephros.

c. Aquaporins in the Kidney
A complete picture of aquaporins in the dif ferent segments of the amphibian kidney remains to be
established and, as with the skin and bladder, comparisons can be made with the mammalian kidney,
where six AQPs have been identified at specific segments of the nephrons and other components:

FIGURE 9.13 The principal cell of the mesonephric collecting duct system. (A) Model illustrating cellular
transport mechanisms of the principal cell. In aquatic amphibians, the collecting duct system is important for
urine dilution, and a lar ge apical Na + conductance (ENaC channels) in the principal cells pro vides the first
step for transcellular Na + reabsorption. Na+ leaves the cells through basolateral Na +,K+-ATPases. In addition,
these cells secrete K + as re vealed by microelectrode impalements on isolated and perfused tub ules of the
collecting duct system in the terrestrial anuran Bufo bufo (see Møbjerg et al.331). K+ is actively taken up across
the basolateral cell membrane by the Na +,K+-ATPases. K + channels in the apical cell membrane pro vide a
route by which this ion can dif fuse into the lumen do wn its electrochemical gradient, and K + channels in the
basolateral cell membrane rec ycle this ion for the Na +,K+-ATPases. Voltage recordings from single principal
cells in isolated and perfused collecting tub ules in Parts B and C demonstrate the ef fect of luminal and bath
[K+] steps from 3 to 20 m M on the membrane potential ( Vm). (B) Membrane potential of cell in isolated
perfused collecting tubule (Vm) depolarizes in response to an increase in luminal K + concentration from 3 mM
to 20 m M, indicating the presence of a K + conductance in the apical cell membrane. (C) Raising the K +

concentration in the bath solution by the same amount also depolarizes Vm, revealing the presence of a lar ge
basolateral K+ conductance.
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AQP1 and AQP7 at the proximal tubule; AQP1 at the descending thin limb of Henle’s loop; AQP2,
AQP3, AQP4, and AQP6 at the collecting duct; AQP3 at the renal pelvis; and AQP1 at the v asa
recta.364,476 AQP1 is localized at both apical and basolateral membrane of the epithelial cells in the
proximal tubule and the descending thin limb of Henle’ s loop and is in volved in the transcellular
movement of w ater. AQP2 is the v asopressin-dependent water channel that f acilitates water reab-
sorption in response to the antidiuretic hormone v asopressin by translocating from intracellular
vesicles to the apical plasma membrane of collecting duct principal cells. Both AQP3 and AQP4
are expressed at the basolateral membrane in the principal cells of the mammalian collecting duct.
They are in volved in the transcellular pathw ay for reabsorption of w ater in concert with apical
AQP2. AQP6 is considered to be an anion channel and is expressed in the acid-secreting intercalated
cells of the collecting duct. AQP2 mutations and disruption of the AQP2 gene cause nephrogenic
diabetes insipidus, a disease characterized by a massi ve loss of w ater through the kidne y.

In the tree frog, immunolabels for Hyla AQP-h3BL were present among the principal cells of
the collecting ducts and a portion of late distal tub ules of the kidne y.6 The presence of an AVT-
dependent AQP in the apical plasma membrane has not yet been demonstrated; ho wever, some
reports suggest significant water reabsorption by the renal tub ule in response to AVT421 or norad-
renaline.147,377 Uchiyama490 provided evidence for selective expression of V2-type AVT receptors in
microdissected collecting tub ules of b ullfrog by sho wing increased cAMP production in this
segment in response to AVT. Recently, Zimmerman et al.559 cloned a cDNA encoding an AQP-like
2 protein (HC-2) from Cope’s tree frog (H. chrysoscelis), and Ogushi et al.371 cloned a similar AQP
(Hyla AQP-h2K) from the kidne y of H. japonica . These AQPs are homologous with mammalian
AQP2 isoforms. The amphibian mesonephros, however, does not have a zonation equivalent to the
mammalian metanephros. Notably, the amphibian nephron lacks the loop of Henle with its parallel
arrangement of vasa recta. The amphibian kidney cannot, therefore, build up the corticomedullary
osmotic gradient, which is essential for the AQP2-mediated water withdrawal from collecting ducts
during antidiuresis in mammals. As mentioned abo ve, amphibians in terrestrial en vironments
conserve water by drastically reducing GFR and urine flow. Aquaporins present in amphibian renal
tubules may under such conditions serv e to equilibrate the urine with the interstitial fluid, leading
to the production of isosmotic urine. During reh ydration by terrestrial species lar ge volumes of
dilute urine pass through the ureters into the bladder , where it accumulates and can be reabsorbed
by the bladder epithelium. 458

V. STRUCTURE AND FUNCTION OF THE URINARY BLADDER

In contrast with mammals that conserv e water by forming a small v olume of concentrated urine,
frogs ( Rana pipiens ) cease to form urine when w ater is depri ved.4 When w ater is a vailable the
amphibian kidney forms a large volume of dilute urine that is stored in a lar ge urinary bladder that
is generally a bilobed di verticulum of the cloaca. Adolph4 also showed that the amount of w ater
stored in the urinary bladder corresponds with the body mass g ain when deh ydrated frogs are
immersed in water (i.e., urine formation corresponds closely with cutaneous absorption). Steen 458

repeated these experiments and further showed that water loss during dehydration corresponds with
reabsorption of stored urine. The use of the urinary bladder as a w ater storage organ is seen in all
three amphibian orders and is most important in fossorial and arboreal species (Table 9.7). Bladder
capacities reported in the literature 21,54,187,414,436,440 are often averages obtained from animals in the
laboratory with w ater a vailable ad lib . In other cases, the lar gest v alue recorded is tak en as a
representative maximal value. For example, Ruibal414 found that, in the laboratory , Bufo cognatus
stored 19 to 31% of their hydrated body mass as bladder water, although Shoemaker et al.440 reported
excavating a burrowed B. cognatus with bladder water storage in excess of the hydrated body mass.
Van Beurden505 similarly found w ater storage by b urrowed Cyclorana platycephalus to be 130%
of the hydrated body mass.
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A. ANATOMY OF URINARY BLADDER

Because the transport of w ater and Na + across the toad bladder (e xperiments primarily with Bufo
marinus) was stimulated by AVT and aldosterone, the tissue became a model for cellular processes
in the collecting duct of the mammalian kidne y.89,293,294,422 This resulted in an e xtensive literature
on the anatomy and physiology of the bladder. B. marinus bladders are lined by an epithelium that
contains three cell types.381 The most abundant are squamous epithelial cells characterized by apical
plasma membranes ha ving small micro villi and ridges. These structures form nearly all of the
surface area for salt and w ater transport from urine stored in the bladder . These cells are termed
granular cells . The apical membranes of adjacent cells are connected by occluding junctions so
transport is mostly transcellular in nature. It w as observ ed that cells swelled when the bladder
lumen contained a dilute solution and AVT was added to the serosal solution, indicating that the
apical membrane is the limiting barrier for w ater mo vement. In contrast, cells became sw ollen
when the serosal solution w as dilute, in the absence of AVT. The mechanisms for re gulation of
water permeability are described belo w. Interspersed among the granular cells are mitochondria-

TABLE 9.7
Representative Bladder Capacities of Amphibians in Fossorial 
and Arboreal Species

Species % Body Mass Remarks
Anura
Cyclorana platycephalus 57 (130) Arid, fossorial, Australiaa,b

Neobatrachus wilsmorei 50 Arid, fossorial, Australiaa

Notaden nicholsi 50 Semiarid, fossorial, Australiaa

Bufo cognatus 31 (103) Arid/semiarid, fossorial, North Americac,d

Bufo marinus 25 Tropical, terrestrial, Central Americae

Scaphiopus couchi 16–33 (60) Arid, fossorial, North Americad

Hyla moorei 20–30 Wet, arboreal, Australiaa

Xenopus laevis 1 Aquatic, Africaf

Urodela
Aniedes lugubris 50 Temperate, arboreal, North Americag

Salamandra maculosa  34 Temperate, terrestrial, South Europe h

Ambystoma tigrinum 20–30 Temperate, fossorial, North Americai

Notopthalmus viridescens 15–20 Temperate, terrestrial (efts), North Americaj

Triturus cristatus 2 Temperate, mostly aquatic, Europe k

Necturus maculosus 5 Temperate, aquatic, North Americak

Apoda
Icthyophis kohtaoensis — Terrestriall

Typhlonectes compressicauda — Aquaticm

a Main and Bentley.309

b van Beurden.505

c Ruibal.414

d Shoemaker et al. 440

e Shoemaker.436

f Bentley.21

g Hillman.187

h Bentley and Heller.27

i Alvarado.7
j Brown and Brown.54

k Bentley and Heller.26

l Jared et al. 222

m Wake.524

Note: Range or maximal values were obtained in laboratory observations. Values in parentheses
indicate extremely high bladder w ater reserves recorded from animals in the field. References
to bladder content of apodans did not calculate bladder v olume.
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rich cells that, lik e MR cells in the skin, ha ve a narro w neck re gion that e xtends to the apical
surface and appear to have little absorptive area. Scott and Saperstein431 found that MR cells made
up approximately 15% of the total number of cells and contain enzymes associated with acid–base
balance and AVT stimulation of salt and water transport. These observations suggest that the number
of MR cells might be re gulated, as was observed with the skin (see belo w). The third type of cell,
termed goblet cells, are similarly interspersed among the granular cells and contain mucous granules
to be secreted o ver the apical membrane surf ace of the bladder . The epithelium is supported by a
basal lamina that contains collagen fibers, blood vessels, and smooth muscle.

The urinary bladder of bullfrogs (Rana catesbeiana) has also been used as a model for studying
endocrine control of salt and w ater transport across the mammalian nephron (Figure 9.14). 469 The
granular cells are the most ab undant cells forming the outer barrier for salt and w ater transport.
MR cells mak e up approximately 25% of the epithelium, and both cell types and are sealed by
occluding junctions at their apical boundaries. Unlike the toad bladder, goblet cells are lacking and
the granular cells are underlain by a layer of basal cells that are attached to the basal lamina. Figure
9.14 also shows the change in appearance when the bladder is distended.

B. AQUAPORINS IN URINARY BLADDER

The effects of dehydration on urine reabsorption in vivo could be duplicated by posterior pituitary
extracts,125 and Bentley20 showed a similar ef fect with isolated bladders. As noted abo ve, stored
bladder w ater may allo w fossorial species to endure 1 to 3 years of drought. The disco very of
aquaporins pro vides a mechanism for this process. Granular cells of the urinary bladder are
characterized by having specific structures with tubular or vesicular profiles and granular inclusions.
In the nonstimulated bladder , immunolabeling of total AQP-h2 protein w as exclusively observed
in tubular or spherical v esicles in the granular cells b ut rarely detected in the plasma membrane.
On the other hand, in the AVT-stimulated urinary bladder , labeled total AQP-h2 protein w as seen
in the apical plasma membrane in addition to the c ytoplasmic vesicles, and the labeling density in
the apical plasma membrane w as higher than that in the c ytoplasm. As noted for the skin, the

FIGURE 9.14 Bullfrog ( Rana catesbeiana ) bladder fixed for microscop y in the nondistended (upper) vs.
distended state (lo wer). Note that the granular (GR) and MR cells ha ve apical micro villi and are supported
by a layer of basal cells (B) that attach to the basement membrane. (From Strum, J.M. and Danon, D., Anat.
Rec., 178, 15–40, 1973. With permission.)
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insertion of AVT-stimulated AQPs into the apical membrane requires phosphorylation of specific
serine residues. Using a specific antibody against phosphorylated AQP-h2, immunoreaction w as
found in only a small number of vesicles in the granular cells of the nonstimulated urinary bladders,
whereas in the AVT-stimulated specimens labeling w as found not only in tub ular or spherical
vesicles but also in the apical membrane of the granular cells. 177

The AQP-h2 protein, which was translocated after stimulation, w as examined for its phospho-
rylated form prior to and after AVT stimulation by western blot analysis using a specific antibody
against phosphorylated AQP-h2 (ST -160). In the nonstimulated condition, the specific purified
antibody detected no bands. On the other hand, in the AVT-stimulated condition, a clear band w as
observed after 2-min incubation with AVT, and the band w as still seen in samples prepared after
15-min incubation with it. These observations provide additional evidence that the phosphorylated
AQP-h2 protein is translocated from c ytoplasmic pools to the apical plasma membranes of the
granular cells in the bladder , thereby reabsorbing the w ater into the body . Taken together, these
results suggest that frog AQP-h2 in the bladder and AQP-h2 plus AQP-h3 in the skin are AVT-
regulated AQPs and involved in the regulation of body water balance of the frog. QP-h3BL protein
was constitutively expressed in the basolateral plasma membrane of the principal cells in the urinary
bladder; these cells could be distinguished from mitochondria-rich cells based on the e xpression
of the v acuolar type, proton-pumping ATPase (V-ATPase) E-sub unit in the latter . Thus, w ater
reabsorbed from the lumen of the urinary bladder via AQP-h2 in the apical membrane of granular
cells will move through the AQP-h3BL to the connective tissues and then to the capillaries (Figure
9.3). Antibodies against these isoforms in Hyla japonica were distributed similarly to those in the
urinary bladder of Bufo woodhouseii.6

C. ION TRANSPORT AND ACID SECRETION BY URINARY BLADDER

In addition to storing dilute urine, the bladder actively transports Na+ from the lumen to the serosal
surface of the epithelium294 via an amiloride-sensitive pathway.26 The model for Na+ transport across
granular cells is basically that described for frog skin (Figure 9.4A). During hormone stimulation
of the ion transport, changes of the Na+ concentration in both granular and basal cells were observed,
indicating that the latter cell type also participates in Na + absorption.405 Na+,K+-ATPase and K +

channels in the basolateral plasma membrane generate an electrochemical gradient for Na + entry
across the apical plasma membrane via ENaCs. In li ving toads (Bufo marinus) that have been salt
restricted, bladder urine is more dilute than ureteral urine, indicating that acti ve Na + transport
enables the urinary bladder to retain salt that w as not reabsorbed by the kidne y.324 In general,
aquatic anurans and urodeles (e.g., Xenopus and Necturus) have small urinary bladders. An excep-
tion is Amphiuma means , which has a lar ge bladder and amiloride-sensiti ve Na+ transport that is
proposed to retain urinary salts that are not reabsorbed by the kidne ys.340 In contrast to toad and
frog bladders, Na + transport across A. means bladders is not stimulated by hormones (e.g., antidi-
uretic hormones and aldosterone) that stimulate Na+ transport in bladders of terrestrial amphibians.
The aquatic apodan Typhlonectes also has an exceptionally large urinary bladder524 that might serve
to conserve urinary Na +.

The mechanism for Cl – transport across the urinary bladder has not been firmly established.
The apical membrane of granular cells is impermeable to Cl –, and it has been suggested that Cl –

absorption is paracellular and driven by the transepithelial electrical potential dif ference generated
by the active Na+ flux.293 MR cells are present in the toad bladder , and their primary function has
been associated with urinary acidification. Living toads given an acid load respond by increasing
the acidity of the urine in conjunction with an increase in MR cell density .141 In isolated bladders,
inhibition of carbonic anhydrase by acetazolamide inhibits the capacity for acidification of the urine
and the enzyme is localized in the MR cells. Populations of Bufo marinus collected from Colombia
or the Dominican Republic appear to vary. Colombian toads have a high level of carbonic anhydrase
and MR cells and can acidify the urine, while those from the Dominican Republic ha ve few MR
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cells and cannot acidify. It remains to be determined whether this w as the result of en vironmental
conditions in their natural habitat or w as caused by the laboratory conditions at which the animals
were kept. In addition to ha ving carbonic anhydrase, V-ATPase clusters have been localized at the
outer surface of the apical membrane of MR cells. 51 To date, only the acidifying α-type MR cell460

(Figure 9.5A) has been identified in amphibian urinary bladder.

VI. NITROGENOUS WASTES

Fully aquatic amphibians and larv ae e xcrete nitrogen lar gely in the form of ammonia while
ureotelism predominates in the terrestrial environment.302 Ammonia excretion predominantly occurs
via gills, whereas the kidne y and bladder play a k ey role in urea e xcretion and retention as seen
in amphibians acclimatized to h yperosmotic saline or desiccating conditions (see F orster et al. 134

and Section II.B.5). Aquatic larvae are ammoniotelic and use the gills as a primary surf ace for
elimination. Urea w as identified in bladder urine of Ranid and Bufonid species in 1821 vs. uric
acid in the urine of reptiles and birds. 93 Urea cycle enzymes of Rana catesbeiana  appear in the
liver during the climax stages of metamorphosis, and urea becomes the primary nitrogenous w aste
at about the same time that the front le gs appear.52 Although this may be the general case for the
more commonly studied genera (e.g., Rana and Bufo), variation occurs that can be related to habitat
and reproductive strategy; for example, early development of Leptodactylus bufonius larvae occurs
in foam nests deposited in burrows made by the adults. Larvae await rainfall to flood the nest. The
primary route for nitrogen e xcretion is urea, and larv ae can tolerate plasma urea concentrations as
high as 400 mM.438 Martin and Cooper313 observed that the anuran Crinia victoriana deposits eggs
on land vs. aquatic or foam nests, and the larv ae excrete 86% of their nitrogenous w aste as urea.
Eleutherodactylus coqui also lays e ggs on land, and froglets emer ge directly from a protecti ve
gelatinous coat about 3 weeks after fertilization. 486 The urea c ycle enzyme ar ginase is detectable
prior to hatching and increases after hatching, with maximal le vels observed when the yolk sac
was completely reabsorbed.64 Representatives from all three amphibian orders are known to deposit
eggs on land, 221,303,312,365,389 but it is not kno wn if all become ureotelic at an early stage

Urea is relatively nontoxic and allows accumulation of nitrogenous wastes when urine formation
decreases in terrestrial species as the y venture away from a hydration source. As described earlier,
anuran and urodele species are able to tolerate reduced w ater potentials due to salinity or dry soil
conditions by accumulating urea in the body fluids (summarized in Jørgensen241). This is the result
of increased e xpression of urea c ycle enzymes and retention of urea by transport mechanisms in
the kidne y, urinary bladder , and, in some species, the skin. In the aquatic frog Xenopus lae vis,
adults remain ammoniotelic unless presented with a hyperosmotic environment, in which case they
express urea cycle enzymes and increase the urea concentration of the e xtracellular fluid to remain
hyperosmotic to their surroundings. 17 In moderately concentrated (300-mOsm NaCl) solutions,
carbamoylphosphate synthase (CPS) levels rise, while in more concentrated solutions (600-mOsm
NaCl) both CPS and ar ginosuccinate lyase (ASL) are ele vated. Bufo viridis  acclimated to 600-
mOsm NaCl solutions showed increased activity of all urea cycle enzymes with particular elevations
of CPS and ASL.16 Similarly, Rana cancrivora acclimated to 800-mOsm NaCl increased the activity
of all urea c ycle enzymes with a particular increase in ASL. Recall, ho wever, that larv al R.
cancrivora can tolerate full sea water without increasing urea accumulation (see Section II.B.5).

Urea is secreted into the urine with urine/plasma (U/P) ratios in e xcess of unity when w ater is
available. Schmid425 sampled eight species of North American anurans shortly after capture from
their natural habitat and found the U/P ratio to be as high as 17 for Rana septentrionalis  and as
low as 1.53 for Bufo hemiophrys. Associated with this, species with a lo wer U/P ratio had higher
plasma urea concentrations. In laboratory e xperiments, the U/P ratio of Rana esculenta  in water
was 7.7 b ut declined to 1.1 when the frogs were acclimated to 240 mOsm saline. 3 The U/P ratio
for B. marinus declined from 2.5 in the hydrated state to about 1 when the toads were dehydrated.308

Jørgensen241 suggested that animals f acing hyperosmotic or deh ydrating conditions reduce urine
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production and reabsorb urea from the kidney and urinary bladder so plasma and blood equilibrate.
In this regard, a facilitative urea transport protein (UT) has been identified in the apical membrane
of cells in the early distal tub ule and urinary bladder of B. marinus  that is homologous with the
mammalian UT-A2 urea transporter found in the ascending thin loop of Henle. 269 The expression
of the UT-A2 is increased in the kidne ys of rats given the mammalian antidiuretic hormone and in
cultured kidney cells treated with h yperosmotic NaCl–urea solutions. 420 Messenger RNA for this
transport protein is enhanced in both deh ydrated toads and toads immersed in a 300-mOsm NaCl
solution.269 Flux ratio analysis of radiolabeled urea indicated acti ve urea transport in the inw ard
direction in the skin of B. bufo.58,502 Subsequent studies with frogs (R. esculenta) indicated passive
cutaneous transport in h ydrated animals and acti ve transport in the skin of animals e xposed to
saline solutions or follo wing deh ydration, whereas toads ( B. b ufo, B. marinus , and B. viridis )
displayed active transport across the skin e ven in a hydrated state.150,258 The molecular mechanism
has not been identified, and the possibility exists that the asymmetrical unidirectional urea fluxes
in the studies abo ve are caused by solv ent drag on urea in the inw ard direction.

At least two genera of xeric-adapted anurans (Chiromantis from Africa and Phylomedusa from
South America) have been shown to e xcrete nitrogenous w astes in the form of uric acid. 301,441 As
noted earlier, these animals also ha ve very high resistance to e vaporative water loss due to either
wax secretions of the skin ( Phylomedusa) or intrinsic properties of the skin itself ( Chiromantis).
Uric acid minimizes the w ater loss that is needed for nitrogen e xcretion. Unlike ureotelic species,
such as Bufo bor eas, that reduce GFR to near zero during periods of deh ydration, P. sauvagii
continue to form urine b ut reabsorb 98 to 99% of the filtered Na+, Cl –, and urea. 439 The renal
clearance of uric acid is equal to that of paraaminohippuric acid, indicating secretion of all uric
acid delivered to the kidne y. As with other terrestrial species, the bladder of P. sauvagii serves as
a water storage reservoir.

VII. INTEGRATING THE ORGAN FUNCTIONS: 
ENDOCRINE AND AUTONOMIC CONTROL

Isolated amphibian skin and urinary bladder ha ve been used e xtensively as model tissues to study
factors that regulate epithelial salt and water transport.284 The stimulation of Na+ transport is termed
the natriferic response, and the stimulation of w ater permeability is termed the hydroosmotic
response. Historically, the effects of hormones have often been evaluated on isolated tissues treated
with pharmacologic doses and the responses extrapolated to the integrated control of ion and water
balance by the whole animal, in an en vironmental context. Interpretation of these studies must be
done with caution and should be e valuated, where possible, in conjunction with e xperiments on
whole animals. Plasma le vels of some hormones ha ve been measured and related to their ph ysio-
logical ef fects in the conte xt of the natural history of particular species, as ha ve the ef fects of
agonists and antagonists of the sympathetic nervous system. Finally, vascular perfusion of the skin
in situ is necessary for the transfer of salt and water into the circulation, and behavioral mechanisms
enable the animal to select a f avorable hydration source.

A. AVT

The role of arginine vasotocin (AVT) in stimulating water absorption across the skin and reabsorp-
tion from the bladder has been discussed in some detail as it relates to the insertion of aquaporin
2 isoforms into the apical membrane and specialized re gions for w ater absorption (see Section
III.B.3). Historically, the ability of mammalian posterior pituitary e xtracts to stimulate cutaneous
water absorption by intact animals was observed by Brunn,57 and stimulation of bladder absorption
in vivo  was observ ed by Ewer .125 The amphibian antidiuretic hormone ar ginine v asotocin w as
identified in 1959 in a series of related articles249,383,423 and found to be more potent in stimulating
Na+ transport and water permeability than mammalian isoforms. 22 This capacity, coupled with the
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reduction of urine formation by lo wering GFR, has been termed the antidiuretic or water balance
response182,437 and is highly developed in terrestrial anuran and urodele species that rely on bladder
reserves when foraging a way from water and rapid reh ydration when returning to w ater.21 Exper-
imentally, the antidiuretic response is initiated by forced deh ydration, which will increase plasma
osmolality and, if sufficient, decrease plasma volume. The antidiuretic response can also be elicited
by injection of h yperosmotic NaCl solutions without depleting plasma v olume or by depletion of
plasma volume by hemorrhage with no change in osmolality .437 Elevated AVT levels have been
measured in anuran species subject to either h yperosmotic or hypovolemic stimuli.270,366,367 Konno
and coworkers270 also showed that toads maintained with w ater ad lib had plasma osmolarity and
AVT levels that were similar to those of toads immersed in tapw ater, which supports the concept
of anticipatory drinking proposed by Jørgensen,239 in which toads with w ater available ad lib will
retain a hydrated state in the absence of elevated AVT levels (to be discussed in more detail below).
The simultaneous stimulation of Na + transport by these tissues appears to ensure that w ater and
solute absorption maintain the composition and v olume of the e xtracellular fluid.

The effect of AVT on water permeability and Na + transport across the skin of aquatic anurans
and urodeles sho ws a wide range of responses that can be related to ph ylogeny and habitat. The
hydroosmotic response of Xenopus lae vis skin to AVT is lacking b ut the natriferic response is
present. The aquatic, neotenic urodele Necturus maculosis  (Proteiidae) has lo w cutaneous w ater
permeability and no measureable acti ve Na+ transport.30 As with larv al frogs,8 the gills appear to
be the primary site of salt and w ater exchange. The aquatic urodeles Siren lacertina  (Sirenidae)
and Amphiuma means  (Amphiumidae) have amiloride-sensitive Na+ transport across the isolated
skin but no AVT-stimulated hydroosmotic response. 24 Larval Ambystoma tigrinum  (Ambystoma-
tidae) are entirely aquatic, b ut the adults may be found in highly terrestrial en vironments.99 The
larvae have gills, and the skin transports Na + at a rate one tenth that of the adult. The natriferic
response to AVT is absent in the larv al skin but present in the adult. In li ving animals, Jørgensen
et al.232 found neurohypophyseal extracts to stimulate Na+ uptake by Ambystoma mexicanum. Water
permeability of A. tigrinum skin is comparably low in both adult and larval skin and not stimulated
by AVT.32 It should be noted that Spight 452 observed that Ambystoma opacum dehydrated by 20%
rehydrated at a greater rate than predicted from the osmotic gradient and suggested that mechanisms
for increased water permeability other than AVT might be in volved.

Newts (Salamandridae) initially metamorphose from a larv al into a terrestrial eft stage and
return to the w ater in an aquatic phase. An AVT-stimulated hydroosmotic response is observ ed in
both eft and aquatic phases of Notophthalmus viridescens,54 Taricha torosa,56 and Triturus vittatus530

and may be comparable to that of terrestrial anurans. In contrast, water permeability of Salamandra
maculosa skin is not stimulated by AVT; rather, water retention is the result of AVT stimulation of
water reabsorption across the urinary bladder.27 A similar lack of AVT-stimulated water permeability
has been observ ed across the skin of Triturus alpestris  and T. cristatus.26 Unlike S. salamandra,
water retention is due to a reduction in urine formation rather than reabsorption from the urinary
bladder. Both species do sho w AVT-stimulation of Na + transport across the skin, as does the skin
of Taricha granulosa,53 indicating that this is a common feature of the Salamandridae. Lungless
salamanders (Plethodontidae) ha ve a slender body and high surf ace area for w ater absorption.
Spight452 found that dehydrated Plethodon jordani rehydrated at a rate similar to a v alue reported
by Cohen80 for Aniedes lugubris , at that time the greatest reh ydration rate reported for urodeles.
Hillman187 later showed the rate of water absorption by A. lugubris was stimulated by AVT, as was
Na+ transport across the skin.

The natriferic and h ydroosmotic ef fects of AVT can be duplicated by the addition of c yclic
adenosine monophosphate (cAMP) to isolated tissue preparations,372,396 and the tissue level of cAMP
is elevated following AVT treatment of the isolated skin. 226,227,311 The current model is that AVT
binds to a G s-protein-coupled receptor (V 2) to stimulate aden ylate cyclase. The resulting increase
in cAMP acti vates protein kinase A, which phosphorylates putati ve proteins associated with the
activation of ENaCs in the apical membrane. It remains to be seen if the phosphorylated protein
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is an ENaC subunit resident in the membrane or if phosphorylation of cytoskeletal proteins promotes
insertion or inhibits withdra wal of v esicles containing ENaCs, as is seen with aquaporins. In
contrast, the reduction of GFR during deh ydration is mediated by AVT binding to a G q-protein-
coupled receptor (V 1) that acti vates phospholipase C to form diac ylglycerol (DAG) and inositol
triphosphate (IP3).10

The concept that has been de veloped from the laboratory studies discussed abo ve is that AVT
plays a k ey role in re gulating the w ater balance of amphibians. This vie w is in line with the
experimental findings that strong dehydration leads to an increased plasma concentration of AVT
and that the hormone enhances the w ater uptak e across the skin and the urinary bladder w all,
accompanied by reduced urine excretion. In a review of the literature, Jørgensen238 pointed out that
the above renal and e xtrarenal responses are accomplished within the range of normal h ydration
of amphibians (i.e., without raised plasma AVT concentrations). Thus, in vivo reabsorption of urine
from the bladder takes place in the absence of increased osmolality of the body fluids, toads exhibit
anticipatory drinking beha vior,239 and surgical elimination of pars nerv osa function has no clear
effect on the w ater balance of the or ganism nor does it af fect the increased cutaneous w ater
permeability caused by dehydration.244 The role of AVT in amphibian water balance vs. other neural
and hormonal f actors, discussed below, remains to be established under the en vironmental condi-
tions to which dif ferent species are adapted.

B. HYDRINS

A second group of neuroh ypophyseal peptides, hydrins 1 and 2, ha ve been isolated from anurans 2

but not urodeles. 71 Hydrins appear to result from less complete processing of pro vasotocin:

AVT: Cys–Tyr–Ile–Gln–Asn–Cys–Pro–Arg–Gly
Hydrin 1: Cys–Tyr–Ile–Gln–Asn–Cys–Pro–Arg–Gly–Gly
Hydrin 2: Cys–Tyr–Ile–Gln–Asn–Cys–Pro–Arg–Gly–Gly–Lys–Arg

Unlike AVT, hydrins stimulate water permeability of the skin and bladder with little effect on GFR.
Acher et al.2 proposed that the primary effect of AVT at physiological concentrations is antidiuresis
via binding to V1 receptors, whereas hydrins have a higher affinity for V2 receptors in the skin and
bladder to stimulate reh ydration and utilization of bladder w ater. Reh ydrating toads are able to
rapidly rehydrate via cutaneous absorption and restore bladder w ater storage via increased urine
formation;458 however, h ydrin 1 is present in Xenopus lae vis, which lacks a h ydroosmotic
response,412 so the relative importance of h ydrins vs. AVT in amphibian w ater balance remains to
be determined.

C. PROLACTIN

As noted earlier , newts (Salamandridae) have three life stages: Aquatic larvae metamorphose and
emerge into a terrestrial eft stage with a dry skin. During the breeding season se xually mature efts
return to w ater and de velop an aquatic form with moist skin. The larval stage is prolonged by
treatment with prolactin and th yroxine stimulates metamorphosis. 163,162 Prolactin also stimulates
the return to water, termed the water drive, and the change from the eft to the aquatic form. Although
the hydroosmotic response to AVT is comparable between the eft and aquatic phases of Notopthal-
mus viridescens,54 prolactin did reduce the h ydroosmotic effect of AVT in the terrestrial eft stage
of Taricha torosa,55 suggesting a reduction in water uptake when the efts return to w ater. Prolactin
has been shown to reduce or prevent the decrease in plasma Na+ concentration following hypophy-
sectomy in larval Ambystoma mexicanum538,539 and in the aquatic salamander Necturus maculosus.376

This effect seems to be one of reducing ef flux of Na+ into dilute media by more aquatic species,
as is the case for the ef fect of prolactin on gills of euryhaline fish transferred to freshwater.307
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Exogenous prolactin has also been sho wn to prolong the larv al stage of anurans. 53,124 Early
experiments showing delay of metamorphosis were done with ovine prolactin. More recently, Huang
and Brown210 created transgenic Xenopus laevis with overexpression of genes for both o vine and
Xenopus prolactin and observed no delay in developmental time. These authors question a role for
prolactin as a juv enile hormone, at least in Xenopus. Prolactin receptors are present in the gills
during the larv al stage and increase rapidly in the kidne ys at metamorphosis, suggesting that the
osmoregulatory role of prolactin shifts from the gills to the kidneys during metamorphosis. Receptor
density in the kidneys is stimulated by thyroxin, which is also increasing during metamorphosis.535

The mechanism for prolactin stimulation of Na + transport has been studied in isolated skin
from premetamorphic larvae and newly metamorphosed bullfrogs. With larval skin, treatment with
either aldosterone or glucocorticoids induces the appearance of functional ENaCs and amiloride-
sensitive Na+ transport.473,474 Prolactin inhibits these effects and promotes the continued expression
of a larv al-type cation channel that is poorly selecti ve for Na + and stimulated by amiloride. 475 In
the skin of ne wly metamorphosed b ullfrogs, prolactin, lik e aldosterone, stimulates Na + transport
by increasing the density of functional, amiloride-inhibited, ENaCs in the apical membrane and
Na+–K+ pump activity in the basolateral membrane. 472 The ability of prolactin to stimulate Na +

transport via increased apical ENaC density has also been sho wn for adult tree frogs ( Hyla
japonica).471 This may be caused by changes in receptor expression in the skin as has been proposed
for the kidney.535

D. INSULIN

Insulin has been shown to stimulate Na+ transport across isolated skin and urinary bladder in Ussing-
type experiments88,185,429 by increasing the density of ENaCs in the apical membrane.42 Insulin levels
are presumed to be ele vated following a meal to f acilitate nutrient assimilation and storage. As
noted earlier, toads increase w ater absorption following a meal, 237 so an increase in Na + transport
may allow the animals to maintain a h ydromineral balance at this time.

E. SYMPATHETIC NERVOUS SYSTEM

The β-adrenergic agonist isoproterenol has been sho wn to stimulate w ater absorption by the
hydrated toads Bufo cognatus, B. bufo, and Scaphiopus couchi (spadefoot toad).193,513,550 The level
of stimulation is equal to or greater than that of e xogenous AVT or h yperosmotic NaCl injection.
Furthermore, the β-adrenergic antagonist propranolol depressed the rate of w ater absorption in
hydrated B. cognatus and B. bufo.513,550 Clearly, the sympathetic nervous system plays an important
role in the water balance response. The effects of isoproterenol on hydrated B. bufo and propranolol
on deh ydrated toads were observ ed, respecti vely, in conjunction with increased and decreased
capillary perfusion in the seat patch,513 indicating a coordination of vascular perfusion and epithelial
transport (discussed belo w). Similarly, Bufo arenarum immersed in an isosmotic NaCl solution
rapidly reduced the rate of urine formation, and the reduction is inhibited by guanethidine, which
inhibits norepinephrine release from postg anglionic neurons.382

Studies with the isolated skin and urinary bladder ha ve produced a v ariety of responses to
epinephrine, norepinephrine, sympathomimetics, and inhibitors of adrener gic receptors.136 Consis-
tent with the whole-animal e xperiments, low concentrations of norepinephrine stimulated w ater
permeability across the isolated epidermis, and the effect was blocked by propranolol.395 Like AVT,
this response is mediated by increased synthesis of cAMP but appears to be independent of AVT.101

The response to higher concentrations of norepinephrine is more v ariable. When the w ater
permeability of the isolated skin was stimulated with exogenous cAMP and the β-adrenergic recep-
tors were block ed with propranolol, norepinephrine reduced w ater permeability. The α-adrenergic
blocker phentolamine prevented this inhibition, indicating that both α- and β- adrenergic receptors
are present in the skin with α-receptors (presumably α2) inhibiting cAMP synthesis. 395 In the
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isolated epidermis, β-adrenergic stimulation enhances solute-coupled w ater absorption associated
with prior stimulation of the acti ve uptake of Na + by the principal cells and the passi ve uptake of
Cl– by mitochondria-rich cells. 363

The bladder receives motor innervation that is choliner gic62 and presumably controls v ascular
and bladder smooth muscle tone. Catecholamines ha ve also been localized in the bladder ,322

indicating both sympathetic and parasympathetic control of bladder function. Three lines of e vi-
dence suggest sensory innerv ation that allo ws toads to detect the presence of bladder w ater: (1)
Hydrated Bufo woodhouseii with empty bladders display a water absorption response (WR) behavior
and absorb w ater to a greater e xtent than toads allo wed to retain bladder contents. 488 (2) When
presented with w ater, hydrated B. alvarius with empty bladders increase seat patch blood flow to
a level similar to that of deh ydrated toads.515 (3) Water uptake across the seat patch re gion of B.
marinus is greater in toads with an empty bladder .379

F. RENIN, ANGIOTENSIN, AND ALDOSTERONE

Isolated preparations of amphibian skin, urinary bladder, and colon have long been used as models
for the study of aldosterone-stimulation of epithelial Na + transport.89,386,492 In the current model,
aldosterone binds to a mineralocorticoid receptor that serv es as a transcription f actor to stimulate
the synthesis of proteins that result in a greater number of conducting ENaCs in the apical
membranes of absorbing epithelia and also greater acti vity of Na +,K+-ATPase in the basolateral
membranes.84,380 One of the proteins identified is a kinase that increases ENaC density by inhibiting
their removal from the apical membrane.

Whole-animal studies ha ve documented ele vated plasma aldosterone le vels under conditions
of plasma Na + depletion and reduced plasma v olume. Bufo marinus  maintained for 3 weeks in
deionized water (DI; 0 mOsm) had significantly lower plasma osmolality, lower Na+ concentrations,
and ele vated aldosterone le vels compared with toads maintained in 9% NaCl (285 mOsm), as
predicted from the known effect on isolated tissues.151 In a more recent study, B. marinus immersed
for 7 days in dilute tapwater had reduced plasma osmolality and Na+ concentration relative to toads
in 300-mOsm NaCl; however, in toads exposed to either tapwater or 300-mOsm NaCl, aldosterone
levels were depressed to values below those for toads maintained with w ater ad lib.270 Aldosterone
levels were ele vated significantly only in toads that were dehydrated, and the concentration of
aldosterone correlated significantly with the increase in hematocrit, suggesting that plasma volume
was the stimulus for hormone release. Dif ferences between the experiments include the nutritional
status and time of exposure to the dilute solution. It would appear that aldosterone levels are elevated
more rapidly in response to plasma v olume depletion than to reduced Na + concentration. This is
consistent with observations that aldosterone levels of B. japonicus in the field were highest during
the summer period when the toads v entured a way from w ater to their terrestrial habitats and
presumably would encounter dehydrating conditions.230

The regulation of plasma aldosterone has been assumed to resemble that of mammals, where
a decrease in plasma volume is detected by the kidneys. Grill et al.166 demonstrated that renin from
amphibian kidney extracts catalyzes the formation of angiotensin I from angiotensinogen. Hasegawa
et al.179 showed that angiotensin I is converted to angiotensin II (AII) by a converting enzyme, and
AII stimulates aldosterone release from the amphibian adrenocortical (interrenal) tissue. K onno et
al.270 found parallel increases in AII and aldosterone in deh ydrated Bufo marinus. In contrast with
the mammalian model, DeRuyter and Stif fler95 found that adrenocorticotrophic hormone (A CTH)
was able to stimulate aldosterone release and restore plasma Na+ concentration in larval salamanders
(Ambystoma tigrinum).

In addition, questions remain to be answered re garding the role of the aldosterone and the
mineralocorticoid receptor vs. the glucocorticoids and the glucocorticoid receptor in re gulating
epithelial Na + transport in amphibians. The reduced le vel of Na + transport across the skin of
frogs (Rana pipiens) whose interrenal tissues had been remo ved could be partially restored by



Osmotic and Ion Regulation in Amphibians 417

either h ydrocortisone or aldosterone, suggesting similar ef fects of both glucocorticoids and
mineralocorticoid.38 Similarly, hyponatremia produced by adenoh ypophysectomy in Bufo mari-
nus was correctable by glucocorticoids. 326 Furthermore, Schmidt et al. 428 found that stimulation
of Na+ transport in cultured cells from the amphibian kidne y by aldosterone w as mediated by a
glucocorticoid receptor rather than a mineralocorticoid receptor . In this re gard, Johnston and
Jungreis229 proposed that aldosterone has glucocorticoid activity and stimulated gluconeogenesis
and urea synthesis of R. pipiens  subject to saline deh ydration in the summer b ut not winter
months. This is consistent with the observ ation by Konno et al.270 that urea levels were elevated
in deh ydrated toads that displayed ele vated plasma aldosterone concentrations and the field
observations of Jolivet-Jaudet et al.230 that plasma aldosterone concentrations were greatest during
the summer when the toads are primarily terrestrial. The issue of mineralocorticoid vs. gluco-
corticoid function for aldosterone and seasonal v ariation in hormone responsi veness remain
confounding issues that should be considered when e xamining literature citations or designing
experiments.

G. WATER ABSORPTION BEHAVIOR

For the physiological mechanisms of water absorption to be ef fective, amphibians must be able to
assess their h ydration status, percei ve the presence of w ater, and initiate beha viors that place the
skin in contact with rehydration sources. Amphibians tend to be secretive and nocturnal, so relating
laboratory observations to hydration behaviors in the field is difficult. Shoemaker et al.442 described
a v ariety of studies that report greater acti vity of both anuran and urodele species follo wing a
rainfall. Stille 463 observed toads ( Bufo woodhouseii ) that routinely mo ved from daily b urrows to
sandy beach areas of Lak e Michig an, where the y were nocturnally acti ve on dry e venings and
engaged in rehydration behavior. Toads were weighed at v arious intervals in their nightly acti vity
cycle and were found to deh ydrate by approximately 13% of their h ydrated body mass before
seeking water. Rehydration behavior included walking to moist sand at the w ater line and placing
the seat patch in contact with the wet surf ace. From these observ ations it w as concluded that the
toads were able to detect osmotically a vailable w ater with receptors on their feet. Laboratory
experiments with B. woodhouseii and five other anuran species showed a similar pattern of behavior
that Stille464 termed the water absorption response (WR), in which the hindlimbs are abducted and
the ventral skin is pressed to a moist surface (Figure 9.15A; see review by Hillyard et al.195). Brekke
et al.48 observed that the desert toad B. punctatus initiated WR behavior when dehydrated by less
than 1% of their standard body mass. WR behavior could only be suppressed by immersing the
toads for 1 to 2 hours in w ater prior to e xposure to a reh ydration surface. This was attributed to
opportunistic drinking, which is an intrinsic beha vior due to the scarcity of w ater in their habitat
and may be comparable to the anticipatory drinking observ ed in B. bufo.239

In addition to stimulating aldosterone secretion, AII formed during periods of reduced plasma
volume stimulates thirst and oral drinking in mammals, birds, and reptiles. 132 Exogenously admin-
istered AII similarly increases oral drinking in these vertebrate classes. Hoff and Hillyard202 ensured
a fully hydrated state in B. punctatus by immersion for 1 to 2 hours in deionized water and showed
that intraperitoneal injection of angiotensin II (AII) stimulated WR behavior. Similar results ha ve
been obtained with B. bufo, B. cognatus, and Scaphiopus couchi,391,512 indicating that AII stimulates
cutaneous drinking in addition to oral drinking by other v ertebrate classes. 132 Plasma AII levels
were elevated in B. marinus  dehydrated by approximately 20% of their standard body mass and
correlated with a decrease in plasma volume and increase in osmolality. Toads in hypersaline (300-
mOsm NaCl) solutions decreased plasma AII in association with an increase in both plasma volume
and osmolality .270 Both treatments produced an increase in plasma AVT le vels, indicating that
plasma AII is primarily sensiti ve to plasma v olume and AVT release is sensiti ve to plasma osmo-
lality, as well. Propper et al.392 also showed that AII injection into the cerebral ventricles stimulated
WR in S. couchi, indicating an AII-sensitive pathway within the blood–brain barrier , in addition
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to the circumventricular region of the hypothalamus that is perfused by the circulation. In mammals,
the dipsogenic ef fects of AII are mediated by AII type I receptors 132 that are inhibited by the AII
antagonist saralasin. In toads ( B. b ufo), saralasin w as sho wn to be an AII agonist, stimulating
hydration behavior, water absorption, and bladder water storage.512 It should be noted that S. couchi
dehydrated by 15% of their standard body mass showed WR behavior without measurable increases
in brain or plasma AII228 and that B. bufo housed with water available ad lib will maintain a constant
hydration status (e.g., anticipatory drinking239). Both observations suggest that intrinsic factors other
than AII also regulate hydration behavior.

Hydration behavior is also sensitive to external stimuli, including barometric pressure changes
that might affect rainfall. Numerous anecdotal reports have described toads in closed environments
calling during a rainstorm outside the b uilding. Hof f and Hillyard 201 found that deh ydrated B.
punctatus initiate WR behavior and regain their hydrated body mass when the barometric pressure
is steady or rising. A fall in barometric pressure by less than 0.5 kP a increased the toads’  level of
activity and reduced WR behavior and the recovery from dehydration. Saralasin inhibited WR and
water gain when the barometric pressure w as steady or rising b ut stimulated WR and w ater gain
when barometric pressure was falling. These results suggest that perception of barometric pressure
can modify behavior modulated by AII.

Terrestrial species must also be able to detect osmotically a vailable water, especially species
living in brackish water habitats or those that rely on moist soil. Deh ydrated toads reject h yperos-
motic solutions of urea, NaCl, and KCl as hydration sources.200,310,343 Amiloride can partially restore
the initiation of WR behavior on NaCl b ut not KCl, suggesting that the acti ve transport of Na +

serves a chemosensory function lik e that of the lingual epithelium of mammals that imbibe w ater
orally.100,197 Hyperosmotic solutions also open tight junctions in the stratum granulosum of the
epidermis.501 Toads are more tolerant of h yperosmotic salt solutions with impermeant anions (e.g.,
sodium–gluconate vs. NaCl), suggesting that paracellular transport contributes to the chemosensory
function of the skin. 196 As noted earlier in this chapter , Rana temporaria can detect more dilute
salt concentrations for o viposition and fossorial species respond to soil w ater potentials. Sensory
mechanisms for these processes remain to be described. Thirst and water seeking remain interesting
subjects for research and are particularly important in re gions where climate change may result in
reduced rainfall and water availability.

FIGURE 9.15 (A) The toad Bufo punctatus exhibiting the water absorption response. Note that the hindlimbs
are abducted from the body and cutaneous capillaries in the skin are highly perfused. (B) Seat patch capillary
blood flow in Bufo woodhouseii estimated by laser Doppler flowmetry of relative red blood cell flux. Lower
trace: The seat patch blood flow in a deh ydrated toad on a dry substrate is lo w. Upper trace: The blood flow
is greatly stimulated when the deh ydrated toad is e xposed (at time zero) to deionized w ater. (From Viborg,
A.L. and Hillyard, S.D., Physiol. Biochem. Zool., 78, 394–404, 2005.).
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Urodeles lack a clearly identifiable seat patch. As noted previously, water absorption by Notoph-
thalmus viridescens was equally high in both the eft and newt stage and was stimulated by injection
of either AVT or oxytocin.54 Water movement across isolated ventral skin was less sensitive to AVT
but was greater than that calculated per unit area for the whole animal, which suggests a specialized
region for water absorption.

H. LYMPHATICS AND CIRCULATION

Rehydrating Bufo punctatus  absorb water across their skin at rates as high as 30% of their body
mass per hour.201 The skin is highly v ascularized and overlies a network of lymphatic spaces that
become engorged when animals rehydrate.68,248 Unlike other tetrapods, capillary ultrafiltration into
the lymphatic spaces is very rapid (reviewed in Hillman et al.191). Humans, for example, filter their
approximate plasma volume in a day,171 whereas amphibians filter their plasma volume in an hour.
Lymphatic fluid moves to dorsal lymphatic spaces where lymph hearts, deri ved from sk eletal
muscle, return fluid to the venous circulation. The question arises as to whether w ater absorbed
across the skin is tak en directly into cutaneous capillaries or into the lymphatic spaces. In support
of direct absorption, AVT stimulation of osmotic w ater movement across isolated seat patch skin
was only equivalent to that of living toads when the cutaneous vasculature was perfused, 75 removal
of lymphatic fluid from rehydrating toads did not account for the body mass gain, and the lymphatic
fluid was not diluted as w ould be predicted from the lymphatic route. 547 Toads rehydrating from a
source with 3H2O do accumulate the isotope in the lymphatic fluid,534 so some combination of the
two routes is possible.

Rehydrating toads sho w a lar ge increase in blood flow in cutaneous capillaries of the seat
patch514,513,515 (Figure 9.15B), and the magnitude of blood flow is greater in the more terrestrial
species. This is consistent with anatomical observations by Czopek91 and Roth410 that the seat patch
is more richly vascularized in terrestrial species. The increase in cutaneous blood flow in dehydrated
toads requires contact with a moist surface and may be as large as 6 to 8 times the precontact value
(i.e., deh ydration alone does not stimulate blood flow). Blood flow in h ydrated toads can be
stimulated by isoproterenol to v alues similar to those of deh ydrated animals, indicating that it is a
sympathetic reflex initiated by w ater potential receptors in the skin. 513

VIII. EPILOGUE

As indicated in the introductory section of this chapter, we have elected to retain the more traditional
genus and species names to be consistent with a considerable literature accumulated prior to and
since the original edition of the Potts and P arry book was published in 1964.387 When possible, we
compared physiological mechanisms at the family level with the acknowledgment that the literature
includes a limited survey of the diversity among the three orders of the Amphibia. The more recent
classification scheme of Frost et al.143 provides a more rigorous analysis of e volutionary relation-
ships that underlie the ph ysiological adaptations we ha ve described, and we hope that it will
stimulate research to better understand ho w amphibians cope with their en vironments.

This is particularly significant today because many amphibian populations are undergoing rapid
declines and extinctions dating to the 1980s at a time when global climate change w as not seen as
a significant issue by the general public.40 In the January 12, 2006, issue of Nature,41 it w as
acknowledged that the Global Amphibian Assessment (www .globalamphibians.org) found that
approximately one third of amphibian species are classified as threatened, and the group has linked
many of the declines to human activities, including climate change. In this capacity, amphibians are
seen as sentinel species for environmental disruptions that may eventually impact human populations.

Amphibian sensitivity to climate change can, in man y ways, be attrib uted to their utilization
of the skin as a surf ace for osmotic, ionic, and respiratory g as exchange with their en vironment.
The rapid decline of harlequin frogs in Central America has been attrib uted to global w arming,
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which f avors a ch ytrid fungus that infects their delicate skin. 388 In addition, changes in rainf all
patterns may e xtend the duration of droughts be yond the capacity of seasonal species to survi ve,
and rising temperatures will increase the rate of e vaporation across the w ater-permeable skin and
limit terrestrial activity. Anticipated increases in sea le vels will project brackish w ater farther into
freshwater drainages, thus e xceeding the salinity tolerances of e ggs, larvae, or adults. In addition,
increased ultraviolet-B radiation as a result of stratospheric ozone depletion may cause DNA damage
to amphibian eggs and embryos, leading to malformations and increased mortality rates.

The adaptations discussed in this chapter are the results of gradual climate changes and evolution
of remarkable specializations for aquatic and terrestrial species. The study of ph ysiological pro-
cesses and behavior associated with these specializations will pro vide insights into the capacity of
amphibians to adapt to rapid changes and assist conserv ation ef forts to preserv e and restore
populations.
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I. THE OSMOTIC ANATOMY OF THE REPTILES

A. CONCEPT OF HOMEOSTASIS

Claude Bernard was the first to advance the concept of a protected milieu intérieur composed of
the ph ysical elements within the tissues which are maintained at le vels and concentrations
different from those found in the e xternal environment by the operation of homeostatic mecha-
nisms.23 Bernard did not use the term homeostasis; Walter Cannon coined it in 1929.64 The notion
of homeostatic mechanisms regulating the functional behavior of machines is now commonplace
and has been a po werful organizing paradigm in biology . It is important to note, ho wever, one
important difference between machines and living organisms. Homeostasis in engineered artifacts
results from inb uilt design constraints, whereas that in animals is more often the result of
purposive beha vior, which may be modulated by specific chemicals secreted internally in the
form of hormones. Evidence of homeostasis in animals may thus be sought at tw o levels: in the
temporal stability of the chemical structure of the tissues themselv es and by the identification of
hierarchical control systems impacting on the composition of the tissues through the maintenance
of set points.
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B. A COMPARATIVE ACCOUNT

Bentley15 briefly reviewed the chemical composition of reptilian plasma and intracellular fluid in
relation to other v ertebrates in 1971 and ag ain, in more detail, in 1976. 16 Bradshaw44 specifically
examined the question of homeostasis in reptiles and dre w together published data on v ertebrate
electrolyte concentrations and tissue fluid distributions in the various reptilian taxa. This comparison
suggested that plasma sodium concentrations are less constant in lo wer vertebrates (fish, amphib-
ians, and reptiles) than in birds and mammals. When data are a vailable from more than a single
season or a single milieu, the v ariations for fish, amphibians, and reptiles fall in the range of 30
to 60%, whereas seasonal v ariations for birds and mammals are much lo wer, of the order of 7%.
This trend is not uni versal, however, as with the case of one desert lizard from Australia (Cteno-
phorus nuchalis) for which the variation in plasma sodium concentration recorded between spring
and summer was less than 1%. 224

C. WATER AND ELECTROLYTES IN REPTILES AS A GROUP

Comparing published values on body water distribution as well as plasma electrolyte concentrations
from a wide range of reptiles is a v ery crude way of investigating homeostasis, but it does provide
some idea of the e xtent to which dif ferent reptilian species maintain a constant milieu intérieur
and whether this is link ed in an y w ay with the particular en vironment the species inhabits.
Bradshaw44 made such a comparison, and we summarize the principal results in the follo wing
paragraphs and Table 10.1. Crocodiles appear to dif fer from chelonians in ha ving significantly
higher total body w ater content (TBW). The e xtracellular fluid volume (ECFV) of lizards is
significantly larger than that of crocodiles and chelonians, and, as w ould be expected, their intra-
cellular fluid volume (ICFV) is correspondingly smaller . Plasma volume (PV), however, does not
differ significantly between the groups (see Bradshaw44 for details of the statistical treatments).

Plasma potassium concentrations are v ery much higher at 6.5 ± 0.6 mmol/L in snak es than in
either lizards or crocodiles. Plasma potassium le vels of Chelonia are also significantly higher than
those of crocodiles. Corresponding values for plasma sodium levels show that the mean for lizards
(167.5 ± 3.2 mmol/L) is not significantly different from that of snak es but much higher than the
levels found in both crocodiles and chelonians (145.8 ± 2.8 and 144.1 ± 4.3 mmol/L, respectively).
Plasma sodium levels in snakes are also significantly higher than in both crocodiles and Chelonia,
and the two terrestrial groups thus differ from the two aquatic taxa (with F3,123 = 10.38, P < 0.0001
for the ANOVAR), although it is unclear whether this results from dietary or habitat dif ferences.
From these data we can dra w a number of simple conclusions:

TABLE 10.1
Reported Variation in Fluid Distribution and Plasma Electrolyte Concentrations in Reptiles

Group TBW ICFV ECFV PV [Na+] [K+]
Crocodiles 75.5 ± 0.9 (9) 58.0 ± 0.3 (3) 14.9 ± 0.2 (3) 3.5 ± 0.1 (3) 145.8 ± 2.9 (27) 4.2 ± 0.2 (23)
Turtles 67.7 ± 1.3 (19) 46.8 ± 1.9 (9) 22.2 ± 1.3 (13) 6.2 ± 0.5 (18) 144.2 ± 4.3 (26) 5.8 ± 0.7 (20)
Lizards 71.5 ± 1.8 (34) 41.8 ± 1.9 (20) 27.9 ± 1.4 (21) 5.6 ± 0.3 (20) 167.5 ± 3.2 (52) 4.8 ± 0.2 (47)
Snakes 70.9 ± 0.5 (3) 53.8 ± 0.5 (2) 31.1 ± 8.4 (4) 4.1 ± 0.1 (2) 169.1 ± 6.5 (22) 6.5 ± 0.6 (20)

Note: TBW, total body w ater content; ICFV , intracellular fluid volume; ECFV, e xtracellular fluid volume; PV, plasma
volume (all in mL/100 g); [Na +], plasma sodium concentration; [K +], plasma potassium concentration (both in mmol/L).
Data are expressed as mean ± SE, and numbers in parentheses are the number of animals.

Source: Bradshaw, S.D., Homeostasis in Desert Reptiles , Springer, Heidelberg, 1997, pp. 1–213. With permission.
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• Crocodiles have high TBW and an ICFV expanded at the expense of the ECFV and PV,
which is evident in both freshw ater and terrestrial species.

• Chelonians ha ve more normal fluid volumes b ut high and quite v ariable plasma K +

concentrations, with a coef ficient of variation (CV) of 54.2%. 44

• Lizards and snakes appear to have a high ECFV and PV that are expanded at the expense
of the ICFV when compared with the crocodiles and chelonians. Lar ge interspecific
variation and small sample sizes, however, limit statistical significance to the comparison
between lizards and crocodiles ( F2,33 = 4.92, P = 0.0135).

• Plasma Na+ levels are much higher in snak es and lizards than in both crocodilians and
chelonians and more v ariable in snakes than in lizards, with a CV of 19.4% vs.  13.7%.

• Plasma K+ levels are significantly higher in both snakes and chelonians when compared
with crocodilians and lizards. Snak es, lizards, and chelonians all ha ve v ery v ariable
plasma K+ concentrations, with CVs ranging from 32.8 to 54.2%.

If one searches, ho wever, for habitat correlations in an ef fort to e xplain the abo ve patterns, it
becomes clear that the literature on lizards is quite biased to ward desert species, with only five
species in the dataset analyzed coming from mesic habitats and three from tropical environments.44

Another obvious lacuna is just how few snakes have been studied from this point of view, regardless
of their origins and habitat. The differences observed may thus be real or, instead, simply the result
of: (1) vagaries in the literature on reptilian osmore gulation, with its inherent sampling errors and
biases due to dif ferent techniques emplo yed, and (2) v ariations due to f actors such as season and
sex ratio.

The fact that crocodiles have a high TBW and ICFV relative to the other groups may be related
to their aquatic habitat, although a similar trend is not apparent in those fe w species of aquatic
turtles in which fluid distributions have been measured. Minnich213 suggested that TBW (based on
total body mass) is lo wer in turtles than in other reptiles because the calculation in the case of the
former takes into account the chelonians’ massive bony shell. The shell mass varies between 7 and
30% of the total body mass in chelonians 124,232 and correcting for this w ould certainly increase the
calculated TBW.

Despite the lack of an y obvious explanations for the documented dif ferences, it is clear that
reptiles as a group do not share a common milieu intérieur, and this may v ary quite significantly
in some groups from what is considered the typical v ertebrate model. Another consideration,
however, is the fundamental question of the systematic viability of the taxon Reptilia itself. There
is a growing realization that chelonians, crocodiles, snakes, lizards, the tuatara, and amphisbaenians
are probably not members of a monophyletic group. From a rigorously cladistic viewpoint, reptiles
do not exist, being definable only as those amniotes that are neither birds nor mammals.216 Recent
cladistic analyses ha ve also made it v ery lik ely that, within the Reptilia, a group such as the
Lacertilia, which is currently made up of lizards, is in f act a paraphyletic group that has given rise
to snakes and amphisbaenians. 245 Following strict cladistic principles, this name should no longer
be retained as a taxon, or , if it is, it should also include both the snak es and Amphisbaenia and
would then become a synon ym for the squamates.

Cladists differ in how intransigent one should be in eliminating a paraph yletic taxon with such
obvious utility as lizards, and an analogous situation arises with the Sauria, which some systematists
argue should also include the birds. Such problems will, we hope, be resolv ed in the coming years
with the greater application of cladistic methodologies to the question of the systematic relatedness
of the v arious reptilian groups. F or our purposes, ho wever, we will continue to belie ve in the
existence of an ancient group of v ertebrates known as the Reptilia, which g ave rise to the birds
and the mammals, and will study the means by which the y regulate their milieu intérieur  in the
belief that this will genuinely gi ve us insight into the e volution of those more comple x systems
that characterize the latter groups.



446 Osmotic and Ionic Regulation: Cells and Animals

II. FORM AND FUNCTION OF PRIMARY EXCHANGE SITES 
FOR WATER AND ELECTROLYTES

A. SKIN

Although reptilian skin was once thought to be largely impermeable to water, it is now well known
that the inte gument forms the principal route for e vaporative water loss (about 70 to 95% of the
total) in terrestrial or semiaquatic reptiles (Table 10.2).20,67 The integument is also highly permeable
to water in aquatic reptiles. 120,126,255 The rate of e vaporative water loss under identical conditions,
and thus integument permeability, decreases as the aridity of the habitat increases (often also given
as increasing skin resistance to water loss with increasing aridity).20,110,146,192,203,204,252,253 This pattern
is found across orders and across species within a single order (T able 10.2 and Table 10.3)20,252,253

(see also Table 2 in Lillywhite192 for a more complete list). Indeed, this relationship has e ven been
shown within isolated populations of a single species. 111 Moreover, the skin of some species has
been shown to increase its resistance to e vaporative water loss with e xposure to an arid en viron-
ment.169,175 In terrestrial ophidian reptiles, the epidermal resistance to w ater loss also increases
markedly following the first postnatal ecdysis.307

Among largely aquatic reptiles, the permeability of the integument to water generally decreases
as the salinity of the normal aqueous habitat increases; ag ain, this relationship is found across
orders and across species within a single order (T able 10.4). 120,255 Two species of sea snak es
(Hydrophis ornatus and H. inornatus), however, have an integument nearly as permeable to w ater
as that of freshw ater snak es (T able 10.4). Because these species maintain osmotic and ionic
composition similarly to other marine species, the physiological significance of this relatively high
water permeability is not clear.120 Substantial sodium flux can also occur across the skin of aquatic
reptiles, but among ophidian species, at least, the sodium permeability is much greater in freshwater
species than in estuarine and marine species.120 The high rate of sodium influx in freshwater species
appears to be correlated with their intolerance of being placed in sea water.120

The epidermis of reptiles forms the limiting barrier for e xchange of w ater and, in aquatic
species, ions with the en vironment. Within the epidermis, lipids form the principal permeability
barrier for diffusion of water in all those vertebrates studied.157,158 This was first clearly demonstrated
for reptiles by Roberts and Lillywhite, 253 who found that e xtraction of lipids from shed skins of

TABLE 10.2
Examples of Cutaneous Evaporative Water Loss Rates in Living Reptiles 
in Dry Air

Species Normal Habitat
Cutaneous Water Loss 

(mg/cm2/day)
Species

(% TEWL)
Crocodilia

Caiman sclerops Semiaquatic, freshwater 32.9 ± 2.45 (8) 87 ± 2.1 (8)

Testudinea
Pseudemys scripta Semiaquatic, freshwater 12.2 ± 1.44 (6) 78 ± 2.7 (8)
Terrapene carolina Terrestrial, mesic 5.3 ± 0.41 (6) 76 ± 3.4 (6)

Squamata: Sauria
Iguana iguana Terrestrial, mesic 4.8 ± 0.50 (8) 72 ± 4.3 (8)
Saurmalus obesus Terrestrial, xeric 1.3 ± 0.10 (6) 66 ± 2.0 (6)

Note: Values are means ± SE, and numbers in parentheses are the number of animals; TEWL,
total evaporative water loss.

Source: Data from Bentley, P.J. and Schmidt-Nielsen, K., Science, 151, 1547–1549, 1966.
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ophidian and saurian species eliminated the barrier to e vaporative water loss (Table 10.3), whereas
denaturation of proteins had little effect. These findings were confirmed in later studies on the skin
of ophidian reptiles by these authors and others. 252,293

Roberts and Lillywhite253 also demonstrated that the lipids involved in water permeation are
located in the mesos layer of the squamate epidermis. This epidermal layer consists of cells
derived from the α keratins that lie below it, as well as of the e xtracellular, laminated lipids that
form the w ater barrier.192,193 Layers of β keratin, which apparently serv e a structural function,
overlie the mesos layer.192,193 Lamellar granules within epidermal cells (usually only in the mesos

TABLE 10.3
Examples of Water Loss Rates through Shed Skin of Reptiles

Species Normal Habitat

EWL (mg/cm2/hr) Lipid Content
(% Dry Weight)Untreated Extracted

Ophidia
Acrochordus javanicus Aquatic, freshwater 0.50 ± 0.08 (10) 1.30 ±0.13 (8) 2.43
Nerodiar hombifera Semiaquatic, freshwater 0.41 ± 0.13 (7) 2.62 ± 0.50 (9) 4.30
Elaphe obsoleta Terrestrial, mesic 0.22 ± 0.01 (39) 2.53 ± 0.34 (44) 5.91
Crotalus adamanteus Terrestrial, mesic 0.22 ± 0.07 (17) 2.59 ± 0.33 (21) 5.89
Crotalus viridis Terrestrial, semiarid 0.14 ± 0.04 (4) 2.92 ± 0.38 (6) 7.40
Crotalus cerastes Terrestrial, xeric 0.16 ± 0.04 (8) 2.40 ± 0.40 (10) 8.61

Sauria
Iguana iguana Terrestrial, mesic 1.16 ± 0.09 (5) 1.98 ± 0.12 (4)

Note: Values are means ± SE, and numbers in parentheses are the number of measurements; EWL, evaporative water loss.

Source: Data from Roberts, J.B. and Lillywhite, H.B., J. Exp. Zool., 228, 1–9, 1983; Roberts, J.B. and Lillywhite, H.B.,
Science, 207, 1077–1079, 2007.

TABLE 10.4
Examples of Efflux and Influx of Water in Reptiles in Seawater

Species Normal Habitat
Water Efflux 

(mL/100 g/hr)
Water Influx 

(mL/100 g/hr)
Testudineaa

Chrysemys picta Semiaquatic, freshwater — 0.72 ± 0.11 (3)
Malaclemys terrapin Semiaquatic, estuarine 0.16 ± 0.05 (11) 0.17 ± 0.03 (11)

Squamata: Ophidiab

Nerodia sipedon Semiaquatic, freshwater 1.54 ± 0.54 (5) 1.33 ± 1.19 (5)
Nerodia fasciata pictiventris Semiaquatic, freshwater 2.84 ± 2.00 (4) 2.54 ± 2.49 (4)
Acrochordus granulatus Semiaquatic, estuarine 0.49 ± 0.04 (4) 0.47 ± 0.19 (4)
Laticauda laticauda Aquatic, seawater 0.20 ± 0.06 (4) 0.17 ± 0.05 (4)
Hydrophis belcheri Aquatic, seawater 0.61 ± 0.06 (2) 0.54 ± 0.21 (2)
Hydrophis ornatus Aquatic, seawater 1.26 ± 0.27 (8) 1.08 ± 0.32 (8)
Hydrophis inornatus Aquatic, seawater 1.18 ± 0.52 (4) 1.19 ± 0.28 (4)

a Data from Robinson, G.D. and Dunson, W.A., J. Comp. Physiol., 105, 129–152, 1976.
b Data from Dunson, W.A., Am. J. Physiol., 235, R151–R159, 1978.

Note: Values are means ± SD, and numbers in parentheses are the number of measurements. Data were
determined from isotopic fluxes.
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layer but also in the α layer in Sphenodon punctatus and some ophidians) 3,307 extrude the lipids
into the e xtracellular compartment of the mesos layer , where the y form multiple bilayer
sheets.178,181,192 These sheets are composed primarily of highly saturated, unbranched, long-chain
ceramides.316 In addition, the epidermal lipids of reptiles, lik e those of birds, include unusual
glycolipids, glucosylsterol, and acylglucosylsterol.2 In the reptilian skin, the glucosylsterol con-
sists of glucose attached to cholesterol, whereas the ac ylglucosylsterol also includes palmitic,
stearic, or oleic f atty acid ester -linked to the carbon 6 of glucose. 2 Because detailed studies of
the lipid composition of reptilian epidermis ha ve been made on only a fe w species, it is not
known what differences in lipids, if any, occur between species from arid and mesic environments,
with adaptation of a single mesic species to a more arid en vironment or with gro wth and
development. Roberts and Lillywhite, 252 however, found that the lipid content of the ophidian
epidermis increases as the water permeability decreases (Table 10.3). It may be that the quantity
of the lipids, not the composition, is the primary f actor determining dif ferences or changes in
water permeability.

Recently, aquaporin 3 (A QP3) w ater channels ha ve been found in mammalian epidermis, 290

although these are apparently in volved in maintaining h ydration of the epidermis, not in transepi-
dermal w ater permeability . Whether a functioning ortholog of AQP3 is found in the reptilian
epidermis is unknown.

How inor ganic ions permeate the epidermis of aquatic reptiles is not clearly understood.
Inorganic ions do not easily cross lipid membranes. In general, transmembrane ion mo vements
require appropriate protein channels or transporters; ho wever, as noted abo ve, significant sodium
movement can occur across the skin of aquatic reptiles or even across the skin of terrestrial ophidian
reptiles when the shed skin is maintained in an aqueous medium. 293 Moreover, sodium permeation
can v ary, perhaps with en vironment, because whereas the skin of all freshw ater snak es studied
shows relatively high sodium e xchange with the aqueous medium, that of at least one sea snak e
(Pelamis platurus) does not. 126,293 Moreover, Stokes and Dunson 293 found that sodium flux across
ophidian skin increases dramatically when lipids are extracted but only modestly or not at all when
proteins are extracted. They also reported that there was a directional asymmetry in the tracer fluxes
of sodium and w ater that w as also lar gely abolished with lipid e xtraction.293 Although this asym-
metry has yet to be confirmed and remains controversial, the data indicate that lipids play a
significant role in the permeability of the skin to ions as well as water.

It is possible that v ascular perfusion could play some role in the magnitude of dif fusion of
water and ions across the epidermis of li ving reptiles. This w ould, of course, depend on the
relationship between the v ascular deli very rate of w ater and ions and the permeability of the
epidermis to these substrates. The role of perfusion in epidermal w ater and ion fluxes has yet to
be studied in an y detail. Finally, it must be emphasized that most of the data on the permeability
of the reptilian integument discussed above are from studies on squamates, particularly ophidians;
very few are from studies on chelonians or crocodilians.

B. KIDNEY

1. Introduction

In reptiles, as in other v ertebrates, the kidneys play a critical role in re gulating the composition of
the milieu intérieur  by controlling the urinary e xcretion of w ater, ions, and nitrogenous w astes;
however, in some reptile species salt glands help to excrete ions, and in all reptile species structures
distal to the kidne ys (colon, cloaca, or bladder) can modify the ionic and aqueous composition of
the urine before it is finally excreted. Nevertheless, it is reasonable to say that the kidne ys have a
greater degree of control and are quantitatively more important than any other structure in regulating
the output of ions and w ater and, thus, the composition of the body fluids. Determination of the
urinary output of ions and w ater involves regulation of both filtration at the renal glomerulus and
reabsorption and secretion along the renal tub ules.
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2. Morphology

a. General Form of Kidneys and Nephrons
The external morphology of reptilian kidneys varies a great deal because of the marked variation
in body form within the class Reptilia; for e xample, the kidne ys of lizards tend to be compact,
somewhat triangular-shaped structures joined at the posterior end, whereas those of snak es are
long and thin and those of turtles are constrained by the shape of the carapace 45 (W.H. Dantzler,
pers. observ.). These varying kidney shapes also constrain the gross arrangement of the nephrons,
the actual functional units of the kidne ys; for e xample, in snak e kidneys, the nephrons lie side
by side in neat parallel rows and attach at roughly right angles to major collecting ducts, whereas
in lizard kidne ys the nephrons branch of f the collecting ducts more obliquely and are arranged
in compact b unches.229 The number of nephrons in the kidne ys of dif ferent species also v aries.
Despite these dif ferences in arrangement, the basic components of the nephrons in all reptiles
are glomerulus, short ciliated neck se gment, proximal tub ule, short ciliated thin intermediate
segment, and distal tubule.86 A few nephrons without glomeruli have been described in the kidney
of one species of lizard 229 and in some snak es.247 No reptilian nephrons ha ve the long loops of
Henle between the proximal and distal tubules arranged parallel to collecting ducts that are found
in avian and mammalian nephrons. Despite the general differences in nephron arrangement among
the orders of li ving reptiles, all nephrons e xamined are arranged in such a f ashion that the
beginning of the distal tub ule is closely apposed to the v ascular pole, apparently primarily the
afferent arteriole, of its o wn glomerulus164,229 (S.D. Yokota, R.A. Wideman, and W.H. Dantzler,
unpubl. observ.).

b. General Arrangement of Blood Vessels
The number and arrangement of arterial v essels supplying reptilian kidne ys vary greatly among
the orders and among species within orders, and the arterial blood flow to the kidne ys probably
varies accordingly . The arterial supply , for e xample, appears to be e xtensive in g arter snak es
(Thamnophis spp.) and freshwater snakes (Nerodia spp.) (W.H. Dantzler, pers. observ.) but minimal
in at least one ag amid lizard species ( Ctenophorus ornatus).229 In all species e xamined, however,
each glomerulus is supplied by an af ferent arteriole that breaks up into the glomerular capillary
network. As noted by Bowman34 over 150 years ago, in reptiles the glomerular capillaries are larger
and fe wer, the anastomoses are fe wer, and, thus, the capillary netw ork is less comple x than in
mammals.4,229,236 This relati vely simple netw ork is probably required to permit passage of the
relatively large and rigid nucleated red blood cells found in reptiles. The glomerular capillaries
unite at their ef ferent end to form a single ef ferent arteriole that lea ves the glomerulus and breaks
up into another capillary netw ork surrounding and supplying the renal tub ules. Of particular
significance, all reptiles have a renal venous portal system that contributes vessels to this peritubular
capillary network and supplies it with blood from the posterior regions of the body. The capillaries
in this network eventually unite to form the renal v eins that drain the kidne ys.

c. Detailed Structure
i. Glomerulus
The reptilian glomerulus, as in other v ertebrates, is composed of the capillary netw ork described
above, a central re gion of mesangial cells, the parietal layer of Bo wman’s capsule co vering the
outside of the capillary filtration surface and the podoc ytes, and the visceral layer of Bo wman’s
capsule, which is continuous with the epithelium of the proximal tubule.4,236 The overall ultrastruc-
ture of the filtration barrier is also similar to that of other vertebrates and consists of capillary
endothelium, basement membrane, and visceral epithelial cells (podoc ytes) with filtration slits
covered by filtration slit diaphragms.4,236 The podocytes cover more and the filtration slits cover
less filtration surface area in reptiles than in mammals, 236 and the fenestrae in the glomerular
capillary endothelium are much more numerous in reptiles than in hagfish, lampreys, elasmo-
branchs, and teleosts but much less numerous than in mammals.4,85,236 Also, as in other vertebrates,
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the endothelial cells on the nonfiltering side of the glomerular capillaries rest not on a basement
membrane and covering podocytes but on mesangial cells, 85 which contain myofibrils236 that may
play some role in re gulating the area a vailable for filtration.85

ii. Proximal Tubule
Reptilian proximal tub ule cells, as in mammals, ha ve a distinct brush border of micro villi and
numerous mitochondria; however, in contrast to mammals, reptiles sho w no consistent changes in
cell type along the length of the proximal tub ule, even when functional changes occur 81 (W.H.
Dantzler and R.B. Nagle, unpubl. observ .). Also, reptilian proximal tub ule cells do not sho w the
deep basal interdigitations with mitochondria arranged linearly between them observ ed in the cells
of early segments of mammalian proximal tub ules92,237,315 (W.H. Dantzler and R.B. Nagle, unpubl.
observ.). Significant amplification of the basolateral cell membrane does occur, however, in the
proximal tubule cells of some b ut not all reptiles, and the tight junctions are al ways short92,237,315

(W.H. Dantzler and R.B. Nagle, unpubl. observ .).
iii. Intermediate Segment
This segment, where studied, is made up of lo w columnar cells that bear a moderate number of
cilia and a few microvilli on the apical surface. The cells also have short tight junctions and uniform
intercellular spaces with a fe w lateral interdigitations. 237

iv. Early Distal Tubule
A few reptiles (e.g., gecko, Hemidactylus sp.) have early distal tubule cells displaying the features—
deep basolateral infoldings with elongated mitochondria occupying the spaces within them—com-
mon to this se gment in other v ertebrates, but most (e.g., horned lizard, Phrynosoma cornutum ;
Galapagos lizard, Tropidurus sp.; blue spiny lizard, Sceloporus cyanogenys; crocodile, Crocodylus
acutus; garter snakes, Thamnophis sirtalis) do not.97,98,237,254 Instead, early distal tubule cells in these
species have large, often irre gular nuclei, o void or spherical mitochondria, and e xtensive lateral
interdigitations. The particular type of cell in an y given species does not appear to be related to
the ability to dilute the urine (see belo w).
v. Late Distal and Collecting Tubules
Reptilian nephrons, lik e those of other v ertebrates, have no clear distinctions in cellular structure
between the distal portions of the distal tub ule (often referred to as late distal tub ule) and the
collecting tubules or collecting ducts into which they empty. The late distal tubule and the connecting
tubule of at least one saurian species ( Sceloporus cyanogenys) have light and dark cells some what
similar in appearance to the principal and intercalated cells described in other v ertebrate species,
although the light cells in this lizard appear to secrete mucus. 98

vi. Juxtaglomerular Apparatus
The arrangement of the early distal tub ule of each nephron close to the v ascular pole of its o wn
glomerulus (see above) suggests the presence of a juxtaglomerular apparatus (JGA) like that found
in mammals.86,229 Although renin-producing cells in the glomerular arterioles and e xtraglomerular
mesangial cells are present in reptilian nephrons, there is no e vidence of a macula densa re gion in
the early distal tubule.86,227,289 Thus, a complete JGA (at least as defined in mammals) is not present.

3. Glomerular Function

a. Introduction
The initial process in urine formation is the deli very of w ater and solutes to the lumen of the
proximal tubule of each nephron. In glomerular nephrons (almost all nephrons in reptiles), this
involves ultrafiltration of plasma across the glomerular capillaries, a process first documented in
reptiles by Bordle y and Richards, 33 who found a protein-free filtrate in Bowman’s space outside
the glomerular capillaries. The rate at which such an ultrafiltrate is formed at the individual
glomerulus equals the rate at which fluid is delivered to the corresponding proximal tub ule and,
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therefore, is the initial determinant of the v olume and composition of the urine. Because filtration
relies on arterial h ydrostatic pressure maintained for other purposes, it is well suited to e xcreting
large volumes of fluid without expending additional energy specifically for that purpose. Moreover,
because filtration can be readily altered in reptiles (see below), it can play an important role in
regulating w ater e xcretion. If the fe w aglomerular nephrons observ ed in some species actually
function, they must do so by the secretion of ions and w ater into the proximal tub ule (see below),
but this process is clearly not of primary importance in the initial formation of urine in reptiles.

b. Filtration Process
As in capillary beds in general, the rate of ultrafiltration at the glomerulus of a single nephron
(SNGFR) is the product of the ultrafiltration coefficient (Kf) and the net ultrafiltration pressure, as
expressed in the equation:

SNGFR = Kf[(PGC – PBS) – πGC]

In this equation, PGC is the outw ardly directed h ydrostatic pressure in the glomerular capillaries,
PBS is the inwardly directed hydrostatic pressure in Bowman’s space, and πGC is the colloid osmotic
pressure in the capillaries that opposes filtration. The sum of these pressures is the net ultrafiltration
pressure (PUF). Because proteins are retained within the capillaries, primarily as a result of filtration
barriers at the basement membrane and the filtration slits, essentially no protein is found in the
ultrafiltrate in Bowman’s space and, therefore, no colloid osmotic pressure outside the capillaries
to favor filtration. Recently, Yokota measured (in mmHg) a mean arterial pressure of 38, a mean
PGC of 22, a mean PBS of 2, and a mean πGC of 17 (afferent arteriole) in anesthetized g arter snakes
(Thamnophis spp.), the first and only such measurements made in reptiles (S.D. Yokota, pers.
comm.). These data indicate that mean PUF is 3 mmHg at the af ferent end of the glomerular
capillary netw ork. Because the measurements of PGC were made randomly in the glomerular
capillaries, it can probably be assumed that, as in mammals, PGC remains almost constant along
the length of the glomerular capillaries. This relatively constant PGC is maintained by the resistances
in the arterioles at both ends of the capillary netw ork. As filtration progresses along the length of
the capillaries and the protein in the capillaries is concentrated, πGC rises. Filtration will, of course,
continue only so long as the h ydrostatic pressure gradient e xceeds the opposing colloid osmotic
pressure. It is unkno wn whether or not πGC increases sufficiently to equal the hydrostatic pressure
(i.e., PUF becomes zero) so filtration ceases along the length of the glomerular capillaries (i.e.,
filtration equilibrium is reached) in garter snakes (or in other reptiles). Gi ven the low initial value
of PUF, ho wever, this seems lik ely. If filtration equilibrium is reached along the length of the
glomerular capillaries (i.e., not all of the capillary netw ork is used for filtration), then the SNGFR
will be particularly sensiti ve to changes in renal plasma flow.

As noted abo ve, the rate of glomerular ultrafiltration is a function, not only of PUF, but also
of Kf. Kf has two components: the surface area of the capillaries a vailable for filtration (A) and the
hydraulic conductivity (Lp) or the aqueous permeability of the capillary wall. An accurate measure-
ment of either A or Lp would permit determination of the other from that v alue, the PUF, and the
SNGFR. Independent determinations of either Lp or A would be v ery useful in g auging the
importance of glomerular filtration in regulating solute and water excretion in various reptile species;
however, we ha ve no direct w ay to determine Lp in the glomerular capillaries, and accurately
determining A also poses many problems.

Approximations of the total surf ace area a vailable for filtration per glomerulus, based on
glomerular diameters, are sho wn for a wide range of reptile species in T able 10.5. It is apparent
that the filtration surface, calculated in this manner, can vary as much as sevenfold within a reptile
order. Even within an order, no clear relationship exists between glomerular size or filtration surface
area and habitat, despite the suggestion that glomerular size might be related to the a vailability of
water. Moreover, insufficient data are available to determine the e xtent to which these v ariations
in glomerular size or filtration surface area might simply relate to body size. 147 Aside from the
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variations in glomerular size, these estimates of filtration surface area are not true determinations
of the actual capillary surf ace per glomerulus; ho wever, even a direct measurement of capillary
surface in a given glomerulus would only give the area available for filtration, not the area actually

TABLE 10.5
Glomerular Diameter and Total Surface Available for Filtration

Species
Glomerular 

Diameter (µm)
Filtration Surface Area per 
Glomerulus (mm2 × 10–2)

Testudinea:
Trionyx sinensis (FW) 154 7.45
Emys orbicularis (FW) 71 1.58
Testudo horsfieldi (D) 96 2.89

Crocodilia:
Caiman crocodylus (FW) 138 5.98

Squamata:
Sauria

Teratoscincus scincus (D) 62 1.21
Agama sanguinolenta (D) 87 2.38
Phrynocephalus mystaceus (D) 114 4.08
Eremias grammica (D) 68 1.45
Eremias aguta (SD) 61 1.17
Lacerta vivipara (M) 88 2.43
Lacerta trilineata (M) 62 1.21
Eumeces schneideri (SD) 63 1.25
Mabuya aurata (SD) 58 1.06
Varanus griseus (D) 155 7.55
Ophisaurus apodus (M) 109 3.73

Ophidia
Typhlops vermicularis (M) 78 1.91
Eryx miliaris (D) 80 2.01
Eryx jaculus (SD) 85 2.27
Natrix natrix (SA) 152 7.26
Natrix tesselata (SA) 156 7.64
Psammophis lineolatus (D) 63 1.25
Eirenis collaris (SD) 122 4.67
Eirenis punctatolineatu (SD) 102 3.27
Coluber najadum (SD) 90 2.54
Coluber ravergieri (SD) 73 1.67
Naja oxiana (D) 94 2.78
Vipera lebetina (D) 134 5.64
Vipera berus (M) 103 3.33
Thamnophis sirtalis (M) 60a 1.13

a Data from Peek, W.D. and McMillan, D.B., Am. J. Anat., 155, 83–102, 1979.

Note: Value for glomerular diameter of each species is mean of 30 measurements (2
animals per species with 15 glomeruli analyzed from each). The total filtration surface
area per glomerulus w as estimated from the relationship S = πd2, suggested by Renkin
and Gilmore.249 Habitat code: FW, freshwater; SA, semiaquatic; M, mesic; SD, semidesert;
D, desert.

Source: Adapted from Gambaryan, S.P., J. Morphol., 219, 319–339, 1994.
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used. The area actually used is determined by whether filtration ceases along the capillary network
and, if it does, the capillary area used for filtration up to that point.

Because no accurate measurements of Lp or A can be made for an y species, it is only possible
to calculate their product (Kf) from PUF and SNGFR. In the case of g arter snakes, the only reptile
species for which data are available, SNGFRs of 0.6 to 5 nL/min33 (S.D. Yokota and W.H. Dantzler,
unpubl. observ.) and an average PUF of 3 mmHg yield Kf values of 0.2 to 1.7 nL/min/mmHg. The
larger value is about the same as that in ri ver lampreys (Lampetra fluviatilis) in freshw ater205 but
less than one fourth that in the amphibian Congo eel ( Amphiuma means )240 and only about one
third that in Munich–W istar rat.55,102

c. Changes in Whole-Kidney GFR
The whole-kidney glomerular filtration rate (GFR), which is the sum of all the SNGFRs, cannot
be measured o ver time in the li ving animal by summing all the indi vidual SNGFRs for a kidne y.
This is impractical for a number of reasons. First, the number of glomeruli v aries among species
and even from kidne y to kidne y in a single animal, and no easy w ay exists to e ven approximate
this number without direct counting. An attempt to de velop an allometric equation that w ould
provide a reasonable estimate of the number of glomeruli for a gi ven body mass, with data from
13 species, was derived by Yokota et al.320 We have added data from a further 8 species and derived
the following equation: y = 368.2x0.7926, r2 = 0.999, where y = total number of glomeruli in both
kidneys and x = body mass in grams (see Figure 10.1). It is of interest that some species de viate
quite significantly from this regression as seen by an examination of residuals. The Australian skink
Tiliqua rugosa, with a body mass of 156 g but only 4740 glomeruli,13 falls furthest below the curve
for all the species. The lizards Ctenophorus ornatus  and Sceloporus cyano genys, the chelonian
Clemmys japonica, and the snake Natrix sipedon also all appear to have a low number of glomeruli
relative to their body mass. Second, glomerular size varies, not only among species but also within
a given kidney;145,229 SNGFR varies with glomerular size; and there is no practical way to determine
differences in glomerular size in the li ving kidne y. Third, even for glomeruli of the same size,
SNGFRs can apparently dif fer at an y given time (see belo w). Finally, the only method currently
available for measuring SNGFRs throughout a single kidne y100 is too difficult to permit measure-
ment of all SNGFRs and requires sacrificing the animal, thereby providing only one time point.

Fortunately, whole-kidne y GFRs can be measured readily by clearance methods in li ving
animals. Such measurements have been made on representatives of the four extant orders of reptiles
during acute changes in hydration or during intravenous administration of a salt load (hyperosmotic
sodium chloride, usually 1 mol/L) or a water load (usually a hypoosmotic glucose solution). These
measurements (Table 10.6) indicate that whole-kidne y GFRs tend to decrease with deh ydration or

FIGURE 10.1 Relationship between body mass and number of glomeruli. The regression equation for this
relationship is shown (see text).
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a salt load and increase with a w ater load; ho wever, considerable v ariation exists among species,
especially in response to a salt load, which frequently leads to an increase rather than a decrease
in whole-kidne y GFR. Although the e xperiments were not identical in the hands of dif ferent
investigators, the salt load was always given in an attempt to increase plasma osmolality, especially
when it w as difficult to study dehydration. Unfortunately, in well-h ydrated animals this infusion
would initially tend to lead to plasma e xpansion, increased renal blood flow, and increased whole-
kidney GFR. With continued infusion, there w ould be water and thus volume depletion, increased
plasma osmolality, and decreased whole-kidne y GFR, b ut most e xperiments were not run with a
long-term infusion.

In addition, among the species sho wn in Table 10.6, the crocodilian species and the wholly
aquatic sea snakes have an extrarenal route (lingual salt gland) for the excretion of sodium chloride.
If these structures remo ve sodium chloride rapidly enough, then the h yperosmotic salt load might
actually be equivalent to at least an isosmotic plasma e xpansion or perhaps an actual h ypoosmotic
fluid load; therefore, some increase, rather than a decrease, in whole-kidney GFR might have been
expected in these animals. In se veral studies, renal function w as observed to cease when plasma
osmolality increased sufficiently (Table 10.6). This appeared to occur at higher plasma osmolalities
in the desert tortoise than in semiaquatic or mesic species, suggesting that this desert species can
tolerate much greater increases in plasma osmolality than other species and supporting the concept
of Nagy and Medica225 that these animals do not attempt to control tightly their plasma osmolality
(see below). Despite the dif ferences among species, in reptiles, in contrast to mammals, mark ed
physiological increases or decreases in whole-kidne y GFR can certainly occur , especially with
acute changes in h ydration; therefore, changes in GFR may play a significant physiological role
in regulating the volume and composition of the final urine (see below).

d. Changes in Number of Filtering Nephrons
The observ ed changes in whole-kidne y GFR apparently result primarily from changes in the
number of nephrons filtering, although changes in the filtration rates of individual nephrons
probably play some role as well. 74,94,266,322 Several lines of e vidence, both indirect and direct,
support the concept of changes in the number of filtering nephrons as the primary process
underlying the changes in whole-kidney GFR. First, in those species studied (freshw ater turtles,
Pseudemys scripta ; desert tortoises, Gopherus a gassizii; w ater snak es, Nerodia sipedon ), the
maximum rate of tubule transport (Tm) of para-aminohippurate (PAH) varies directly with whole-
kidney GFR.74,94 This supports the concept of nephron intermittency because if changes in whole-
kidney GFR resulted from changes in the SNGFRs b ut all nephrons continued to filter, the Tm
for PAH transport w ould not ha ve changed because the mass of tub ular tissue secreting P AH
and contributing to the final urine would not ha ve changed. Second, histological studies of the
kidneys of a number of species (green turtle, Chelonia mydas; sea snak e, Laticauda colubrine;
blue-tongued lizard, Tiliqua scincoides; freshwater crocodile, Crocodylus johnsoni; and saltwater
crocodile, Crocodylus porusus) showed that the ratio of the number of open to closed proximal
tubule lumina correlates roughly with the whole-kidney GFR.266 Because a proximal tubule lumen
tends to collapse when its glomerulus stops filtering, these studies also support the concept that
changes in whole-kidne y GFR reflect changes in the number of nephrons filtering. Finally, and
of greatest importance, direct quantitati ve measurements of blood flow rates in single glomeruli
in kidneys of garter snakes (Thamnophis sirtalis) confirm the presence of intermittent blood flow
and, presumably, intermittent filtration and indicate that the fraction of glomeruli with intermittent
blood flow correlates directly with plasma osmolality (Figure 10.2)322 (see below for more detail
on glomerular blood flow). Changing whole-kidne y GFR by changing the number of filtering
nephrons appears to be a practical adaptation in reptiles in which nephrons are not arranged to
function in concert to produce a urine h yperosmotic to the plasma. Moreover, as stressed above,
all reptiles ha ve a renal portal system that can continue to nourish the cells of nonfiltering
nephrons in the absence of a postglomerular arterial blood supply .
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4. Tubule Function

a. Introduction
The renal tub ules modify the initial glomerular filtrate by the processes of reabsorption and
secretion, thereby playing a major role in determining the volume, osmolality, and ionic composition
of the ureteral urine. This composition may , of course, be further modified by the colon, cloaca,
or bladder. The current discussion is limited to the tub ule transport of sodium, potassium, w ater,
and those end products of nitrogen metabolism that ha ve a significant influence on the volume and
osmolality of the urine.

b. Inorganic Ion Transport
i. Sodium
Sodium is the major cation of the e xtracellular fluid and, with its accompanying anions, is respon-
sible for maintaining the e xtracellular fluid volume. As noted abo ve, neither the e xtracellular
concentration of sodium nor the e xtracellular fluid volume is maintained as constant in reptiles as
in mammals. 42 Nevertheless, maintaining the total amount of sodium in the animal within some
broad general range, lar gely by regulating excretion, is critical to survi val.

Reptilian renal tubules reabsorb anywhere from about 50 to 98% of the filtered sodium, depend-
ing on the species as well as the specific requirements for conservation of sodium at the time of
measurement.86,294 Under most circumstances in most reptilian species, at least 10% or more of the
filtered sodium appears in the ureteral urine, far more than in mammals, where less than 1% of the
filtered sodium escapes reabsorption by the renal tubules. When evaluating the fractional reabsorption
by the renal tubules of reptiles, two factors must be kept in mind. First, the available measurements
come primarily from clearance studies, which only supply net transport for the entire kidne y.
Although these studies show net reabsorption, they do not permit any distinction between reabsorp-
tion only by the renal tub ules and the combination of secretion in one portion of the renal tub ules
and greater reabsorption in another portion of the renal tub ules. Indeed, net secretion of sodium
may occur in the renal tub ules of some marine snak es and in aglomerular nephrons of a fe w other
reptiles (see belo w). Second, these clearance studies do not include filtered sodium that may be
contained in urate precipitates lea ving the ureters in uricotelic reptiles (see belo w). In so far as this
occurs, the actual fraction of filtered sodium reabsorbed may be even less than that measured. 82

In an y case, it is apparent that the fraction of filtered sodium reabsorbed by reptilian renal
tubules is generally lo w, when compared to mammalian renal tub ules. Additional reabsorption,
depending on the requirements of the animal, occurs in the colon, cloaca, or bladder (see belo w).
The degree of such reabsorption must be integrated with the renal reabsorption in the maintenance
of overall ionic balance.

FIGURE 10.2 Relation of percent of nephrons with intermittent flow to plasma osmolality in individual garter
snakes (Thamnophis sirtalis). Each point represents a single animal. Plasma osmolality w as measured in six
animals. Line was fitted to data by linear regression. (From Yokota, S.D. and Dantzler, W.H., Am. J. Physiol.,
258, R1313–R1319, 1990. With permission.)
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In reptiles, again in contrast to mammals, the proximal tubule is not the primary site of sodium
reabsorption. In vivo  micropuncture studies of lizard tub ules and in vitro microperfusion studies
of snake renal tubules indicate that only some 35 to 45% of the filtered sodium is reabsorbed along
the proximal tub ule (Table 10.7).87,294 Some 50 to 70% is reabsorbed along the distal tub ules and
collecting ducts (T able 10.7). 86,294 The small amount of information a vailable about the rate of
sodium reabsorption per unit renal tub ule length in reptiles suggests that it is less than or equal to
that for mammals in the proximal tub ule and about equal to that for mammals in the distal tub ule
segments (Table 10.7).86,87,294 The fraction of filtered sodium actually reabsorbed along any given
tubule segment must reflect the balance between the filtered amount reaching that segment, the
reabsorption rate per unit se gment length, and the length of the se gment.

Little is known about the mechanism by which sodium is reabsorbed by the proximal tub ules
of reptiles; ho wever, a v ery small, lumen-ne gative transepithelial potential has been observ ed in
the proximal tub ules of one species (g arter snake, Thamnophis spp.) during sodium reabsorption
(Table 10.8), indicating that transepithelial sodium transport occurs ag ainst an electrochemical
gradient.90 Also, because the fractional reabsorption of chloride in the proximal tubule is essentially
the same as that of sodium, 87 transepithelial reabsorption appears to in volve acti ve sodium and
passive chloride transport, at least in this species and perhaps all reptiles.

Virtually nothing is kno wn about the luminal and basolateral membrane steps in the proximal
transepithelial transport of sodium in reptiles. Because, as in other v ertebrates, the inside of the
proximal cells is ne gative compared to either the lumen or the basolateral side (T able 10.8),86,173

sodium certainly can enter the cells from the lumen do wn an electrochemical gradient. Also, as in
other vertebrates, this step probably involves primarily sodium–hydrogen exchange.86 A functional
sodium–hydrogen exchanger has been identified in brush-border membrane vesicles from g arter
snake ( Thamnophis spp.) kidne ys.95 The concept of sodium reabsorption by this e xchanger is
indirectly supported by the observ ation that the administration of carbonic anh ydrase inhibitors to
water snak es ( Nerodia sipedon ) results in an alkaline ureteral urine and an increased ureteral
excretion of sodium and potassium.75 Although most luminal sodium entry probably involves some
form of sodium–hydrogen exchange, coupled entry with glucose, amino acids, phosphate, and other
molecules is certainly involved as well.8,21,86 Sodium must then be transported out of the cells across
the basolateral membrane ag ainst an electrochemical gradient in the transepithelial reabsorpti ve
process. As in other v ertebrates,86 this process almost certainly in volves Na+,K+-ATPase, which is
located in the basolateral membrane of proximal tubules in snakes21,77 and presumably other reptiles.

TABLE 10.7
Sodium and Chloride Reabsorption by Tubule Segment

Tubule Segment and Species
Sodium JNet 

(pmol/min/mm)
Sodium (% 

Filtered Load) Ref.
Proximal:

Garter snake (Thamnophis spp.) 130.5 45 Dantzler and Bentley87

Blue spiny lizard (Sceloporus cyanogenys) 27.8 37 Stolte et al. 294

Late distal and collecting tub ule:
Blue spiny lizard (Sceloporus cyanogenys) 61.7 21 Stolte et al. 294

Collecting duct:
Blue spiny lizard (Sceloporus cyanogenys) — 37 Stolte et al. 294

Note: Values are means tak en directly or calculated from the references. JNet, net transepithelial reabsorption.

Source: Adapted from Dantzler, W.H., in Structure and Function of the Kidne y: Comparative Physiology, Vol. 1,
Kinne, R.K.H., Ed., Kar ger, Basel, 1989, pp. 143–193. With permission.
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With re gard to sodium reabsorption in the distal portions of the nephron, information with
particular significance for the intrinsic tubule regulation is a vailable from in vitro microperfusion
studies on the late distal tubule of snake (Thamnophis spp.) nephrons.27,29,30 These studies revealed
a large lumen-negative transepithelial potential (T able 10.8) that is inhibited by amiloride in the
luminal perfusate or ouabain in the basolateral bathing medium. This lumen-negative transepithelial
voltage and the calculated short-circuit current (presumably representing sodium reabsorption),
although dependent on the presence of sodium in the lumen, both decay rapidly when its concen-
tration exceeds 30 mmol/L. The decays in v oltage and short-circuit current apparently represent
an increase in resistance to sodium transport through the active transport pathway. Because sodium
that enters the cells passively across the luminal membrane at this time cannot be e xtruded rapidly
enough to k eep up with the entry , the cells swell. This intrinsic response to an e xcessive sodium
load may pre vent the distal tub ules from reabsorbing too much sodium when there is a need for
additional sodium excretion. Moreover, a transport system poised to operate effectively only at low
sodium concentrations will enhance the dilution of luminal tub ule fluid in which the sodium
concentration is already low. Whether such an intrinsic regulatory process operates in the late distal
tubules of other reptiles is unkno wn.

ii. Potassium
Potassium, the major cation of the intracellular fluids in all vertebrates, is particularly critical for
the function of e xcitable cells. Although the e xtracellular levels of potassium are not maintained
as constant as in mammals (see abo ve), the total quantity is still critical and is re gulated largely
by renal and extrarenal routes of excretion. Micropuncture studies on one species (blue spiny lizard,
Sceloporus cyano genys)294 and clearance studies on numerous species 81 indicate that either net
reabsorption or net secretion by the renal tub ules may occur. In uricotelic species, some potassium
in the tub ule fluid may be combined with urates (see below);82 therefore, measurements on the
aqueous phase of the urine in the clearance and micropuncture studies cited abo ve may not ha ve
provided accurate values for the magnitude or e ven the direction of net transport. 82

The magnitude and sites of potassium transport along the renal tub ules of reptiles are not yet
well described; however, the micropuncture studies on Sceloporus cyanogenys294 suggest that about
25 to 35% of the filtered potassium is normally reabsorbed along the proximal tubules. Another
10% of the filtered potassium may be reabsorbed along the distal tubules, but this may change to

TABLE 10.8
Electrical Properties by Tubule Segment

Tubule Segment 
and Species

VBL

(mV)
VT

(mV)
RT

(kΩ·cm)
RT

(Ω·cm2) Refs.
Proximal:

Garter snake (Thamnophis spp.) –60.1 ± 1.9 
(13)

–0.49 ± 0.155 
(14)

— — Dantzler and Bentley;90 
Kim and Dantzler 173

Late distal:
Garter snake (Thamnophis spp.) — –34.9 ± 2.1 

(27)
23.4 ± 1.6 

(27)
83.1 Beyenbach et al. 30

Note: Values are means or means ± SE; the y are taken directly or calculated from the references. Numbers in parentheses
indicate number of determinations. VBL, basolateral membrane potential dif ference (sign indicates inside of cell ne gative);
VT, transepithelial potential dif ference (sign indicates lumen ne gative relati ve to peritub ular side); RT, transepithelial
resistance.

Source: Adapted from Dantzler , W.H., in Structure and Function of the Kidne y: Comparative Physiology, Vol. 1, Kinne,
R.K.H., Ed., Karger, Basel, 1989, pp. 143–193. With permission. 
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net secretion of as much as 180% of the filtered load. This general pattern appears to be the same
as that observ ed in mammals and those other nonmammalian v ertebrates in which it has been
studied;86 however, the exact distal tubule site (or sites) and the cell types (perhaps the light cells
described in this species; see abo ve) involved in determining net reabsorption or net secretion are
unknown. Presumably, the distal shifts between net reabsorption and net secretion are related to
the need to retain or eliminate dietary potassium. Some additional potassium reabsorption can occur
in the collecting ducts of this species, b ut this does not appear to be v ery significant under normal
conditions.294 As in the case of urinary sodium e xcretion, additional modification of potassium
excretion may occur by transport in structures distal to the kidne y.

Essentially nothing is known about the cellular mechanisms in volved in renal tubule transport
of potassium. Perhaps, as in mammals, much of the net reabsorption occurs via a paracellular route.
Net secretion almost certainly in volves enhanced transport into the cells from the blood via
basolateral Na +,K+-ATPase, but other cellular steps are unkno wn. Alkalosis enhances potassium
excretion, at least in w ater snakes ( Nerodia sipedon ),75 but whether this in volves stimulation of
Na+,K+-ATPase or some direct e xchange for sodium, or a combination of these, is unkno wn.

c. Water Transport
i. Introduction
As noted abo ve, changes in GFR play a particularly important role in re gulating the e xcretion of
water as well as ions in reptiles, b ut tubule transport of w ater, primarily reabsorption, is also of
critical importance in maintaining fluid volume, even if this v olume is not as rigidly controlled in
reptiles as in mammals (see abo ve). Water reabsorption in reptiles sometimes occurs at the same
rate as solute reabsorption (as an isosmotic fluid) and sometimes lags behind solute reabsorption,
depending on the need to e xcrete or conserve water.
ii. Water Reabsorption
Water reabsorption is generally measured as total filtered fluid (both water and solutes) reabsorbed.
In reptiles, as in other tetrapods, a lar ge fraction of the filtrate is reabsorbed by the renal tubules;
however, such reabsorption ne ver approaches, much less e xceeds, 99%, even during deh ydration,
as it does in mammals.86 Moreover, micropuncture or microperfusion of renal tubules indicates that
only about 35 to 45% of the filtered fluid is reabsorbed along the proximal tubules of snakes and
lizards (Table 10.9). More indirect studies indicate that this is about the same (30 to 50%) for the
proximal tubules of turtles and crocodilians. 94,268 These values are well below the two thirds of the
filtered fluid reabsorbed by the proximal tubules of mammals. 86 Instead, a substantial fraction of
the filtered fluid, perhaps as much as 45% in some species, can be reabsorbed along the distal
portions of the nephrons (Table 10.9).81 In some, but not all species, the amount of water reabsorbed
in these distal se gments depends on the need to conserv e w ater and the action of antidiuretic
hormone (see belo w). In addition to reabsorption by the renal tub ules, substantial filtered water,
like solute, can also be reabsorbed by the colon, cloaca, or bladder (see belo w), depending on the
requirements of the animals.

The details of the process by which filtered fluid is reabsorbed in the proximal tubule are not
understood, although in vivo micropuncture studies of lizard proximal tubules and in vitro microp-
erfusion studies of snak e proximal tub ules indicate that during reabsorption the filtered fluid in
the lumen remains isosmotic with the plasma (T able 10.9). 87,294 Although these studies clearly
indicate that sodium and w ater can be reabsorbed at osmotically equi valent rates, the y do not
prove that fluid reabsorption by the proximal tubules of reptiles must al ways be dependent on
sodium reabsorption, as it appears to be in other v ertebrates. In f act, in the in vitro perfusion
studies of snak e proximal tub ules, substitutions for sodium or chloride or both in the solutions
used for perfusing and bathing the tub ules suggest that neither one of these ions is essential for
normal fluid reabsorption.87 When sodium in the perfusate is replaced with choline (an or ganic
cation), net fluid reabsorption almost ceases, as would be expected; however, when sodium in the
bathing medium is also replaced with choline so both solutions are identical, net fluid reabsorption
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returns to the control rate. When sodium in the perfusate alone is replaced with lithium (another
inorganic alkali metal cation), the rate of net fluid reabsorption is unchanged. Thus, lithium can
substitute for sodium in the transepithelial transport process. From these studies on g arter snake
proximal tubules, it appears that isosmotic fluid reabsorption can proceed at control rates when
lithium replaces sodium in the perfusate alone or when some other substance (e.g., choline,
tetramethylammonium, methylsulfate, sucrose) replaces sodium or chloride or both in the perfusate
and bathing medium simultaneously . Even when sodium is present, net fluid reabsorption is not
inhibited by the removal of potassium from the bathing medium or by treatment with ouabain or
other cardiac glycosides, as w ould be e xpected if fluid reabsorption was dri ven primarily by
sodium reabsorption via Na+,K+-ATPase.87,88 Moreover, net fluid reabsorption with sodium present
is not dependent on the nature of the b uffer (bicarbonate, phosphate, or Tris) used.87 Finally, with
sodium present, net fluid reabsorption is reduced 18 to 25% by the removal of colloid from the
peritubular bathing medium. 87

Although these observ ations on snak e proximal renal tub ules suggest that isosmotic fluid
reabsorption can occur in the absence of both sodium and chloride, the y do not pro vide an y
information on the mechanism underlying this process. Quantitati ve structural studies on these
isolated, perfused tub ules92 have re vealed that within minutes after substitution of choline for
sodium in both the perfusate and bathing medium significant morphological changes take place.
Tubule cells double in size and intercellular spaces nearly quintuple. At the same time, the areas
of the lateral and apical cell membranes approximately double, b ut their surf ace densities are
essentially unchanged; therefore, although the cells are lar ger in the absence of sodium, the y have
proportionately larger surface areas so their v olume-to-surface ratio remains constant. This rapid
increase in membrane area most lik ely involves incorporation of preformed membrane se gments,
possibly from intracellular v esicles, although the e xact source is unkno wn. Re gardless of the
mechanism involved in these morphological changes, the y are correlated with the maintenance of
a control level of net fluid reabsorption. Perhaps they permit a small, previously unimportant driving
force, such as the colloid osmotic pressure in the peritub ular fluid (or plasma in the intact animal),
to produce a control le vel of net fluid reabsorption.

TABLE 10.9
Reabsorption of Filtered Fluid by Tubule Segment

Tubule Segment 
and Species

Jv 
(nL/min/mm)

Jv

(% Filtered Load)
Osmolal 

TF/P Ref.
Proximal:

Garter snake (Thamnophis spp.) 0.87 ± 0.04 
(127)

45 1.00 ± 0.01 
(12)

Dantzler and 
Bentley87

Blue spiny lizard (Sceloporus cyanogenys) 0.18 35 0.99 (8) Stolte et al.294

Late distal:
Garter snake (Thamnophis spp.) 0.07 ± 0.04 

(14)
— — Beyenbach27

Blue spiny lizard (Sceloporus cyanogenys) 0.05 2.5 0.85 Stolte et al.294

Collecting duct:
Blue spiny lizard (Sceloporus cyanogenys) — 36 — Stolte et al.294

Note: Values are means or means ± SE; the y are tak en directly or calculated from the references. Numbers in
parentheses indicate the number of determinations. Jv, net transepithelial fluid reabsorption; osmolal TF/P, ratio of
the osmolality in fluid collected from the tubule lumen (TF) to the osmolality in plasma (P).

Source: Adapted from Dantzler , W.H., in Structure and Function of the Kidne y: Comparative Physiology, Vol. 1,
Kinne, R.K.H., Ed., Kar ger, Basel, 1989, pp. 143–193. With permission.
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iii. Water Secretion
In sea snakes (Aipysurus laevis), indirect clearance studies suggest that net fluid secretion can some-
times occur.321 Secretion of fluid has been directly demonstrated in isolated proximal tubules of both
glomerular and aglomerular fish26,28 and in isolated inner medullary collecting ducts of mammals. 313

In some species of glomerular fish, the rate of secretion of fluid by a proximal tubule is about equal
to its corresponding SNGFR, 26,28 but in these sea snak es, as in mammalian collecting ducts, 313 it is
apparently much lower.321 Moreover, fluid secretion in sea snakes only appears to be significant when
GFR is very low.321 The tubule site of such secretion and the mechanism in volved in the process are
unknown, but clearance studies321 suggest that, as in the proximal tub ules of fish28 and the collecting
ducts of mammals, 316 it is dependent on the secretion of sodium and chloride. Although the physio-
logical significance of net fluid secretion in these sea snakes is unclear , the basic process of fluid
secretion would be essential to the function of an y aglomerular nephrons found in reptiles.
iv. Dilution and Concentration
Reptiles are incapable of producing urine significantly more concentrated than the plasma, although
many species, b ut not all, are capable of v arying ureteral urine osmolality from significantly
hypoosmotic to the plasma to isosmotic with the plasma (T able 10.10). This v ariation in urine
osmolality between hypoosmotic and isosmotic is the major renal tub ule mechanism by which the
kidneys of reptiles adjust the amount of solute-free filtered water delivered to the ureters, and the
process is generally well regulated, primarily by antidiuretic hormone (see below). The most dilute
urine (about one tenth the osmolality of the plasma) is generally produced by freshw ater species
with a major need to e xcrete e xcess w ater (Table 10.10). A fe w species (e.g., desert tortoise,

TABLE 10.10
Examples of Ranges of Osmolal Urine-to-Plasma Ratios

Species Habitat

Osmolal Urine-to-
Plasma Ratio 
(Approximate 

Maximum Range) Ref.
Crocodilia:

Crocodile (Crocodylus acutus) Freshwater and marine, 
semiaquatic

0.55–0.95 Schmidt-Nielsen and 
Skadhauge268

Testudinea:
Desert tortoise (Gopherus agassizii) Arid, terrestrial 0.3–0.7 Dantzler et al. 94

Freshwater turtle (Pseudemys scripta) Freshwater, semiaquatic 0.3–1.0 Dantzler et al. 94

Squamata:
Sauria

Blue spiny lizard (Sceloporus cyanogenys) Arid, terrestrial 0.3–0.7 Stolte et al. 294

Sand goanna (Varanus gouldii) Arid, terrestrial 0.4–1.0 Bradshaw and Rice 48

Horned lizard (Phrynosoma cornutum) Arid, terrestrial 0.8–1.0 Roberts and Schmidt-
Nielsen254

Ophidia
Bull snake (Pituophis melanoleucus) Arid, terrestrial 0.5–1.0 Komadina and 

Solomon176

Freshwater snake (Nerodia sipedon) Freshwater, semiaquatic 0.1–1.0 Dantzler74

Olive sea snake (Aipysurus laevis) Marine, aquatic 0.8–1.2 Dantzler84

Note: The values are from measurements on ureteral urine.

Source: Adapted from Dantzler , W.H., in Structure and Function of the Kidne y: Comparative Physiology, Vol. 1, Kinne,
R.K.H., Ed., Karger, Basel, 1989, pp. 143–193. With permission.
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Gopherus a gassizii; blue spin y lizard, Sceloporus cyano genys) al ways produce ureteral urine
hypoosmotic to the plasma, and others (e.g., horned lizard, Phrynosoma cornutum; olive sea snake,
Aipysurus laevis) always produce ureteral urine close to isosmotic with the plasma. The observations
appear appropriate for the horned lizard and oli ve sea snak e, which rarely ha ve excess water to
excrete; however, they appear inappropriate for the desert tortoise and blue spiny lizard, which also
rarely have excess water. It is e vident that further modification of the urine osmolality occurs in
the bladder or cloaca (see belo w).

Although reptiles are not capable of producing a urine suf ficiently hyperosmotic to the plasma
to be ph ysiologically significant in the conservation of w ater, a fe w species (sea turtle, Chelonia
mydas; lizard, Amphibolurus maculosus ; marine snak e, Aipysurus laevis) have been observ ed to
produce urine slightly h yperosmotic to the plasma (osmolal urine-to-plasma ratio of 1.2 to
1.3).54,244,321 In the case of the sea turtle and the lizard, production of h yperosmotic urine may
involve modification of ureteral urine in the bladder or cloaca (see below) because ureteral urine
was not collected directly . This is not the case, ho wever, for Aipysurus laevis, in which ureteral
urine was found to be slightly hyperosmotic to the plasma at low urine flows (Table 10.10).321 This
hyperosmolality may reflect tubule secretion of solutes (i.e., sodium, potassium, magnesium, or
ammonium) into a small volume of tubule fluid.321 Secretion of ions may be important in regulating
their e xcretion, especially for these marine snak es, although production of urine only slightly
hyperosmotic to the plasma cannot be of physiological significance for conserving water in marine
species because the plasma osmolality is f ar below that of sea water.

Formation of urine h ypoosmotic to the plasma requires the reabsorption of filtered solutes
(probably primarily sodium and chloride) without w ater accompanying them at some site along
the renal tub ules. In the x erophilic lizard species Sceloporus cyanogenys, micropuncture studies
indicate that dilution can occur at least by the early distal tub ule and can continue throughout the
length of the collecting duct during all states of hydration and during administration of antidiuretic
hormone (see belo w).294 In this species, further re gulation of urine osmolality almost certainly
occurs distal to the kidne y. Preliminary perfusions of isolated renal tub ules from g arter snak es
(Thamnophis spp.) suggest that the thin intermediate se gment may ha ve low water permeability
and be a site of significant solute reabsorption45 (S.D. Yokota and W.H. Dantzler, unpubl. observ.).
In addition, as discussed above, the late distal tubules of these animals may be specialized to permit
additional dilution of luminal fluid that already has a very low sodium concentration. 27,29,30 The
maintenance and regulation of the urine osmolality are discussed belo w.

d. End Products of Nitrogen Metabolism
i. Introduction
The three major end products of nitrogen metabolism excreted in the urine are ammonia, urea, and
uric acid. Ammonia is both highly soluble and highly toxic and is generally the primary compound
for excretion of nitrogen only in animals in a completely aquatic en vironment, where it can be
rapidly removed from the animal. Urea, although less toxic than ammonia, can still denature proteins
and is also highly soluble; therefore, it is generally the primary e xcretory end product of nitrogen
metabolism in animals with ample access to w ater or the ability to produce urine mark edly
hyperosmotic to the plasma. Uric acid, even in its usual form of a urate salt, is v ery poorly soluble
and can be remo ved with v ery little w ater. Thus, it is most commonly the primary compound for
nitrogen excretion in animals with little access to w ater or no ability to produce urine significantly
hyperosmotic to the systemic plasma (see reviews in Walsh and Wright314 for more information on
comparative aspects of nitrogen metabolism and excretion). Moreover, it can also play an important
role in the e xcretion of inorganic ions (see belo w).
ii. Ammonia
Apparently very little ammonia is normally present in the systemic blood of reptiles; therefore, it
is not filtered to any significant extent. Instead, as in other v ertebrates, almost all of the ammonia
appearing in reptilian urine is formed within the tub ule cells and secreted into the tub ule lumen.
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The tubule sites of production and secretion in reptiles are unkno wn but probably at least in volve
the proximal tubule.

In most vertebrates, the primary function of renal ammonia production and e xcretion is to aid
in acid–base balance by permitting the e xcretion of acid or , more accurately, the production of an
equivalent amount of bicarbonate. F or this reason, production and e xcretion tend to increase with
an acid load. Except for a slight suggestion that an acid load may increase ammonia e xcretion in
freshwater snakes (Nerodia spp.),81 no information is available on the role of ammonia in acid–base
balance in reptiles.

Whatever the role of ammonia in acid–base balance, it is a major e xcretory end product of
nitrogen metabolism in crocodilians (e.g., alligators, Alligator mississippiensis) and in semiaquatic
and aquatic chelonians (e.g., freshwater turtles, Pseudemys scripta) (Table 10.11).68,82 In semiaquatic
and aquatic chelonians, excreted nitrogen is often distributed about equally between ammonia and
urea, although much v ariation e xists and urea usually tends to predominate (T able 10.11). In
crocodilians, ammonia accounts for about 25% and urates for about 75% of the total nitrogen
excreted (Table 10.11). 82,170 Moreover, the absolute amount of ammonia e xcreted in the urine of
alligators on a standard meat diet is greater than that recorded for an y other vertebrate species.69,174

Although the exact tubule sites of ammonia production are unkno wn and the total production
process has not been studied in reptiles, Lemieux and colleagues 188 have studied some of the steps
in ammonia production in alligator kidneys. They assumed that, as in mammals, glutamine is taken
up by the renal tub ule cells, enters the mitochondria, and is deaminated by glutaminase I to form
glutamate and NH 4

+ .  Glutamate is then presumably deaminated via glutamate deh ydrogenase to
form α-ketoglutarate and NH 4

+ .  These authors found that both phosphate-dependent glutaminase
I and glutamate deh ydrogenase are present in the mitochondria of the allig ator kidney at levels of
activity suitable for ammonia production. They also found that alanine aminotransferase acti vity

TABLE 10.11
Approximate Percents of Total Urinary Nitrogen as Urates, Urea, and Ammonia

Reptile

Percent of Total Urinary Nitrogen as:

Ref.Urates Urea Ammonia
Crocodilia 70 0–5 25 Khalil and Haggag170

Testudinea:
Wholly aquatic 5 20–25 20–25 Moyle218

Semiaquatic 5 40–60 6–15 Baze and Horne 9

Wholly terrestrial
Mesic environment 7 30 6
Xeric environment 50–60 10–20 5

Desert tortoise (Gopherus agassizii) 20–25 15–50 3–8 Dantzler and Schmidt-Nielsen94

Freshwater turtle (Pseudemys scripta) 1–24 45–95 4–44 Dantzler and Schmidt-Nielsen94

Squamata:
Sauria 90 0–8 Insignificant to 

highly significant
Dantzler86

Ophidia 98 0–2 Insignificant to 
highly significant

Dantzler86

Rhynchocephalia:
Sphenodon punctatum 65–80 10–28 3–4 Hill and Dawbin161

Source: Adapted from Dantzler , W.H., in Structure and Function of the Kidne y: Comparative Physiology, Vol. 1, Kinne,
R.K.H., Ed., Karger, Basel, 1989, pp. 143–193. With permission.
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is high and that isolated fragments of allig ator renal tub ules are capable of producing ammonia
from both glutamine and alanine in vitro. Finally, they found that glutamine synthetase, b ut none
of the enzymes involved in ammoniagenesis, is found only in the liver, suggesting to them that this
organ may be a source of glutamine for ammonia production by the kidne y.

When alligators are dehydrated, renal ammonia production decreases and more nitrogen appears
in the urine as uric acid.174 Decreasing renal blood flow during dehydration would decrease delivery
of amino acids to the kidne ys and thereby reduce the amount of substrate a vailable for ammonia
production. In addition, King and Goldstein 174 suggest that the accumulation of ammonia in renal
tissue during lo w urine flow might dri ve the re versible deamination reactions in the direction of
amino acid formation; ho wever, this proposal has not been e xamined directly.

No experimental data are available on the mechanism of tub ule ammonia secretion in reptiles.
It could involve nonionic diffusion of free ammonia (NH 3) across the luminal cell membrane and
trapping of ammonium ion (NH 4

+ ) in the lumen in those reptile species in which the pH of the
luminal fluid is relatively lo w. Carrier -mediated secretion of NH 4

+  appears to be necessary in
alligators, which normally produce alkaline urine containing large amounts of bicarbonate.68,70 This
process could involve substitution of ammonium ions for hydrogen on the luminal sodium–hydrogen
exchanger in proximal tubules. Because alligators maintain a rather low systemic blood pH (~7.1),
it is also possible that the initial filtrate is actually below the pH of the early proximal tub ule cells
and that, therefore, some ammonia can be secreted by nonionic dif fusion and diffusion trapping in
that portion of the proximal tub ule.187 Neither means of excretion explains why ammonia secreted
in the proximal portions of the nephron in these animals is not passively reabsorbed in distal regions
where the luminal pH becomes highly alkaline. 68,70 It is possible that, if ammonia secretion into
the lumen definitely involves a carrier -mediated process, the luminal membrane of renal tub ule
cells has a much lo wer passive permeability for ammonia in allig ators than in other species. 86

iii. Urea
Urea is the dominant excretory end product of nitrogen metabolism only in chelonian reptiles from
aquatic, semiaquatic, and mesic terrestrial habitats (T able 10.11); ho wever, it also accounts for a
significant fraction of the nitrogen excreted in the urine of chelonian reptiles from arid terrestrial
habitats and of the one li ving rh ynchocephalian species ( Sphenodon punctatum ) (Table 10.11).
Urea is freely filtered and, in most species studied (including those chelonian species in which it
is the major form of nitrogen excretion), undergoes a variable amount of apparently passive tubular
reabsorption.86 In general, the amount of reabsorption v aries with urine flow rate, being more
obvious with deh ydration and lo w urine flow rate. 86,267,317 Net tub ular secretion has also been
observed during clearance studies on a fe w lizard species (Lacerta viridis and Sceloporus cyanog-
enys) and Sphenodon. 86,239,267 Net secretion, ho wever, is only observ ed during e xtreme diuresis;
therefore, in all reptilian species studied, urea e xcretion is determined primarily by filtration and
tubular reabsorption. The sites and mechanisms involved in tubular transport are unknown. Although
reabsorption is apparently passive, it almost certainly is carrier mediated. Moreover, any net tubular
secretion must involve carrier mediation, but no urea transporters have yet been identified in reptilian
kidneys.
iv. Urate
Urates are the primary chemical form in which nitrogen is e xcreted in all reptiles, re gardless of
habitat, except for chelonians from aquatic, semiaquatic, and mesic terrestrial habitats (Table 10.11).
In all reptiles studied, urate is freely filtered at the glomerulus and is net secreted by the renal
tubules.86 Most of the information a vailable on the sites and mechanism of tub ular transport in
reptiles derives from studies with isolated, perfused snak e (Thamnophis spp.) renal tubules. These
studies revealed that net secretion from peritub ular fluid to lumen against a concentration gradient
occurs throughout the proximal tubule but not in the distal tubule.78,80 No evidence has been found
for net urate reabsorption in these tub ules, but a passive unidirectional reabsorptive flux can occur
throughout the proximal tub ule.
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All the snake tubule studies indicate that net secretion of urate occurs by a pathway independent
of that in volved in net secretion of other or ganic anions. 86 Net urate secretion in volves transport
into the cells ag ainst an electrochemical gradient at the basolateral membrane, follo wed by move-
ment from the cells into the lumen do wn an electrochemical gradient (Figure 10.3). The effects of
disulfonic stilbenes suggest that the transport step into the cells at the basolateral membrane involves
countertransport for another anion (Figure 10.3). 219 This transport step has no dependence on
sodium,246 which indicates that countertransport cannot in volve a dicarboxylate such as α-keto-
glutarate (αKG) that is countertransported for other or ganic anions (e.g., p-aminohippurate, PAH)
after entering the cells via the sodium dicarboxylate cotransporter .66 Moreover, preloading snak e
tubules with numerous mono-, di-, and tricarboxylates does not stimulate urate uptak e (Y.K. Kim
and W.H. Dantzler, unpubl. observ.) the w ay αKG stimulates PAH uptake.66 Thus, the anion that
might drive urate uptake by countertransport remains unkno wn.

A number of other distinctive features of urate transport not only dif ferentiate it from transport
for other organic anions but also may be of adaptive significance with regard to fluid balance. First,
the apparent passi ve permeability of the basolateral membrane is much greater than that of the
luminal membrane (Figure 10.3).80 These findings, which are the opposite of those for the transport
of other organic anions, suggest that this is a very inefficient system for net secretion, because urate
that is transported into the cells across the basolateral membrane will ha ve a tendency to leak back
into the peritubular fluid more readily than to move into the lumen. The basolateral transport step
is always working against a lar ge backleak. Second, the basolateral transport step appears to be
dependent on the presence of an artificial perfusate (or, in vivo , the glomerular filtrate) flowing
along the tub ule lumen.78 Third, net transepithelial secretion in these tub ules varies directly with
the rate of luminal perfusion, suggesting the presence of significant transepithelial backdiffusion

FIGURE 10.3 Model for net tub ular secretion of urate based on studies with snak e ( Thamnophis spp.)
proximal renal tub ules Solid circle with solid arro w indicates either primary or secondary acti ve transport.
For countertransport, solid arro w indicates movement against electrochemical gradient; brok en arrow, move-
ment down electrochemical gradient. Broken arrows with question marks indicate possible passive movements.
A– indicates anion of unspecified nature. Apparent permeabilities of luminal ( PL) and peritubular (PP) mem-
branes are shown. Apparent Kt and Jmax for net secretion are sho wn at the bottom of figure.
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from lumen to bath at lo w perfusion rates. 79 Indeed, significant unidirectional flux from lumen to
bath that v aries with perfusion rate has been demonstrated in these tub ules.78 Moreover, the tran-
sepithelial permeability determined directly from this measured flux (about 2.4 × 10–5 cm/sec) is
about four times that (0.60 × 10–5 cm/sec) calculated from the independently measured permeability
values for the luminal and peritubular membranes shown in Figure 10.3.80 This observation suggests
that much of the apparent backdif fusion from lumen to bath at lo w perfusion rates occurs between
the cells (Figure 10.3). F ourth, the apparent Kt for net transepithelial urate secretion (about 150
µmol/L) (Figure 10.3) is well below the normal plasma concentration (400 to 500 µmol/L) in these
garter snakes.86 This observation suggests that the net transepithelial secretory system is normally
saturated (or nearly saturated) and that changes in plasma urate concentrations ha ve little effect on
net urate secretion. Instead, it appears lik ely that the rate of flow through the lumen and the
backdiffusion just described may be particularly important in determining net urate secretion and,
thus, excretion.86 As discussed above, nephrons filter intermittently in reptiles, the number filtering
decreasing with dehydration and increasing with hydration. The relatively high passive permeability
of the basolateral membrane, the apparent dependence of basolateral transport into the cells on
filtrate in the lumen, and the apparent large paracellular backleak at lo w luminal flow rates may
function to reduce urate accumulation in the lumens or cells of nephrons that are not filtering.

Of additional interest with re gard to transepithelial urate secretion is the lack of con vincing
evidence that urate movement from cells to lumen is carrier mediated. Neither the flux of radiola-
beled urate from cells to lumen nor the apparent urate permeability of the luminal membrane in
perfused snake tubules is af fected in an y way by unlabeled urate, probenecid, or disulfonic stil-
benes.89,219 Moreover, no e vidence of carrier -mediated transport could be found in isolated brush
border membrane vesicles from snake kidneys.21 These negative findings are compatible with simple
passive diffusion across the luminal membrane (Figure 10.3), b ut they do not pro ve it. Moreover,
given the relati vely lar ge urate flux across this membrane during net secretion, simple passive
diffusion appears quite unlik ely.

As noted abo ve, the lo w solubility of both uric acid itself (0.384 mmol/L) and the modest
solubilities of its urate salts (e.g., 6.76 mmol/L for sodium urate and 12.06 mmol/L for potassium
urate)154 mean that almost no pure uric acid and relati vely small amounts of the urate salts can
exist in true solution in the aqueous phase of the urine. Ne vertheless, some urate salts are present.
These are generally the sodium and potassium salts, the predominant cation being determined by
whether the animal is a carni vore or herbivore. In allig ators, in which lar ge amounts of ammonia
are excreted in alkaline urine, 68,70 ammonium urate may be present in the aqueous phase. In some
reptile species (e.g., turtles), the concentrations of sodium, potassium, ammonium, and urate in the
aqueous phase of the urine may be lo w enough to permit all the urate to be present as salts in true
solution;94 however, in some lizards (e.g., Dipsosaurus dor salis) and snak es (e.g., Thamnophis
spp.), and probably many other reptiles as well, the concentrations of sodium, potassium, and urate
in the aqueous phase of the ureteral urine are abo ve those at which simple urate salts can remain
in true solution. In these cases, the urates in this aqueous phase probably e xist as, in addition to
small amounts of dissolved urate salts, relatively small lyophobic colloid particles and much larger
lyophilic colloids produced by the adsorption of the lyophobic colloids to lyophilic proteins.10,209,243

Most of the urate e xcreted by reptiles is in the form of precipitates that do not oblig ate water
excretion. These precipitates de velop not only in the cloaca or bladder , where urate may be
precipitated from the aqueous phase, thereby permitting additional w ater reabsorption, but also in
the ureters and collecting ducts 214 (W.H. Dantzler, unpubl. observ .). In the ureters and collecting
ducts, these precipitates e xist as small spheres (2 to 10 µm in diameter), whereas in the cloaca of
the same animals they exist as both spheres and sharp-edged uric acid crystals.214 The small spheres
can move along the collecting ducts and ureters without causing damage. Ho w they are formed,
however, is unknown. Minnich209 suggested that the lyophilic proteins could be in volved and that
precipitation could be initiated by “salting out” of lyophilic colloidal urates. In an y case, some
forms of proteins appear to be in volved in the process.
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Although the e xact chemical form of the urate precipitates has not yet been determined, the y
generally contain, in some arrangement, significant amounts of inorganic cations, especially sodium
and potassium, but also sometimes calcium, magnesium, or ammonium.82,208 The predominant cation
probably depends not only on dietary intak e, as noted abo ve, but also on the ionic or acid–base
requirements of the indi vidual species. 82,208 Regardless of the chemical structure of these urate
precipitates, the inor ganic cations combined with them are e xcreted without w ater and without
contributing to the osmotic pressure of the urine; therefore, the inability of reptilian kidne ys to
produce concentrated urine does not necessarily relate to their capacity to e xcrete inorganic cations.
It is also possible that the combination of sodium with urate precipitates in the distal nephrons of
reptiles may keep the concentration of free sodium low enough to permit continued reabsorption by
the sodium transport system (see above) and maximum dilution of the urine. Finally, in many species,
a portion of the inorganic cations combined with urate precipitates in ureteral urine may be reclaimed
in the colon, cloaca, or bladder where w ater can be reabsorbed (see belo w). In these re gions, less
complex urate precipitates may be formed and urate salts may be con verted to uric acid, thereby
freeing the cations for reabsorption. This process may also be enhanced by acidification, which has
been demonstrated in the bladders of some turtles and the cloacae of some lizards. 150,207,292

C. BLADDER, CLOACA, AND COLON

A urinary bladder occurs only sporadically among reptiles. It is absent in all crocodilians and snakes
but is found in the Tuatara and a number of lizards. Turtles all possess a urinary bladder . Embry-
ologically, the tetrapod bladder de velops as an e vagination from the posterior part of the gut
(allantois) and first appears phylogenetically in the Amphibia, where it plays an important role in
water balance.7 Perrault238 first dissected and described the bladder of the now-extinct Indian giant
tortoise Testudo indica. Darwin96 later noted that the giant tortoises of the Galapagos Islands stored
large volumes of water in their bladders and suggested that this might be reabsorbed, as in frogs.167

The tortoise bladder is osmotically permeable when studied in vitro,14,58,59 and water reabsorp-
tion has been demonstrated in vivo  in the desert tortoise Gopherus a gassizii94 and the Tuatara
(Sphenodon punctatus).267 Water introduced into the bladder of the gopher tortoise w as absorbed
at the rate of 20 mL/hr,94 but, interestingly, bladder permeability in Testudo graeca was not affected
by arginine vasotocin (AVT).14 The bladder of desert tortoises functions as an important w ater-
storage organ during periods of drought 167,223 and also as a sink for dietary-deri ved electrolytes
such as potassium and also nitrogen in the form of urea and urates. 211

The urinary bladders of turtles and tortoises are the site of aldosterone-sensiti ve active sodium
reabsorption, which also enhances water reclamation.14,58,186 During wet periods, water is stored in
the bladder of desert tortoises in the form of very dilute urine that becomes increasing concentrated
when the animal is f aced with w ater depri vation,210,211 eventually becoming isosmotic with the
plasma.213,215 As summer progresses, the tortoises reduce their activity, spending much of their time
in estivation. They do, however, emerge to drink when there are infrequent thunderstorms, and they
construct small depressions in which the rain collects. 206 The advent of rain results in a dramatic
fall in the osmolality of the urine, and a smaller decrease in plasma osmolality .225 Nagy and
Medica225 speculate that desert tortoises relinquish maintenance of internal homeostasis on a daily
basis during most of the year and tolerate large imbalances in their water, energy, and salt budgets.
This strategy apparently allows them to exploit resources that are only available periodically while
balancing their water and salt b udgets on an annual basis and sho wing an overall energetic profit.
Peterson241 has coined the term anhomeostasis to refer to this tendenc y of the desert tortoises to
osmoregulate opportunistically and tolerate significant deviations of the milieu intérieur during late
spring and summer. In this w ay, they are able to lay e ggs each year, even during droughts. 308

Little is kno wn of the functions of the bladder in the Tuatara, or in those species of lizards
where one is found. The bladder of the lar ge skink Tiliqua rugosa  was reported to be w ater
permeable16 but little net w ater mo vement occurs in the Tuatara.267 Stegbauer291 found that the
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bladder of a number of species of desert lizards were poorly v ascularized and with a transitional
epithelium of relatively undifferentiated cells. Rather than being reabsorbed from the lizard bladder,
urine may be directed to the cloacal–colonic comple x as the bladder duct in species such as
Hemidactylus flaviviridis has a well-developed sphincter and v alvular fold.273

The morphology of the cloacal–colonic complex has been described in only a very small number
of lizards. The cloaca in Uromastix hardwickii is differentiated into three compartments—a copro-
deum, urodeum and a proctodeum274—but this degree of specialization does not appear to be common.
Skadhauge and Duvdevani288 give some details for Agama stellio, and Bentley and Bradshaw18 describe
the colon and cloaca of the ag amid lizards Amphibolurus ornatus and A. inermis (now Ctenophorus
ornatus and C. nuchalis, respectively). In the tw o latter species, which lack a bladder , urine flows
retrograde into the colon from the small cloaca, and up to 2 mL of fluid (i.e., 10% of the lizard’s
body mass) can be sequestered in this portion of the hindgut at an y one time. A well-delineated
muscular sphincter prevents the urine from flowing further up into the lo wer intestine.

A number of early indirect observ ations suggested that the cloacal–colonic comple x is an
important reabsorptive site for both water and electrolytes in reptiles. Junqueira et al.168 exteriorized
the ureters in snak es (Xenodon sp.) and found that the y lost 3.7% of their body mass per day and
died after 5 days, with no ef fect in sham-operated animals. Schmidt-Nielsen and Skadhauge 268

compared the composition of ureteral and cloacal urine in Crocodylus acutus and inferred cloacal
function from the dif ference. Similarly, Bradshaw36,37 compared the composition of ureteral urine
with that of v oided urine in the lizard Ctenophorus (=Amphibolurus) ornatus and found that the
relative osmolar clearance ( COSM/CIN) fell from 29.2% to 1.0%,  respectively, indicating massi ve
postrenal reabsorption of osmolytes. 

This difference technique w as used by Bradsha w37 to estimate transmural fluxes of w ater and
electrolytes from the colon of Ctenophorus ornatus under conditions of both water and saline diuresis.
These fluxes were some 20-fold larger than those estimated from in vitro measurements with isolated
tissues18,94 and probably reflect the lack of vascularization and adequate mixing. Braysher and Green53

also used an in vivo  coprodeum-isolation technique in an attempt to measure rates of fluid and
electrolyte reabsorption in the lar ge varanid lizard Varanus gouldii. The main conclusion from the
studies by Bradsha w37,42 was that the cloacal–colonic comple x routinely reabsorbs approximately
90% of the fluid presented to it, under conditions of either water or saline diuresis, the latter with
a much lower glomerular filtration rate. The rate of sodium reabsorption fell significantly, however,
from 99% of that presented to the colon to 63% with saline diuresis, and potassium reabsorption
also fell from 93% to 35%, indicating the presence of some form of re gulation.

A major technical advance was the application to reptiles of the in situ perfusion technique of
the coprodeum de veloped by Skadhauge for birds. 284,285,287 Skadhauge and Duvde vani288 reported
that both deh ydration and saline loading were associated with increased w ater reabsorption and
decreased rates of sodium transport from the cloacal–colonic comple x of the lizard Agama stellio
(but note that the units in their Table IV should be µEq/kg/hr, not mEq/kg/hr as listed).

Bradshaw and Rice 48 used this same technique to measure transmural fluxes of w ater and
electrolytes from the colon of conscious unanesthetized Varanus gouldii  held at their preferred
body temperature. Estimates for these parameters are gi ven in T able 10.12, where the perfusion
rate was adjusted to approximate ureteral flow rates under these same conditions. Sodium loading
was accompanied by a decrease in the absolute rates at which sodium, chloride, and w ater are
retained by the colon, and potassium secretion w as reduced. When the data were e xpressed frac-
tionally (i.e., relati ve to the presentation rate for each component, which is a function of the
perfusion rate for each treatment), water reabsorption increased significantly from 23.7% to 40.6%
with salt loading, and sodium reabsorption fell from 33.7% to 22.4%. Fractional reabsorption of
chloride was unchanged and potassium secretion w as reduced.

Surprisingly, colon function in dehydrated Varanus gouldii was found to be essentially identical
with that of saline-loaded individuals, with an increased rate of reabsorption of water and decreased
fractional reabsorption of sodium ions (see Table 10.12). The electrolyte concentration of the
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reabsorbate has been calculated (in mmol/L of NaCl) with these three treatments; it is hypoosmotic
with both dehydration and salt loading but hyperosmotic in water-loaded lizards. This suggests the
presence of some solute-linked water flow as found with the cloaca of the crocodile,268 the intestine
of the eel, 286 and the human rectum. 129

The transport mechanisms underpinning the reabsorption of w ater and electrolytes from the
cloacal–colonic complex are the subject of some debate. Electrical potential differences (PD), with
the mucosa negative, have been recorded across colon–cloacal preparations in a number of Brazilian
snakes,168 the tortoise Testudo gr aeca,14 the crocodilian Caiman cr ocodylus,19 and the lizards
Ctenophorus ornatus, C. nuc halis, and Tiliqua rugosa .18 Such a PD, which is block ed by
mecholyl,265 is consistent with the occurrence of acti ve sodium transport from the lumen of the
colon to the blood (mucosa to serosa) and this may carry w ater with it as has been demonstrated
in the coprodeum and large intestine of the chicken.31 Differences in colloid osmotic pressure across
the cloaca of the desert iguana Dipsosaurus dorsalis can also facilitate water reabsorption, even in
the absence of an o verall osmotic gradient or acti ve sodium transport.221 Such reabsorption can be
prevented by raising the intracloacal colloid osmotic pressure with an infused protein solution, and
Lange and Staaland 179 speculate that a similar ef fect may occur in the colon of the rat.

The ability of the mammalian g all bladder to transport w ater isosmotically has been well
established and depends on the creation of standing sodium gradients in the lateral intercellular
spaces.103,198 Similar intercellular spaces closely associated with mitochondrion-rich cells were
described in the anterior rectum of the agamid lizard Ctenophorus (=Amphibolurus) maculosus by
Braysher52 and figured by Minnich,213 but the ambitious claim that this species is capable of
elaborating a hyperosmotic urine (see abo ve) remains to date un verified.54

D. SALT GLANDS

Extrarenal specialized glands capable of elaborating hyperosmotic saline solutions occur throughout
the vertebrates, are especially well-developed in marine birds,233 and were first identified in marine
reptiles by Schmidt-Nielsen and Fänge.270 Whereas those of birds are only able to secrete a solution
of sodium chloride, the cephalic salt-secreting glands of reptiles ha ve been found to ha ve a

TABLE 10.12
Cloacal Parameters and Rates of Water and Electrolyte Reabsorption and Secretion in 
Varanus gouldii

Parameter Hydration (n = 6) Dehydration (n = 6)
Salt-Loaded 

(n = 6)

Perfusion rate (mL/kg/hr)
Reabsorbate (mL/kg/hr)
Na+ (µmol/kg/hr)
K+ (µmol/kg/hr)
Cl– (µmol/kg/hr)
FRNa (%)
FRCl (%)
FRH2O (%)
Electrolyte concentration of reabsorbate 
(in mmol/L of NaCl)

6.52
1.46 ± 0.15*
123.9 ± 12.6*
–11.29 ± 2.95*
75.27 ± 9.12*
33.72 ± 3.94*
21.61 ± 1.62
23.70 ± 2.66*
140.3 ± 13.6*

—
NS

P < 0.01
NS
NS

P < 0.01
NS

P < 0.01
P < 0.01

3.61
1.67 ± 0.25
39.49 ± 7.35
–6.03 ± 0.94
50.71 ± 10.56
20.68 ± 1.39
27.51 ± 5.45
41.29 ± 4.31
61.5 ± 5.3

—
P < 0.05

NS
P < 0.05
P < 0.05

NS
NS
NS
NS

2.16
0.89 ± 0.11*
27.58 ± 4.08*
–2.19 ± 0.54*
24.77 ± 5.50*
22.39 ± 3.34*
22.67 ± 5.34
40.61 ± 1.66*
63.4 ± 13.9*

Note: Mean ± SE is reported; statistics, ANOVA-SNK test with fractional values arcsine transformed. *P < 0.01 for hydrated
vs. salt-loaded comparisons within ro ws. 

Source: Bradshaw, S.D. and Rice, G.E., Gen. Comp. Endocrinol. , 44, 82–93, 1981. With permission.
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surprisingly varied secretory repertoire.42,119 Some significant differences can be identified in their
morphology and embryological origin when compared with a vian glands. In birds, the gland is
located in a bon y recess abo ve the e ye (supraorbital), whereas in reptiles it may be an e xternal
nasal gland,143 a lachrymal gland, or a premaxillary, sublingual, or lingual gland, depending on the
taxonomic group. An early claim by Dunson and Taub127 that the Harderian gland of sea snak es of
the genus Laticauda could be added to this list w as later found to be an error , with the true salt
gland being located beneath the tongue. 125 Dunson et al. 123 also have described an unusual lateral
nasal gland in the Montpellier snak e (Malpolon monspessulanus ), but its function has yet to be
established. Comparative data on reptilian salt glands, including embryological origin and secretory
characteristics, are summarized in Table 10.13, and histological and cytological information on the
external nasal glands of Australian lizards are reviewed in Saint-Girons and Bradshaw.258 Salt glands
have not been found in terrestrial snak es and ha ve only been described in a single terrestrial
chelonian, Testudo carbonaria.234 They are also absent in allig ators, geckoes, and the one species
of pygopodid lizard that has been studied. 258

An analysis of the data in Table 10.13 reveals a number of clear habitat and diet correlations.
Regardless of the embryological origin of the glands, marine species secrete a solution with sodium
as the primary electrolyte and Na +/K+ ratios ranging from 6 in Amblyrhynchus cristatus to as high
as 46 in Crocodylus porosus. Rates of e xcretion of sodium are also v ery high in the fe w marine
species where they have been measured, v arying from 730 µmol/kg/hr in the sea snak e Laticauda
semifasciata to 2550 µmol/kg/hr in the Galapagos iguana. Terrestrial tortoises and lizards produce
a salt solution that is rich in potassium, rather than sodium, with the Na +/K+ ratio typically less
than 1.0, reflecting their herbivorous diet. Some e xceptions are the tw o species of v aranid lizards,
Varanus semiremex and V. salvator, that feed on crustaceans and other animals in mangrove swamps
and littoral habitats and ha ve high intak es of salt w ater. The Galapagos land iguana ( Conolophus
subcristatus) feeds preferentially on Opuntia cactus, and this may explain the high reported Na+/K+

ratio of its nasal gland secretion of 3.2.
Comparatively little study of the ultrastructure and vasculature of reptilian salt glands has been

done, compared with what is kno wn for bird salt glands. 163 The gross histology and ultrastructural
morphology of the lachrymal salt gland in chelonians has been studied in most detail,1,12,71–73,131,132,148

and Abel and Ellis 1 describe a rich v asculature that is arranged counter -current to the flow of
secretion down the tub ules, as in marine birds. 233 Cholinesterase-containing nerve fibers form a
dense plexus around the secretory tubules, and Abel and Ellis1 suggest the presence of an additional
adrenergic sympathetic nerv e supply. Dual choliner gic and adrener gic innervation of the lingual
salt glands of the estuarine crocodile Crocodylus porosus has also been described recently .141 The
degree of specialization of the cells in the secretory tub ules is also similar to that found in the salt
glands of marine birds, with small unspecialized cells at the blind end of the tubule that progressively
become dif ferentiated into mitochondrion-rich secretory principal cells as one mo ves do wn the
tubule. The major difference from birds is that the basal membrane in the reptilian lachrymal gland
shows little infolding, b ut, in contrast, the v ery extensive folding of the lateral intercellular mem-
branes forms comple x intercellular spaces. These complex foldings of the lateral membrane are
shown very clearly in Figure 10.4 from the nasal salt gland of the varanid lizard Varanus gouldii.260

Cowan73 described large amounts of mucopolysaccharide, which has been sho wn by Farber135

to function as an ion e xchange resin, in the lateral intercellular spaces of the lachrymal gland of
Malaclemys terrapin. This observation led to the suggestion by Bennett 11 that negative charges on
these mucopolysaccharides could attract cations to the absorpti ve surface of cells. van Lennep and
Komnick310 and van Lennep and Young311 also called attention to the presence of mucopolysaccha-
ride in the lateral intercellular spaces of the ag amid lizard Uromastix acanthinurus which was also
noted by Lemire 189 and Lemire et al. 195

Gabe and Saint-Girons 142 compared the histology of the salt glands from 36 species of lizards,
representing 16 families, and identified functional secretory units by the presence of principal cells,
which they described as cellules striées because of their striated appearance under the light microscope.
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In species such as Iguana iguana, principal cells and mucoserous cells are intermixed in the tubules.
A similar situation in the scincid lizard Tiliqua rugosa  led to some confusion o ver whether this
lizard is capable of secreting a h yperosmotic solution from its nasal gland. Initial claims by
Braysher52 were questioned by Saint-Girons et al.259 on the basis of the intermixed histology of the
gland but finally confirmed by Bradshaw et al. 50 in a physiological investigation.

Early studies suggested that the salt glands of both birds and reptiles were controlled primarily
by the acti vity of choliner gic nerves, with secretion being e voked either by nerv e stimulation or
injection of parasympathomimetic drugs such as mecholyl. 235 More recent e vidence, however, has
shown that an aden ylate cyclase–cyclic AMP pathway is involved in both avian salt glands and the
lachrymal gland of Malaclemys195,278 and that secretion is also stimulated by v asoactive intestinal
peptide (VIP), 140,196 probably acting through the aden ylate c yclase pathw ay.277,276 It is generally
accepted that, in birds, the k ey process is a secondary acti ve secretion of chloride in volving a
basolateral Na +–2Cl––K+-cotransporter mechanism and apical chloride and basolateral potassium
channels—with the whole process being energized by the ion gradients generated by a basolaterally
localized electrogenic Na +,K+-ATPase pump as sho wn in Figure 10.5. 277 That this same process is
involved in those reptilian salt glands that secrete primarily sodium is supported by the observ ations
that bumetanide (a blocker of Na+–2Cl––K+-cotransporter) and ouabain (a blocker of Na+/K+-ATPase)
both block stimulation of secretion by isolated lachrymal gland tissue from Malaclemys terrapin.278

A detailed study of potassium secretion by the nasal gland of the desert lizard Sauromalus
obesus by Shuttle worth et al. 279 in which blood flow through the gland w as measured using
microspheres labeled with 86Sc has revealed important differences between reptilian and avian salt
glands. After two potassium loads, the Na+,K+-ATPase activity in the salt gland tissue had doubled,
but the residual ATPase acti vity and the total weight of the glands were unchanged. Specific
increases in Na+,K+-ATPase activity following salt loading are well documented in avian salt glands,
but in these cases the y are in variably associated with an increase in the size and weight of the
gland.138 Shuttleworth and Hildebrandt 277 note that the f act that Sauromalus obesus  is capable of
producing a secretion with potassium concentrations in excess of 1000 mmol and the virtual absence
of any sodium suggest a unique secretory mechanism quite dif ferent from that of marine birds.

FIGURE 10.4 Basal region of a principal cell ( cellule striée ) of the nasal salt gland of the v aranid lizard
Varanus gouldii showing extensive folding of the intercellular plasma membranes. B, basement membrane.
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Early work on the control of electrolyte excretion by the nasal salt gland of the north American
desert iguana Dipsosaurus dorsalis served to highlight the extraordinary secretory repertoire of its
salt gland, which is capable of secreting three cations (sodium, potassium, and rubidium) associated
with three different anions (acetate, succinate, and bicarbonate). 276 Even more surprising, osmotic
loading with sucrose or mannitol did not elicit secretion in this lizard and Shoemak er et al. 276

speculated that alkali metal ions (sodium or potassium) were needed to initiate secretion. More
recent w ork by Hazard 159 with Dipsosaurus dor salis has sho wn that sodium acetate does not
stimulate secretion, whereas histidine chloride and potassium acetate do. These results suggest that
Dipsosaurus uses ion-specific receptors for potassium and chloride, rather than osmotic or volume
receptors that have been described in birds, 235 to detect and respond to an ion load.

Little is kno wn of the actual mechanism by which a h yperosmotic salt solution is generated
by the reptilian nasal gland. F ollowing cytochemical and autoradiographic studies sho wing that
Na+,K+-ATPase was localized in the lateral intercellular plasma membranes, and not the luminal
membranes of the secretory cells, 133 the standing gradient hypothesis  was proposed to account
for the h yperosmotic secretion. 104 This h ypothesis required that the plasma membranes of the
principal cells be relati vely impermeable to w ater and that NaCl e xtruded laterally into the
intercellular spaces be recycled and not come from the lumen. It also required that Na+ be pumped
into cells from the basal and lateral membranes, which w ould be unprecedented. Ellis et al. 134

resolved this paradox with the conclusion that the cell junctions (zonulae occludentes) between
the principal cells and the secretory tub ules were not tight b ut v ery leak y, with sodium being
secreted across the cell membrane at the lumen in a one-stage process as proposed by Peak er and
Linzell.235 Their model envisages that isotonic fluid secreted by the principal cells at the terminal
end of the tub ules flows along the lumen of the tub ule toward the central canal. Water is then
reabsorbed from this fluid through the leaky junctions between the principal cells and passes into
the intercellular channels, where a standing gradient of Na + is maintained by sodium pumps in
the lateral membranes.

Direct measurements of intracellular and luminal ion concentrations in the lachrymal salt gland
of the sea turtle Chelonia mydas 200 seriously disagree with all the proposed mechanisms for salt
secretion. X-ray microanalysis of the secretory tub ule lumina and central canal in frozen-h ydrated
lachrymal glands did not re veal the high concentrations of Na + and Cl– that are found in the final
secretion. The fluid in the central canals was essentially isosmotic (269 to 380 mOsm/kg), suggesting
that the final concentration step occurs not in the gland itself but in the highly v ascularized duct
system.202 Another paper using the same method has reported just this situation in the duck nasal
gland,201 with the concentration of the secretion only be ginning to increase as it enters the main
duct (see Figure 10.6).

FIGURE 10.5 Diagram illustrating the proposed mechanism of secretion in the a vian salt gland. Increases
in cytosolic Ca 2+ activate secretion by increasing the opening of basolateral Ca 2+-activated K+ channels and
apical Ca2+-activated Cl–1 channels. (From Shuttleworth, T.J. and Hildebrandt, J.-P., J. Exp. Zool., 283, 689–701,
1999. With permission.)
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A fascinating insight into the e volution of reptilian salt glands is pro vided by the description
by Grismer 152 of three ne w species of side-blotched lizards of the genus Uta living in intertidal
areas of the Baja California. They feed on salt-rich crustaceans (isopods) and all ha ve greatly
enlarged nasal salt glands located in protruding bon y recesses that are nearly five times larger than
those of other mainland species of Uta that feed on insects. The author speculates that this
evolutionary change has been brought about by a change in diet, forced on these lizards by their
island habitat being progressively covered by guano deposited by roosting seabirds. The physiology
of the gland of Uta tumidarostra was studied by Hazard et al., 160 and the daily rate of sodium
excretion was estimated at 9.3 µmol/g/day compared with a maximal rate of only 1.1 µmol/g/day
for Uta stansb uriana. This rate of sodium e xcretion from the salt gland of Uta tumidar ostra
compares favorably with the figure of 14.5 µmol/g/day estimated by Shoemak er and Nagy 275 for
the Galapagos marine iguana Amblyrhynchus cristatus , which possesses one of the most acti ve
sodium-excreting glands of an y reptile.

FIGURE 10.6 Concentrations of sodium (Na), chloride (Cl), and potassium (K) in the lumina of secretory
tubules of the Pekin duck ( Anas platyrhynchos), measured by x-ray microanalysis. Concentrations are sho wn
at the position of peripheral (Peri) and principal cells (Prin) in the central canals (Cent), secondary ducts
(Sec), and successive positions along the main collecting duct (M1–M3), as well as for the e xudate. Note that
the concentration of the fluid does not increase until it reaches the main duct system. (From Marshall, A.T.
et al., J. Comp. Physiol., 156B, 213–227, 1985. With permission.)
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III. CONTROL MECHANISMS

A. BLOOD FLOW AND GFR IN THE KIDNEY

Blood flow in the kidne y is critical to the formation of glomerular filtrate and to the maintenance
of tubular function (see above). In reptiles, the only direct quantitative measurements of renal blood
flow and its control have been made on afferent glomerular arterioles of garter snakes (Thamnophis
sirtalis).319,322 These studies indicated that blood flow to superficial glomeruli of ophidian kidneys
varies considerably, not only between indi vidual animals b ut also between glomeruli in the same
kidneys. The dif ferences between indi vidual animals do not appear to be related to the mean
systemic arterial pressure. As noted abo ve, intermittent glomerular blood flow and, presumably ,
intermittent filtration occur, but they occur most frequently in glomeruli with low blood flow rates.
The relationship between intermittenc y and mean glomerular blood flow rate is not linear , but all
glomeruli with blood flow rates belo w ~5 nL/min apparently sho w intermittenc y, whereas only
10% of those glomeruli with a verage blood flow rates of ~24 nL/min sho w intermittenc y. As
discussed above, the fraction of glomeruli with intermittent blood flow in each kidne y correlates
directly with the plasma osmolalities of the indi vidual animals (Figure 10.2). Because plasma
osmolality increases with deh ydration, this correlation supports the concept that glomerular inter -
mittency plays a major role in the decrease in whole-kidne y GFR observed with dehydration (see
above). Also, because the release of ar ginine vasotocin (AVT), the reptilian antidiuretic hormone,
from the neurohypophysis is stimulated by increases in plasma osmolality (see belo w), this corre-
lation supports a role for AVT in mediating glomerular intermittenc y during deh ydration, at least
in ophidian reptiles. Moreo ver, in further support of this concept, an infusion of AVT causes
glomerular blood flow to cease in g arter snakes322 (Figure 10.7) just as it produces a decrease in
whole-kidney GFR in w ater snakes (Natrix sipedon).74

Apparently, decreases in glomerular blood flow with or without e xogenous AVT result from
constrictions of the af ferent arteriole (Figure 10.7). 322 When the diameter of the af ferent arteriole
becomes sufficiently small, the rigid, nucleated red blood cells cannot pass and occlude the vessel
completely, causing cessation of flow.322 It should be noted, ho wever, that filtration at a given
glomerulus may actually cease before blood flow ceases or may not e ven occur during periods of
low continuous blood flow. This would occur if the hydrostatic pressure in the glomerular capillaries
fell to a level that equaled the sum of the opposing plasma colloid osmotic pressure and the pressure
in Bowman’s space (i.e., the net ultrafiltration pressure went to zero; see above). This seems very
likely, at least in g arter snakes, because of the v ery low average net ultrafiltration pressure; thus,
glomerular intermittency may occur in these reptiles and perhaps in other species without actual
cessation of glomerular blood flow.

Prolactin may be in volved in re gulation of glomerular blood flow. The administration of
prolactin to some freshw ater turtle species produces a significant increase in whole-kidney GFR
in intact animals (definitely in Chrysemys picta and possibly in Pseudemys scripta) and appears to
reverse a decrease in whole-kidne y GFR produced by h ypophysectomy.56 These studies suggest
that prolactin could help re gulate glomerular blood flow by relaxing the af ferent arteriole and that
it might play a role in determining the increase in GFR observ ed with a w ater load, b ut more
detailed studies on the pharmacological vs. ph ysiological effects of this hormone and more direct
observations of its ef fect on regulation of glomerular circulation are needed.

Neural re gulation of glomerular blood flow and, thus, filtration, may be more significant in
reptiles than generally assumed. First, preliminary observations indicate that nerve endings exist near
the glomerular arterioles of garter snakes (Thamnophis spp.) (S.D. Yokota, R.A. Wideman, and W.H.
Dantzler, unpubl. observ.). Second, the α-adrenergic inhibitors phentolamine and phenoxybenzamine
block the decrease in whole-kidney GFR observed with high plasma concentrations of potassium in
sea snakes (Aipysurus laevis) and garter snakes22,321 (S. Benyajati, S.D. Yokota, and W.H. Dantzler,
unpubl. observ.). These observations suggest that α-adrenergic agonists, whose release is stimulated
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by high concentrations of potassium, may play a role in regulating resistance at the afferent glomerular
arterioles22,321 (S. Benyajati, S.D. Yokota, and W.H. Dantzler, unpubl. observ.), but, as in the case of
prolactin, more direct studies are needed to determine actual ef fects on glomerular circulation.

Autoregulation, the process whereby the rates of renal blood flow and glomerular filtration are
maintained relatively independent of mean systemic arterial pressure by mechanisms intrinsic to
the kidney, has yet to be e xamined in reptiles. In mammals, this process, which has been studied
extensively,226,271 involves two mechanisms: (1) myogenic control and (2) tub uloglomerular feed-
back control. Myogenic control is a process intrinsic to the smooth muscle cells of the af ferent
arterioles whereby increased arterial h ydrostatic pressure leads to constriction and decreased pres-
sure leads to relaxation. Tubuloglomerular feedback control involves the macula densa cells sensing
an increased load of solute (probably sodium chloride) delivered to the early distal tubule, leading,
in turn, via a paracrine f actor (apparently adenosine 271) to constriction of the adjacent af ferent
glomerular arteriole. This mechanism is poised to act primarily in response to an increased sodium
chloride load to produce a decrease in GFR.

Autoregulation may appear unlik ely in reptiles with their v ariable mean arterial pressure,
variable SNGFRs, glomerular intermittenc y, and apparent lack of macula densa cells (despite the
apposition of the early distal tub ule to the v ascular pole of its o wn glomerulus); ho wever, it may
be that certain glomeruli in an indi vidual kidney always have either high or lo w blood flow and,
thus, either high or lo w GFR. This blood flow may be re gulated in some specific fashion relative
to the mean systemic arterial pressure. Indeed, as noted abo ve, Yokota and Dantzler 322 found that
differences in mean single nephron blood flow rates between indi vidual g arter snak es were not
related to dif ferences in mean systemic arterial pressures. Direct studies are needed to determine
if autoregulation, or a similar process, operates in reptilian kidne ys.

FIGURE 10.7 Simultaneous relationship of afferent arteriolar diameter and blood flow for two representative
nephrons in snak e ( Thamnophis sirtalis ) kidne y during continuous infusion of ar ginine v asotocin (AVT).
Arrows mark start of AVT infusion at a rate of 17 pg/100 g/min. (From Yokota, S.D. and Dantzler, W.H., Am.
J. Physiol., 258, R1313–R1319, 1990. With permission.)
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B. BLOOD FLOW AND AUTONOMIC CONTROL IN SALT GLANDS

As discussed above, cholinergic nerves apparently play a role in controlling salt gland secretion in
reptiles as well as birds. In reptiles, this control is e vident in species in which the gland secretes
primarily sodium (e.g., Crocodylus porosus and Malaclemys terr apin)278,296,297 and in species in
which the gland secretes primarily potassium (e.g., Sauromalus obesus).279 Presumably this action,
as in birds, occurs via the phosphatidylinositol pathw ay with changes in the c ytoplasmic calcium
concentration. This pathway is supported by the increased transport acti vity in salt gland tissue
from Malaclemys produced by A23187, a calcium ionophore that increases the cytoplasmic calcium
concentration.278

Although cholinergic nerves apparently re gulate salt secretion by the glandular tissue itself,
they can also influence blood flow through the glands. This effect was demonstrated in the study
by Shuttleworth et al., 279 noted above, in which blood flow through the nasal salt gland of Sauro-
malus was measured with radiolabeled microspheres. In this study , administration of a cholinomi-
metic (methacholine) not only stimulated potassium secretion by the salt gland itself b ut also
reduced the blood flow through the gland. Thus, the increased rate of potassium secretion required
an effectively greater e xtraction of potassium from the blood by the gland than w ould have been
the case if the blood flow had not decreased. Indeed, the role of blood flow regulation in determining
salt gland secretion is f ar from clear. For example, despite the remarkable ability of the nasal salt
gland in Sauromalus to extract 70% or more of the potassium from the blood passing through it,
the maximum rate of in vivo secretion would require about a fourfold increase in the control blood
flow rate. Re gulation of blood flow and its inte gration with the re gulation of cellular transport
remains to be determined.

C. HORMONAL CONTROL: KIDNEY

1. Introduction

Information has gro wn in recent years with re gard to the e xtent to which pituitary and adrenal
hormones modulate the activity of those organs primarily responsible for controlling rates of water
and electrolyte excretion in reptiles: the kidneys, the cloacal–colon complex, and the cephalic salt-
secreting glands. The topic has been re viewed periodically over the years,36,37,42,44,51,93,212,228 but the
data are still v ery fragmentary and g arnered from only a v ery small number of species. Initial
studies suggested that the reptilian kidne y was unresponsive to corticosteroid hormones e xposure,
and it was even seriously entertained in the 1960s that reptiles might lack an adrenocorticotrophic
hormone (ACTH).197 This problem w as resolved when the importance of studying reptiles at or
near their preferred body temperature (PBT) w as realized, which in the case of man y lizards is
closer to 37°C than to room temperature.5 The erroneous classification of the pituitary corticotroph
(the gamma cells) as a luteotroph by c ytologists at the time also did not help matters. 257

2. Arginine Vasotocin

In contrast to the real or suspected role of the adrenal glands, reptiles ha ve long been assumed to
have an antidiuretic hormone of pituitary origin, analogous to that of mammals.15,264 This was early
on identified as arginine vasotocin (AVT) based on its presence in the pars nervosa of a variety of
reptilian species and its pronounced antidiuretic ef fects when injected. 220,263,264 The antidiuresis is
brought about primarily through a reduction in glomerular filtration rate in the kidney.42,76,81,83,91

This response results from a constriction of glomerular af ferent arterioles following the binding of
AVT to a V1-type receptor.51,128,165 Although reptiles lack a renal-concentrating mechanism in the
kidney, e vidence suggests that AVT also acts on the renal tub ule through a V2-like receptor ,
modifying both salt and water reabsorption. The fractional reabsorption of filtrate is enhanced and
relative free-water clearance ( CH2O/CIN) declines follo wing administration of ph ysiological doses
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of AVT in the freshw ater snake Natrix sipedon,74 the freshwater turtles Chrysemys picta belli  and
Pseudemys scripta ,60,317 the arid-living lizards Ctenophorus ornatus 37 and Varanus gouldii ,48 but
not in the desert lizard Sceloporus cyanogenys.294 The effect of AVT on relative free-water clearance
is usually interpreted as resulting from an increase in tub ular permeability to w ater.130 Fractional
reabsorption of total solutes (i.e., relati ve osmolar clearance COSM/CIN) has been shown to increase
following AVT injections in a number of species b ut not in all. 41,43,60,81,85,93 Usually, however, the
reabsorption of both water and salts cooperate to form the antidiuretic response, and the localization
of these responses is dependent on the permeability to water of the tubular segment and the presence
of salt-transporting or ganelles. There has thus been for some time strong circumstantial e vidence
for AVTs being the ph ysiological ADH in reptiles b ut, in an early re view, Dantzler and Holmes 93

commented that AVT is “generally considered to be the natural antidiuretic hormone … [b ut that]
this has never been completely documented by the production of hormone deficiencies by ablation
of the hypothalamic neurosecretory cells and correction of the defect by hormone replacement. ”

Preliminary results of such a study in the agamid lizard Ctenophorus (=Amphibolurus) ornatus
were reported by Bradsha w,37 and full details of the ef fect of h ypothalamic lesions on renal and
postrenal function in this species were published later.38,40 Figure 10.8 shows the effect of the lesions
on the ability of the lizards to produce an antidiuresis when challenged with saline loading and the
attendant dif ference in whole-kidne y GFR. As w ould be e xpected, e xogenous AVT pro vokes a
sustained antidiuresis when gi ven to these tract-lesioned indi viduals.42

A direct approach to the question of whether AVT is the ph ysiological ADH in reptiles w as
taken by Rice,250 who optimized a sensitive radioimmunoassay originally developed by Rosenbloom
and Fisher,256 to measure changes in circulating le vels of this hormone in the lar ge varanid lizard
Varanus gouldii . Renal function with three treatments (chronic w ater loading, salt loading, or
dehydration) was compared by Bradshaw and Rice,48 who also monitored concomitant changes in
levels of the adrenal corticosteroids aldosterone and corticosterone. Changes in the rate of urine
production (V) and the GFR and mean plasma le vels of AVT with the three treatments are sho wn

FIGURE 10.8 Rates of urine production and glomerular filtration rate (CIN) with prolonged water and saline
diuresis in intact and h ypothalamic-tract-lesioned (operated) ag amid lizard Ctenophorus (=Amphibolurus)
ornatus. All fluid loads = 10 mL 100 g/day, and data are presented as mean ± SE. (From Bradsha w, S.D.,
Gen. Comp. Endocrinol. , 25, 230–248, 1975. With permission.)
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in Figure 10.9 with AVT increasing significantly with both dehydration and salt loading. Both these
treatments provoked an antidiuresis, but this was solely tubular in origin in the case of dehydration;
GFR only fell significantly after chronic salt loading. The effects of e xogenous AVT at a dosage
of 25 ng/kg were block ed by injections of probenecid (an inhibitor of or ganic acid transport) at a
dosage of 100 mg/kg, and a highly significant positive correlation between AVT levels and plasma
osmolality was found, as sho wn in Figure 10.10.

Although the case for AVT functioning as a ph ysiological ADH in Varanus gouldii  would
appear to be strong, plasma le vels have only been reported in eight species of reptile to date: one
turtle, tw o snak es, four lizards, and the tuatara. 48,136,137,139,155,177,281,282 The statistical relationship
between circulating levels and plasma osmolality w as investigated in five of these species b ut was
found to be positive and significant in only three of them (Varanus gouldii, Pogona minor, and the
snake Notechis scutatus). The case with the snak e Bothrops jararaca is problematic, as Silveira et
al.281 argue strongly that no correlation e xists between plasma AVT and osmolality in this species,
in contrast to that reported by Ladyman et al. 177 in the elapid snak e Notechis scutatus . A careful
examination of their data, ho wever, reveals that plasma AVT levels were undetectable in 47% of

FIGURE 10.9 Renal function and circulating levels of arginine vasotocin (AVT) in the varanid lizard Varanus
gouldii with water-loading, dehydration, and salt-loading re gimes. The glomerular filtration rate (GFR) was
measured as the clearance of inulin and the rate of urine production (V), both e xpressed in mL/kg/hr; AVT
concentration is in pg/mL. (Data from Bradsha w, S.D. and Rice, G.E., Gen. Comp. Endocrinol. , 44, 82–93,
1981; Bradshaw, S.D., Homeostasis in Desert Reptiles , Springer, Heidelberg, 1997, pp. 1–213.)

FIGURE 10.10 Correlation between plasma osmolality (in mOsm/kg) and circulating le vels of ar ginine
vasotocin (AVT) in the varanid lizard Varanus gouldii. (Adapted from Bradshaw, S.D., Homeostasis in Desert
Reptiles, Springer, Heidelberg, 1997, pp. 1–213.)
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the samples assayed, even though the assay sensiti vity is given as 0.5 pg/mL. The values reported
in their study are also highly variable, and no significant differences were found when all treatment
groups were analyzed together; ho wever, the correlation coefficient (r) for plasma AVT levels and
osmolality are reported as 1.0 and 0.7 for salt-loaded and acute salt-loaded groups, respecti vely
(see Table 2 in Silveira et al.281). No P values are given for these r values, but they appear to belie
the conclusion of the authors that AVT levels are not correlated with changes in plasma osmolality.

Bradshaw and Bradsha w35 used a radioassay of second messenger , developed by Morel, 217 for
the tubular localization of hormonal receptors in the mammalian kidne y. Working with the ag amid
lizard Ctenophorus ornatus , the y detected AVT-stimulated production of c yclic AMP in v arious
segments of the nephron (Figure 10.11). The V2-type AVT receptors identified by this approach are
localized in tw o segments: the thin intermediate se gment (IS) and in all sections of the collecting
duct system (LDT, BCD, and CD) but are not found in the distal con voluted tubule (DCT). The site
and mode of action of AVT in the reptilian kidne y has recently been re viewed by Bradsha w and
Bradshaw,45 who point out that, although the case for AVTs being the physiological ADH in species
such as Varanus gouldii  is strong, hormone ablation studies using neuroh ypophysial tract lesions
have yet to be undertak en. Similarly, although such lesion studies with Ctenophorus ornatus  are
consistent with the hypothesis, plasma AVT levels have yet to be measured in this small 20-g lizard.

3. Adrenal Corticosteroids

Aldosterone and corticosterone (compound B) are the major secretory products of the reptilian
adrenal,261,312 although traces of other steroids such as 18-OH-corticosterone (18-OH-B) and deoxy-
corticosterone (DOC) ha ve been reported in the literature, along with cortisol (compound F). As
is the case with most lo wer vertebrates, however, the nature of their action on the kidne y is not
well understood. 17 Partly, this is because of early dif ficulties experienced in demonstrating an y
effect of e xogenous aldosterone injections on renal function in lizards 36,49,183,299,301 and the f ailure
of all experiments using spironolactone, which is a potent aldosterone antagonist in mammals.49,61,130

Studies in volving adrenalectomy , which is the classical w ay in which the impact of adrenal
hormones has been codified in mammals, have also been singularly uninformative (see Callard and
Callard63 for an early re view), primarily because of the technical dif ficulties associated with this
operation in reptiles where the adrenals, particularly the right, are closely adhered to the vena cavae.

FIGURE 10.11 Localization of arginine vasotocin (AVT)-sensitive adenylate cyclase activity along the neph-
ron of the ag amid lizard Ctenophorus ornatus . Data are e xpressed per mm 2 of the outer membrane of the
tubule. PCT, proximal convoluted tubule; IS, thin intermediate segment; DCT, distal convoluted tubule; BCD,
branched collecting duct; CD, collecting duct; U, ureter . The statistical significance of differences between
the mean of control and AVT addition treatments is shown with **P = 0.01 and ***P = 0.001. (Adapted from
Bradshaw, S.D., Homeostasis in Desert Reptiles , Springer, Heidelberg, 1997, pp. 1–213.)
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LeBrie and Elizondo 184 approached this problem in an original f ashion and induced adrenal
insufficiency in the water snake Natrix cyclopion by vascular occlusion, rather than attempting the
far more difficult operation of surgical adrenalectomy, and they found that these animals displayed
an increased rate of renal loss of sodium and chloride ions when compared with intact controls.
They were able to reduce this loss with injections of aldosterone, which increased reabsorption of
both sodium and w ater by approximately 24%, primarily , they thought, through an action on the
proximal rather than the distal se gment of the nephric tub ule.

The effects of h ypophysectomy and de xamethasone blockade on renal function were in vesti-
gated in the lizards Ctenophorus ornatus  and Dipsosaurus dorsalis by Bradshaw,36 Bradshaw et
al.,49 and Chan et al. 65 These procedures were associated with an increase, rather than a decrease,
in sodium reabsorption, which is inconsistent with the common action of aldosterone as a miner -
alocorticoid. Depressing adrenal function either by h ypophysectomy or de xamethasone blockade
also reduces the rate of secretion of other steroids, such as corticosterone, to ne gligible levels, and
replacement studies in Ctenophorus ornatus  with both corticosterone and ACTH suggested that
this steroid is natriuretic, or salt e xcreting, in this species. Circulating le vels of corticosterone also
increase with chronic saline diuresis in both Ctenophorus ornatus and Dipsosaurus dorsalis, which
is consistent with this interpretation. 4,36 Chan et al.65 found that the accumulation of salt and w ater
that they observed in h ypophysectomized Dipsosaurus dorsalis could be rectified with injections
of corticosterone plus prolactin, b ut not by prolactin alone, lending further support to the notion
that corticosterone functions as a natriuretic hormone in these lizards. 37 Hypophysectomy and
dexamethasone both af fect renal function in the ag amid lizard Ctenophorus ornatus , with both
treatments leading to a significant increase in the fractional reabsorption of sodium ions (FRNa).

Circulating levels of aldosterone were first measured in a reptile by Bradshaw and Grenot, 46

who found a significant negative correlation with increasing plasma sodium concentrations in the
lizards Uromastix acanthinurus and Tiliqua rugosa, although the slope of the regression was much
lower and barely significant in the latter, non-desert, species. Bradshaw and Rice48 found a similar
negative correlation for aldosterone in Varanus gouldii  which contrasts with a strong positi ve
correlation between plasma le vels of corticosterone and sodium. The response of V. gouldii to
sodium loading is thus the same as that of Ctenophorus ornatus and Dipsosaurus dorsalis (i.e., an
increase in the rate of secretion of corticosterone). The opposite changes in plasma aldosterone and
corticosterone levels with variation in plasma sodium concentration in the v aranid lizard Varanus
gouldii are shown in Figure 10.12.

It is evident that the homeostatic response of the kidne y of Varanus gouldii, with an increased
rate of e xcretion of sodium ions follo wing salt loading, could be a result of the increasing le vels
of corticosterone—if that steroid hormone is natriuretic—or , instead, it could be the result of the
falling levels of aldosterone—if that hormone is natriferic (i.e., sodium reabsorbing) in its actions.
Rice et al. 185 reasoned that hormonal function is associated with ele vated, rather than depressed,
levels in the blood and that kidne y function in adrenalectomized Varanus gouldii  would be
unchanged with salt loading if aldosterone were responsible for the homeostatic response b ut
compromised during water loading (where the absence of the natriferic aldosterone hormone would
prevent excessive loss of sodium). Similarly, if corticosterone were responsible due to its natriuretic
action, its absence w ould be evident under a salt-loading régime.

Figure 10.13 sho ws clearly that the fractional reabsorption of sodium ( FRNa) is significantly
reduced in adrenalectomized animals when confronted with a w ater load (f alling from o ver 95%
to 76%) but is not af fected in salt-loaded indi viduals. This confirms that aldosterone is indeed the
hormone responsible for the homeostatic response to saline loading in Varanus gouldii and, when
it was injected into adrenalectomized indi viduals, FRNa increased significantly from 81.6 ± 3.8%
to 92.1 ± 0.8% and potassium e xcretion increased.42,185 Surprisingly, corticosterone, when injected
into adrenalectomized lizards was also natriferic, although only at much higher dosages than used
with aldosterone.185
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What is clearly required is further w ork with species such as Ctenophorus ornatus and Dipso-
saurus dorsalis to clarify the renal effects of corticosterone, which would appear to be the opposite
of those observed in Varanus gouldii. It would be unwise, too, to assume that all reptiles, or e ven
all lizards for that matter, share a common system of hormonal control of their renal function, and
agamids and iguanids may well dif fer radically from other lizards such as v aranids. Le vels of
aldosterone reported by Duggan and Lofts112,113 in the sea snake Hydrophis cyanocinctus are many
times higher than those reported by Bradsha w and Grenot 46 and Bradshaw and Rice 48 for lizards.
Those reported by Hadj-Bekkouche et al.156 and Uva et al.309 in the tortoises Testudo hermanni and
Testudo mauritanica are also much lower, and the actions of this hormone at the level of the kidney
may be totally dif ferent in such species.

4. Other Hormones

Early reports that the reptilian pars nervosa also contains oxytocin220 have not been substantiated,182

but all species that ha ve been e xamined do contain 8-isoleucine oxytocin, or mesotocin (MT),
which is known to be a diuretic in amphibians. 144,230 Both oxytocin and MT pro voke a glomerular
antidiuresis in the w ater snake Natrix sipedon,74 but only at dosages that are probably pharmaco-
logical (20 to 40 mU/kg). A recent study by Butler and Snitman 62 compared the renal ef fects of

FIGURE 10.12 Variation in plasma aldosterone and corticosterone concentrations with change in plasma
sodium concentration in the v aranid lizard Varanus gouldii. Dotted lines sho w 95% confidence limits of the
regressions. Aldosterone levels are in ng/dL, corticosterone in µg/dL. (Adapted from Bradshaw, S.D., Homeo-
stasis in Desert Reptiles , Springer, Heidelberg, 1997, pp. 1–213.)
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MT and AVT in the painted turtle ( Chrysemys picta ). They found that only v ery high doses of
MT (300 to 500 ng/kg) e voked a v ery small reduction in GFR, whereas AVT was effective at a
physiological dose of only 5 ng/kg. We are not a ware of an y published studies of the ef fect of
thyroid hormones or th yroidectomy on renal function in reptiles b ut w ould anticipate some
interaction gi ven the general depression of ph ysiological acti vity noticed in lizards follo wing
thyroidectomy.147

Atrial natriuretic peptide (ANP)101 is another hormone that may affect renal function in reptiles.
ANP has not been isolated in birds 306 but has been isolated from the heart of the turtle Amyda
japonica, and a related peptide (BNP) has been found in the atria of the freshwater turtle Pseudemys
scripta.248 A BNP cDNA has also been isolated from the atria of the saltwater crocodile (Crocodylus
porosus) and the longneck tortoise (Chelodina longicollis), but no ANP cDNAs were isolated from
either species.306 Several studies have demonstrated the presence of ANP binding sites in the kidney,
brain, gastrointestinal tract, adrenal glands, and epididymis of the freshw ater turtle Amyda japon-
ica,171,172 but physiological studies with this peptide ha ve yet to be reported in reptiles.

D. HORMONAL CONTROL: CLOACA, COLON, AND BLADDER

The information by Bradsha w and Rice 48 presented in Table 10.12 (see abo ve) on rates of w ater
and electrolyte e xchange in the perfused cloacal–colonic comple x of the v aranid lizard Varanus
gouldii show that deh ydration and salt loading are associated with homeostatic changes in these
parameters. Saline loading is associated with a significant reduction in the absolute rates of
reabsorption of sodium, chloride, and w ater from the colon, and potassium secretion is reduced.
When the data are e xpressed fractionally—that is, relati ve to the presentation rate for each com-
ponent, which is a function of the rate of perfusion—it may be seen that water reabsorption increases
significantly from 23.7% to 40.6% with salt loading, and sodium reabsorption falls from 33.7% to
22.4%. These data raise the interesting question of whether colon function is under some form of
hormonal control, as Bradsha w40 had reported that fractional rates of reabsorption of both sodium
and potassium were significantly reduced in Ctenophorus ornatus  bearing electrolytic lesions in
the base of the h ypothalamus and seemed intended to inhibit AVT secretion.

Changes in plasma levels of AVT, aldosterone, and corticosterone (Figure 10.14) do not support
this contention. Sodium reabsorption from the colon decreases significantly with dehydration (from
33.7% to 20.7%), but both plasma aldosterone and corticosterone levels are unchanged. Salt loading
is associated with a significant increase in both AVT and corticosterone levels and a significant fall

FIGURE 10.13 Renal response to w ater and salt loading of intact and pre viously adrenalectomized (Adx)
Varanus gouldii  lizards. The glomerular filtration rate (GFR) is in mL/kg/hr; osmolar clearance (COSM) and
fractional reabsorption of sodium ( FRNa) are both in percent, with data e xpressed as mean ± SE. (Adapted
from Rice, G.E. et al., Gen. Comp. Endocrinol. , 47, 182–189, 1982.)
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in aldosterone levels when compared with deh ydrated animals, but no significant alteration in any
of the transport parameters occurs when compared with deh ydrated individuals. Levels of AVT
increase from a mean of 3.9 ± 0.3 pg/mL in deh ydrated animals to 7.1 ± 1.5 pg/mL with salt
loading (see Figure 10.14), b ut no concomitant increase in the rate of w ater reabsorption from the
colon occurs. Equally , an y possible natriferic ef fect of AVT is ne gated by the data, as rates of
reabsorption of sodium decrease rather than increase with the rise in blood le vels of AVT. The rate
of sodium reabsorption from the colon also seems to be independent of circulating le vels of
aldosterone, as it is lo w and equal in both salt-loaded and deh ydrated individuals, despite the f act
that aldosterone levels are maximally ele vated in deh ydrated animals and f all to a minimum with
salt loading (see Figure 10.14).

Braysher and Green 53 presented data to suggest that AVT at a dosage of 100 ng/kg enhanced
both sodium and w ater reabsorption from the cloaca of Varanus gouldii, but this involved a static
procedure with a cannulated cloaca and, in the light of the dynamic perfusion data from the same
species, these early conclusions must be treated with some caution. It is true that the increased rate
of water reabsorption from the cloaca of salt-loaded and deh ydrated Varanus gouldii occurs in the
face of a decreasing osmotic gradient (the U/POSM increases from 0.40 with h ydration to 0.98 with
salt loading), and this does suggest the in volvement of hormonal mechanisms. No o verwhelming
evidence from either study , ho wever, implicates neuroh ypophysial hormones in the control of
postrenal water and electrolyte transfer in this species, and Murrish and Schmidt-Nielsen 221 have
argued that at least w ater reabsorption from the cloaca may be passi ve in lizards (b ut see
Skadhauge283 for a critique of this suggestion).

Moreover, despite the well-kno wn response of the amphibian bladder to AVT,7,17 the reptilian
bladder seems generally unresponsi ve to neuroh ypophysial hormones, at least for the chelonians
Testudo gr aeca and Pseudemys scripta .14,59 In addition, Gilles-Baillien 149 failed to observ e an y
effect of AVT on w ater permeability of the bladder of Testudo hermanni . It w ould be most
interesting, however, to investigate the hormonal responsiveness of the bladder of the desert tortoise
Gopherus agassizii, as the ecoph ysiological study of Peterson 242 shows clearly that this species
depends on its bladder to both store and reclaim w ater. An interesting paper by Beuchat et al. 24

also shows how the bladder in neonatal, b ut not adult, Sceloporus jarrovi lizards may function as
an extrarenal osmoregulatory organ that can b uffer water compartments against osmotic perturba-
tion, and hormonal control may be in volved.

An extensive research program on the a vian lower intestine by Erik Skadhauge and his col-
leagues has shown that the colon of normal and high salt-acclimated hens expresses sodium-linked
glucose and amino acid cotransporters, whereas the coprodeum is relati vely inactive. Following

FIGURE 10.14 Changes in plasma le vels of ar ginine vasotocin (AVT), aldosterone, and corticosterone in
hydrated, dehydrated, and salt-loaded lizards (Varanus gouldii). AVT levels are in pg/mL, aldosterone in ng/dL,
and corticosterone in µg/dL. Statistical comparisons for each hormone are with the hydrated state; **P < 0.01
and ***P < 0.001. (Data from Bradsha w, S.D. and Rice, G.E., Gen. Comp. Endocrinol. , 44, 82–93, 1981;
Bradshaw, S.D., Homeostasis in Desert Reptiles , Springer, Heidelberg, 1997, pp. 1–213.)
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acclimation to lo w-salt diets, ho wever, both colon and coprodeum shift to a pattern of high
expression of electrogenic sodium channels, and the colonic cotransporter activity is simultaneously
downregulated, with these changes being primarily controlled by aldosterone. 180,303–305 One might
thus e xpect to see some ef fects of aldosterone in reptilian systems such as the cloacal/colonic
complex, including the bladder .

Aldosterone has been shown to affect the rate of sodium transport in the bladder of the chelonians
Testudo graeca14 and Chrysemys picta.186 In vitro electrophysiological studies6 on the isolated colon
of the lizard Gallotia galloti from the Canary Islands have shown that this tissue exhibits the classical
properties of a leak y epithelium: lo w potential dif ference and short-circuit current, high tissue
conductance, and relati vely high unidirectional sodium and chloride fluxes compared with net
movements. The lizard colon thus appears unique, as most colonic epithelia e xhibit discrete passive
permeabilities to w ater and ions, as well as lo w tissue conductance. 272 The predominant sodium
transport mechanism in the colon of this lizard appears to be an electroneutral mechanism, mediated
by the presence of an amiloride-sensitive Na+–H+ exchange process coupled to a Cl–/HCO3

–  antiport
in the apical membrane of colonoc ytes.6,32 In a series of papers, Diaz and Lorenzo 105,107 and Diaz et
al.109 reported that acute or chronic administration of aldosterone brings about a substantial increase
in transmural potential dif ference, short-circuit current, and net sodium transport by the colon of
this species, showing that this hormone can also act on leak y as well as tight epithelia, as found in
birds.153,318 These effects of aldosterone on transport parameters are summarized in Table 10.14.

All of the ef fects of aldosterone on the colon were block ed by administration of amiloride,
which also abolished the net flux in control tissues but did not af fect the short-circuit current,
confirming the electrically silent nature of sodium absorption under basal conditions. Diaz and
Lorenzo107,108 point out that chronic treatment with aldosterone w as necessary to achieve maximal
effect and suggest that the hormone promotes a morphological transformation or dif ferentiation of
new cells in the colonic epithelium containing amiloride-sensiti ve sodium channels, as suggested
by Grubb and Bentle y153 for the avian ileum.

As mentioned abo ve, efforts to sho w any clear ef fect of AVT on rates of w ater reabsorption
from the bladder and colon of reptiles ha ve not been particularly successful, and Bentle y14 found
this hormone did not change w ater permeability of the colon of the tortoise Testudo graeca, nor
did it ha ve an y ef fect on the colon of tw o species of Ctenophorus (=Amphibolurus) lizards. 18

Lorenzo et al., 194 however, reported that both short-circuit current and transmural potential dif fer-
ence (PD) were decreased by ar ginine vasopressin (AVP) and increased by cAMP in the isolated
colon of Gallotia galloti . Vasopressin also enhanced the net absorption of w ater across the colon
and the mucosal-to-serosal flux of sodium and chloride across the short-circuited colon but had no
effect on absorption from the ileum. Rates of production of cAMP were not altered by AVP but
were increased by theoph ylline, and Diaz and Lorenzo 106 and Lorenzo et al. 194 concluded that the
effects of AVP on this lizard colon are mediated by a non-cAMP mechanism. 32 It w ould be of
considerable interest to repeat these e xperiments with AVT instead of AVP.

TABLE 10.14
Sodium Transport by the Colon of the Lizard Gallotia galloti

Treatment PD (mV)
SCC 

(µmol/cm2/hr)
Na FluxNET 

(µmol/cm2/hr)
Control 1.58 ± 0.37 0.56 ± 0.14 0.79 ± 0.33
Aldosterone (acute; 100 µg/kg) 4.75 ± 0.63** 1.50 ± 0.12** 3.22 ± 0.21***
Aldosterone (chronic) 4.81 ± 1.05** 1.60 ± 0.25** 3.71 ± 0.61***

Note: Data expressed as mean ± S.E. ** P < 0.01; ***P < 0.005. 

Source: Adapted from Diaz, M. et al., Comp. Biochem. Physiol., 91A, 71–77, 1988.
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The situation at the moment is thus unclear as to whether pituitary or adrenal hormones are
involved in the control of homeostatic changes seen in transmural rates of w ater and electrolyte
exchange in the reptilian colon. Studies on the in situ perfused colon of the varanid lizard Varanus
gouldii are not supportive, but the placement of electrolytic lesions in the h ypothalamus of Cteno-
phorus ornatus,40 resulting in the loss of the ability of this lizard to respond antidiuretically to salt
loads (see Figure 10.8), also had an ef fect on rates of sodium and potassium reabsorption from the
colon, as seen in Table 10.15. Changes in the rate of fluid reabsorption from the colon of the tract-
operated Ctenophorus ornatus  were not statistically significant, but those for both sodium and
potassium were, and the ef fect of the lesions is thus to reduce the rate of electrolyte reclamation
from the urine. This effect is exactly the reverse of the same lesions in the same indi viduals at the
level of the nephron 44 and demonstrates wh y the h ypothalamic lesions ha ve no o verall impact on
salt excretion in this lizard: They increase the fractional reabsorption of sodium ions by the kidne y
but decrease their rate of reabsorption in the colon. The two effects thus cancel one another , and
the lesions have no net ef fect on rates of sodium e xcretion in this lizard.

Changes such as these after lesioning the h ypothalamic re gion are v ery suggesti ve of the
operation of hormones, but it is difficult to identify what they may be at this stage, as such lesions
may af fect both anterior and posterior pituitary function. As mentioned earlier , prolactin can
influence GFR in the freshwater turtles Chrysemys picta and Testudo graeca56,57 and is also known
to increase rates of fluid and NaCl absorption in rat, hamster, and guinea-pig ileum.199 In the absence
of further research it w ould thus be premature to conclude that the reabsorpti ve activity of such
postrenal sites in reptiles is not influenced by pituitary and adrenal hormones.39,283

E. HORMONAL CONTROL: SALT GLANDS

Early reviews highlighted the paucity of kno wledge regarding any possible hormonal control of
reptilian salt glands,262 although Holmes and McBean162 first noted the sensitivity of the lachrymal
salt gland of the green sea turtle ( Chelonia mydas) to adrenocortical hormones such as corticos-
terone (B) in 1964. Aldosterone was also reported to inhibit sodium loss from the nasal gland of
adrenalectomized desert iguanas ( Dispsosaurus dorsalis) in an early short abstract by Templeton
et al.302 Bilateral adrenalectomy in this species w as followed by a mark ed increase in the rate of
excretion of sodium ions from the nasal salt gland and injections of aldosterone were able to
correct this loss. 300,301

The response of the nasal salt gland of this same species to injections of a range of adrenal
steroids was investigated by Shoemaker et al.,276 who maintained the lizards at their preferred body
temperature in small metabolism cages in a dry atmosphere and collected the nasal salt formed daily.
Animals responded within 24 hours to salt loading by excreting a concentrated salt solution composed

TABLE 10.15
Estimated Absolute and Fractional Rates of Water and Electrolyte Reabsorption 
from the Colon of Intact and Tract-Operated Ctenophorus ornatus during Chronic 
Saline Diuresis

Group
Fluid

(mL/kg/hr)
Free Water 
(mL/kg/hr)

Sodium 
(µmol/kg/hr)

Potassium
(µmol/kg/hr)

Intact 9.0 ± 1.2 (91.6) 4.2 ± 0.6 (93.4) 871.9 ± 33.4 (88.8) 62.9 ± 13.3 (68.3)
Tract-operated 13.1 ± 1.3 (78.2) 9.4 ± 2.7 (87.4) 969.3 ± 59.3 (73.2)* 20.3 ± 4.3*** (33.7)**

Note: Data presented as mean ± S.E. Fractional rates of reabsorption are e xpressed as percentages and gi ven
in parentheses. *P < 0.05; **P < 0.02; ***P = 0.001 when compared with corresponding value for intact animals.

Source: Adapted from Bradshaw, S.D., Gen. Comp. Endocrinol. , 29, 285, 1976.
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of a mixture of NaCl and KCl, re gardless of the nature of the salt injected. Repetiti ve injections of
a given salt impro ved the fidelity of the secretion elaborated and K+/Na+ ratios were found to v ary
from 3.0 to 0.3. Daily injections of 15 µg of aldosterone virtually abolished sodium e xcretion by
the gland b ut had no ef fect on potassium, suggesting that the action of this hormone on the nasal
salt gland is the same as on the kidney and colon (i.e., natriferic and kaliuretic). The effects of other
hormones such as corticosterone, cortisol, ACTH, and dexamethasone on the nasal secretion of D.
dorsalis were all similar to that of aldosterone, although only de xamethasone was as potent.

Another lizard with a well-developed nasal salt gland that was first described by Grenot151 and
that has been studied e xtensively by Lemire et al. 191 is the Saharan herbivorous agamid Uromastix
acanthinurus. In studies on the hormonal control of this nasal gland, Bradsha w et al. 47 measured
circulating levels of aldosterone and corticosterone in salt-injected animals and assessed the effects
of e xogenous injections of aldosterone and de xamethasone. The response of the gland to tw o
injections of 1 mmol KCl, spaced se veral days apart, w as v ery rapid and dif fered from that of
Dipsosaurus dor salis in elaborating an almost pure KCl secretion. Aldosterone le vels increase
significantly following injections of KCl and decrease follo wing injections of NaCl, as seen in
Figure 10.15. The potential role of aldosterone as a classic mineralocorticoid (i.e., natriferic and
kaliuretic) is highlighted by calculations showing that total salt excretion correlated positively with
aldosterone levels under a KCl injection re gime but negatively under a NaCl injection schedule.

These data on changes in aldosterone le vels in the plasma pro vide a clue as to wh y none of
the hormone treatments used by Shoemak er et al.276 actually stimulated salt secretion by the nasal
gland of Dipsosaurus dor salis. Injections of KCl lead, within a fe w days, to maximal plasma
concentrations of aldosterone in Uromastix acanthinurus and, if this hormone is indeed controlling
the secretory acti vity of the gland, injections of e xogenous aldosterone are unlik ely to ha ve any
further effect on a gland already secreting to capacity . The only ef fect likely to be observ ed is an
inhibitory one on sodium e xcretion, and this is what is seen with both Dipsosaurus dorsalis and
Uromastix acanthinurus. Dexamethasone, again, was as potent as aldosterone in inhibiting sodium
excretion in Uromastix acanthinurus and spironolactone, which acts as an aldosterone antagonist
in mammals,231 was without effect.47

Plasma aldosterone levels showed much less v ariation with change in plasma sodium concen-
tration in the Australian skink Tiliqua rugosa, however, and the dif fering response of this species
and Uromastix acanthinurus is shown in Figure 10.16. Both regressions are statistically significant

FIGURE 10.15 Changes in mean plasma le vels of aldosterone in the ag amid lizard Uromastix acanthinurus
following two intraperitoneal injections of either KCl or NaCl spaced a fe w days apart (arro ws) showing an
increase with KCl injections and a fall following NaCl injections. Statistical comparisons in all cases are with
the day 4 le vel of aldosterone in either the NaCl- or KCl-injected group with * P < 0.05 and ** P < 0.01.
(Adapted from Bradshaw, S.D., Homeostasis in Desert Reptiles , Springer, Heidelberg, 1997, pp. 1–213.)
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but the coefficient of determination (r2) in the case of Tiliqua rugosa is only 0.40, compared with
0.61 for Uromastix acanthinurus. Bradshaw et al. 50 measured high-affinity binding of both aldos-
terone and corticosterone in cytosolic preparations from the external nasal gland of Tiliqua rugosa,
and a Scatchard plot showed high binding for aldosterone, with Kd = 12.9 × 10–9 M, compared with
only 5.2 × 10–9 M for corticosterone. These data suggest that, if a steroid hormone controls the
secretory activity of the nasal salt gland of Tiliqua rugosa , it is more lik ely to be corticosterone
than aldosterone. It is well to recall, ho wever, that, as noted earlier , the e xternal nasal salt gland
of this species is unusual in being composed of both principal cells and mucoserous secretory cells
and is by no means a classical salt-secreting gland.

Vasoactive intestinal peptide (VIP) may be in volved in regulating salt gland secretory acti vity.
Franklin et al. 140 have reported that VIP stimulates secretion of NaCl from the lingual glands of
the saltw ater crocodile ( Crocodylus porosus) as has also been found in the a vian salt gland. 196

Shuttleworth and Thorndyke280 also reported that a VIP-like peptide stimulated secretion of the
rectal gland of the elasmobranch Scyliorhinus canicula and the recent isolation of the receptor for
VIP confirms that this peptide is a secretagog for the rectal gland.25 We are not a ware, however,
of any studies to date that ha ve measured plasma VIP levels in reptiles in relation to salt-gland
function. A recent paper by De F alco et al. 99 has reported that VIP alters catecholamine secretion
by the adrenal glands of the lizard Podarcis sicula , and its possible ef fect on steroid hormone
secretion warrants investigation. The pituitary peptide α-MSH has also been reported to stimulate
sodium excretion by the salt gland of the duck, 166 but there are no reports to date of an y studies in
a reptile.

IV. GENERAL CONCLUSIONS

Reptiles as a group do not share a common osmotic milieu intérieur. Moreover, even within a given
taxon, they do not re gulate that milieu as tightly as generally considered typical for v ertebrates.
Nevertheless, substantial re gulation of output of ions and w ater does occur via the kidne ys, with
modifications by bladder, cloaca, and colon, and via salt glands. Although we ha ve been able to
make a few generalizations about the re gulatory processes, these ha ve been limited not simply by
incomplete studies on a given process but also by the small number of species studied and by bias
in the studied sample to ward a gi ven taxon or to ward a single en vironment. In the surv ey of the
overall osmotic anatomy of reptiles, for example, we have already noted that the studies on lizards

FIGURE 10.16 Variation in plasma aldosterone levels (in ng/dL) with change in plasma sodium concentration
(in mmol/L) in the Saharan ag amid lizard Uromastix acanthinurus  and the Australian skink Tiliqua rugosa .
Regressions for both species sho wn with 95% confidence limits, as indicated by dotted lines. (Adapted from
Bradshaw, S.D., Homeostasis in Desert Reptiles , Springer, Heidelberg, 1997, pp. 1–213.)
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are biased toward desert species and that few studies have been made on snakes. In terms of water
and ion loss across the skin, most studies ha ve been made on snak es, with a modest number on
lizards and only a fe w on turtles and crocodiles. Studies of renal re gulation of w ater and ion
excretion are biased toward snakes and lizards, with the most detailed studies on basic renal function
being limited to a small number of species of snak es and the most thorough studies on hormonal
regulation limited to a fe w species of desert lizards. Most studies on bladder function ha ve been
limited to turtles and those on cloaca and colon to lizards. Studies on salt glands have, of necessity,
been limited to those species that ha ve them, b ut within that group most studies ha ve been made
on a fe w lizard species. From this brief surv ey of species bias and number , it is clear that truly
meaningful generalizations about osmotic re gulation in reptiles as a group, for a gi ven taxon, or
for a taxon in relation to en vironment require studies on man y more species.
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I. INTRODUCTION

With respect to osmoregulation, birds differ in a number of aspects from the other group of w arm-
blooded vertebrates—mammals. These differences are highlighted along with the organs and organ
systems that function in osmoregulation in birds. These systems are the kidneys, lower gastrointes-
tinal tract, and the nasal salt glands, and each is discussed in turn. As a class of v ertebrates, birds
have evolved successfully to inhabit almost all en vironments or biomes that occur on Earth. This
wide range of habitats has necessitated the e volution of a v ariety of osmore gulatory strate gies.
Often, birds are compared rather negatively to mammals with respect to osmoregulatory capabilities,
particularly the ability to conserv e body w ater by producing urines that are h yperosmotic to the
plasmas from which they are derived. This can be highlighted by quoting a statement published in
1937 by Marshall and Smith:46 “It is obvious that the bird’s kidney shows glomerular degeneration,
as indicated by the very small size and poor vascularization of the glomeruli and by the replacement
of the central portion of the tuft by sync ytial tissue. It is improbable that increased number of
glomeruli can of fset this reduction in filtering surface.” This re view ar gues that this statement
stemmed from a lack of understanding of a vian renal function and, more importantly , compares
birds and other v ertebrate classes with respect to their osmore gulatory capacities.
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II. OSMOREGULATORY ORGANS OF VERTEBRATES

From a morphological perspecti ve, inspection of Table 11.1 indicates that mammals are the only
class of vertebrates that rely solely on the kidne y to regulate and maintain the homeostasis of the
extracellular fluid. Moreover, this class of animals possesses a urinary bladder that is relati vely
impervious to the mo vement of fluid and one that has a different embryological origin than those
of the other vertebrate classes. All nonmammalian vertebrates utilize more than one organ or organ
system to re gulate and maintain the homeostasis of the e xtracellular fluid (Table 11.1). Birds fit
nicely into this latter category, because as a group they use the kidneys, lower gastrointestinal tract,
and e xtrarenal salt glands to re gulate the whole-body fluid balance. The function of the lo wer
gastrointestinal tract is particularly important for birds in osmore gulation.

III. THE ROLE OF THE AVIAN KIDNEY IN OSMOREGULATION

A. MORPHOLOGY

The gross morphology of the a vian kidney dif fers markedly from the typical bean shape of the
unipapillate kidney of small mammals (Figure 11.1). The paired avian kidneys fit tightly into the
fused lumber and sacral v ertebrae (the synsacrum), and the tissue of each kidne y is di vided into
three divisions: anterior, middle, and posterior , with the posterior di visions being the lar gest.35

1. Blood Supply

The kidney is supplied with tw o afferent blood supplies: the typical high-pressure arterial supply
and an af ferent venous supply by w ay of a functional renal portal system. The arterial supply is
from two renal arteries that branch from the aorta. One branch goes to the anterior divisions, where
the middle and posterior di visions are fed by common branches from the ischiatic arteries that
bifurcate to send one branch to the middle di visions; the other branch feeds the posterior di visions
(Figure 11.1). The renal portal system is a complex array of vessels delivering venous blood to the
peritubular surf aces of nephrons. The persistence of a functional renal portal system in birds is
probably related to the phenomenon of glomerular intermittenc y observed in other nonmammalian
vertebrates and which also occurs in birds (see discussion on regulation of the glomerular filtration
rate, below). Perfusion of the peritubular surfaces of the renal tubules with portal blood is controlled
by a smooth muscle valve located in the common iliac vein that is under the control of the autonomic
nervous system.16 When the v alve is closed, portal blood perfuses the peritub ular surfaces of the
small nephrons in the cortical regions of the kidney (portal blood flow does not enter the medullary
cones); when it is open, the blood passes directly to the inferior v ena cava to enter the central
circulation. The physiological factors that regulate the function of the v alve are uncertain but may
be related to the systemic blood pressure and the h ydration state of the bird. When the blood

TABLE 11.1
Presence of Osmoregulatory Organs among Vertebrates

Organ Fish Amphibians Reptiles Birds Mammals
Kidney X X X X X
Intestine X X X X
Bladder X X X
Gills X X
Salt glands X X
Skin X
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pressure falls below the autore gulatory range and glomerular filtration ceases, the valve closes to
sustain secretion by the renal tub ules.65 The perfusion of the peritub ular surfaces of some of the
nephrons facilitates their secretory function when no filtration occurs due to glomerular intermit-
tency, such as during w ater restriction. This secretory function serv es to continue the elimination
of uric acid, the end product of nitrogen metabolism of birds.

2. Nephron Population and Their Structure

As is the case for the mammalian kidney, the internal organization of the avian kidney shows areas
of zonation—cortical and medullary zones—but not as marked as occurs in the unipapillate kidneys
of mammals. The internal organization of the avian kidney more resembles the structure of discrete
multireniculate mammalian kidneys (Figure 11.2). 5 The cortical area of the a vian kidney contains
large numbers of short nephrons without loops of Henle that, as a first approximation, resemble
the nephrons of reptilian kidneys and therefore have been referred to as reptilian-type nephrons or
loopless nephrons. In the deeper aspects of the cortex (see Figure 11.2) are more complex nephrons
with highly convoluted proximal tubules and loops of Henle. These nephrons resemble those found
in the outer medulla of mammalian kidne ys and therefore ha ve been referred to as mammalian-
type nephrons or looped nephrons. The morphology of the cells of the nephrons is discussed later .

B. GLOMERULAR FILTRATION AND ITS CONTROL

1. Morphology of the Avian Renal Corpuscle

Before presenting data on the rates of glomerular filtration, some morphological features of the
avian renal corpuscle are presented. Whereas the capillaries within the renal corpuscle of mammals
consist of a highly anastomotic netw ork of small capillaries (4- µm luminal diameter), those of the

FIGURE 11.1 Illustration of avian kidneys in a ventral view. As depicted, each kidney is composed of three
divisions: an anterior, a middle, and a posterior di vision. The arterial vasculature is shown on the right, and,
for clarity, the v enous vasculature is sho wn only on the left. Afferent blood is deli vered to the kidne y from
three renal arteries; the femoral artery passes through the kidne y without delivering blood to the renal tissue.
Blood is also delivered to the peritubule surface of the nephrons by an afferent venous supply, the renal portal
system. The perfusion of the renal tissue by af ferent venous blood is controlled by the closing of the renal
portal valve. If the v alve is open, this blood bypasses the renal tissue and enters the central circulation by
way of the caudal v ena ca va. (Adapted from Hodges, R.D., The Histolo gy of the F owl, Academic Press,
London, 1974.)
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avian renal corpuscle are much simpler . The network of the small loopless nephrons are formed
by a single, unbranched capillary (Figure 11.3), and those of the lar ger looped nephrons may have
one or two bifurcations with luminal diameters of 8 µm. Quite possibly the underlying reason for
the less complex networks of the a vian glomerular capillaries is related to the nature of the a vian
red blood cells. These cells are nucleated, and the nuclei are attached to the en velope forming the
cell. This structure leads to a v ery ridged, nondeformable cell, whereas the mammalian cell is
deformable and can pass through capillaries whose diameter is half that of the cell. This simple
morphology of the avian glomerular capillaries led Marshall and Smith to suggest that a vian renal
corpuscle was tending to e volutionary degeneration.46

The avian glomerular filtration barrier appears to be less restrictive than that of mammals, as
avian ureteral urine contains lar ge amount of protein (5 mg/mL). Morphological data sho w that
the slit pore size in the kidney of the domestic chicken is 40 to 80% larger than the values reported
for mammals (Table 11.2). Although the a vian filtration barrier possesses a glycocalyx, selective
staining for the anionic charge is not strong or well developed.20 The significance of the morphology
of the avian glomerular filtration barrier is discussed in greater detail below.

2. Glomerular Filtration

From a physical aspect, the primary f actors that control the movement of fluid across the filtration
barrier of the avian kidney are the same as those for all other v ertebrates: hydrostatic pressure and
colloid osmotic pressure of the blood. The whole-kidney glomerular filtration rate (GFR) is equal
to the sum of the single nephron glomerular filtration rates (SNGFRs). Because of the simplicity
of the avian glomerular capillaries noted above, the SNGFRs of birds tend to be lower than similar
measurements for mammals; ho wever, because a vian kidneys have more nephrons than those of
mammals,18 the whole-kidney GFRs of birds and mammals are the same. The SNGFRs have been
quantified for only two avian species: Gamble’s quail and the European starling.5,7 Using the sodium

FIGURE 11.2 Illustration of the detailed internal organization of the avian kidney. The whole kidney is shown
at the lo wer left with tw o successive enlargements indicating more detail of the internal or ganization. Near
the surface of the kidne y are small loopless nephrons arranged in a radiating pattern around a central v ein.
In the deeper re gions of the corte x are lar ger nephrons with highly con voluted proximal tub ules, loops of
Henle, and distal tubules. A gradual transition occurs from the loopless to the looped nephrons. The loops of
Henle are in parallel with collecting ducts and v asa recta, an arrangement that f acilitates the functioning of a
countercurrent multiple system. (From Braun, E.J. and Dantzler , W.H., Am. J. Physiol., 222, 617–629, 1972.
With permission.)
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ferrocyanide precipitation technique, the mean SNGFRs of the small loopless nephrons were found
to be 7 and 14.7 nL/min, respectively, for the larger looped nephrons. By comparison, the SNGFRs
of the nephrons within the white laboratory rat kidne y are about 32 nL/min. 27 In addition to the
SNGFRs measured using the ferroc yanide technique, tw o studies ha ve employed in vivo  micro-
puncture techniques to quantify the SNGFRs. 40,55 The limitation of in vivo  micropuncture is that
only the v ery smallest of the loopless nephrons on the surf ace of the kidne y are accessible for
sampling. This approach yielded SNGFRs of only 0.25 to 0.5 nL/min, v alues much lo wer than
those determined by the sodium ferrocyanide technique, which permits measurement of the SNGFRs
of all nephrons at one point in time.

FIGURE 11.3 Scanning electron microscope images of ne gative casts of glomerular capillaries within a vian
and mammalian renal tissue. At the upper left is a cast of capillary from a loopless nephron, the illustration
on the right is a cast of a looped nephron, and the cast at the lo wer left is of laboratory rat glomerulus for
comparison. The casts of the a vian glomerular capillaries appear to sho w tufts consisting of one unbranched
capillary, whereas that of the rat indicates se veral through-fare channels forming branching netw orks. Note
the scale bars.

TABLE 11.2
Glomerular Filtration Barrier Pore 
Size for Domestic Fowl and Laboratory 
Rat Kidneys

Pore Sizes (nm)

Animal Endothelium Epithelium
Domestic fowl 107–147 35
Rat 50–100 10

Source: Data from Casotti, G. and Braun, E.J., J.
Morphol., 228, 327–334,1996.

10 µ 

10 µ 

10 µ 



510 Osmotic and Ionic Regulation: Cells and Animals

Whole-kidney GFRs of avian kidneys tend to more labile than those of mammals, as birds tend
to employ glomerular as well as tub ular antidiuresis to re gulate water excretion.59 In mammals,
GFRs are more stable, as w ater excretion is regulated mainly by tubular antidiuresis. Some repre-
sentative values of avian GFRs are presented in Table 11.3. Arginine vasotocin (AVT), the antidi-
uretic hormone of birds, appears to play a dual antidiuretic role in conserving body w ater. At low
circulating plasma le vels (<5 µU/mL), data indicate an action of the hormone on the collecting
ducts to promote the reabsorption of w ater.59 At somewhat higher plasma concentrations of the
hormone (~16 µU/mL), the whole-kidney GFR is reduced by about 30%. Earlier w ork suggested
that AVT reduces the GFR through a constriction of the af ferent arterials of primarily the loopless
nephrons,6 as the looped nephrons continue to filter at normal levels (~15 nL/min).

C. PROXIMAL TUBULE FUNCTION

In general, the proximal tub ule of birds functions in a manner similar to that of other v ertebrates
in that in reabsorbs a large fraction of the glomerular filtrate. The transport capabilities of the avian
proximal renal tub ule ha ve been studied directly using in vivo  micropuncture, isolated tub ule
segments perfused in vitro, and primary cell cultures, as well as being inferred from whole-animal
studies. Whole-animal studies indicate that the proximal tub ules as an aggre gate reabsorb about
65% of the glomerular filtrate; however, data from in vivo  micropuncture studies indicated that
only 24% of the filtered load is reabsorbed by the proximal tubules of the smallest nephrons on
the surface of the kidney.40 This large discrepancy is due to the fact that micropuncture can sample
only the early se gment of the v ery smallest, loopless nephrons on the surf ace of the kidne y. The
micropuncture data do indicate that most ions are reabsorbed isosmotically by the surface nephrons
of the kidne y. Moreover, data on fluid absorption by isolated perfused proximal tubule segments
of short-looped mammalian-type nephrons (2 nL/mm/min) w ould indicate that 64% of the filtrate
is reabsorbed by these tubules, a value that can be predicted based on the SNGFR of these nephrons
(7 nL/min) and their a verage length (3.4 mm). The assumption has been made that solutes filtered
are reabsorbed in an isosmotic manner by the proximal tub ule.40

1. Sodium–Glucose Transport by Proximal Tubules

The plasma glucose concentration of birds is mark edly higher than that of mammals when these
two groups are compared on a body-mass-specific basis (Figure 11.4).61 Moreover, the plasma
glucose levels of birds appear to be independent of body mass, whereas for mammals the relationship

TABLE 11.3
Glomerular Filtration Rates of Birds

Species

Glomerular 
Filtration Rate 
(mL/kg/min)

Domestic fowl 2.5
Desert quail 1.8
Mallard duck 2.5
Canadian goose 1.2
Glaucous-winged gull 1.9
European starling 2.8
Budgerigar 4.4
Turkey 1.3

Source: Data from Braun, E.J., Comp. Biochem.
Physiol. A, 71, 511–517, 1982
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has a slight but significant negative slope.3,64 In spite of the relatively high plasma glucose concen-
trations, little or no glucose appears in the ureteral urine of birds. 49 This is remarkable gi ven that
whole-kidney GFRs of birds are high, and, coupled with the elevated plasma glucose concentrations,
the filtered load of glucose by the avian kidney is also very high. This suggests that the sodium–glu-
cose cotransporters (SGL Ts) of the a vian proximal tub ule must ha ve an enhanced capacity to
reabsorb glucose or that the y may be present at a greater density . The SGLTs ha ve not been
characterized directly; however, their function can be inferred from whole-animal studies and from
work on primary cell cultures of the proximal tub ule. Glucose loading studies on White Leghorn
domestic fowl revealed that the tubular maximum for glucose transport is 4 to 5 times higher than
that of the human kidne y.49 Work with primary cell cultures of the proximal tub ule indicates that
glucose in the medium applied to the mucosal side of the preparation stimulates short-circuit
current.60 Additional evidence for the presence of glucose transporters comes from the application
of inhibitors such as phloridzin (competitor) and amiloride, both of which lo wered or blocked the
short-circuit current.60 Studies on a similar preparation by Dudas et al.28 demonstrated that applying
glucose to the mucosal surface modulates the short-circuit current. Thus, indirect evidence indicates
the obvious presence of SGLTs in the a vian proximal tubules; however, given what appears to be
the high capacity of the transporters, further molecular characterization of the transporters is
warranted. Using the sequences a vailable for the mammalian SGL Ts, primers should be designed
to isolate the transport proteins and insert them into amphibian ooc ytes to quantify the Vmax and
Km. The prediction is that at least the Vmax is much higher for the a vian glucose transporters,
compared to those in mammals.

FIGURE 11.4 Plasma glucose concentrations of birds and mammals plotted against the log of body mass. The
relationship for birds has a p value of 0.01, but that for mammals has a more significant relationship (p = 0.001).
Note the much higher plasma glucose concentrations for avian plasma than for mammals. (Data were extracted
from the International Species Information System (ISIS) database; actual data are a vailable on request.)
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2. Uric Acid Transport by Proximal Tubule

With respect to nitrogen e xcretion, birds are uricotelic; that is, the y excrete the lar gest percent of
excess nitrogen as uric acid. This compound is actually e xcreted in its anionic form: urate and its
salts. Given the pH of avian plasma (7.4), the pKa of uric acid, and using the Henderson–Hasselbach
equation, it can be calculated that 98% of the uric acid e xists in the anionic form in the plasma,
leading to the formation of urate salts that have a high aqueous solubility (Table 11.4). This prevents
uric acid from precipitating from solution and blocking flow within the renal tubules. The aqueous
solubility of the uric acid salts is an order of magnitude higher than the protonated form, which is
only 0.386 mmol/L.13 On average, birds excrete 75% of the nitrogen as urate salts, with the second
largest percent (20%) e xcreted as ammonium salts; ho wever, it has been reported that some birds
(nectivores) with a high throughput of fluid excrete a much lar ger fraction (50%) of the nitrogen
as ammonia.39,53

The characteristics of urate transport within the proximal renal tub ule ha ve been studied
employing several preparations. Studies with isolated, perfused tub ule segments and primary cell
cultures have yielded similar b ut not definitive data. As it is well accepted that uric acid is a vidly
secreted by the cells of the proximal tub ule, urate transport proteins ha ve been assumed to be
located in the basolateral membranes of the cells. Data obtained from isolated segments of proximal
tubules perfused in vitro indicate that urate accumulates in cells and exits the apical cell membrane
on an as-yet undefined carrier14 (Figure 11.5). The uptak e by the basolateral membrane can be
competitively blocked by para-aminohippuric acid (PAH), suggesting that these tw o compounds
are recognized by the same transport protein, a member of the organic anion transport (OAT) family
of proteins (Figure 11.5). Studies using primary cell cultures also sho w that urate is actively taken
up by the basolateral cell membrane and accumulates inside the cells. 20 The net secretory flux is
blocked by probenecid and P AH, supporting the perfused tub ule studies suggesting that an O AT
protein is in volved. That an O AT protein is in volved was also supported by re verse-transcription
polymerase chain reaction (RT–PCR) studies, the results of which showed the expression of genes
associated with the O AT family of proteins. 28 What remains to be resolv ed is ho w urate actually
crosses the interior of cells and the identity of the f acilitated e xit step across the apical cell
membranes.

3. Physical Form of Uric Acid in Avian Urine

The existence of uric acid as salt in the plasma pre vents its precipitation from solution; ho wever,
within the renal tubules the conditions are altered compared to the plasma. Urate, being a relatively
small molecule (168 MW), passes freely through the glomerular filtration barrier. In addition, urate
is avidly secreted by the cells of the proximal tub ule and this, coupled with the reabsorption of
filtered water, raises the intraluminal concentration of urate beyond the solubility limits of uric acid
and its salts. This could present a problem if uric acid and its salts precipitated from solution; for

TABLE 11.4
Aqueous Solubility of Uric Acid, 
the Salts of Uric Acid, and Urea

Compound Solubility (mmol/L)
Uric acid 0.381
Ammonium urate 3.21
Sodium urate 8.32
Potassium urate 14.75
Urea 16,650
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example, a single crystal of sodium urate is about 8 by 15 µm in size. This potentially could cause
a blockage, gi ven that the proximal tub ule luminal diameter is about 8 to 10 µm. The formation
of crystals is pre vented by urate binding to a protein (serum alb umin) within the tub ule lumen. It
was somewhat surprising to learn that the urate binding protein is serum albumin, which apparently
enters the tub ule by passing through the glomerular filtration barrier.12 Data indicate that the
glomerular filtration barrier of the avian kidney may be some what less restrictive, as the ef fective
pore size is lar ger and there appears to less of a polyanionic char ge to the barrier .20 Uric acid and
the matrix protein (alb umen) of avian urine tak e the form of small spherical structures that range
in diameter from 0.5 to 14 µm10 (Figure 11.6). Evidence indicates that the association between uric
acid and albumin and the formation of the spheres be gins early in the proximal tub ule.19,23 This is
probably necessitated by the high concentration of uric acid in the early proximal tubule that occurs
as a result of e vents discussed above.

Empirical observation of avian urine on microscope slides indicates that when the spheres come
into close contact with near neighbors they tend to coalesce into larger spheres (i.e., the soap bubble
phenomenon). This is pre vented in vivo by the presence of relati vely large amounts of protein (5
mg/mL) in avian ureteral urine that maintains the spheres in a colloidal suspension. 10 The urine of
mammals typically contains little or no protein. The potential loss of this protein (and therefore
energy) in birds is prevented by the refluxing of the urine into the lower gastrointestinal tract, where
the protein is de graded by bacteria and the products are absorbed by the colonic epithelium. 19

Comparison of sodium dodec yl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) gels run
on ureteral urine and e xcreted cloacal fluid show the complete absence of protein in the e xcreted
fluid.34 Not only is the protein reco vered by the lo wer gastrointestinal tract, b ut 60% of the uric
acid that enters the colon is also broken down.1 This is supported by data indicating that radiolabeled
glutamic acid (a k ey component of the uric acid molecule) infused into the cloaca appears in the

FIGURE 11.5 Scheme depicting the transcellular mo vement of uric acid across a vian proximal tubule cells.
Urate on the peritubule surface binds to a transport protein belonging to the or ganic anion transporter f amily
of proteins (O AT) and enters the cell in e xchange for αKG (alpha k etogluteric acid). The aKG reenters the
cell in exchange for sodium ions (Na +). The αKG originates from intracellular metabolism. Urate enters the
lumen across the apical cells membrane on an as-yet undefined transporter. (Modified from Brokl, O.H. et
al., Am. J. Physiol., 266,1085–1094, 1994.)
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vasculature leading from the colon. 37 What these data indicate is that a significant amount of the
nitrogen sequestered in the uric acid molecule is rec ycled for metabolic use. This is probably very
important for those birds whose dietary intak e of nitrogen is lo w (nectarivorous and frugi vorous
species). Thus, uric acid plays an inte gral role in the fluid and electrolyte homeostasis of birds.
This topic is addressed further after the urine-concentrating mechanism of the a vian kidne y is
presented.

D. CONCENTRATION AND DILUTION OF URINE BY 
THE AVIAN KIDNEY: LOOP OF HENLE FUNCTION

Among the vertebrate classes, only birds and mammals ha ve kidneys that conserve body water by
producing urine in which the solutes are in a greater concentration then the y were in the plasma
from which they were derived (i.e., hyperosmotic urine). In contrast to some mammalian kidne ys,
avian kidneys in general do not concentrate urine well (Table 11.5). Whereas avian kidneys typically
produce urines that result in maximum urine-to-plasma osmolar ratios (U/Posm) of 2 to 2.5, the
kidneys of small mammals (desert rodents) can produce urines that result in U/Posms of 20 to
25.8,43 Why does such a lar ge discrepancy in maximum urine osmolalities e xist when small birds
(10 g body mass or less) inhabit the same desert en vironments as e xcellent urine-concentrating
rodents? This question can be answered at several levels: morphological, functional, and behavioral.

FIGURE 11.6 Spherical structures containing chemically bound uric acid. (A) Early stages of the formation
the spheres in the early proximal tub ule of an a vian kidney; proximal tubule is identified by the presence of
the microvillus brush border . (B) Completely formed spheres in the proximal tub ule. (C) Scanning electron
micrograph of dried a vian ureteral; note that no crystals of uric acid are present. By chemical analysis, the
spheres were found to be 65 to 70% uric acid.
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About 10 to 15% of the nephrons in a vian kidneys have loops of Henle. Or ganized in parallel
with collecting ducts and v as recta the y allow the avian kidney to produce urine h yperosmotic to
plasma (albeit to a lesser degree than mammals) through the operation of a counter-current multiplier
system. A number of striking dif ferences in the gross morphology, microanatomy, and physiology
can be identified when the kidneys of avians and mammals are compared. Internally, the organization
of the a vian kidney is some what similar to that of the lar ge mammals (whales), where the tissue
is di vided into small functional units or rencules (Figure 11.2). 52 Within the a vian kidne y, the
cortical tissue coalesces into tapering units or medullary cones. It is within these structures that
elements are situated that f acilitate the functioning of a counter -current multiplier system (i.e., a
parallel arrangement of loops of Henle, v asa recta, and collecting ducts). The organization of the
avian medullary cone has been suggested to be similar to that of the outer medulla of de veloping
kidney of mammals, specifically that of the neonatal laboratory rat.44 In the outer medulla of neonatal
rat are short-looped nephrons in which the epithelium thick ens before the hair -pin turn is formed.
Within the avian medullary cone, the epithelium of all the nephrons thick ens prior to the hair -pin
turn. This thick descending limb makes an important contribution to the recycling of solute within
the medullary cones.

In the a vian kidney, a sharp change in the cellular morphology of the renal tub ule occurs as
the transition takes place between the straight segment of the proximal tubule to the thin descending
limb of Henle’ s loop. 11 The thin descending se gment consists of lo w-profile, mitochondria-poor
cells. The transition from the low-profile cells to the mitochondria-rich, more cuboidal cells of the
thick limb of Henle’s loop always occurs prior to the hair -pin turn of the loop.11 This is in contrast
to the same cellular transition that occurs in the longer loops of Henle of most mammalian kidneys,
where the epithelium at the hairpin turn has a v ery low profile; that is, the thin descending limb
extends around the loop bend. A computer simulation of the a vian counter -current multiplier

TABLE 11.5
Urine-to-Plasma Osmolality Ratios for Selected Birds and Mammals

Birds

Species

U/P Ratioa

Ref.

Mammals

Ureteral 
Urine

Voided 
Fluid Species

U/P 
Ratio Ref.

Domestic fowl 2.0 — Krag and Skadhauge38 Long-nosed bat 1.1 Braun13

Ring-necked pheasant 1.5 — Goldstein and Braun29 Nutria 2.5 Braun13

Kookaburra — 2.7 Skadhauge58 Mountain beaver 2.7 Braun13

Singing honey eater — 2.4 Skadhauge58 Hereford cow 3.9 Braun13

Red wattlebird — 2.4 Skadhauge58 Blue whale 4.5 Braun13

Bobwhite quail — 1.6 MacNabb48 Bottlenose dolphin 6.1 Braun13

California quail — 1.7 MacNabb48 Weddell seal 6.8 Braun13

Gamble’s quail — 2.5 MacNabb48 Dog 8.7 Braun13

Senegal dove — 1.7 Skadhauge58 Cat 10.8 Braun13

English sparrow 1.7 — Casotti and Braun 22 Cottontail 11.0 Braun13

Song sparrow 2.2 — Casotti and Braun 22 Marriam’s K-rat 21.2 Braun13

White-crowned sparrow 2.1 — Casotti and Braun 22 House mouse 23.3 Braun13

White-winged dove 1.8 — Krag and Skadhauge38 Desert pocket mouse 28.6 Braun13

Emu — 1.4 Skadhauge58 Australian hopping 
mouse

31.2 Braun13

Galah — 2.5 Krag and Skadhauge38

Glaucous-winged gull 1.9 — Krag and Skadhauge38

Savannah sparrow — 1.6 Goldstein et al. 30

a Calculation based on urine collected from ureters or cloacal v oided fluid.
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system42 incorporating the transport properties 50 of the loop of Henle cells suggested that the
transport of sodium chloride by the pre-bend cells is an important element in generating and
maintaining the interstitial osmotic gradient.

Another difference from mammal kidneys is that the composition of the interstitial osmolality
in the a vian medullary cone is a mark ed departure from that observ ed for the medulla of most
mammalian kidne ys. Whereas in the kidne ys of mammals sodium chloride and urea contrib ute
solute particles to the interstitial osmolality , in birds the interstitial osmolality is made up almost
entirely by sodium chloride. This is a consequence of uric acid being the endproduct of nitrogen
metabolism in birds as opposed to urea. With some e xceptions, urea as a solute is an inte gral
component of the medullary interstitial osmotic gradient of mammalian kidne ys.

1. Operation of the Counter-Current Multiplier System of the Avian Kidney

The permeability and transport characteristics of the a vian loop of Henle suggest that sodium
chloride is c ycled between the ascending and descending limbs of Henle’ s loop. The descending
limb is highly permeable to sodium chloride b ut, in contrast to mammalian kidne ys, has very low
osmotic and dif fusional permeability to w ater (Table 11.6).51 The thick limb of the Henle’ s loop,
including the portion prior to the hair -pin turn, serves as the diluting segment of the nephron. This
segment has very low water flux (Jv = –0.01 ± 0.04 nL/m/min), which is similar or even lower than
values for se gments from mammal kidne ys,51 coupled with v ery high sodium and chloride fluxes
(Table 11.6).

The flux of water in the proximal tub ules, distal tub ules, loop of Henle se gments, and the
collecting ducts of the avian nephron is facilitated by the presence of water channels or aquaporins
(AQPs), although data ha ve been deri ved on tissues from only tw o species. The distribution and
physiological response of the avian AQPs appears to be somewhat different from that of mammals
(Table 11.7). In the nephrons of mammals, AQP1 is the constitutively present channel that facilitates
the transmembrane mo vement of w ater in the proximal tub ule and descending limb of Henle’ s
loop, as well the v asa recta. Three different water channels can be found in the distal nephron of
mammals. These are AQPs 3 and 4 in the basolateral membranes of the late distal tub ules and
collecting ducts and AQP2 in the apical membranes of the distal nephron. It is the latter AQP that
is responsive to antidiuretic hormone and is inserted into the apical cell membrane on demand to
facilitate water movement across the epithelium of the distal nephron.

The nephrons in the a vian kidney appear to have similar AQPs, at least in terms of number or
terminology; however, their distrib ution and function in the nephron se gments differ to a de gree.
Several laboratories have applied molecular techniques to study the AQPs within the avian kidney.
The distribution and function of the AQPs in the a vian kidney may be some what complicated by
the nature of the nephrons present. As pointed out abo ve, the population of nephrons in the a vian
kidney is made up of small nephrons lacking a loop of Henle (80 to 85% of total) and lar ger
nephrons with loops of Henle. In the loopless nephrons (or reptilian-type nephrons), immunostaining

TABLE 11.6
Transport Characteristics of Thick Limbs of Henle’s Loop

Animal
Water Flux 
(nL/m/min)

Sodium Flux 
(pEq/mm/min)

Chloride Flux 
(pEq/mm/min)

Coturnix quail –0.01 ± 0.04 242 ± 49 272 ± 33
Rabbit –0.02 ± 0.01 79 ± 8.4 59 ± 10
Mouse –0.01 ± 0.04 — 94 ± 8

Source: Adapted from Nishimura, H. and F an, Z., Comp. Biochem. Physiol. ,
136, 479–98, 2003.
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for AQP1 appears in both cell membranes of the proximal tub ule, and the staining is v ery intense
in the distal tub ules of these nephrons. 24 The presence of AQP1 in the distal tub ules of the looped
nephrons may allo w for the mo vement of w ater across this epithelium. The data in this paper do
not show information for the distrib ution of AQP1 in any of segments from looped nephrons.

The mo vement of w ater across the epithelium of the distal nephron (late distal tub ule and
collecting duct) in the a vian kidney is f acilitated by the presence of AQPs 2 and 4. 47 Using RT-
PCR-based cloning techniques, a homolog of AQP2 has been identified in the collecting ducts of
the Japanese quail ( Coturnix coturnix ) kidne y. The e xpression of this AQP in Xenopus oocytes
significantly increased the osmotic water permeability of these cells, thus substantiating the presence
of a functional w ater channel. Two different AQP4s have been cloned from the renal tissue of the
Japanese quail.51 In concert with the AQP2 they could facilitate the movement of water across the
collecting ducts; ho wever, when these AQPs were e xpressed in Xenopus oocytes, the y did not
enhance the mo vement of w ater.51 Thus, either these AQPs do not function as w ater channels or
the insertion of them into Xenopus oocytes does not pro vide the proper en vironment for their
function. At this time, the other basolateral membrane AQP (AQP3) present in other animal renal
tissue has not been identified in avian renal tissue.

IV. INTEGRATION OF RENAL AND 
LOWER GASTROINTESTINAL FUNCTION

Contrary to morphology of mammals, the urinary system of birds does not include a bladder for
temporary storage of renal output. Instead, the ureters from the a vian kidney convey urine to the
terminal portion of the g astrointestinal tract, the cloaca. The urine does not remain in the cloaca
to be excreted (except when evacuation of the lower gastrointestinal tract occurs) but is moved by
peristaltic action of the cloacal musculature into the colon (rectum). Within the lower gastrointestinal
tract, the composition of the urine can be significantly modified. Parenthetically, it has been reported,
and I have observed, that one bird, the ostrich, will urinate and defecate separately .26

The re verse peristaltic action of the cloaca and lo wer g astrointestinal tract appears to be
controlled locally and not by central (hypothalamic) osmoreceptors. This was clearly demonstrated
by e xperiments carried by Brummermann. 15 In vivo surfusion of the h ypothalamic area with
hyperosmotic saline or mannitol solutions administered via a carotid artery did not influence the
rate of peristaltic acti vity of the lo wer gastrointestinal tract; however, suffusion of the cloaca with

TABLE 11.7
Presence of Aquaporins in Nephrons of Birds and Mammals

Nephron Segment Birds Mammals
Cortical nephron
Proximal tubule (PT) AQP1 AQP1 (APM, BPM)
Distal tubule (DT) AQP1

Medullary nephron
PT straight AQP1 AQP7
Descending limb of Henle’s loop (DLLH) AQP1 AQP1 (APM, BPM)
Ascending limb of Henle’s loop (ALLH) AQP1 —
Collecting duct (CD) AQP2 (APM)

AQP4 (BPM)
AQP2 (APM, PCs)
AQP3 (BPM, PCs)
AQP4 (BPM, PCs)

Note: APM, apical plasma membrane; BPM, basolateral plasma membrane; PCs,
principal cells.
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varying saline concentrations or mannitol solutions via the v as deferens of male domestic fo wl
produced results suggesting that the sodium chloride content of the solutions was sensed (detected)
within the cloaca. Hyperosmotic solutions of mannitol had no af fect on the motility. It is probable
that a type of v anilloid receptor (osmoreceptor) is present in the cloaca to detect the osmotic
potential of the fluid within the cloaca, but this has yet to be demonstrated. The motility mo ving
sodium chloride solutions from the cloaca into the colon continued as long as the osmolality (sodium
chloride concentration) of the solutions did not e xceed the plasma osmolality by 100 mOsm/kg
H2O. This agreed well with pre viously published data suggesting that the epithelium of the colon
could recover water from the lumen as long as the differential between the luminal contents (higher)
and plasma did not e xceed 100 mOsm. 4

The data suggesting that urines hyperosmotic to plasma by more that 100 mOsm are not refluxed
into the colon are in agreement with the maximum U/Posm produced by avian kidneys. If the urine
produced by the kidneys and entering the colon had a significantly greater osmolality, fluid would
be drawn in the serosal-to-mucosal direction, causing w ater loss to the animal. Indeed, unstressed
birds produce urine that is only slightly h yperosmotic to plasma which facilitates recovery of fluid
by the colonic epithelium. In the literature is one suggestion of a species producing urine resulting
in U/Posm v alues of 4 to 6. 17 These are data generated under laboratory conditions for the salt
marsh Savannah sparrow. Experiments on the same species carried out in the field indicated that
these birds under natural conditions are not significantly different from a v ariety of other species
in terms of the concentration of ureteral urine produced. 30 The mean U/Posm of the Sa vanna
sparrows in the more recent study w as 1.2 mOsm/kg H 2O, again suggesting that birds in general
do not produce significantly concentrated urines. In the original study, sparrows were acclimated
to drinking increasing concentrations of sea water over a period of weeks, with the endpoint being
that several birds drank and survi ved on full-strength sea w ater. The fluid output collected from
the birds was excreted cloacal fluid, not ureteral urine, and therefore was not representative of renal
function but was due to the inte grative action of the kidne ys and lower gastrointestinal tract. It is
quite possible that some of the ingested sea water was not absorbed b ut passed through the g as-
trointestinal system to be e xcreted with the renal output, yielding a fluid that produced the high
U/P osmolar ratio. It is essential when studying the renal function of birds that ureteral urine be
collected, as excreted fluid represents the integrated product of the kidneys and lower gastrointestinal
tract (for birds without functional salt glands).

As mentioned abo ve, the renal system of birds must function in concert with the lo wer
gastrointestinal tract in the maintenance of fluid and electrolyte homeostasis. This includes all birds,
with or without functional salt glands. As suggested by a number of studies, this functional
arrangement is particularly important in marine birds, where salts glands are a major component
in the axis that re gulates fluid balance (see Hughes32 for an excellent review).

In all birds, ureteral urine is refluxed from the cloaca (urodeum) into the colon and digesti ve
ceca, where large populations of bacteria reside that are capable of digesting not only protein b ut
also uric acid. These bacterial populations have been well characterized in several studies2,19 where
segments of these populations have been shown to reproduce and grow vigorously on culture media
containing only uric acid as a metabolic substrate, thus substantiating the de gradation of uric acid
within the lower gastrointestinal tract.2

A. STRUCTURE OF DIGESTIVE CECA

Not only does the colon function in osmoregulation, but many birds also have ceca as outpocketings
from the colon. These ceca ha ve been sho wn to augment the absorpti ve capacity of the colon. 66

The gross structure of the digestive ceca varies greatly from one taxonomic group to another, from
being very large, highly coiled saculated structures in g alleneous species to being none xistent in
many passerine birds. 25,47 It appears that the presence or absence of ceca is not correlated with
specific taxonomic groups but is more associated with the ecology and diet of the species. 25 It is
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clear, however, that urine is refluxed into the ceca, where its composition is modified. Moreover,
urine is refluxed in all a vian species, including hummingbirds (lacking ceca), in which strands of
colloidal urate have been observed beyond the colon into the ileum. 21 It is of interest to note that
the small ceca of passerine birds have been considered to be rudimentary or vestigial and therefore
having little or no function. Recent morphological studies on the small, vestigial ceca of the English
sparrow demonstrated that their internal structure resembles that of a bottle brush (i.e., a central
channel with numerous side branches). 54 The lumen of these channels is lined with epithelial cells
that possess a v ery dense brush border . Moreover, within the cells just belo w the brush border is
a very dense aggregation of mitochondria (Figure 11.7). Although functional studies on these ceca
have yet to be done, the morphological features suggest that this tissue is not v estigial or nonfunc-
tional.

The epithelial tissue of the avian lower gastrointestinal tract is very sensitive to the homeostatic
sodium balance of the animal, and this sensiti vity appears to be re gulated by aldosterone. 41 These
tissues e xpress a di verse array of transport proteins that function to maintain not only osmotic
balance but also nutritional balance.41 Sodium–glucose cotransporters (SGLT1) have been identified
in these tissues that reco ver glucose that may escape absorption by the kidne y. In addition, aqua-
porins (AQP1) are present to f acilitate the absorption of fluid.24 Thus, studies ha ve demonstrated
that the renal system and the lo wer g astrointestinal tract of birds are intractably link ed in the
regulation of homeostatic fluid and ion balance.

B. COMPARISON OF URINE-TO-PLASMA OSMOLAR RATIOS 
OF BIRDS AND MAMMALS

Comparisons of birds and mammals with respect to the conserv ation of water by producing urines
hyperosmotic to plasma are not valid, as the osmoregulatory systems are markedly different between
the two groups of vertebrates. Two major features highlight the differences: (1) the lack of a urinary
bladder in birds, with the result that ureteral urine enters the lo wer gastrointestinal tract, and (2)
the end product of nitrogen metabolism being uric acid and not urea. Because of the anatomical
involvement of the lo wer gastrointestinal tract in osmore gulation, the a vian kidney does not and
should not conserv e w ater by producing urines that are significantly hyperosmotic to plasma

FIGURE 11.7 Histological section of the cecal wall of the English sparrow cecum. The epithelial cells lining
the channels within the cecum possess a v ery dense brush border . On the interior of the cells, just belo w the
brush border, is a v ery dense aggregation of mitochondria.
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(U/Posm greater than 2). A significantly hyperosmotic fluid (urine) entering the lower gastrointes-
tinal tract would draw fluid in a mucosal-to-serosal direction, leading to a negative fluid balance.

Uric acid being the endproduct of nitrogen metabolism in birds is the other reason wh y U/P
osmolar ratios cannot be directly compared between birds and mammals. As it is sparingly soluble
in aqueous solutions, uric acid does not contribute to the pool of osmotically active solutes in urine
as does urea in mammals, where it can account for approximately 50% of the osmolality of the urine.

Numerous attempts ha ve been made to formulate indices that w ould correlate urine-concen-
trating ability with morphological features of the a vian kidne y, as has been elucidated for the
kidneys of mammals, such as relati ve medullary thickness (RMT). 36 The two measures (U/Posm
and RMT) are not relevant when discussing osmoregulation by birds. Because the corticomedullary
organization of the avian kidney is not as discrete as occurs in the unipapillate kidney of mammals,
it not possible to section the a vian kidne y to sho w mark ed boundaries between cortical and
medullary tissue (see Figure 11.2). What is more rele vant is to appreciate the unique suite of
characteristics that have evolved to allow the wide-ranging habitats of birds. These can be summa-
rized as follows: the evolution of uric acid as an endproduct of nitrogen metabolism, the packaging
of uric acid in the urine, the presence of a large amount of protein in the urine, and the modification
of the renal output by the lo wer gastrointestinal tract.

C. BEHAVIORAL ECOLOGY OF SMALL DESERT BIRDS AND MAMMALS

From a behavioral perspective, the small desert rodents tend to be acti ve at night (nocturnal) when
the ambient temperatures ha ve be gun to subside; moreo ver, the y escape the heat of the day by
retreating to burrows where the ambient temperature is significantly lower than the ground surface
temperature.63 Small birds employ a different suite of beha vioral patterns to escape from the peak
daytime temperatures,67 as they will seek out small cre vices in the trunks of trees out of the direct
flow pattern of the pre vailing air currents to reduce e xposure and e vaporative water loss.67 Thus,
comparing small desert-dwelling birds and mammals, it w ould appear that the small mammals are
better off; however, both groups of animals survive and thrive in the dry deserts of the southwestern
United States.

V. SALT GLAND FUNCTION

Because of the anatomical in volvement of the lo wer gastrointestinal tract in osmore gulation, the
avian kidney does not and should not conserv e water by producing urines that are significantly
hyperosmotic to plasma (U/Posm greater than 2). This lea ves birds whose habitats are entirely
marine with the concern of producing osmotically free w ater to meet metabolic needs. Ev olution
solved this dilemma through the de velopment of structures capable of eliminating salt (primarily
sodium chloride) in excess of water and thereby producing osmotically free water. These structures
are the nasal salt glands. Apparently all birds possess salt glands, b ut the degree to which they are
developed and functional is determined by the amount and salinity of water and food consumed.45,62

The fact that all birds possess some form of the salt gland may be a statement about the evolutionary
origin of extant species. This suggests that the diet of the ancestor of modern birds may ha ve had
a high salt content that forced the evolution of salt glands. In a 1936 publication, Technau examined
106 species from 44 orders for the presence of salt glands. All birds had some form of the gland
and its development was dependent on the natural consumption of waters with greater osmolalities
than that of plasma. 62

The majority of the studies on the function of a vian salt glands ha ve been carried out using
domestic ducks as model systems. 32 Although considerable data ha ve been generated from these
studies, the morphological development of their salt glands is dependent on the salinity of the water
consumed. Data generated from studies on birds confined to marine habitats (gulls, penguins)
highlight the remarkable capacity of the salt glands to generate osmotically free w ater.57
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The primary ions secreted by salt glands are sodium and chloride in a hypertonic solution, with
minor contributions from other ions. 57 It is generally accepted by those who study salt glands that
the main process is secondary acti ve secretion of chloride ener gized by the basolateral localized
electrogenic Na,K-ATPase.57 In this model of secretion, chloride e xits the apical membrane via
chloride channels, with sodium crossing the membrane through paracellular routes (Figure 11.8).
It appears that control of salt gland function in volves central osmoreceptors as first suggested by
Schmidt-Nielsen,56 but with input from v olume receptors. Information is transmitted to the glands
by way of parasympathetic choliner gic fibers, for which the receptors are of the muscarinic type.
Shuttleworth57 has pro vided an e xcellent re view of v ertebrate salt gland function. As stated by
Shuttleworth, the avian salt gland is one of the most potent ion-transporting or gans in the animal
kingdom. These glands are capable of secreting solutions where the sodium chloride concentration
is ten times the plasma concentration. Thus, they are capable of generating suf ficient osmotically
free water to allo w birds to inhabit marine en vironments where freshw ater is at a premium or is
not at all a vailable.33

VI. SUMMARY

As stated in the opening, from an osmore gulatory perspective birds as a class of v ertebrates have
evolved successfully to inhabit all environments on Earth. Evolution has provided birds with a suite
of organs that function in concert to maintain the consistenc y of their internal en vironment and
facilitate cellular function which has led to a group of animals with long life spans (compared to
mammals of similar body mass). The evolution of specialized or gans and organ systems has been
complemented by biochemical specializations, probably the most important one being the capability
of excreting nitrogen as uric acid. Excreting nitrogen in this form, ho wever, has necessitated the
development of mechanisms to pre vent this sparingly soluble compound from precipitating from
aqueous solutions and mechanisms to reco ver the glycoproteins that are necessary to f acilitate the
movement of uric acid through the e xcretory system. This composite of features of birds mak es
the study of osmore gulation by birds f ascinating and intellectually re warding.
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I. INTRODUCTION

In this chapter, we first define in humans the various fluid spaces and their composition. We follow
with a description of the neural and hormonal reflexes and the beha vioral responses elicited by
moderate challenges to the steady state. We then define the mechanisms of these overall responses
at the le vel of ef fector and tar get molecules in cells. Finally , we b uild on these mechanisms of
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adaptation to moderate challenges to define the mechanisms of adaptation to more extreme habitats
in specific organs and in other mammals. Although the scope is broad, we hope that by presenting
these adaptive processes we will re veal the amazing precision of the body in maintaining w ater
and electrolyte balance.

II. BODY FLUID COMPARTMENTS AND COMPOSITION

A. BODY WATER AND ITS SUBDIVISIONS IN THE HUMAN BODY

By far the most ab undant body constituent, w ater plays a crucial role in all metabolic processes
and in the e xchange of solutes between the v arious tissues and the en vironment. Water represents
a very constant 73% of lean body mass  (defined as the body weight minus the weight of the fat)
in the average human individual. Body water varies, however, in the range of 55 to 60% with the
total weight. It is usually lower in the obese person than in a thin person, and in women body water
is usually a smaller fraction of the body weight than in men. Thus, for a man with a weight of 70
kg the total amount of w ater is about 45 L. This water is present in se veral compartments of the
body. The extracellular fluid comprises a little more than one third of the total body w ater (about
17 L); it is made up of the blood plasma  (3 L) which is separated from the interstitial fluid (12
L). In addition are the so-called transcellular fluids (2 L), which include the cerebrospinal fluid,
gastric juices, and intestinal fluids, as well as the urine; these fluids do not exchange directly with
the extracellular fluid but are separated from it by epithelial cell layers. The remainder of the fluid
is the intracellular fluid (tissue cells, about 25.5 L; blood cells, 2.5 L), which is separated from the
extracellular fluid by the plasma membrane of the cells. Most of the intracellular fluid resides in
the skeletal muscles, followed by the skin, fat, bones, and liver. The sizes of the various fluid spaces
have been determined e xperimentally using indicator dilution methods, which measure the distri-
bution of labeled compounds in v arious body spaces (see ph ysiology texts for details).

B. BODY WATER BALANCE

Normally, the daily rate of w ater intake and generation matches the daily w ater loss of 2.5 L/day.
Water intake includes drinking (1.3 L) and eating (dietary w ater, 0.9 L), as well as w ater that is
generated from metabolism (metabolic w ater, 0.3 L) and by the oxidation of carboh ydrates
(0.6 mL/g), fat (1.1 mL/g), and protein (0.5 mL/g). Water is lost by the e xcretion of urine (1.5 L),
via evaporation through the skin and the respiratory tract (insensible losses, 0.9 L), and in the feces
(0.1 L). Changes in an y of these routes of w ater intake and generation or loss can drastically alter
the amount of body w ater. In addition, mammals li ving under e xtreme conditions use se veral
strategies to re gulate intak e/generation and loss so the y maintain constant body w ater content.
Indeed, given the enormous range of conditions in which mammals li ve, from arid to wet environ-
ments or in sea water, their ability to maintain total body w ater remarkably constant defines the
concept of homeostasis. As is detailed belo w—for example, in arid en vironments—metabolically
generated water may be the only w ay to achieve a net water gain, whereas reduction of w ater loss
by the kidney compensates for the low net gain of water. Thus, although the daily turnover of water
of 2.5 L represents a v olume equal to about 50% of the blood v olume (plasma and blood cells =
5.5 L), this critical v olume is kept remarkably constant.

Maintenance of the total body w ater balance requires massi ve mo vements of fluid between
body compartments; for e xample, in the human kidne y, 180 L of primary urine are generated per
day but only 1.5 L leave the body as urine, requiring the reabsorption of nearly all of the glomerular
filtrate in the renal tubules. In the g astrointestinal tract, 7 L are secreted daily into the lumen of
the intestine, of which nearly all is reabsorbed. In ruminants, intestinal secretions can reach volumes
of 100 L (see below), only a small amount of which is e xcreted in the feces.
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C. COMPOSITION OF BODY FLUIDS

Because water is freely permeable across most (b ut not all) biological membranes, the osmolality
of the various fluid spaces (except for the transcellular space) is very similar and tightly maintained
at 330 mOsmol/kg. In some transcellular spaces (most notably the urine), the presence of mem-
branes that block w ater flux in some of the epithelia permits these particular fluids to change in
osmolality while the other body fluids remain constant.

Although osmolality remains constant in all b ut the transcellular space, the nature of the
osmotically active solutes, the osmolytes, in the various body fluid compartments can vary widely.
In the extracellular space (again with the exception of the transcellular spaces), sodium and chloride
are the major osmolytes. In the intracellular space, potassium is the main inor ganic electrolyte
contributing to osmolality , while numerous or ganic metabolic substrates and intermediates form
the balance. Most of these or ganic molecules are present in millimolar concentrations. Depending
on the cell, chloride contributes to a small extent to the osmolality of the intracellular fluid. Although
intracellular proteins are present in high concentration (representing about 30% of wet weight in
kidney, for e xample) and contrib ute to the char ge equilibrium (see Donnan equilibrium in ph ysi-
ology texts), their high molecular weight results in a relati vely low concentration when compared
with other solutes. Thus, potassium and chloride are the main osmolytes that can be e xchanged
rapidly with the e xtracellular space without sacrificing the intracellular metabolism.

Some cells that are permanently or intermittently submitted to changes in the osmolality of the
extracellular medium during the normal functioning of the body , such as kidne y cells in the inner
medulla, contain in addition high amounts of lo w-molecular-weight organic osmolytes that are used
instead of potassium to re gulate intracellular osmolality and thus cell v olume. As an example, inner
medullary collecting duct cells exposed in cell culture to a hypertonic medium of 600 mOsmol contain
about 40 mOsmol sorbitol, 75 mOsmol myo-inositol, 20 mOsmol taurine, and 75 mOsmol glycero-
phosphorylcholin.91 Thus, about half of the intracellular osmolality is contrib uted by the or ganic
osmolytes. These organic osmolytes are used not only in the human kidne y but also in a v ariety of
mammals such as cat, dog, mouse, rat, and rabbit. 91 The mechanisms in volved in the re gulation of
the intracellular concentration of the or ganic osmolytes have been reviewed previously.262

D. ACUTE DISTURBANCES OF VOLUME AND OSMOLALITY OF BODY FLUIDS

Constancy of volume or osmolality of body fluids may be threatened by changes in intake or loss
of free water, of osmolytes, or a combination of both. Thus, excessive freshwater uptake in drinking
leads to hypotonic overhydration characterized by an increase in extracellular fluid (ECF) volume
and a decrease in osmolality of the ECF. Uptake of a large amount of fluid with a high concentration
of osmolytes, which can occur during feeding of mammals li ving in sea water (open sea water
osmolality can reach more than 1000 mOsm/kg), could lead to hypertonic overhydration, in which
an increase in osmolality of the ECF is the main disturbance. Uptak e of isotonic fluid—a situation
induced, for e xample, by intra venous infusion of isotonic saline in patients or by feeding of bats
on fruits—just increases the v olume of the e xtracellular fluid. Loss of water with a lo w osmolyte
content such as during sweating, diuresis, or diarrhea leads to deh ydration, which is characterized
by a decreased v olume of the e xtracellular fluid and by an increase of the osmolality of the ECF.
Loss of blood and early forms of diarrhea where isotonic fluid is lost lead to a decrease of ECF
volume but the osmolality remains constant. It thus becomes clear that tw o main parameters can
change when the fluid osmolyte balance of the extracellular fluid is challenged: the volume and
the osmolality, which can de viate in dif ferent directions and therefore ha ve to be sensed indepen-
dently and regulated separately, yet in a coordinated f ashion.

Acute changes in intracellular fluid (ICF) are most commonly the consequence of changes in
the osmolality of the e xtracellular fluid. Increased extracellular osmolality leads to rapid cell
shrinkage, and decreased osmolality leads to cell swelling, which in e xtreme cases can lead to
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profound functional impairment of or gan functions, in particular when the y are encased in a
nonexpendable space, as the brain is encased in the rigid skull. Here, during w ater intoxication
accompanied by excessive cell swelling, loss of consciousness and con vulsions can occur, in part
due to the damage inflicted on neurons by increased intracranial pressure. Even under isosmotic
conditions of the ECF, sudden bursts in metabolism (e.g., in the liver during ingestion of a glucose-
rich meal or a hormonally induced increase in glycogenolysis) can lead to cell swelling requiring
osmoregulation of the intracellular fluid.101

III. SENSING OF CHALLENGES

A. THE BODY-FLUID-RELATED NEURONAL NETWORK

The ability of animals to survi ve in an ever-changing environment requires that the major compo-
nents of the body fluids be in a dynamic steady state. Even under benign en vironments terrestrial
animals continuously lose water and sodium. To correct water and sodium imbalances and maintain
body fluid homeostasis, reflex mec hanisms and behavioral r esponses are necessary . The reflex
mechanisms are comprised of the neuronal responses and endocrine responses; the beha vioral
responses include seeking out and drinking w ater and the ingestion of salt-rich food or fluids.109

After a challenge, the neuronal responses occur in a matter of seconds, endocrine responses can
be observed a few minutes, and behavioral responses are realized in tens of minutes or hours. The
major difference in the nature of the responses as well as their different latency require an integration
of the stimuli and the signaling mechanism. The central nervous system constantly monitors body
fluid status and integrates reflex and beha vioral responses. Con vincing e vidence suggests that
autonomic responses, endocrine reflexes, and ingestive behaviors are activated by similar af ferent
signals in the brain and that these signals are processed in the same areas of the central nerv ous
system, the so-called body-fluid-related neuronal network.109 This integration is the final point in
a series of events proceeding from sensors for extracellular volume or osmolality to the generation
of signals, their translation into intracellular signaling, and ef fects on the function of the tar get
cells. In the following sections, these points are considered consecuti vely and separately, from the
organ to the molecular le vel, but their intricate interconnections should al ways be kept in mind.

B. OSMOSENSORS

The term osmoreceptors was coined by Verney251 to describe the cells in the brain that shrink in
response to an increase in e xtracellular osmolality and, as a result, ef fect antidiuretic hormone
(ADH) release.252 Other authors have argued that sodium-sensing cells are also in volved in stimu-
lating ADH release.164 These salt-sensitive receptors are thought to be important when the osmolality
of the extracellular fluid is increased by a result of water loss. In humans, the osmo- and sodium-
sensing cells are located in the lamina terminalis, the anterior w all of the third v entricle adjacent
to the anterior hypothalamus. There, the so-called circumventricular organs are located which lack
the blood–brain barrier 166,258 and, because of their direct e xposure to the blood, form the neuroen-
docrine interface between the brain and the nontranscellular body fluids.

Osmo- and sodium receptors are, however, found not only in the brain but also in the periphery.
Thus, Haberich et al. 95 drew attention to the importance of sensors located in the li ver for the
maintenance of body fluid homeostasis. These sensors and probably some in the portal v ein or
mesenteric veins transmit signals via alteration of the v agal afferent nerve activity to the brain that
induce increased urine output. These receptors might be advantageous in providing early warnings
to buffer large changes in both systemic and brain osmolality due to ingested fluid.

At the molecular level, significant progress has been made since Homer Smith’s review in 1957
which he entitled “Salt and Volume Receptors: An Exercise in Physiologic Apologetics.”231 Recently,
transient receptor potential v anilloid 4 (TRPV4), an ion channel in the cell membrane, has been
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shown in a transgenic approach to be necessary for the maintenance of osmotic equilibrium. 147 In
TRPV4 gene null mice, the increase in antidiuretic hormone (ADH) synthesis in response to osmotic
stimulation is attenuated, whereas renal w ater reabsorption capacity is not impaired. Hypertonic
stress leads to diminished e xpression of c-Fos-positive cells in the circumv entricular organ OVLT
(organum v asculosum of the lamina terminalis), indicati ve of a reduced osmotic stimulation. 147

TRPV4 very probably functions as an ion channel in the transduction of osmotic and mechanical
stimuli in vivo. The channel conducts, when acti vated, more cations, particularly calcium, into the
cell. The mechanism of acti vation is unclear; either an osmotic stimulus transduction apparatus is
first activated (activation of a kinase?) follo wed by a g ating of the channel or the g ating of the
channel initiates further osmotic responses. 148

Another channel recently reported to be a potential candidate for an osmotic sensor molecule
is the TRPM7 channel. In cell-attached patch-clamp experiments and in excised membrane patches,
the channel open probability of this channel w as drastically increased by mechanical stress. 178 The
PM7 channel is a member of the TRP channel family, which are sensors for a v ariety of stimuli.46

The TRPM (mammalian melastatin-related transient receptor potential) subf amily has eight mem-
bers. The TRP family was originally described in Drosophila and named after its role in phototrans-
duction. Mammalian TRP subunit proteins are encoded by at least 28 genes. 69 The proteins consist
of six putative transmembrane domains and intracellular N- and C-termini. They form channels for
monovalent or divalent cations with variable selectivity. Some of them are involved in Mg homeo-
stasis of the cells; others modulate the membrane potential. In addition to cell swelling, the y are
activated by temperature, lipid compounds, and other endogenous or exogenous ligands (for review,
see Kraft and Harteneck 128). Other mechanosensiti ve channels identified recently include the epi-
thelial sodium channels, v oltage-gated sodium channels, 169 and two pore potassium channels (see
Hamill97 for review). Although the exact biophysical mechanisms involved in sensing mechanical
stress remain unclear, it appears likely that the mechanism involves the concerted gating of multiple
ion channels.

The molecular basis for specific sodium sensors is also rather obscure. In theory, sodium
channels could fulfill that role because they possess highly selecti ve sodium binding sites and
intramolecular flexibility. The use of a substrate binding site as a sensing mechanism has recently
been demonstrated for the sodium– D-glucose cotransporter SGLT whose isoform SGLT3 has pre-
dominant (or exclusive) glucose-sensing functions. 263

 In the human, the impulses of the sodium and osmotic sensors in the brain are transmitted
from the supraoptic nuclei through the pituitary stalk into the posterior pituitary gland, where the y
promote the release of ADH. (For details on the mechanisms of release of ADH and its control,
the reader is referred to endocrinology textbooks.) It is clear that, in the release process, intracellular
calcium and the actin cytoskeleton are involved—the same elements that control volume regulation
at the single-cell le vel.242 The ADH concentration in the plasma sho ws a mark ed increase when
plasma osmolality is changed by less than 1%, and the concentration increases in a linear f ashion
with further increases in plasma osmolality . In contrast, isotonic v olume depletion in the range of
up to 10% e xerts a much smaller ef fect on plasma ADH concentration b ut ADH concentration
increases almost exponentially when the changes become lar ger than 10%. 93

C. VOLUME RECEPTORS

The blood v olume of 5.5 L is one of the most guarded v alues in the human body . Because it can
change without a change in osmolality or sodium concentration, volume sensors must be active. The
“fullness of the blood str eam,” as it w as termed by Peters, 191 can be sensed by measuring the w all
stretch in a distensible system or by determining the pressure in a rigid system. 191 The vascular
systems of the body are a combination of both a v ery high-capacitance venous low-pressure system
and a low-capacitance arterial high-pressure system. The former low-pressure system is comprised
of the pulmonary circulation, the right heart, and the systemic v enous volume and contains about
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3.2 to 3.4 L; the high-pressure system includes the left ventricle and the arterial system.84 As discussed
in detail and with great sophistication by Gauer and Henry,84 due to the large differences in size and
elastic resistance of the tw o systems, when 1000 mL blood are infused into the circulation, only 5
to 10 mL will be accommodated in the arterial system; the rest will enter the v enous system.

Because survi val of v ertebrates on land requires maintenance of adequate circulating blood
pressure without severe hypertension, volume receptors are focused on monitoring blood v olume.
We can best consider the pathways regulating blood volume by examining the response of a person
to hemorrhage, follo wed by infusion of saline. When blood is lost, the rate of return of blood to
the right and left atria of the heart is reduced. The atrial receptors are the first to respond even to
a small loss in blood volume, as they are affected most prominently.84 As we will see below, reduction
of atrial stretch shuts of f the release of salt- and w ater-wasting hormones such as atrial natriuretic
peptide. If the blood loss e xceeds 7 to 10% of the estimated blood v olume, diminished filling of
the ventricles occurs. Because the strength of myocardial contraction rises as v entricular filling is
increased, a fall in filling results in a fall in cardiac output. Such a f all in cardiac output stimulates
arterial baroreceptors in the high-pressure, high-resistance part (carotid bodies and aortic arch) of
the circulatory system. Afferent fibers carry stimulatory impulses from activated baroreceptors to
the hypothalamus. The hypothalamus then increases sympathetic nerv e activity and releases ADH.
Increased sympathetic nerv e acti vity restores or maintains arterial blood pressure by increasing
heart rate and contractility and by increasing peripheral v ascular resistance. In addition, increased
sympathetic nerve activity results in the release of a cascade of hormones and mediators, including
circulating catecholamines, angiotensin II, and aldosterone, which together increase cardiac output,
increase vasoconstriction, and reduce salt and w ater excretion by the kidne ys.94

When the hemorrhage is halted and saline is infused, the increased fluid returning to the right
atrium triggers stretch receptors, which are located below the endocardium and have pressure-sensitive
endplates.49 Their stimulation leads to a decrease in the release of ADH from the brain and an increased
water diuresis. The signals are carried via vagal fibers to the hypothalamus, and a significant correlation
between signal activity and intrathoracic blood volume has been observed.140 Entry of the vagus into
the medulla is follo wed by, among others, strong connections to the supraoptic re gions that control
the release of ADH.141,231 The signals also reach areas involved in the secretion of adrenocorticotropic
hormone (ACTH), which in turn leads to a small decrease in the aldosterone secretion.

In addition to activation of reflex arcs, atrial stretch leads to direct release of at least two peptide
hormones: atrial natriuretic peptide (ANP) and urodilatin, which also increase sodium e xcretion
by the kidne y, although by dif ferent mechanisms (see belo w). The combined ef fect of the atrial-
induced reflex arcs and release of ANP and urodilatin is to reduce sympathetic nerv e activity and
the release of its do wnstream hormones and mediators and to induce v asodilatation and salt and
water excretion by the kidne ys, tending to reduce intra vascular volume.

Although the body focuses on re gulating blood volume, we must also consider the re gulation
of extracellular volume because of the rapid change between the blood compartment and the other
compartments that comprise extracellular volume. In the normal operating range, blood v olume is
about 5.5 L, and the v olume of the whole e xtracellular space is about 17 L. This distribution can
change dramatically. When the extracellular volume rises considerably above normal,94 most of the
volume is going into the interstitial spaces, causing edema. Thus, these spaces become o verflow
reservoirs for e xcess fluid in which fluid can be stored without deleterious effects on the cardio-
vascular system. Because the fluids in the circulatory system and in the interstitial space are
connected osmotically by the capillary w alls that are permeable to w ater and sodium, the osmotic
and sodium sensors discussed above control not only the blood volume but also the osmolality and
volume of the total e xtracellular body fluid. The distribution of salt and w ater between the blood
and interstitial spaces is determined by the balance between the relatively higher hydrostatic pressure
in the capillaries, which tends to dri ve fluid into the interstitial space, and the oncotic pressure of
proteins such as alb umin that, under normal conditions, remain trapped in the circulation, thus
pulling fluid from the interstitial space back into circulation.
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D. OTHER IMPORTANT RECEPTORS IN THE PERIPHERY

Other receptors are located in the small arteries, the af ferent arterioles, leading to the glomeruli in
the kidney. Baroreceptors located in the w alls are part of the po werful renin–angiotensin system.
A decrease in blood pressure (or increased sympathetic nerv e traffic to the kidney) stimulates the
release of renin, which con verts angiotensinogen produced in the li ver and secreted into the
circulation to angiotensin I. This peptide is in turn con verted to angiotensin II by the angiotensin-
converting enzyme present in high concentrations in the lung; angiotensin II is the ph ysiologically
active compound controlling blood pressure and body fluid homeostasis (for details see below).

Receptors are also located at the v ery point of entry of salt and w ater into the body—the
intestine. Even before the cardiac ANP was discovered, it was observed in studies with experimental
animals and humans (Lenanne et al. 143,144) that an oral salt load caused the intestine to release a
natriuretic factor that stimulates kidne y function in postprandial periods of salt absorption. Two
peptides, guan ylin and uroguan ylin, ha ve been identified that are synthesized primarily in the
intestinal mucosa but induce natriuresis and diuresis in the kidne y.31,51,70,71,73,98 In genetically mod-
ified mice lacking uroguanylin, the natriuresis follo wing enteral salt loading is blunted, whereas
the response to intravenous loading is maintained.154 This clearly demonstrates a role for uroguanylin
in an enteric–renal communication axis.

IV. HORMONES AS SIGNALS AND THEIR MODE OF ACTION

A. WATER AND SALT TRANSPORT SYSTEMS IN THE MAIN TARGET: THE KIDNEY

To facilitate an understanding of the action of hormones in volved in osmoregulation, the main salt
and water transport mechanisms and their location in the nephron are briefly summarized here (see
Figure 12.1). The nephron be gins with the glomerulus where the primary urine is formed. The
proximal tubule follows in which about 67% of the w ater and salt are reabsorbed in an essentially
isotonic way. The main transport systems mediating sodium transport from the glomerular filtrate/
tubular fluid into the cell via the luminal brush-border membrane include the sodium/hydrogen
exchanger NHE3; sodium–symport systems, such as the sodium– D-glucose cotransporter SGL T1
and SGLT2; and the sodium–phosphate cotransporter NaPi2. Sodium exit from the cells is mediated,
as in all tub ular epithelial cells, by the Na,K-A TPase located in the basolateral membrane. Consid-
erable sodium flux also occurs via the paracellular pathways by solvent drag. Water is translocated
across the luminal membrane by the water channel aquaporin 1 (AQP1) and also flows paracellularly.

The next main point of salt reabsorption (about 25% of the filtered load) is the thick ascending
limb of Henle’s loop, where sodium entry into the cell and its paracellular transport are mediated
by the sodium/potassium–chloride cotransporter NKCC2. The luminal sodium/proton e xchanger
NHE3 is also involved in sodium entry. Again, the basolateral Na,K-ATPase plays the predominant
role in removing sodium from the cells. The sodium transport in the thick ascending limb provides
the main driving force for the urine concentration in the medullary counter-current system. Because
the apical membrane of this se gment is specialized to render it nearly impermeable to w ater, no
appreciable w ater reabsorption occurs at this point, and the absorption of solute without w ater
makes the tubular fluid increasingly dilute as it flows along this se gment.

The distal con voluted tubule follows, where about 5% of the filtered load of sodium is reab-
sorbed by yet another sodium transporter , the luminal thiazide-sensiti ve sodium chloride cotrans-
porter (NCC). Significant water reabsorption (about 13% of the filtered load) also occurs. The
luminal aquaporin 2 (AQP2) plays a major role. In the subsequent connecting tubule, the epithelial
sodium channel ENaC comes into play—ag ain, about 5% of the filtered sodium is reabsorbed.
Water uses AQP2 in the luminal membrane, and about 8% of the filtered water is recovered. In the
collecting duct, about 3% of the filtered sodium but about 11% of the filtered water are remo ved
from the tubular fluid, leading to hyperosmotic urine. Again, ENaC, Na,K-ATPase, and AQP2 are
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the major players. It should be noted that the scheme presented in Figure 12.1 is quite generalized
and that minor shifts in the presence of transporters are seen between species. 6,17,250

B. ANTIDIURETIC HORMONE

1. Chemistry and Receptors

Antidiuretic hormone is released in its active form as an octapeptide with an intramolecular disulfide
bridge. The peptide sequence varies slightly between species. In most mammals, including humans,
rats, and dogs, v asopressin contains an ar ginine in position 8 (arginine–vasopressin), whereas pig
vasopressin contains a lysine in position 8 (lysine–vasopressin). The release of ADH, which occurs
after a hypovolemic or hyperosmotic stimulus, is followed by its binding to a v ariety of receptors:
V1a, V1b, and V2. Most important of these receptors for osmoregulation are the renal V2 receptors.192

FIGURE 12.1 Scheme of a mammalian nephron with the main sites for sodium (light gray box es) and water
(dark gray box es) reabsorption and the molecules in volved in the transport. The numbers in the circles gi ve
the amount of the filtered load remaining after passage of the tubular fluid through this segment. The amount
of sodium is gi ven in light gray circles, the amount of w ater in dark gray circles.
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These receptors are present in the principal collecting duct cells, which are the site of re gulation
of water excretion by the kidney. Membrane fractionation, perfusion experiments, and immunohis-
tochemical studies have revealed an almost e xclusive basal–lateral localization of the receptors. 221

Investigations on several animal models have shown that the effects of V2 receptor agonists—anti-
diuresis and increased urine osmolality—are quite similar in all mammalian species in vestigated,
although marked differences between species e xist with re gard to the relati ve affinity to various
agonists and antagonists.

2. Intracellular Events Elicited by Antidiuretic Hormone

The V2 receptor is coupled to adenylate cyclase by a heterotrimeric G-protein, Gs. Gs is a guanosine
triphosphate (GTP)-binding protein that consists of three sub units: alpha, beta, and g amma. The
binding of v asopressin to its receptors causes the alpha sub unit to release guanosine diphosphate
(GDP) and bind GTP and to dissociate from the trimeric comple x. The alpha GTP comple x, in
turn, activates adenylate cyclase which leads to an increase in the cellular le vel of cAMP. cAMP
increases the acti vity of protein kinase A (PKA). Protein kinase A then phosphorylates the w ater
channel AQP2 at serine 256. 78,117,175,247,269 This phosphorylation is required for the translocation of
AQP2 from intracellular storage vesicles to the apical plasma membrane of the principal collecting
duct cells. Lik e that of the thick ascending limb of Henle, the collecting duct apical membrane
exhibits low water permeability in the absence of AQP2. Interestingly, AQP2 forms heterotetramers,
and at least three out of the four monomers must be phosphorylated for plasma membrane local-
ization.113,114,211 The phosphorylation af fects only the traf ficking of AQP2 to the apical membrane
and has no ef fect on the conductance of the channel for w ater.139

This increased incorporation into the plasma membrane leads to an augmented w ater flow
across the cells that is also f acilitated by the basolaterally located AQP3 and AQP4.107,119 The
binding of v asopressin to the V2 receptor also leads to a rapid increase in intracellular calcium
followed by sustained oscillations. 38,61,159,233,267 These phenomena are also important for AQP2
translocation and probably in volve calcium released from intracellular stores and a store-operated
influx of calcium into the cells. Within AQP2, not only serine 256 b ut also other re gions are
important for the proper tar geting of the protein to the apical membrane. The proximal re gion of
the C-terminus is essential for localization in the apical membrane, and the C-terminus and
N-terminus are essential for trafficking to intracellular storage vesicles and shuttling protein within
the cell. The sixth transmembrane domain is also important. 202

Other cellular elements required for these e vents are an intact c ytoskeleton and a v ariety of
proteins that bind to aquaporin as well as actin and thus determine the direction and speed of
trafficking. According to recent models, AQP 2 binds on the v esicle to Sp1, G-actin, and at least
11 other proteins. Sp1 is a specific GTPase-activating protein (GAP) that acti vates a Ras-related
small GTP ase, which, besides other ph ysiological roles, is in volved in signaling e vents for the
cytoskeleton.99,176,177 Thus, the intracellular submembraneous actin netw ork can be dissociated
locally, allowing the approach of the storage v esicles to the luminal plasma membrane. The other
proteins associated with AQP2 could form a force generator comple x, providing the machinery to
drive the storage vesicles toward the membrane. This model would fulfill the temporal and spatial
requirements for targeting the channel to the appropriate membrane.

Compartmentalization of the cAMP signaling is also achieved by protein kinase A anchoring
proteins (AKAP18 delta) and a specific phosphodiesterase (PDE4D), which are associated with
the aquaporin-studded v esicles and promote a locally defined change in water permeability at
the apical membrane and its reversal.234 The regulation of transport by the targeting of transporters
is not unique and is a v ery important phenomenon in cell biology.124 The fusion with the plasma
membrane appears to follo w those events found for the docking and fusion of synaptic v esicles
with the presynaptic membrane. Retrie val of AQP2-containing vesicles occurs via constituti ve
pathways involving clathrin-coated v esicles.25,26,104,166,222,236,239 Katsura et al. 116 have shown that
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that this AVP-regulated recycling of AQP2 can occur at least six times with the same repertoire
of AQP2 molecules.

In addition to its direct re gulation of w ater transport, AVP also increases sodium transport in
the collecting duct via the epithelial sodium channel 11,59,62,63 and urea transport. 210 It also has been
shown that in chronic e xperiments vasopressin increases the ab undance of NKCC2 and the renal
outer medullary potassium (R OMK) channel in the thick ascending limb of Henle’ s loop. This
leads to an increased sodium reabsorption that could be necessary to maintain the corticomedullary
osmotic gradient in vie w of the increased w ater reabsorption.62,63

The net results of the action of v asopressin on the transport acti vities in the kidne y are
summarized in Figure 12.2. The main effect is that w ater is retained, which lo wers the osmolality
of the ECF and, in the setting of salt retention, leads to increased ECF v olume.

C. THE CARDIAC NATRIURETIC PEPTIDES

1. Chemistry and Receptors

In 1981, de Bold and Sonnenber g showed for the first time that rat atrial extracts contain a potent
diuretic and natriuretic factor.55 This observation led to the isolation of the atrial natriuretic peptide
(ANP).115 ANP is a 28-amino-acid polypeptide with a conserv ed central core between disulfide-

FIGURE 12.2 Sites of action of v asopressin (antidiuretic hormone) on v arious segments of the mammalian
nephron. The resulting ef fect on sodium transport is gi ven in light gray box es, the ef fect on w ater transport
in dark gray box es. White boxes contain target proteins stimulated by v asopressin.
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linked cysteines.9 ANP is primarily found in cardiac atria, where it is stored in secretory granules
as a 136-amino-acid prohormone. Upon its release, induced by dilation of the atria and stretch, the
prohormone is processed during the release process 58 by a serine protease (corin) into the acti ve
peptide. The important role of corin in this e vent has been recently demonstrated in mice deficient
of the corin gene which lack circulating ANP and consequently become h ypertensive.39

The mechanism by which stretch causes the release of ANP can be summarized as follo ws:
Increases in atrial volume stimulate stretch-activated ion channels in the atrial myocytes which are
most likely linked to a G 0 regulatory protein. The formation of prostaglandin PGF 2α from arachi-
donic acid is then stimulated. The prostaglandins increase the release of ANP, and the N-terminal
peptides are removed from proANP by the action of corin. Calmodulin/calcium mechanisms also
seem to be in volved. The stretch-induced ANP release is greatly stimulated by endothelin, which
is released from endothelial cells (endocardial cells) after mechanical stretch.58 The chemical nature
of ANP is e xtremely well preserv ed in all mammalian species. It has been h ypothesized that it
evolved as a physiological antagonist to the prevailing salt-retaining homeostatic mechanisms, such
as aldosterone, de veloped when mammals migrated from the salt-rich en vironment of the seas to
the salt-poor environment of the land. 158

The tw o main classes of ANP receptors are guan ylyl c yclase (GC) receptors and clearance
receptors. GC receptors mediate all the known cardiovascular and renal effects; they also are involved
in osteogenic and lipolytic ef fects138 not covered in this chapter (see Maack 157 for further details).
The clearance receptors play an important role in the remo val of ANP from the circulation as well
as in modulating the local tissue concentration. The GC receptors are unique receptors composed
of homodimers that contain in a single molecule an e xtracellular recognition site for the hormone,
a transmembrane domain, and, in the intracellular c ytoplasmic domain, the enzyme GC separated
from the transmembrane domain by a tyrosine-kinase-lik e sequence that controls the GC acti v-
ity.157,220,255 In the absence of ANP, the GC is inhibited, and the intracellular le vel of cGMP is v ery
low. Upon binding of ANP to the receptor, conformational changes occur that result in an allosteric
desinhibition of the GC acti vity, and the intracellular cGMP concentration increases. 80,81 The con-
formational changes in volve a unique rotational mechanism. In the dimer , ANP binding causes a
twist motion of the tw o extracellular domains. This motion promotes a rotation of the tw o domains
which now face each other with their ANP-binding domains. This rotation is transduced across the
transmembrane helices and reorients the tw o intracellular domains. This reorientation of the intra-
cellular domains brings the two active sites of the GC into the optimal proximity for catalytic activity,
thereby giving rise to the generation of cGMP by the enzyme. 167 After this acti vation, the af finity
of the receptor for ANP decreases mark edly and ANP dissociates from the e xtracellular lig and-
binding site. The stimulation of the receptor is terminated, the c yclase is inhibited ag ain, and the
cGMP level in the cell returns to its normal lo w level due to the acti vity of the phosphodiesterase.

Natriuretic peptide clearance receptors (NPCRs) are much more abundant in many tissues than
the GC receptors. 29 They have a single membrane-spanning domain and a v ery short cytoplasmic
domain of 31 amino acids. This short c ytoplasmic domain is characteristic of all receptors that
transport peptides and proteins into cells. NPCR are apparently not only in volved in the remo val
of ANP from the plasma b ut also have an additional physiological role, as shown recently in mice
in which the NPCR gene had been deleted. 163 After binding to the NPCR, ANP is tak en up into
the cell by receptor -mediated endocytosis and h ydrolyzed in the lysosomes. The free NPCR then
returns to the cell surf ace47 and can scavenge another ANP from the circulation. A detailed review
of other homologs of ANP and their receptors is gi ven in Pandey.187,188

2. Cellular Events Elicited by Atrial Natriuretic Peptide

The increase of cGMP elicited by atrial natriuretic peptide (ANP) modulates cellular functions via
regulation of specific downstream targets, such as cGMP-gated channels, cGMP-dependent protein
kinases, and cGMP-regulated phosphodiesterases. As summarized in Figure 12.3, ANP in the kidney
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increases the glomerular filtration rate (GFR), mainly via an increase in glomerular capillary
hydrostatic pressure that results from dilation of the afferent arteriole and constriction of the efferent
arteriole.158 The natriuretic ef fect results from an increase in sodium load to the base of the inner
medullary collecting duct, an effect that is essential for a robust natriuretic response and disruption
of the load-reabsorption balance in this nephron segment.9,158 ANP also inhibits sodium reabsorption
in the renal tub ules, attenuating the increase in salt reabsorption caused by angiotensin in the
proximal tubule and reducing sodium-channel-mediated salt transport in the collecting duct. The
direct tubular effects occur at lo wer ANP concentrations; however, full, rob ust diuresis and natri-
uresis require a synergistic response that includes both the hemodynamic and tub ular effects. ANP
is also a po werful antagonist of the renin–angiotensin–aldosterone system, which is discussed

FIGURE 12.3 Sites of action of atrial natriuretic peptide and the intestinal natriuretic peptide uroguan ylin
on various segments of the mammalian nephron. The resulting effects on sodium transport are gi ven in light
gray boxes, the effect on water transport in dark gray box es. White boxes contain target proteins affected by
the peptides.

Juxtaglomerular 
apparatus Glomerulus 

Glomerulus 

Proximal Tubule

Uroguanylin Uroguanylin 

GC-C receptor
Increased guanylyl cyclase

GC-receptor:
Increased guanylyl
   cyclase activity

Increased phospholipase A2 
   activity
Increased release of
   arachidonic acid
Inhibition of ROMK 

G-C receptor
Dilatation of the afferent arterioles
Constriction of the efferent arterioles 

Increased glomerular filtration rate 

Inhibited cAMP 
   phosphodiesterase
Decreased activity of
   sodium/proton exchanger
Decreased activity of
   Na,K-ATPase

Sodium reabsorption
   decreased due to
   decreased luminal entry
   of sodium and reduced
   rate of sodium exit
   via Na,K-ATPase

Sodium reabsorption
   is decreased because of
   reduction of driving forces
   for sodium entry

Decreased sodium
   reabsorption because of
   increased load
   due to increased GFR

Atrial Natriuretic Peptide

Atrial Natriuretic Peptide 

Water reabsorption
   decreased due to
   decreased sodium
   transport

No change in
   water reabsorption

Vas 
afferens 

300 

600 

Collecting Duct 

900 

1200 

Osmolarity
(mOsmol/L)

Vas afferens 

    



Osmotic and Ionic Regulation in Mammals 537

below. Urodilatin, a peptide hormone very similar in sequence and structure to ANP, has also been
implicated as a potential candidate for a peptide modulating the w ater and salt handling of the
kidney.105

D. INTESTINAL NATRIURETIC PEPTIDES

1. Chemistry, Receptors, and Cellular Events Elicited by Guanylin Peptides

As reported above, strong experimental evidence indicates that guanylin peptides are involved in body
fluid homeostasis and sodium balance. They appear very early in e volution.130–132 The peptides have
15 to 19 amino acids, and guanylin (GN) and uroguanylin (UGN) have two intramolecular disulfide
bonds connecting c ysteines at position 4 and 12 and at position 7 and 15, respecti vely. Human GN
consists of 15 amino acids, and human UGN has 16 amino acids, with major dif ferences in the three
N-terminal amino acids. Various mammalian species exhibit differences of 1 to 3 amino acids for the
two peptides. The regions close to the c ysteines are thereby strongly conserv ed (for a summary, see
Sindic and Schlatter 228). Both peptides are synthesized as prepropeptides. PreproGN is 115 amino
acids long, proGN has 94 amino acids, 56,260 preproUGN has 112 amino acids, and proUGN has 86
amino acids.160,168 In plasma, GN is present in its inacti ve proGN form at a concentration of 30 to
40 pM.122,135,169 In contrast, 50 to 90% of the UGN circulates in its acti ve form at a concentration of
5 to 7 pM.122,171 The main source of proGN, proUGN, and UGN is the small intestine, 136,172 although
mRNA for the peptides has also been found in other tissues (for a summary , see Sindic and
Schlatter228). The peptides are freely filtered in the glomerulus121 and appear in the primary urine. In
the proximal tubule, proGN is degraded by brush-border membrane-bound peptidases or endocytozed.
ProUGN can be activated by the same peptidases without further breakdown. Thus, only UGN appears
in the final urine of rats and is the main GN peptide found in opossum urine.228

It is interesting that GNpeptides e xert both local ef fects on the intestine and ef fects in the
kidney. The former are e xerted from the luminal side by stimulation of a brush-border guan ylate
cyclase C (GC-C) receptor . The stimulation leads to an increase in intracellular cGMP , which in
turn inhibits cAMP phospodiesterase III and thereby also increases intracellular cAMP concentra-
tion. The cGMP-activated protein kinase G II and the cAMP-acti vated protein kinase A increase
the secretion of chloride, bicarbonate, and water via activation of the cystic fibrosis transmembrane
conductance regulator (CFTR). Furthermore, sodium absorption mediated by the sodium/proton
exchanger NHE is inhibited. This acts as a first-defense mechanism against e xcessive salt and
volume uptake (for a summary , see Sindic and Schlatter 228). As also summarized in Figure 12.3,
in the kidne y UGN present in the primary urine or generated in the kidne y by tub ule cells can
modify salt and w ater transport. At the moment, e vidence tends to support the latter paracrine
mechanism;228 for example, UGN mRNA increases with salt load in mice and rat kidne ys.74,186

The intra-nephron distrib ution of receptors for UGN seems to v ary in the kidne ys of v arious
species, but GC-C is probably e xpressed in the proximal tub ule and the collecting ducts, the tw o
most important segments in the re gulation of water and salt e xcretion. In proximal tub ule cells in
culture (OK from opossum kidne y, PtK2 cells from kang aroo, and IHKE1 from human kidne y),
GNP peptides induce an increase of cGMP.60,72,153,230 cGMP inhibits sodium transport in the proximal
tubules.149 As described above for the action of GNP on the sodium transport of the intestine, the
driving forces for sodium mo vement—the electrical potential across the membrane and the entry
and exit steps—are potentially af fected (see Figure 12.3). 34,66,230

In addition, UGN acti vates another receptor that belongs to the clearance receptor f amily:
NPR-C. Evidence for such an additional receptor pathw ay has been provided in in vitro studies as
well by the f act that in GC-C-deficient mice GN peptides still cause natriuresis, kaliuresis, and
diuresis.35,229 These receptors provide the signaling pathway for UGN in the cortical collecting duct,
where sodium reabsorption via the epithelial sodium channel ENaC tak es place. After binding to the
receptor the membrane-bound phospholipase A2 is activated, and arachidonic acid is released from
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the phospholipids of the membrane. The arachidonic acid in turn inhibits the R OMK channel for
potassium located in the same luminal membrane. 229 Inhibition of the channel depolarizes the cells
and reduces the dri ving force for sodium entry; thus, transcellular sodium transport decreases. The
cortical collecting ducts (and later parts of the collecting duct) probably also e xhibit luminal ch y-
motrypsin activity that destroys the guanylin synthesized and released by the tubular segments located
upstream.77 The actions of the natriuretic peptides on the kidne y are summarized in Figure 12.3; the
net effect is a loss of sodium (and w ater), which reduces the increased e xtracellular fluid volume.

E. THE RENIN–ANGIOTENSIN–ALDOSTERONE SYSTEM

In one sensor system both blood v olume and sodium concentration are the signals that e voke a
homeostatic response. It is located in the kidne y in the afferent arterioles of the glomerulus which
are connected to the juxta-glomerular apparatus (JG). This system senses both blood v olume (in
the form of pressure e xerted on the arterioles) and the sodium chloride concentration in the fluid
entering the distal tubule. The juxta-glomerular apparatus consists of specialized myoepithelila cells
(the macula densa), which are connected via specific baroreceptors to the afferent arterioles of the
glomeruli. In addition, the y are e xposed to the distal tub ular fluid and sense the sodium chloride
concentration via the Na–K–2Cl transport system, as furosemide, a specific blocker of the trans-
porter, inhibits glomerulotubular feedback.24 Glomerulotubular feedback—by which sodium chlo-
ride load in the distal tubule is controlled by changes in GFR in volving constriction of the afferent
arterioles to the glomerulus—constitutes a local phenomenon probably mediated by adenosine;
however, when blood pressure drops (or blood v olume is decreased), renin is released from the JG
into the blood, and the renin–angiotensin–aldosterone system (RAAS) is acti vated.

1. Renin

a. Chemistry and Action
Renin, a 340-amino-acid aspartylprotease, is produced in the macula densa cells initially as the
precursor prorenin. The prorenin accumulates in a pseudocrystal form in the protogranules that b ud
from the trans-Golgi network. These protogranules are modified by the addition of membrane material
to immature granules that can be secreted by the constituti ve pathway and account for the f act that
80% of the peptides present in the plasma are prorenin. During intracellular maturation, 23 amino
acids (presegment) and then 43 amino acids (prosegment) are removed, and the mature granules that
contain only renin are subjected to re gulated e xocytosis (for a re view, see Reudelhuber 198). This
secretory pathway is not the normal pathw ay observed in other peptide-secreting cells; the reason
for this difference is unclear but might be related to the specific adaptation of the myoepithelial cells
to their function as peptide-secreting cells. Regulation of renin release involves intracellular calcium
as well as the adenylate cyclase. In addition to the changes in secretion induced by lo w pressure and
low sodium chloride, renin release is also influenced by neural mechanisms. Increased sympathetic
nerve acti vity increases the release of renin, which mediates the response via acti vation of the
adenylate cyclase system. Se veral hormones also modify renin release. Circulating catecholamines
increase renin release. As part of a feedback mechanism to maintain appropriate acti vity of the
renin–angiotensin system, ele vation of angiotensin II decreases renin secretion. ANP also inhibits
renin release, both by reducing sympathetic nerv e activity (and circulating catecholamines) and by
direct effects on the macula densa.

2. Angiotensin II

a. Chemistry and Receptors
In the blood, renin acts on angiotensinogen, which is produced predominantly in the li ver. Angio-
tensinogen is a 452-amino-acid glycoprotein of v arying molecular weight (between 61.2 and 65.7
kDa). Its sequence has homology to the serpin f amily, which is thought to be deri ved from an
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ancestral gene coding for a serine protease inhibitor . Other members of this f amily include α1-
antitrypsin and antithrombin III. Thus, during evolution, a former inhibitor has been modified into
a precursor for an acti ve hormone.156,241 Renin cleaves 10 amino acids of angiotensinogen of f of
the N-terminal to release angiotensin I; angiotensin I is further processed by the remo val of eight
amino acids by the angiotensin-converting enzyme (ACE) to angiotensin II (ANGII). ACE is located
mainly in the lung b ut has recently also been found in the kidne y together with other angiotensin-
converting enzymes.28 Because other tubular sites of angiotensin production ha ve been identified,
the possibility of an intracrine renal angiotensin II signaling mechanism e xists.270

It is agreed that most of the functional responses to ANGII are mediated by the AT1 receptor.
The AT1 receptor is a member of the large super family of G-protein-associated receptors that have
seven discrete transmembrane alpha-helices. Similar structures are found in rhodopsin and, for
example, in the vasopressin receptor. The extracellular hormone binding domain is critically deter-
mined in its structure by disulfide bridges connecting extracellular loops of the protein. 18,44,262 The
binding of angiotensin II thereby appears to occur at the junction of the e xtracellular space and the
plasma membrane. Intracellularly, the receptors couple to heterotrimeric G-proteins that are re gu-
lated by GTP .32 Stimulation of the AT1 receptor acti vates phospholipase C, the opening of a
dihydropyridine-sensitive voltage-gated calcium channel, and inhibition of the adenylate cyclase.37,179

Other so-called AT2 receptors also sho w species-dependent subtypes and dif fer in their binding
specificity and tissue distribution.18,23,41,92 The AT2 receptors ha ve been discussed as functional
agonists of AT1 receptors. Their role in the re gulation of functional properties of the proximal
tubule remains to be determined as well as the role of the intracellular angiotensin found in proximal
tubule cells.96,146,270

b. Cellular Events Elicited by Angiotensin II
Angiotensin II has multiple actions on a v ariety of tissues. 41 It stimulates salt and w ater uptake in
the proximal tubule and the gut, stimulates aldosterone secretion from the zona glomerulosa in the
adrenal gland, increases the resistance in the af ferent and efferent arterioles of the glomeruli, and
increases thirst (i.e., is dipsogenic). More specifically, as summarized in Figure 12.4, in the proximal
tubule angiotensin II increases Na,K-A TPase acti vity as well as bicarbonate transport. 83 It also
increases sodium– D-glucose cotransport and thereby fluid reabsorption.82 Other sodium–solute
cotransport systems af fected by angiotensin include the luminal sodium/proton e xchanger NEH3
and the contra-luminal electrogenic sodium/bicarbonate transporter NBC1, the main transporters
involved in bicarbonate reabsorption in the proximal tub ule (see Boron 22 for a re view). Evidence
suggests that in long-term e xperiments angiotensin promotes the e xpression of both the Na/H
exchanger as well as the sodium–bicarbonate cotransporter .137,146,245,264 Also, the medullary TALH
is a target of angiotensin-augmenting expression of NaKCC 2 as well as of luminal NHE3 and the
basolateral electroneutral sodium–bicarbonate cotransporter BSC1. 137 The effect on the latter tw o
systems might be secondary to the change in bicarbonate reabsorption in the proximal tub ule as
the response was blocked by acid loading of the animals. The effects of angiotensin on the kidne y
are summarized in Figure 12.4. The net ef fect of the action of angiotensin on the kidne y is the
increased absorption of sodium and w ater to reestablish the v ascular volume to normal le vels.

3. Aldosterone

a. Chemistry, Receptors, and Prereceptor Specificity
Aldosterone belongs chemically to the group of C21 steroids from which both the glucocorticoids
and the mineralocorticoids are deri ved. The mineralocorticoid aldosterone is chemically distinct
from the glucocorticoids in that it carries an aldeh yde function at C18, which is introduced into
the molecule by the aldosterone synthase cytochrome P450 (CYP11B2 or P450c18).112 This enzyme
is regulated in its e xpression in the cells of the zona glomerulosa of the adrenal gland by sodium
restriction in the diet.112 When sodium is restricted, mRNA for this enzyme and the enzyme activity
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itself increase drastically; at the same time, aldosterone le vels in the plasma rise. This response is
very specific and not observed for a key enzyme in glucocorticoid synthesis (CYP11B1 or P45011β)
and is mediated by an increase in plasma angiotensin II, as the response is completely inhibited
by antagonists of angiotensin II receptor AT1.112 Interestingly, the expression of the AT1 receptor
also increases under these conditions, pro viding a potentiation of the angiotensin II regulation of
the enzyme. The stimulation of the aldosterone synthase gene by angiotensin II in volves a variety
of transcription regulatory genes, which are currently being identified.205

FIGURE 12.4 Sites of action of members of the renin–angiotensin–aldosterone system on v arious segments
of the mammalian nephron. The resulting effects on sodium transport are given in light gray boxes, the effect
on water transport in dark gray box es. White boxes contain target proteins affected by the hormones.
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At the le vel of the tar get cells, aldosterone e xerts genomic and nongenomic actions. 256 The
former require at least 45 minutes to occur in e xperimental setups and are blunted in the presence
of inhibitors of mRNA and protein synthesis; the latter occur much more quickly and initially are
not dependent on transcription and translation. The genomic actions in volve a mineralocorticoid
receptor that w as cloned in 1987. 8 The human receptor belongs to the steroid/retinoid/orphan
receptor family of nuclear transactivating factors. It is the largest member (984 amino acids) in the
family; in particular, the N-terminus is very variable. In contrast, the central DNA binding domain
is the area of maximally conserved identity over a stretch of 66 to 68 amino acids. It contains nine
invariant cysteines, eight of which complex two zinc ions to form the zinc fingers that interact with
high specificity with the DNA. The hormone binding site is located in the C-terminus and sho ws
only about 50% identity with the glucocorticoid receptors in the mineralocorticoid f amily,256

whereas the DNA binding domain has a 90% identity .106

Functional e xpression studies of the receptor re vealed a surprising result. As e xpected, the
receptor had a high af finity to aldosterone (Kd = 1.7 nM), but it did not discriminate well between
mineralocorticoids and glucocorticoids. Thus, in view of the simultaneous presence of the gluco-
corticoid cortisol and the mineralocorticoid aldosterone in the plasma, other means of cortisol
exclusion from the receptor in mineralocorticoid tar get tissues had to be found. This crucial
prereceptor-specificity-conferring role is provided by an enzyme that inactivates the glucocorticoids
but not aldosterone in the aldosterone-sensiti ve tissues.

This enzyme is the 11-β-hydroxysteroid dehydrogenase (11βHSD2),2,4 which has a very high
affinity for cortisol and cortisone, the main glucocorticoids in humans. The enzyme is present in
high concentrations in the epithelial (kidne y, colon, sali vary glands, sweat glands) cells, which
are the tar get of aldosterone. In e volution, it is at the stage of the first appearance of terrestrial
mammals that aldosterone acquires this specific mineralocorticoid function due to the simultaneous
expression of the mineralocorticoid receptor and 11 βHSD2 in salt-transporting epithelial cells.
This de velopment therefore helped in the conquest of land 50 by mammals requiring specific
measures for salt preservation. In addition to the need for 11βHSD2 in salt-transporting epithelia,
recent results indicate that the receptor itself has some domains that interact specifically with
aldosterone, so the profile of responses elicited by aldosterone and glucocorticoids in the cells
differs somewhat.75,204

b. Early Actions on Target Cells and Transporter Trafficking
The first report on a rapid action of aldosterone on the urinary electrolyte secretion in dogs was
published in 1958 by Ganong and Mulro w79 and was confirmed in rats in 2005 by Rad et al.197 In
renal cells in culture, aldosterone w as shown to rapidly increase intracellular calcium and pH, the
reason for the change in intracellular pH being the acti vation of a proton conductance and thereby
an increased rate of sodium/proton e xchange. The response appears to be mediated by protein
kinase C-alpha (PKCα). In some studies, an increase in cAMP 30 was also reported. Similar results
have been obtained in colon tissue and cells. 76 It remains to be established ho w these f ast effects
are integrated into the re gulatory role of aldosterone for sodium, intra vascular volume, and potas-
sium homoeostasis and whether or not the y are also mediated by the mineralocorticoid receptor .

One of the longer lasting ef fects of aldosterone on tight epithelia in the kidne y is to increase
the sodium entry into the cells at the luminal cell side mediated by the epithelial sodium channel
ENaC and to accelerate the remo val of sodium from the cell at the contraluminal side by the
primary active Na,K-ATPase (see above). One of the earliest mediators of these changes appears
to be a member of the serine/threonine kinase f amily, the SGK1 (for serum/glucocorticoid-
regulated kinase). 43,151,170 In vivo  and in vitro it has been demonstrated that within 30 minutes
aldosterone increases the amount of SGK1 mRN A in cortical collecting duct cells 173 and in A6
toad kidney cells. In the same cells and in rat kidne y also, an increase in the le vel of enzyme
protein was observed. The increased transcription and e xpression of SGK1 involved the mineral-
ocorticoid receptor, as it w as inhibited by a specific antagonist (ZK91857).43
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The increased presence of sodium channels in the luminal membrane of the sodium-transporting
cells is at least partly brought about by a reduced rate of endocytosis in the normal exo-/endocytosis
trafficking process of the channel. Apical targeting of the channel is controlled by the ubiquitin
ligase Nedd4-2; this enzyme is inhibited by phosphorylation through SGK1, so retrie val of the
channel from the membrane is slowed down.189 It appears that the N-terminal of SGK1 is necessary
for the stimulatory effect on the ENaC-dependent sodium current.174 SGK1 also seems to be involved
in the tar geting of Na,K-ATPase to the membrane when the intracellular pool of the enzyme has
been increased by aldosterone. 268 In addition, low sodium intake (increased levels of aldosterone)
drastically reduces ubiquitin lig ase Nedd4 immunostaining in aldosterone-sensiti ve distal nephron
segments.16,152 Recently, deubiquitinilase, an enzyme that remo ves ubiquitin already attached to
ENaC, w as found to be e xpressed in mouse distal nephrons. This enzyme is also induced by
aldosterone and removes from ENaC signals that target it for rapid removal from the apical plasma
membrane.65 The increased expression of SGK1 in the cortical collecting tubules is a primary event
in the early antinatriuretic and kaliuretic responses to ph ysiologic concentrations of aldosterone.
Induction of alpha-ENaC mRN As may play a permissi ve role in the enhancement of the early
responses; these ef fects may be necessary for a full response b ut do not by themselv es promote
early changes in urinary Na + and K+ excretion.

Another important member of the chain of e vents leading to the ef fect of aldosterone on its
target tissues is another kinase, WNK4 (without N [lysine] kinase). This kinase is expressed in the
distal nephron and other salt-transporting epithelia 65 and has been shown to be a re gulator of each
of the major Na, Cl, and K flux pathways.110,261,265 The enzyme inhibits epithelial sodium channel
expression when coe xpressed with ENaC RN As in Xenopus oocytes.201 Interestingly, no kinase
activity is required; the enzyme seems to interact directly with the carboxy termini of the beta and
gamma sub units of ENaC, which contain the signals for tar geting the proteins to the apical
membrane. Similarly, WNK4 interacts with the carboxyl terminus of thiazide-sensiti ve NCC. It is
not clear whether or not the kinase acti vity of WNK4 is necessary for inhibition of NCC e xpres-
sion.261,265,266 In this instance, the reduced expression of the transporter at the cell surface is probably
caused by a stimulation of lysosomal degradation, which leads to an increased rate of removal from
the membrane.

In addition to sodium channels, the potassium channel located in the distal tub ule (ROMK) is
regulated in its membrane surf ace e xpression by WKN4.103 Here, WNK4 stimulates clathrin-
dependent endocytosis of ROMK1. The stimulation of endocytosis of ROMK1 by WNK4 requires
specific proline-rich motifs of the WNK and does require its kinase activity. WNK4 interacts directly
with ROMK1 as well as with intersectin, a multimodular endoc ytic scaffold protein; both interac-
tions are crucial for the stimulation of clathrin-dependent endoc ytosis of ROMK.103 Thus, for each
sodium transport protein a dif ferent mechanism exists for controlling the e xpression of the acti ve
transport proteins on the membrane surf ace.200

Aldosterone levels are increased in response to two physiological stimuli: intravascular volume
depletion, as discussed thus far, and high plasma K levels. The restoration of intravascular volume
requires increased renal NaCl reabsorption but should not lead to a change in potassium secretion.
High potassium le vels in the plasma should be compensated for by an increased renal e xcretion
of potassium but ideally not by a change in sodium chloride reabsorption. In the collecting duct,
increased reabsorption of sodium (as occurs following aldosterone stimulation) via apical channels
leads to an increasingly ne gative potential (lumen compared with basolateral membrane), which
favors potassium secretion via apical membrane R OMK channels. Thus, the question arises as to
how the kidne y distinguishes between h ypovolemia and h yperkalemia to achie ve the proper
physiological response. The discriminatory element orchestrating the dif ferential responses
appears to be WNK4.110 It is postulated that WNK4 has at least three different states. At the basal
state (WNK4.1), in the distal tub ule, the kinase inhibits the plasma membrane surf ace expression
of both ENaC, the main element in sodium reabsorption, and R OMK, the potassium channel
essential for potassium secretion. Lo w intravascular volume—associated with increased plasma
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aldosterone and angiotensin II le vels—leads to the appearance of WNK4.2, which alleviates the
inhibition of ENaC plasma membrane surf ace expression but augments the inhibition of R OMK
plasma membrane surf ace e xpression, thus promoting a net increase in sodium reabsorption
without a concomitant potassium loss. Hyperkalemia results in increased aldosterone signaling
via SGK1 (see abo ve). SGK1 phosphorylates WNK4 at a specific site (WNK4.3 state), and the
inhibitory effect of WNK4 on both ENaC and R OMK plasma membrane surf ace expression is
lost. Potassium secretion is stimulated by a higher density of the potassium channels in the luminal
membrane of the distal tub ular cells as well as by the increased intraluminal ne gative transmem-
brane electrical potential dif ference, which adds to the dri ving forces for potassium secretion. 238

That such combinations can indeed e xist is e vident from in vestigations on pseudoh ypoaldoster-
onism type II, where mutations in WNK4 have been found that feature increased NaCl reabsorption
and decreased potassium secretion.201 Because more recent studies indicate that other isoforms of
the WNK kinase family interact with specific transporters and with WNK4 itself, it appears that
the scheme presented above represents a simplification that will grow more complex with further
study.89,142,200,238

c. Induction of Transport Systems by Aldosterone
To mediate a graded response to hypovolemia, both in time and in magnitude, aldosterone not only
drives the trafficking of transporters from intracellular pools to the cell surface but also increases
the size of the intracellular pool of transporters by stimulating de novo synthesis of transporters or
components of them. Initial observ ations on the mechanism of action of aldosterone on sodium
transport were made in the toad bladder and in the A6 cell line derived from toad kidney, and, for
the first time, the dependence of the action of the hormone on mRNA and protein synthesis w as
observed (see review by Edelman 198164). Investigators initially concentrated only on Na,K-ATPase,
the sodium transport system in which acti vity could be measured biochemically and antibodies
were available. Thus, Geering et al. 85,88 showed that the rate of biosynthesis of the alpha and beta
subunits of the enzyme increased about 2.5-fold in toad bladders after 18 hours of e xposure to
aldosterone. They also observed that this effect was not dependent on increased sodium entry into
the cells. The induction of enzyme acti vity (increase in total cellular pool) seems, ho wever, to be
rather low, so changes in surf ace expression (see above) are probably the main f actors increasing
the exit step in transepithelial sodium transport.

The main rate-limiting step for transepithelial sodium transport is sodium entry into the cells
mediated by ENaC. The channel consists of three sub units, alpha, beta, and g amma. The alpha
subunit is thought to play an essential chaperone role in the traf ficking of the channel to the cell
surface20 in addition to forming part of the sodium channel pore. The three sub units are af fected
differently by moderately lo w and high sodium intak e or by dif ferences in the aldosterone le vel in
the plasma. In the kidne ys of mice k ept on a high-sodium diet, the alpha sub unit was undetectable
in the late portion of the distal tubule and the medullary collecting duct, whereas the beta and gamma
subunits were clearly detectable, but only in the cytoplasm. For the low-sodium diet, two phenomena
occurred: (1) induction of the alpha unit, which appeared in the apical membrane and subapical
vesicles, and (2) redistribution of the beta and g amma subunits to the same location, suggesting the
assembly of active sodium channels and their insertion into the apical cell membrane. 150

It is interesting to note that this mechanism differs from the effect of vasopressin on the sodium
channel (i.e., vasopressin-induced upregulation of channel abundance involves induction of the beta
and gamma subunits of the channel). 59,63 In another aldosterone-sensiti ve segment of the nephron
(the late distal con voluted tubule), the thiazide-sensiti ve sodium chloride cotransporter (NCC) is
the main route for sodium entry into the cells. This transporter is also an aldosterone-induced
protein. In rats on a lo w-sodium diet, a lar ge increase in transporter protein w as found in plasma
membranes isolated from the kidne y cortex, where this se gment is located, b ut not in membranes
isolated from the renal medulla. Within the cells, the increased expression was predominantly found
in the apical membranes. 118



544 Osmotic and Ionic Regulation: Cells and Animals

This finding points to the important role of the late distal convoluted tubule and the connecting
tubule to achieve sodium and potassium balance. This is also evident from studies where the alpha-
ENaC gene w as specifically deleted in the collecting duct of transgenic mice. These animals
survived well and were able to maintain sodium and potassium balance e ven under conditions of
salt restriction.207

As mentioned abo ve, aldosterone le vels also increase during h yperkalemia and the kidne y
responds with an increased excretion of potassium. The main mediator of this secretion is R OMK.
Adrenalectomy downregulates ROMK in the renal cortex of rat kidneys, parallel with the decrease
in the alpha and beta sub units of Na,K-ATPase.253 In the same v ein, aldosterone increases ROMK
mRNA in rat kidney. Interestingly only some of the known isoforms are affected—namely, ROMK2,
3, and 6. 12

Despite the wealth of kno wledge re garding possible tar gets for aldosterone and its possible
genomic and nongenomic signaling pathways (which are partially summarized in Figure 12.4), the
exact sequence of e vents with re gard to temporal and spatial resolution and to permissi ve vs.
determining roles are still not completely resolv ed (see, for e xample, Muller et al. 170). Even the
involvement of glucocorticoid receptors in the mineralocorticoid response of some nephron se g-
ments has been postulated recently. This might be an expression for redundancy in control systems
often used in biology . It seems clear , however, that under e xtreme conditions such as lo w-sodium
diets the mineralocorticoid receptors in the principal cells of the collecting duct and in the cells of
the late connecting tub ule are necessary to elicit the desired renal response of sodium retention.
Mice without mineralocorticoid receptors in these cells show increased sodium and water excretion
under sodium restriction compared to control mice. 206

Also, the parts of the tub ule where the early and late ef fects of aldosterone are observ ed may
differ within the aldosterone-sensiti ve distal nephron se gments.207 These include the end of the
distal convoluted tubule (late DCT), the connecting tub ule (CNT), and the collecting duct (CD),
with its subdivision of outer medullary collecting duct (OMCD) and the inner medullary collecting
duct (IMCD) (see belo w).151 Last, b ut not least, it has also been noted that mineralocorticoids
regulate the acti vity of mitochondrial enzymes such as citrate synthase, the entry step into the
tricarboxylic acid cycle,120,125 thereby providing more cellular energy for the active reabsorption of
sodium by these cells.

V. BEHAVIORAL AND METABOLIC RESPONSES TO CHALLENGES 
OF WATER AND ELECTROLYTE HOMEOSTASIS

A. THIRST AND SALT APPETITE

Thirst and salt appetite are beha vioral responses to losses of w ater and salt and, in concert with
the reflex neural and endocrine responses discussed above, are critical for reestablishing body-fluid
homeostasis. Like their counterparts, they are under the control of influences arising from changes
in intra vascular v olume or osmolality in the e xtracellular fluid, either directly or indirectly via
endocrine factors such as angiotensin and aldosterone that are induced in the early attempts of the
body to regain homeostasis. Their integration is depicted in Figure 12.5.

Osmoreceptors and sodium receptors controlling thirst and salt appetite are present in both the
brain and in the periphery . In the goat, direct injection of h ypertonic saline into the carotid artery
elicits drinking.7 These central osmoreceptors are located in the circumv entricular organs that lack
the blood–brain barrier and thus can sense changes in blood osmolality . Peripheral receptors are
located in the splanchnic re gions and include sensors in the stomach, the small intestine, and the
portal veins.129,237,243,244

Defining the effect of hormonal ef fectors on thirst and salt appetite centers is complicated by
the fact that it is difficult to distinguish between direct effects on brain behavioral centers and effects
that result from the peripheral action of the hormones during disturbances such as sodium retention



Osmotic and Ionic Regulation in Mammals 545

and changes in blood v olume or blood pressure. Thus, renin67,68 and angiotensin II are dipsogenic
(i.e., they induce drinking of w ater) as is central choliner gic activation. Drinking is inhibited by
central release of serotonin, by distension of the stomach and the small intestine, 237 and by ANP.

Angiotensin II is also natriore xigenic (i.e., it increases salt appetite). The relative importance
of peripheral angiotensin (generated in the bloodstream) vs. central angiotensin (generated in the
brain) in this response apparently dif fers from species to species. Thus, in rats, central angiotensin
seems to be more important, whereas in sheep peripheral angiotensin seems to be the more effective
stimulus. Aldosterone also enhances sodium intak e. An antinatriorexigenic response is elicited by
serotonin in the nucleus amygdalis. 156 Furthermore, the natriorexigenic response to angiotensin II
is in some instances attenuated by oxytocin. 19

What becomes clear from reviewing the literature is that there exist close connections between
the peripheral control systems and autocrine re gulation within the brain. In this conte xt, it is of
note that the brain contains aldosterone as well as angiotensin-sensiti ve neurons and that it itself
is capable of producing angiotensinogen and processing it to angiotensin II. The main communi-
cation point between the brain interior and hormones in the plasma is the subfornical or gan, which
is part of the circumv entricular organs, which are devoid of the blood–brain barrier that otherwise
would impede the passage of the peptide angiotensin II to its neuronal receptor . At these neuronal
receptors, angiotensin II is apparently capable of eliciting tw o different responses, depending on
the signaling pathw ay activated. The inositol triphosphate (IP3) pathw ay mediates the dipsogenic
response, whereas the mitogen-acti vated protein (MAP) kinase pathw ay is responsible for the

FIGURE 12.5 Diagram depicting the nature of neural and hormonal inputs into the brain and the central
neural pathways that mediate sensory integration of signals for the generation of drinking (thirst) and sodium
ingestions (salt appetite). Both inhibitory and e xcitatory inputs from the periphery deri ve from arterial and
cardiopulmonary baroreceptors and probably other visceral receptors. Information carried in af ferent nerves
projects mainly to the nucleus of the tractus solitarius (NTS) and the area postrema (AP). Angiotensin (ANG)
acts in the form of angiotensin II on angiotensin type 1 receptors in the subfornical or gan (SFO). Information
is then processed within v arious area of the brain and inte grated in higher inte grative areas. As messengers
angiotensin, norepinephrine (NE), and serotonin (5-HT) are involved. From these areas the behavioral changes
are activated. Abbreviations for brain areas in volved: AV3V, anteroventral third v entricle; AMYG, nucleus
amygdalis; BNST, bed nucleus of the stria terminals; LPBN, lateral parabrachial nucleus. (F or a detailed
discussion, see Johnson and Thunhorst.109)
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enhanced salt appetite. 52 The points where inhibitory and e xcitatory signals from the peripheral
baroreceptors and other visceral receptors enter the brain netw ork are the area postrema and the
nucleus tractus solitarius. Recently , the nucleus solitarius has also been sho wn to contain neurons
that express both mineralocorticoid receptors and HSD2, which makes them selectively responsive
to aldosterone.86 They are located in an area where, ag ain, the blood–brain barrier is lacking, thus
exposing the neurons to the bloodborne hormone. Interestingly , they receive signals not only via
the aldosterone level but also other signals that remain, for e xample, after rats ha ve been adrena-
lectomized.87 Mineralocorticoids are also involved in regulating the activation of oxytocinergic and
vasopressinergic neurons.203 This indicates that ADH also fine-tunes the behavioral responses.

Noradrenergic inputs and the re gulatory effects of 5-h ydrotryptamin (serotonin) action on the
nucleus amygdalis155 are processed in higher integrative areas.109 The current view of these complex
interactions is summarized in Figure 12.5. Further studies are necessary to re veal at a cellular and
molecular le vel the important reactions of the body that re gulate the intak e side of w ater and
electrolyte metabolism.

B. METABOLIC WATER

1. Marine Mammals

In some habitats behavioral responses cannot be satisfied, such as when no freshwater is available.
Under these circumstances, water absent from the diet is generated from the oxidation of nutrients
and is critical to osmoregulation. As already stated above, about 1 mL of water is formed per gram
of fat oxidized and about 0.6 mL per gram of carboh ydrate. Metabolic water is of outmost impor -
tance under two apparently very different habitats: the sea and the desert. As a side note, metabolic
water is also v ery important during hibernation. 54

Mammals living in the sea, such as pinnipeds (seals and sea lions) and cetaceans (whale, dolphins,
and porpoises), have only very limited access to free w ater and therefore depend hea vily on w ater
generated metabolically . In addition, although their kidne ys sho w v ery specific features such as
reniculations (i.e., each kidney is made up of hundreds of indi vidual lobes), which allow for a large
volume of urine to be processed, and an increased thickness of the medulla, their concentrating
ability is only twice as high as that found in humans—between 1200 and 2400 mOsm/kg compared
to 1400 in humans. 182 Thus, the kidne y can produce urine that has a higher osmolality and salt
content than seawater and thereby regain free water, but a much higher potenc y would be expected
from the structure of the kidne y and the e xtreme environmental salinity (see discussion belo w).249

The ability of these animals to maintain their osmolality without relying solely on the kidne y as the
main osmoregulatory organ results from the f act that these mammals do not drink sea water and
instead rely on dietary w ater and on water generated from their e xtensive fat reserves; for example,
600 mL of water are generated from endogenous fat stores by a seal with a body weight of 120 kg.145

The need for metabolic w ater to maintain a positi ve water balance becomes e ven more important
during periods of f asting, which are a natural component of the life history of pinnipeds. 

The duration of (terrestrial) f asting varies among species (for a re view, see Riedman 159); harp
seal pups naturally f ast for about 6 weeks, b ut elephant and gray seal pups are able to maintain
their water balance during their 1.5 to 3 months of terrestrial f asting.182 During this period of time,
the fasting seal pups rely primarily on the water derived metabolically from the catabolism of their
fat stores.36,181 The use of f at as the primary source for caloric requirements also reduces the need
for the kidne y to e xcrete urea and aids in w ater preserv ation, as does the reduced glomerular
filtration rate.1,183 Whether the renal responses concerning w ater resorption are mediated in seals
by AVP (and to some e xtent by aldosterone) as in terrestrial animals is still a matter of debate. 186

During fasting, the a vailability of sodium is limited, so h yponatremia must be pre vented. This is
achieved by acti vation of the complete renin/angiotensin/aldosterone axis that has been sho wn to
be operative in California sea lions162 and northern elephant seal pups.185 The hormonal mechanisms
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by which the northern elephant seals maintain w ater and electrolyte balance appear to be similar
regardless of age, as angiotensin II and aldosterone are also increased with fasting in breeding adult
male northern elephant seals.184 How the body-water homeostasis and the increase in the oxidation
of fat are coordinated remains to be established.

2. Small Desert Mammals

Metabolic water is also one of the main sources of free w ater in some small desert animals such
as the kang aroo rat, which feeds on dry grains and ne ver has access to freshw ater. In a study of
water balance published in 1952,217 it is clear that metabolic water, despite its relative small amount
(about 1.3 mL per day for an animal of 35 g, or about 0.6% of total body w ater), suf fices to
compensate for water loss in the urine, by e vaporation, and in the feces e ven at very low ambient
atmospheric humidities.217 The kangaroo rat minimizes w ater loss by producing an e xceptionally
concentrated urine (about 5000 mOsm/kg in electrolytes and urea), which is partly due to the
specific morphological feature of a thin and very long papilla, a broad outer stripe of the outer
medulla, and particular morphological changes in the tub ular epithelium (see belo w). In addition,
the concentration of ADH in the plasma appears to be v ery high. 217 These calculations mak e it
obvious that in addition to generating metabolic w ater, w ater losses by the kidne ys ha ve to be
minimized, as do fluid losses from surfaces of the body in contact with the e xternal environment,
such as the skin, mucous membranes of the respiratory tract, and the g astrointestinal tract. These
factors are considered in the follo wing sections.

VI. SPECIFIC ORGAN ADAPTATIONS 
TO OSMOREGULATORY DEMANDS

A. THE KIDNEY

As a group, mammals stand out from other v ertebrates in that the kidne y is the most important
osmoregulatory organ.214 Homer Smith, one of the pioneers in renal ph ysiology, is quoted as saying
that in mammals the composition of the blood and the body fluids is determined “not only by what
the mouth tak es b ut by what the kidne y retains.”195 Members of other v ertebrate classes possess
potent e xtrarenal w ater and solute re gulatory mechanism such as the gills in fish, the skin in
amphibians, and salt glands in a variety of species. Also unique is the degree of phenotypic plasticity
of the kidney with regard to both structure and function. The mammalian kidney can cope with the
demands of animals that ne ver ingest free w ater as well as those that li ve in freshw ater, where the
influx of free water into the animals is constant and high. In the same vein, the kidney can compensate
for an excess of salt in animals with a salt-rich diet and conserv e salt when it is required.

1. Basic Morphological Functional Architecture

This high flexibility is achieved by a variety of mechanisms. As a basis for discussion, we will first
consider the basic morphological features of a mammalian kidne y190 typical of one from animals
living in a mesic climate with moderate temperatures and a well-balanced supply of moisture (see
Figure 12.6).10 The nephron begins with the glomerulus, where ultrafiltration of the blood plasma
and formation of the primary urine take place. The glomeruli are located in the cortex of the kidney;
they can be located close to the surf ace or at the junction between the corte x and the medulla. The
latter juxtamedullary glomeruli are usually larger and have a higher glomerular filtration rate. The
primary urine then passes the pars con voluta of the proximal tubule. The length of this part and
the transport properties dif fer between those that originate from a surf ace glomerulus and those
that are connected to a juxtamedullary glomerulus. The latter are shorter and have a lower transport
capacity for sodium and chloride than the former .14,108,246 The pars recta of the proximal tub ule is
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next; it enters the medulla and is part of the outer stripe of the renal medulla. The next segment is
the thin descending limb  of Henle’s loop, which normally turns around at the border between the
inner stripe of the outer medulla and the inner medulla or continues as a loop into the inner medulla.
When it does so, a long loop is formed. A true thin limb appears first in the avian kidney in the
folded nephrons of the mammalian type. 53 The occurrence of long loops is apparently a ne w step
in the design of a concentrating kidney and is present only in the mammalian kidney. At the border
between the inner medulla and the inner stripe of the outer medulla, the epithelium of the ascending
loop changes and the se gments turn into the medullary thick ascending limb of Henle’ s loop  and
the cortical thick ascending limb . The distal convoluted tubule located in the renal corte x follows
and, via the connecting tubule, drains into the collecting ducts.

The cortex and in particular the concentric outer and inner stripe of the outer medulla and the
inner medulla have specific vascular patterns. Of particular importance are where the nutrient blood
flow surrounding the tubular segments originates and the extent to which tubular fluid and intravas-
cular fluid can exchange solutes. The nutrient blood flow of the superficial proximal convoluted
tubules is deri ved from the ef ferent arterioles of the superficial glomeruli; the blood flow to the
outer stripe of the outer medulla is essentially v enous, consisting of v asa recta ascending from
deeper re gions of the medulla. The nutrient supply of the inner stripe comes mainly from the
descending branches of the ef ferent arterioles of the juxtamedullary glomeruli. The blood supply
for the inner medulla also comes from descending juxtaglomerular ef ferent arterioles. The vessels
cross the outer medulla within vascular bundles without significant contact to the tubular structures.10

This arrangement of tubular structures and blood vessels and their different transport activities
and permeabilities provide the spatial and functional requirements for the generation and mainte-
nance of the corticopapillary osmotic gradient in the counter -current system (see te xtbooks of
physiology for details) on which the concentration of the final urine depends. This discussion does
not address the role of the pelvic fornices (particularly in the renal handling of urea 126,212).

FIGURE 12.6 Different types of nephrons in the mammalian kidne y with re gard to loop length. C, corte x;
OS, outer stripe of the outer medulla; IS, inner stripe of the outer medulla; IM, inner medulla. F or further
details, see text. (Adapted from Bankir , L. and de Rouf fignac, C., Am. J. Physiol., 249, R643–R666, 1985.)
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2. Adaptations in the Renal Cortex

From the scheme gi ven in Figure 12.6, v ariations can be deri ved that can occur during e volution
in the adaptation to the en vironment, species-determined habits, and the a vailable diet. Starting in
the cortex, the number of nephrons is the first variable. Several authors have observed a relatively
low filtration rate or filtration surface area per gram kidney or gram body weight in desert-adapted
animals.208,259 Thus, mice li ving in a rather arid en vironment have significantly fewer glomeruli
than mice of a similar size li ving in a damp en vironment—the filtration area is almost twice as
high in the latter.57 The same holds for other rodents (see Figure 3 in Bankir and de Rouf fignac10).
This adaptation in GFR is reminiscent of the action of v asopressin in fish, where the number of
functionally active glomeruli is varied by constricting the afferent arterioles to reduce water loss.102

Also, the ratio between superficial and juxtamedullary nephrons varies, and a correlation seems to
exist between this ratio and the concentrating ability in mammals. 10 A ratio of 0.8 to 1.5 is found
in humans, monkeys, rabbits, and guinea pigs, which generally ha ve a urine osmolality of around
1000 mOsm/kg, which contrasts with a ratio of 2.5 to 5 in jerboa and the pock et mouse, which
have a urine osmolality of about 4000 mOsm/kg.

The normal architecture of the mammalian kidne y contains a mixture of short loops and long
loops of the thin descending limb (see Figure 12.6). Initially , when the importance of the counter -
current system for urinary concentration w as realized, it w as thought that the percentage of long
loops can be correlated directly to the concentrating ability of the kidne y,232 but this turned out to
be an oversimplification because short loops also contribute to the counter-current system.40,235,246,254

The ratio of short loops to long loops is about 70:30 in rats, 133,232 75:25 in the mouse, 135 85:15 in
humans,190 and 97:3 in the pig. 232 In the rabbit, the ratio is re versed.111 For mammals li ving in
freshwater, such as the bea ver and the hippopotamus, tw o departures from this basic scheme ha ve
been observ ed; due to the absence of a medulla, the y ha ve no long loops and only cortical
nephrons.194,232 Cortical nephrons are also found in humans and occasionally in pigs. On the other
extreme, in some kidneys every tubule enters the inner medulla e ven if only to a small e xtent, and
they all ha ve long loops. This phenomenon is observ ed for carni vores such as the dog, cat, and
fox13,27,134,232 and might be related to the handling of urea deri ved from the protein-rich diet.

3. Adaptations in the Renal Medulla

Other variants include the thickness of the outer stripe of the outer medulla and the inner stripe of
the outer medulla (see Figure 12.7). In particular , the latter appears to be important because in this
area of the kidne y the thick ascending limb of Henle’ s loop is the most ab undant tissue. The
transport of sodium chloride into the interstitium of the medulla without an associated mo vement
of w ater pro vides the dri ving force for the counter -current system. Bankir and de Rouf fignac10

placed special emphasis on the distinction between these tw o dif ferent zones when comparing
medullary thickness with urinary concentrating ability . The thickness of the inner medulla, length
of the papilla, and their cross-sectional areas also v ary. Beuchat found a significant relationship
between the thickness of the inner medulla (corresponding to the length of the thin ascending limbs
of the loop of Henle) and concentrating ability but only for species living in mesic environments.15

The cross-sectional area at the base of the papilla can be related to the v olume of the urine that
has to be processed. A broad base or several papillae in reniculated kidneys, as found in the marine
animals, humans, and bears, might be necessary to process a lar ge volume. The pocket mouse has
an e xtreme lo w urine flow and a v ery thin b ut also v ery long papilla. 5 Within three species of
hedgehogs, the one with the narro west papilla had the lo west urine output and could withstand a
shortage of water much better than the other tw o.4

As pointed out by Bankir and de Rouf fignac,10 both the height of each zone along the cortico-
papillary axis (which relates to the length of the particular se gments of the loop of Henle) and the
volume of each zone (which relates to the number of nephrons present at each le vel) have to be
considered.10 These authors strongly emphasized the importance of the vascular bed in establishing,
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maintaining, and dissipating the corticomedullary osmotic gradient, particularly the degree to which
the v essels are b undled and are insulated from their surroundings when passing through other
medullary zones.

Despite these intricacies, studies continue at the macroscopic le vel, as initiated by Sperber in
1942.232 A relation between kidney mass and relative medullary thickness of rodents in relation to
habitat, body size, and phylogeny has been described by al Kahtani et al.3 Such observations appear
to be valid if the range of species compared is limited and f actors other than the habitat are tak en
into account. In ph ylogenetically related ph yllostomid bats, a correlation between e volutionary
changes in diet and changes in physiological functions in the intestine and in the kidney have been
observed.219 The transition from insecti vore to necta vore and frugi vore resulted in changes in the
levels of intestinal sucrase and maltase acti vity. More importantly , in the conte xt of this chapter ,
frugivory and nectarivory bats, which have to cope with an excess of free water and have to conserve
electrolytes, have developed kidne ys with a lar ge corte x, an undi vided outer medulla (probably
mostly outer stripe of the outer medulla), and no inner medulla and papilla. A large volume of
ultrafiltrate can be generated which can be modified effectively in the thick ascending limbs of
Henle’s loop to preserv e the electrolytes. 219 Interestingly, an almost similar arrangement is found
in the freshwater-living mountain beaver, which has a lar ge cortex, broad outer stripe of the outer
medulla, and no inner medulla. 193,194

These examples demonstrate that man y morphological f actors in the kidne y can be modified
depending on the environment, habits, and diet of a particular species. It is possible to adapt to the
availability of, or exposure to, water and salt in more than one way, and different routes and different
combinations have emerged during development.

FIGURE 12.7 Kidney cross-sections of v arious rodents sho wing the limits and sizes of dif ferent kidne y
zones. C, corte x; OS, outer stripe of the outer medulla; IS, inner stripe of the outer medulla; IM, inner
medulla. For further details see te xt. (Adapted from Bankir , L. and de Rouf fignac, C., Am. J. Physiol., 249,
R643–R666, 1985.)
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B. THE RESPIRATORY SYSTEM: THE NASAL COUNTER-CURRENT HEAT EXCHANGER

Inspired air becomes v ery rapidly saturated with w ater by the moist surf aces of the early respi-
ratory tract. In the absence of heat stress, the e vaporation of water by respiration from mammals
is found to be rather uniform when related to oxygen consumption. 216 Assuming that the 21% O 2
in the atmospheric air has been reduced to 16% in the e xhaled air and that the e xhaled air is
saturated with water vapor at body temperature, a value of 0.84 mg water per mL O2 is obtained.
Levels in humans, the albino mouse, and the albino rat come close to this value, but several desert
animals such as the kang aroo rat, the pock et mouse, and the hamster sho w a much lo wer
evaporation of 0.54 mg water per mL O2. In his review, Schmidt-Nielsen mentions three possible
ways in which an animal can reduce e vaporation from the respiratory tract: (1) The exhaled air
is not saturated with w ater vapor, (2) oxygen e xtraction is higher than the assumed 5%, and (3)
air is e xhaled at a temperature belo w the body temperature. He dismisses the first possibility
because of the ab undance of moisture all o ver the respiratory tract, and he dismisses the second
possibility for the kang aroo rat because no e vidence has been found for a shift in the af finity of
the hemoglobin to lo wer O 2 tensions or specific mechanisms to cope with the increased CO2
tension that w ould result. As we will see later , this does not hold for all mammals. The third
possibility is realized in the kang aroo rat, for which the e xhaled air can be 14 de grees below the
body temperature and e ven below the temperature of the ambient air . This startling observ ation
can be explained by a heat-exchange system in the nasal passage airways. During inspiration, the
inhaled air is humidified, which leads to a loss of heat on the nasal surfaces by water evaporation;
thus, the temperature of these surfaces decreases and can even be below the ambient temperature.
During exhalation, the air that lea ves the lungs is at body temperature and saturated with w ater.
When the air passes along the cooler nasal surf aces, water condenses and is retrieved. The extent
to which this can occur is between 56 and 88% for the kang aroo rat, with an a verage of about
58% for animals li ving in arid zones and only 27% for terrestrial animals li ving in temperate
zones.145 A more detailed analysis of the nasal counter -current heat exchange system is given by
Schmidt-Nielsen et al. 216 

The counter-current system in the kidne y is separated in tw o channels and functions because
the tw o fluids moving in opposite direction tra vel in tw o dif ferent neighboring tubes ( spatial
separation). In the heat exchanger in the nasal passages, the flow is also in two opposite directions,
but it is separated in time ( temporal separation).216 For the exchangers to be effective, equilibrium
between the content and the surf ace of the tubes has to be reached. This is f acilitated by a lar ge
surface area, low flow rate, and short distance to the w all. Accordingly, the nasal passages of the
kangaroo rat ha ve a comple x system of narro w turbinates by which the surf ace area is increased
and the distance from the center of the air stream to the surf ace is less than 0.1 mm. 216

It is interesting to note that the northern elephant seals are even more efficient than small desert
animals in reducing evaporative water loss, as they recover up to 92% of the w ater initially added
to the air . This is also achie ved by e xtended nasal turbinates as well as by reducing the rate of
breathing. Fasting elephant seal pubs e xhibit about 9 hours of apneustic breathing during the day ,
with durations of apnea of 4 to 8 minutes. During apnea, the metabolic rate is reduced and the
oxygen extraction efficiency is increased. This mechanism, which is closely similar to the di ving
response, seems to preadapt these animals to f ace e xtended periods of w ater depri vation with
behavioral strategies necessary to survi ve them.145

C. THE SKIN: SWEATING AND BODY TEMPERATURE REGULATION

The skin represents a lar ge interface between the body and the en vironment and thus pro vides a
large surface for the exchange of gases, water, and heat. This exchange has to be tightly controlled
so the w ater and electrolyte homeostasis of the body is not put in jeopardy . The skin has to be
rather impermeable to salt and w ater for mammals li ving in sea water and in freshw ater—the
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permeability is indeed minimized but not completely abolished. The heat exchange is also reduced
in marine mammals by the thick insulation pro vided by subcutaneous f at (blubber) or fur (e.g., in
beavers and otters). The question of heat e xchange becomes particularly important for animals
living in the desert. 215 Small animals have developed some specific behaviors to avoid exposure to
the sun and the soil, which can reach up to 70°C in open spaces. They prefer to stay in the shade
when they are active during the daytime, or the y are nocturnal and escape the heat in b urrows that
are cooler and more humid.

For large mammals living in the desert, heat dissipation becomes a major challenge. Regulation
of the body temperature usually in volves the evaporation of water from the body surf ace, be it by
sweating in humans, camels, and horses; panting in dogs; or spreading saliva on the fur as in mice.
A human may sweat at a rate of 1 to 1.5 L/hr; thus, the loss of w ater during a hot desert day can
be as high as 15 L. So much w ater cannot be sa ved by increasing, for e xample, the renal concen-
tration efficiency. Even if it could be twice as high, only an additional v olume of about 150 mL
would be saved per day. Thus, the w ater and the electrolytes lost by sweating must be constantly
replenished; if done so, humans can survi ve pretty well in the desert. But, animals that ha ve no or
very limited access to w ater must de velop other strate gies to reduce the e xpenditure of w ater for
heat regulation. Investigations on the camel have revealed some of these mechanisms. One important
factor is that the body temperature of the camel is not k ept constant but fluctuates during the day
and can reach up to 40°C; thus, heat is stored in the body rather than dissipated. This stored heat
is then given off to the cool surroundings during the night, as the body temperature drops to about
34.5°C without the e xpenditure of w ater. In addition, raising the body temperature reduces the
gradient between the temperature of the ambient air and the body , thus reducing the heat transfer .
The fluctuations in body temperature are particularly large in dehydrated camels, for which w ater
conservation is a major concern. The fluctuations are smaller in hydrated camels, as the y can use
some water for evaporation.215,218 Such fluctuations are also observed in large East African hooved
animals.240 Fur layers can pro vide an effective insulating layer between the source of heat and the
cooler body; in the camel, for example, removal of the fur increases the water expenditure for heat
regulation by 50%. 218

Developing the means to re gulate body temperature is apparently adv antageous from an e vo-
lutionary point of vie w. It is h ypothesized that the g ain of diffuse thermoregulatory eccrine sweat
glands by early bipedal hominids allo wed them to lea ve the shady forests and cool w oodlands of
their ancestors and to expand their range into the hot, open savannah grasslands some 3 to 4 million
years ago. Almost no other primate can re gulate its body temperature by sweating. 48

Sweat contains NaCl, the concentration of which can increase up to 100 m M NaCl at higher
rates; thus, the electrolyte balance has to be controlled. In a nonacclimated human, up to 30 mg
of salt can be lost during heat exposure or during dissipation of heat generated metabolically through
exercise.223 It is also interesting that in humans acclimated to heat the salt content of the sweat is
reduced to decrease the loss of salt during body temperature regulation.161,209 This effect is probably
a consequence of the increased level of aldosterone, which increases sodium reabsorption not only
in the kidney but also in the sweat gland secretory ducts (as well as in the colon). 21

D. THE GASTROINTESTINAL TRACT IN RUMINANTS

1. Salivary Gland, Gastrointestinal, and Hepatoportal 
Circulation in Ruminants

It was emphasized earlier that considerable inter-organ cycling of water and electrolytes takes place
in the gastrointestinal tract. In humans, this amounts to about 7 L but reaches much higher v alues
in ruminants, which continuously produce sali va to buffer the fermentation process in the rumen.
In the small intestine, the fluid reabsorbed is almost isotonic; the removal of water and salt occurs
in the later parts such as the colon. In this epithelium, aldosterone as well as antidiuretic hormone
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can exert their actions, and the w ater content of the feces can be reduced significantly. In small
desert animals, this fluid and vitamins produced by the intestinal microflora are recovered by
ingestion of the feces. 215

Ruminants living in arid areas have a particular challenge in that their digestive process appears
to obligate large potential water losses that must be recovered. Ruminants originated in the Eocene
(about 55 million years ago) and became the dominant herbi vores on Earth in the Miocene (23.8
million to 5.3 million years ago) when grasslands appeared in conjunction with drier climates. 248

The considerable anatomical adaptations include, in particular , development of the spacious fore-
stomach (the reticulorumen or simply rumen), which serv es as a digestion chamber b ut also has
special functions during deh ydration and rapid reh ydration. Because the digesta in ruminants
contribute about one quarter of the animal’ s body weight, the g astrointestinal tract and the related
organs such as the salivary gland and the liver become vitally important for the water and electrolyte
homeostasis of the body. The salivary gland, gastrointestinal tract, and hepatoportal circulation can
reach enormous values, ranging from 6 to 16 L in sheep and up to 250 L in lactating dairy cows.227

Desert ruminants such as the ibex (Capra ibex nubania) and the bighorn sheep are typical examples
of the strategy commonly adopted in dry areas—namely, a combination of a frugal water economy
and a capacity to endure se vere dehydration and rapid reh ydration.224

2. Dehydration and Rehydration in Ruminants

During deh ydration, the rumen and the gut serv e as w ater reserv oirs from which w ater and
electrolytes can be reco vered when needed. This is e vident from the f act that about 60% of the
water lost during dehydration is provided by the rumen and gut.225 In addition, in ruminants exposed
to heat stress or a re gimen of deh ydration/rehydration c ycles, the w ater content of the rumen
increases, supporting the important ph ysiological role of the rumen in osmore gulation.226 Further-
more, during hot hours net absorption and net outflow of fluid from the rumen are higher than the
volume of the sali va secreted; thus, a net transfer of fluid from the gastrointestinal tract into the
blood occurs. The rumen appears to be used as a water reservoir during the day and as a fermentation
vat during the night. The rumen is also the buffer when water is accessible after days of dehydration.
The w ater ingested can comprise between 15 and 40% of the body weight. This poses the big
challenge of a voiding w ater intoxication and retaining the ingested w ater, as another period of
dehydration may follo w immediately (for re view, see Olsson 180). Se veral mechanisms pre vent
flooding of the body with water with its potentially deadly consequences. First, the rumen acts as
a dif fusion barrier .45 The rumen epithelium has highly de veloped tight junctions in the stratum
granulosum, which is the second layer close to the lumen of the rumen. 90 Second, the rate of
secretion of the h ypotonic saliva is accelerated when the osmolality of the portal blood decreases
or when the plasma v olume is e xpanded; thus, the increased rate of w ater rec ycling within the
salivary, gastrointestinal tract, and hepatoportal circulation prevents a drop in the osmolality of the
plasma.33 In parallel to the changes in sali vary secretion, urine flow drops immediately follo wing
drinking in a v ariety of ruminants (for references, see Silanik ove225,227), thus the ingested w ater is
retained. This reflex of renal v asal constriction in response to portal v ein distension127 is quite in
contrast to the reflexes elicited by the low-capacity vessels in humans which lead to a water diuresis.95

Thirst satiation in ruminants is similar to that of other mammals in that it is a function of mechano-
and osmoreceptors that record the volume of the receptacle acting as the first reservoir—the rumen100

(stomach in other mammals).

VII. CONCLUDING REMARKS

The advent of improved technologies as well as the explosive gain in knowledge due to deciphering
the genomes of v arious mammals ha ve significantly improved our understanding of the basic
principles and the molecular mechanisms in volved in w ater and electrolyte homeostasis of mam-
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mals. A particular impro vement in our understanding has resulted from the ability to generate
animals (primarily mice) with singular gene defects in well-defined regions of the body. It has also
been of great help that e volution continues and manifests itself as genetic diseases in humans, to
the benefit of science but to the disadv antage of the af fected.
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Index

A

ABC transporter, 45–46
Acanthamoeba, 75
Acheta domesticus, 261, 264
Acid–base balance

amphibian urinary bladder, and, 410–411
gill function

crustacean, 179
elasmobranch, 315
hagfish, 297

pH effects on osmoregulation, 190
protozoan cytosol and contractile 

vacuoles, 80
reptile renal nitrogen metabolism, 464, 

465
sodium/proton exchange, and, 23

Acidocalcisomes, 71, 74, 87–88
Acid rain, 190
Acipenser

A. baerii, 335
A. brevirostrum, 335
A. naccarii, 335
A. oxyrhynchus, 335

Actinopterygian fishes, 319, 335–336; see also 
Teleost fishes

Active transport, 19–21, 384–385; see also 
specific transporter systems

feasibility analysis, 21–23
flux ratio analysis, 20–21
insect Malpighian tubules, 255
protozoan contractile vacuoles, and, 75
stoichiometry, and, 22–23

Acylglucosylsterol, 448
Acyrthosiphon pisum, 249
Adrenocorticotrophic hormone (ACTH), 416, 

479, 530
Aedes aegypti, 232, 249, 256–259, 261, 267, 

272
Aedes spp., Malpighian tubules, 249–259
African lungfish, 334–335
Agama stellio, 469
Agnathans, see Hagfishes, Lampreys
Aipysurus laevis, 462, 463, 477

Alanine, 111
Albumin, urate binding, 513
Aldose reductase, 45
Aldosterone, 416–417, 485–490, 520, 536, 

539–546
Algal contractile vacuoles, 72–73
Alligator mississippiensis, 464
Alpha (α1)-adrenergic receptors, 396
Alpha-ketoglutarate, 467
Ambassis interrupta, 336
Amblyrhynchus cristatus, 471, 476
Ambystoma

A. mexicanum, 386, 413, 414
A. opacum, 413
A. punctatum, 398
A. subsalsum, 375
A. tigrinum, 373, 375, 377

Amino acids, 39, 76, 98, 111
crustacean osmoregulation, 167
mollusc cell volume regulation, 111–115
uptake from seawater, 114, 148
ventricular, 113

Ammonia/ammonium, 463
amphibian excretion, 411
avian excretion, 512
crustacean excretion, 176
crustacean gill function, and, 187
lungfish excretion, 335
mollusc uptake and storage, 110
mollusc volume regulation, and, 115
reptile kidney function, 463–465

Amoeba proteus, 72, 73, 75, 84
Amphibian, 368–420

body fluid composition, 368–375
breeding, and, 373
external salinity effects, 373–375
extracellular concentrations, 370
feeding behavior, and, 371–372
hibernation, and, 372–373, 385
intracellular concentrations, 371
temperature effects, 372

burrowing behaviors, 374, 377–378
climate change sensitivity, 419–420
fossil record, 368
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kidney
aquaporins, 406–407
distal nephron, 403–406
larval development, 397
mesonephros, 397–407
pronephros, 397–398
proximal tubule, 403
species differences, 399
vertebrate kidney model, 403

larval stages, 375
lymphatics and circulation, 419
nitrogenous wastes, 411–412
physiological fluid compartments, 368–369
renal function, see Amphibian: kidney
salinity tolerance, 373–375
skin, see Skin, amphibian
urinary bladder, 399, 407–411
water balance regulation, 412–419

arginine vasotocin, 412–414
hydrins, 414
insulin, 415
prolactin, 414–415
renin, angiotensin, and aldosterone, 

416–417
sympathetic nervous system, 415–416
water absorption behaviors, 417–419

Amphibolurus
A. inermis, 469
A. maculosus, 463, 470
A. ornatus, 449, 453, 469, 470

Amphipod gills, 178
Amphiuma, 404, 406

A. means, 405, 410, 413, 453
Amphotericin-B, 14
Amyda japonica, 485
Anaspides tasmaniae, 178
Ancanthostega, 368
Aneides lugubris, 378
Angiotensin, 416–418, 536, 538–539, 545
Anguilla

A. anguilla, 329
A. japonica, 322, 327
A. rostrata, 325

Aniedes lugubris, 413
Anisomotic volume changes, 39
Annelids, 135–159

body plans, 137–142
clitella and cocoons, 142–143
dehydration stress response, 151
internal hydrostatic pressures, 145–146, 160
leeches, see Hirudinea

oligochaetes, 149–155
osmoregulation, 149–159

behavioral mechanisms, 149
molecular studies, 159
oligochaete, 149–155
phylogenetic analyses, 135–136
polychaete osmoconformers, 149
solute and water transport pathways, 

146–149
tissue, 158–159
transepithelial ionic flow, 154–155

osmotic pressures, 136
volume regulation mechanisms, 158–159

Annetocin, 156
Anoga-DH31, 265
Anoga-DH44, 269
Anomalous osmosis, 16
Anopheles gambiae, 249, 259, 265
Antennal glands, 174, 176, 191
Anticipatory drinking, 413
Antidiuretic hormone (ADH), 3, 269, 528–534; 

see also Arginine vasotocin
Anura, see Amphibian; specific species
Apis mellifera, 249
Aplysia californica, 113
Apodans, 368
Aquaculture issues, 172, 190
Aquaporins, 10, 38, 381

amphibian
kidney, 406–407
skin, 381–384, 396
urinary bladder, 409–410

avian
gastrointestinal tract, 518
kidney, 516–517

elasmobranch gills, 309
Hirudinea, 155–158
insect tracheoles, 243
mammalian

epidermis, 448
renal function, 531, 533

proton conductance, 30
protozoan contractile vacuole complex, 

71, 87, 89
reflection coefficient, 16
selectivity, 30
single-file pores, 15
teleost

gills, 319
gut, 320, 322
renal function, 323
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Aquatic arthropods, 165–202; see also 
Crustaceans

Arachnocampa luminosa, 270
Archinephric duct, 297
Arginine vasopressin (AVP), 532–534
Arginine vasotocin (AVT)

amphibian
sodium transport, and, 387–388
water transport, and, 381, 383, 

407–414, 417–419
avian water reabsorption, and, 510
renal blood flow, and, 477
reptile

bladder permeability, and, 468
cloacal-colonic function, 485–486, 

487
renal function, 477–482, 485

Armadillo officinalis, 173
Armases miersii, 195, 200
Artemia, 179, 194, 195, 197, 198, 199

A. franciscana, 182
A. salina, 172, 174

Arterial baroreceptors, 530
Ascaphus trueii, 378
Astacus leptodactylus, 174, 176, 181, 182, 192, 

195, 197, 198, 199
Atrial natriuretic peptide (ANP), 485, 530, 

534–537
Atrial receptors, 530

B
Bafilomycin, 186, 187, 330, 336
Balanus spp., 174
Baroreceptors, 530, 531, 538
Batrachoseps attenuatus, 373
Behavioral ecology, desert birds and mammals, 

520
Behavioral osmoregulation, 528

amphibian burrowing, 374, 377–378
amphibian water absorption response, 

417–418
annelids, 149
mammalian thirst and salt appetite, 

544–546
Bernard, Claude, 443
Beta-adrenergic receptors, 394, 396, 415
Betaine, 111
Bicarbonate (HCO3

–)
amphibian

extracellular concentration, 369–370

renal function, 405
secretion, 389–390

chloride exchanger, see Chloride-
bicarbonate exchangers

sodium cotransporter, 398, 539
sturgeon secretion, 335
teleost digestive tract, 321

Bicyclus anynana, 249
Biomineralization in molluscs, 124
Birds, 505–521

desert inhabitant behavioral ecology, 520
digestive ceca, 518–519
kidney, 506–517

aquaporin water channels, 516–517
blood supply, 506–507
glomerular filtration, 507–510
lower gastrointestinal function 

integration, 517–518
mammalian renal function vs., 505, 

507
morphology, 506–507
nephron population and structure, 507
nitrogenous wastes, 512–514, 520
proximal tubule function, 510–514
renal corpuscle, 507–508
reptilian kidney vs., 507
urine concentration, loop of Henle 

function, 514–517
urine-to-plasma osmolar ratios, 514, 

519–520
water conservation, 510

salt glands, 470–471, 490, 518, 520–521
Blood flow

amphibian cutaneous, 419
avian kidneys, 506–507
reptile kidneys, 449, 477–478

Blood meals, 259, 267, 268
Blood pressure regulation, 530, 531
Blood volume monitoring, mammals, 

529–530, 538
Body temperature regulation, mammalian skin, 

551–552
Bombyx mori, 249
Bony fishes

non-teleost, 334–336
teleost, see Teleost fishes

Bothrops jauraraca, 481
Bowfin, 335–336
Brackish water; see also Salinity effects and 

adaptations
amphibian tolerance, 373–375
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annelids, 135
definition, 373
molluscs, 116–117, 120

Branchial chambers, 178
Brood chambers or pouches, 193–195
Bufo

B. alvarius, 399, 416
B. arenarium, 391
B. boreas, 378, 379, 412
B. bufo, 371, 372, 391, 392, 405, 412, 415, 

418
B. calamita, 373, 375
B. cognatus, 377, 407, 415
B. hemiophrys, 411
B. japonica, 384, 416
B. marinus, 372, 381, 392, 405, 408, 410, 

412, 416
B. punctatus, 418, 419
B. viridis, 371, 373, 374–375, 378, 391, 

392, 411
B. woodhouseii, 396, 410, 416

Bundle zones, 309
Burrowing behaviors, 374, 377–378
Bythograea thermydron, 172, 190

C
Caecilians, 368, 398, 399
Caenorhabditis elegans, 43, 47, 56, 388
Caiman crocodylus, 470
Calanus finmarchicus, 184, 185, 187
Calcitonin-like peptides, 264–267
Calcium, 54

cell volume regulation mechanisms, 
54–55, 98–99, 111, 113

fish uptake and regulation, 337–338
mineral concretions, 251–252
molluscan uptake and shell formation, 

124, 125
protozoan cytosol and contractile 

vacuoles, 79–80
receptor protein (CaR), 338
teleost intestinal uptake, 321
typical transmembrane gradients, 2–3

Calcium channels, 3
fishes, 338–339
volume regulation mechanisms, 48–49

Callianassa jamaicense, 194, 195, 199
Callinectes

C. danae, 187
C. ornatus, 187

C. sapidus, 174, 179–188, 192, 198
C. similis, 187

Calliphora vicina, 278
Calmodulin, 86, 111, 113
Calyptocephalella gayi, 386
Camels, 552
Capra ibex nubania, 553
Carbachol, 396
Carbon dioxide excretion, 187
Carbonic anhydrase, 187–188, 195, 201, 301, 

398, 410
Carcharhinus leucas, 315
Carcinoscorpius rotundicauda, 200
Carcinus

C. aestuarii, 184
C. maenas, 174, 179, 180, 182, 184, 185, 

186, 187, 189, 190, 192, 198, 199
Cardiac natriuretic peptides, 534–537
Cartilaginous fishes, see Elasmobranchs
Cas, 44
Catecholamines, amphibian water balance 

regulation, and, 415–416
Caudata, 368; see also Amphibian
Caveolae, 44
Cdc42, 51
Cellular transport path, 28
Cell volume regulation, see volume regulation
Ceramides, 448
CFTR, see Cystic fibrosis transmembrane 

conductance regulator
Chagas disease, 87
Chanos chanos, 336
Chaos carolinensis, 73, 75
Chasmagnathus granulatus, 185
Chelodina longicollis, 485
Chelonia mydas, 456, 463, 475, 488
Chemical potential, 6–8
CHH, 192, 198
CHIP28, 30
Chiromantis, 412

C. xerampelina, 377
Chlamydomonas, 74

C. reinhartii, 72, 87
Chloride

active transport, 19–20; see also specific 
systems

amphibian
bladder, 410
cutaneous transport, 385–386, 389–394
extracellular concentrations, 369–370, 

372, 385
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hibernation, and, 372, 385
mitochondrion-rich cells, 389–394
renal function, 404

annelid transepithelial transport, 154–155
contractile vacuole complex, and, 71, 

88–89
crustacean development, and, 195
crustacean osmotic effectors, 167
elasmobranch renal function, 312, 316
freshwater mollusc uptake, 119–120
insect

hemolymph osmolality, 254
Malpighian tubules and transepithelial 

transport, 258, 262–264
rectal lumen and water absorption, 

275
lamprey gills and uptake, 306
mammalian osmolality, 526
MRCs, see Mitochondria-rich cells
Na+–K+–2Cl– (NKCC) transporters, see 

Sodium–potassium–chloride 
transporter

NaCl excretion, see Sodium chloride 
excretion

NaCl uptake, see Sodium chloride uptake
protozoan cytosol and contractile 

vacuoles, 75, 76–77
teleost digestive absorption, 321–322
teleost gill permeability, 319
tyramine, and, 268
volume regulation mechanisms, 47, 

389–390, 474
K-Cl cotransporter, 39, 44, 45, 48, 

51–52
V-type H+-ATPase activity and epithelial 

transport, 277; see also V-type H+-
ATPases

Chloride–bicarbonate exchangers, 119–120
amphibian kidney, 405
amphibian skin, 391
cell volume regulation mechanisms, 39
crustacean gill function, and, 185–186, 188
teleost

digestive electrolyte absorption, 321
gill function, 329, 330
renal function, 323

Chloride cell, 324, 331; see also Mitochondria-
rich cells

Chloride channels, 29
amphibian basolateral membrane, 388–389
amphibian kidney, 398

avian salt glands, 521
cell volume regulation mechanisms, 39
CFTR, see Cystic fibrosis transmembrane 

conductance regulator
crustacean gill function, and, 186
elasmobranch renal function, 312
teleost renal function, 324, 329
volume regulation mechanisms, 43, 45

Chondrichthyan fishes, see Elasmobranchs
Chordate evolution paleoecology, 295–296
Chrysemys picta, 477, 480, 485, 487
Chthyophis kohtaoensis, 398
Circumventricular organs, 528, 544
Cladistic issues, reptiles, 445
Clathrin-associated molecules, 72
Claudin-like proteins, 263
Clemmys japonica, 453
Climate change, amphibian sensitivity to, 

419–420
Clitellum, 142–143
Cloacal–colonic complex

avian, 517–520
reptile, 469–470, 485–488

Cocoons, annelid, 143
Coelacanths, 296, 334, 342
Coelomosac, 174–175
Colchicine, 187
Coleps, 73
Collagens, 44
Concanamycin, 186, 391
Concretions, Malpighian tubules, 250–252
Conductance, ion, 23–26
Conolophus subcristatus, 471
Contractile vacuole complex, 69–89, 96–98

aquaporin water channels, and, 71, 87, 89
comparing, 72–73, 85–88
cytoplasmic solutes, and, 75–80
electrophysiology, 80–83
exocytic mechanism, 73
external osmolarity, and, 74–75
membrane dynamics, 83–85
membrane potential, 80–83
osmoregulation function, and, 88–89
structure, 72–74
timing mechanism, 84

Contractile vacuole pore, 73–74
Copine A (CpnA), 87
Corbicula

C. fluminea, 116–117, 123, 124, 125
C. manilensis, 115

Corin, 535
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Corophium volutator, 174
Corticosteroids and fish gill function, 340
Corticosterone, 482–484, 488–490
Corticotropin-releasing factor (CRF) related 

diuretic peptides, 260–261, 269
Cortisol, 340, 482
Coturnix coturnix, 517
Coupled transport, see specific systems
Crangon crangon, 181, 190, 195, 198
Crinia victoriana, 411
Crithidia, 98
Crocodylus

C. acutus, 469
C. johnsoni, 456
C. porosus, 456, 471, 479, 485, 490

Crustaceans, 165–202
aquaculture, 172
dissolved oxygen effects, 189–190
ecological implications, 198–200
embryonic development, 193–195
freshwater, 176, 177
habitats, 166, 168, 172
hemolymph osmolality and ion 

composition, 166
migrations, 166
molt cycle, 189
neuroendocrine control of osmoregulation, 

191–193
ontogeny, 182, 193–200
osmoregulation patterns, 167–172

examples, 169–171
fish comparisons, 167
ionic osmotic effectors, 167
osmoconforming, hyper-

osmoconforming, and 
osmoregulating, 167–168, 172

osmoregulation sites and mechanisms, 172
digestive tract, 173–174
excretory organs, 174–177
gills and branchial chambers, 

178–188
integument, 173

pollutant effects, 190–191
salinity tolerance, 166
temperature effects, 189
urine production, 176
water ingestion, 173–174

Crustaceans
air breathing, 178–179
chloride/bicarbonate exchange, 185–186
functions, 181–188

gills and branchial chambers, 178–188
Na+,K+-ATPase activity, 181–183, 188, 

191
osmoregulatory on uptake model, 188
sodium/proton exchange, and, 183–185
structure, 178–181
toxicant-induced stress, 190–191
V-type H+-ATPase activity, 186–187, 188

Cryptonephridial complex, see Rectal 
complex, insects

Ctenophorus, 487
C. maculosus, 470
C. nuchalis, 444–445, 469, 470
C. ornatus, 449, 453, 469, 470, 480, 482, 

483, 484, 485, 488
Cubic membranes, 86
Cuboidal cells, 332
Culex pipiens, 239, 249
Cuticle, 233–240

collagens, 44
developmental stages, and, 239
lipids, 236–240
structure, 234
waterproofing, 235–237
wax, 234, 239

Cyathura polita, 190, 194, 197, 199
Cyclic AMP (cAMP)

amphibian aquaporin, and, 407
amphibian cutaneous Cl– transport, and, 

392
arginine vasotocin hydroosmotic/natriferic 

effects, and, 413–414
crustacean gill function, and, 182
crustacean osmoregulation, and, 191
insect diuresis, and, 261, 267, 269–270
insect Malpighian tubules, 261
insect natriuretic peptides, and, 265–267
reptile colonic permeability, and, 487
serotonin, and, 267, 278

Cyclorana australis, 378
Cyclorana platycephalus, 407
Cystathion-β-synthase (CBS), 45
Cystic fibrosis transmembrane conductance 

regulator (CFTR), 29
amphibian cutaneous Cl– transport, and, 

392, 396
elasmobranch renal function, 312
hagfish gill MRCs, 302, 341
mammalian osmotic/ionic regulatory 

function, 537
teleost gill function, 326, 339
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Cytoskeleton, mechanical force changes and 
sensors, 43, 44

Cytosolic osmolarity, protozoan, 71–72, 89

D
Daphnia magna, 184, 186, 198
Dasyatis sabina, 314, 316, 338
Decapod eyestalk glands, 191–192
Decapod gills, 178, 179, 183
Dehydration; see also Water balance

amphibian tolerance, 371, 373
annelid challenges, 135, 151
mammalian ECF disturbances, 526
mammal ruminants, 553
reptile GFR, and, 453
reptile nitrogen metabolism, 465
terrestrial molluscs, and, 121–123

Dendobranchs, 178
Desert mammal adaptations, 520, 547, 549, 

551, 552
Development and osmoregulation

amphibians
hydroosmotic response, 413, 414
kidney structure, 397
salinity tolerance, 375

crustaceans, 182, 193–200
cuticular waterproofing, 239

Dexamethasone, 489
Diamox, 392
Dicentrarchus labrax, 340
Dictyostelium, 72, 73, 74, 75, 76, 85–87, 99
Didinium, 73
Diffusion, single-file, 15, 21
Diffusional gas exchange, 243–245
Diffusional water flow, 10–14, 38; see also 

Water transport
Digestive tract

bird, 518–519
crustacean, 173–174
freshwater teleost, 327–328
mammal ruminants, 552–553
marine teleost, 320–322
reptile cloacal-colonic complex, 469–470, 

485–488
water uptake, 153

Dilocarcinus pagei, 180, 186
Dipsosaurus dorsalis, 468–469, 470, 475, 483, 

484, 488, 489
Discontinuous gas exchange cycle (DGC), 242, 

245–246

Dissolved oxygen, 189–190
Distal tubule; see also Kidney

amphibian, 398, 400–405, 412
avian, 516–517
crustacean, 177
fish, 304, 307, 312, 316, 322–323, 328, 

334, 341–342
insect, 253
mammal, 331–332, 333, 538, 542–543
reptile, 449–450, 458–460, 463, 465, 478

Distribution of water, 8
Diuresis, see Urine production
Donnan effect, 108, 196
Dopamine, 182, 191
Drainin, 85
Dreissena polymorpha, 125
Drosophila, 249, 261

Malpighian tubules, 249–259

E
Ecological implications, crustacean 

osmoregulation, 198–200
Eicosanoids, volume regulation mechanisms, 

54
Elasmobranchs, 308–318

freshwater and euryhaline species, 308, 
315–318

euryhalinity limits, 318
kidney, 316
rectal gland, 317
salinity tolerance, 315

gills
aquaporin water channels, 309
urea permeability, 309, 341

kidney and renal function, 309–312, 316, 
341

paleoecology, 296
plasma electrolytes, 308
rectal gland, 313–314, 317, 334, 341, 490

Electrochemical potential, basic concepts, 7, 
18

Electromotive force (emf), 28
Embryo development

annelid cocoons, 143
crustaceans, 193–195

ENaCs, see Epithelial Na+ channels
Enchytraeus albidus, 146
Endothelin, 535
Ephydra hians, 251
Epinephrine, 415
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Epithelial Na+ channels (ENaCs), 43, 388, 
413–414, 541–542; see also Sodium 
channels

Eptatretus stoutii, 297
Equilibrium, 16–17, 18, 108
Eriocheir sinensis, 176, 180, 184, 185, 186, 

187, 190, 191, 195, 198, 199
Estuarine environments, see Brackish water
Euryhaline, defined, 109, 166
Evaporative water loss, 549

amphibian skin, and, 377–378
desert bird adaptations, 520
insect cuticle, and, 233–240; see also 

Cuticle
insect respiration, and, see Respiratory 

water loss, insects
mammalian adaptations, 520, 547, 551
reptiles, 446

Evolution, chordate paleoecology, 295–296
Excretory organs, crustacean, 174–177
Exocytosis

concretions, 251–252
contractile vacuole, 73; see also 

Contractile vacuole complex
Extracellular fluid

acute disturbances in mammals, 526
air equilibrium, 121
ambient salinity, and, 110–111, 114–116, 

168, 373, 527; see also Salinity 
effects and adaptations

blood equilibrium, 166
buffer system, 369; see also Bicarbonate
homeostasis concepts, 248–249; see also 

Osmoregulation
insect renal function, 248–249; see also 

Insects, renal function
solute composition examples, 2
volume, 8, 39, 369, 371, 527, 530; see also 

Volume regulation
amphibian hibernation effects, 372
reptile comparisons, 444–445

Extracellular matrix, mechanical force changes 
and sensors, 41–44

Eyestalk X organs, 191–192

F
Facilitated diffusion, 256
F-ATPases, 277
Feeding behavior, amphibian, 371–372
First Law of Thermodynamics, 21

Fishes, 295–342; see also specific types
blood chemistry data, 298–300
bony, 319–336; see also Teleost fishes
cartilaginous, 308–318; see also 

Elasmobranchs
hagfishes, 296–302, 340–341
ion transport, other ions, 337–338
lampreys, 296, 302–308
non-teleost bony, 334–336
osmoregulation energetics, 336–337
osmoregulation knowns and unknowns, 

340–341
teleost, freshwater, see Freshwater teleost 

fish
urinary bladder, 323–324, 342

Flask cells, 376
Flight, insect water loss, and, 247–248
Flux ratio analysis, 20–21
Fossil amphibians, 368
Fossil chordates, 295
Free energy, 6
Freshwater crustaceans, 176, 177
Freshwater elasmobranchs, 308, 315–318

euryhalinity limits, 318
kidney, 316
rectal gland, 317

Freshwater habitats, 107
Freshwater lampreys, 303–306, 453
Freshwater molluscs, 117–121

hemolymph ionic composition, 118
ion uptake, 118–120
salinity tolerance, 120–121
transepithelial potentials, 118

Freshwater teleost fish, 327–333
gill salt uptake, 329–333
gut, 327–328
kidney, 328–329
neuroendocrine control of osmoregulation, 

338–340
osmoregulation energetics, 336–337

Frogs or toads, see Amphibian; specific species
Fruitfly Malpighian tubules, 249–259
Fugu rubripes, 338
Fundulus heteroclitus (killifish), 312, 323–330, 

332, 336–339, 342

G
Galapagos iguana, 471, 476
Galapagos tortoises, 468
Gallotia galloti, 487
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Gamma radiation, 190
Gammarus duebendi, 194, 199
Gar, 335
Gas exchange, insect respiration, 245–246; see 

also Respiratory water loss, insects
diffusion and convection, 243–245
discontinuous gas exchange, 242, 245–246
spiracle function, 242
water conservation vs., 246–248

Gastrointestinal system, see Digestive tract
GCK-3, 52–53
GDPFLRF-amide, 156
Gecarcinus lateralis, 173, 180, 191
Geukensia demissa, 110, 111, 113, 115
Giant clams, 110
Giardia, 98
Gibbs, J. Willard, 5
Gills

acid–base balance, and, 179
actinopterygian, 336
crustacean, 178–188; see also Crustaceans

air breathing, 178–179
function, 181–188
structure, 178–181

elasmobranch, 309, 341; see also 
Elasmobranchs

salt excretion, 314–415
salt uptake, 317

freshwater teleost
cell types and electrolyte transport, 

331–333
salt uptake, 329–333, 342
water and ion permeability, 327

hagfish, 297–298, 341
hyperregulating brackish water molluscs, 

116
lamprey salt uptake, 304
marine teleost

aquaporin water channels, 319
salt excretion, 319, 324–327

mollusc ion transport, 118–119
neuroendocrine control of salinity 

acclimation, fishes, 338–340
non-crustacean arthropods, 201
toxicant-induced stress, 190–191

Global warming effects, 419–420
Glomerular filtration rate (GFR)

actinopterygian, 336
amphibian, 400
antidiuretic response, 413
bird, 508–510

elasmobranch, 311, 316
freshwater teleost, 329
hormonal control, 479–485
lamprey, 304, 307
mammal, 536, 549
marine teleost, 322
neuroendocrine control, 477–478, 488
reptile, 451, 453–456, 477–478, 488

Glomerulus; see also Kidney
amphibian, 397–400
bird, 505–513
filtration pressure, 399, 451, 477, 508, 537
fish, 296–297, 303–304, 307, 309, 

322–323, 328, 334, 335
mammal, 531, 537, 538, 539, 547–549
reptile, 448–454, 456, 465, 477–479

Glow-worm, 250, 270, 272
Glucocorticoid receptors, 340, 416–417
Glucose cotransporters, 255, 510–511, 519, 

529, 531, 539
Glucose sensing, 529
Glucosylsterol, 448
Glutamate dehydrogenase, 464
Glutamic acid, 111
Glycera dibranchiata, 138, 149
Glycerol-associated volume regulation, 47, 70
Glycerol 3-phosphate dehydrogenase-1 

(GPDH-1), 47
Glycine, 111
Goblet cells, 409
Goniopsis cruentata, 180
Gopherus agassizii, 456, 463, 468, 486
Gramicidin channel, 30
Grapsus grapsus, 172
GTP-binding proteins, 51, 55–56, 87, 533
Guanylate cyclase C (GC-C) receptor, 537
Guanylil cyclase (GC) receptors, 535
Guanylin (GN), 531, 537
Gymnophiona, 368

H
H+,K+-ATPase, euryhaline fishes, 338
Haemopsis grandis, 154
Hagfishes, 296–302

gills, 297, 300–302, 341
kidney, 296–297
mitochondrion-rich cells, 301–302, 341
osmoregulation knowns and unknowns, 

340–341
paleoecology, 296
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Haikouella, 295
Harderian gland, 471
Hardwater environments, 107
Heat exchange, mammalian nasal 

countercurrent system, 551
Hediste diversicolor, 146
Helisoma duryi, 124
Helix pomatia, 123
Hemidactylus flaviviridis, 469
Hemigrapsus, 195–196, 197
Hemoglobin, 243
Henle’s loop, see Loop of Henle
Heterochaeta costata, 146
Hibernation, amphibians, 372–373, 385
High-osmolarity glycerol (HOG) response, 50
Hirudinea (leeches), 136

body plan, 139, 141–142
internal hydrostatic pressures, 145
osmoregulation, 155–158
solute transport mechanisms, 148–149
water balance, 155–156

Hirudinea medicinalis, 146, 155, 159, 160
Histidine kinase, 50
Holocephalans, 308, 314
Homarus

H. americanus, 167, 182, 184, 186, 189, 
192, 194, 195, 198

H. gammarus, 173, 174, 176, 181, 187, 195
Homoeostasis, 443
Hormones and osmotic/ionic regulation; see 

also specific hormones
amphibian, 387–388, 412–419
crustacean, 191–193, 198
insect, 259–270
mammal, 531–547
metabolic water regulation, 546–547
reptile renal function, 477–490

Horseshoe crabs, 200–201
Human body water, 526
Hydraulic conductivity, 9, 13, 38
Hydrins, 414
Hydrophis, 446, 484
Hydrostatic pressure

annelid internal pressures, 145–146, 154, 
160

chemical potential concepts, 6, 8
crustacean egg, 196
glomerular filtration pressure, 399, 451, 

477, 508, 537
osmotic pressure gradients, 8–9, 38, 90, 

143–144

porous membranes and impermeant 
solutes, 13

pump–leak model, 4
ventricular, 123
water-permeable, solute-impermeable 

membranes, 13
Hydrostatic skeleton, 136, 148, 160
Hydrothermal vent organisms, 166, 190
Hydroxysteroid dehydrogenase, 541
Hyla, 407

H. arborea, 392
H. chrysoscelis, 381
H. japonica, 381, 384, 410
H. regilla, 378

Hymenochirus boettgeri, 399
Hyperiolus nasutus, 377
Hypersaline molluscs, 121
Hypogeophis rostratus, 398
Hypoosmotic stress, see Salinity effects and 

adaptations; specific organisms
Hypothalamic lesioning, 488
Hypotonic overhydration, 526
Hypoxic stress effects, 189–190

I
Ichthyophthirius, 73
Ichthyostega, 368
Ictalurus nebulosus, 332
Ictalurus, 336
Iguana iguana, 446, 447, 472, 474
Insects, 5–6, 231–278

cuticle, 233–240; see also Cuticle
flight and water loss, 247–248
kidney, see Insects, renal function
kinins, 261–264, 268, 269
metamorphosis, 239
pathogens, 232
principal cells, 249
rectal complex, 270–276; see also Rectal 

complex, insects
respiratory water loss, 240–248; see also 

Respiratory water loss, insects
salivary gland, 278
V-type H+-ATPase activity and 

transepithelial ion transport, 276–278
water balance challenges, 233
water vapor absorption, 273–274

Insects, renal function
antidiuretic peptides, 269
caveats, 269–270
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diuresis, 259–270
calcitonin-like peptides, 264–267
CRF-related diuretic peptides, 

260–261, 269
diuretic peptide synergism, 268
kinins, 261–264, 268, 269
representative diuretic peptides, 261
serotonin, 267
signaling in intact animals, 268
species differences, 269–270
tyramine, 267–268

extracellular fluid homeostasis, 248–249
hemolymph detoxification, 253–254
Malpighian tubules, 232, 248, 249–259; 

see also Malpighian tubules
natriuretic peptides, 264–267
perinephric tubules, 270–273

Insipidin, 395
Insulin, 415
Integrins, 44
Intestinal natriuretic peptides, 537–538
Intracellular ionic strength, cell volume 

changes, and, 44–47
Intracellular osmometer, 99
Ion channels, 3, 23, 256; see also specific types

calcium, 3, 48–49, 338–339
chloride, see Chloride channels
mechanosensitivity, 42–43, 535
molecular basis, 28–31
Na+,K+-ATPase, 29
potassium, see Potassium channels
selectivity, 29–30
sodium, see Sodium channels
transmembrane potential, and, 24
volume regulation mechanisms, 39

Ionic equilibrium, basic concepts, 16–17, 108
Ionocytes, 179, 180, 195, 197–198, 201
Ion permeability, basic principles, 23–26

macroscopic conductance, 26
molecular basis, 28–31
tracer rate coefficient, 24

Ion-transport peptide (ITP), insect, 269
Isopod gills, 178, 179
Isoproterenol, 415
Isosmotic volume changes, 39

J
junctions

septate, 179, 180, 202, 251, 257, 262–264, 
266

tight, 27, 262, 301, 307, 308, 309, 313, 
314, 324, 325, 327, 375, 376, 380, 
394, 395, 418, 450, 553

Juxtaglomerular apparatus (JGA), 450, 538
Juxtamedullary glomeruli, 547

K
KdpD, 46–47
Keratins, 447
Kidney; see also specific organisms

actinopterygian, 335–336
amphibian, 397–407
bird, 506–517
elasmobranch, 309–312, 341
freshwater/euryhaline elasmobranchs, 316
freshwater lamprey, 303–304
freshwater teleost, 328–329
GFR, see Glomerular filtration rate
hagfishes, 296–297
insect, 248–270
mammal, 507, 514, 519–520, 546, 

547–550
marine lamprey, 307–308
marine teleost, 322–324
mollusc, 123–124
nonteleost bony fishes, 334
reptile, 448–468
urine formation, see Urine production

Killifish (Fundulus heteroclitus), 312, 
323–330, 332, 336–339, 342

Kinins, insect, 261–264, 268, 269

L
Laeonereis culveri, 149
Lagoons, 166
Lampetra fluviatilis, 304, 307, 453
Lampreys, 296, 302–308

fossils, 302
freshwater, 303–306, 453
gill salt extrusion, 308
gill salt uptake, 304–305
kidneys, 303–304, 307
marine species, 307–308, 341
osmoregulation knowns and unknowns, 

341
paleoecology, 296
salt uptake, 304–306

Lancelets, 295
large-volume sphere A (LvsA), 86
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Laticauda colubrine, 456
Laticauda semifasciata, 471
Lean body mass, 526
Leeches, see Hirudinea
Leech osmoregulator factor (LORF), 156
Leishmania, 98
Lepidopteran rectal complex, 270, 274, 276
Leptodactyllus ocellatus, 391
Leptomonas collosoma, 73
Leptophragma cells, 272–273, 275
Leucokinin, 261–264
Leucophaea, 261
Ligumia subrostrata, 118, 124
Limax maximus, 123
Limulus polyphemus, 200–201
Lipids

amphibian skin, 377
insect cuticle, 236–240
reptile skin, 446–447

Lithobates pipiens, 368
Litopenaeus vannamei, 187
Loop of Henle; see also Kidney

avian, 507, 514–517
mammalian, 311, 328, 398, 403, 407, 412, 

449, 533, 548, 549–550
Luciferin, 250
Lumbricus terrestris, 149–155, 159, 160
Lungfish, 334–335, 342
Lung structure, 241–242
LvsA, 86
Lymph production, amphibian, 369
Lysine-conopressin, 156

M
Macrobrachium

M. australiense, 176–177
M. olfersii, 181
M. petersi, 198–199
M. rosenbergii, 194, 195

Macromolecular crowding effects, 48–49
Magnesium, 176

fish branchial uptake, 338
hagfish urine, 297
lamprey urine, 307
mineral concretions, 251
teleost

absorption and excretion, 320
intestinal uptake, 321
renal function, 323

Maia squinado, 189

Malaclemys terrapin, 471, 474, 479
Malaria, 232
Malpighian corpuscle, amphibian, 399, 400
Malpighian tubules, 232, 248, 249–259

active and passive transport, 255–256
antidiuretic peptides, 269
aquaporin water channels, 254
cAMP activity, 261
hemolymph detoxification, 253–254
insect diuresis, 254, 259–270; see also 

Insects, renal function
intracellular concretions, 250–252
minimal model of transepithelial 

electrolyte secretion, 256–259
natriuretic peptides, 264–267
rectal complex and water absorption, 

270–276
species differences, 259
species guide, 233
in vitro transepithelial transport studies, 

254–255
V-type H+-ATPase activity, 252

Malpolon monspessulanus, 471
Mammals

arid environment adaptations, 520, 547, 
549, 551, 552

body fluids
acute disturbances, 527
compartments, 526
composition, 527
water balance, 526

desert inhabitant behavioral ecology, 520
hormonal control

antidiuretic hormone, 532–534
cardiac natriuretic peptides, 534–537
intestinal natriuretic peptides, 

537–538
renin-angiotensin-aldosterone system, 

536, 538–544
intravascular volume regulation, 542–543
kidney, 547–550

ADH function, 532–534
atrial natriuretic peptide action, 536
avian kidney vs., 507
cortical adaptations, 549
marine mammals, 546
medullary adaptation, 549–550
urine-to-plasma osmolar ratios, 514, 

519–520
V2 receptors, 532

marine species, 546–547, 551
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metabolic water, 546–547
nasal countercurrent heat exchanger, 551
ruminant gastrointestinal tract, 552–553
saliva, 552, 553
sensing of challenges, 512–514, 525–554

body-fluid-related neuronal network, 
528

osmosensors, 528–529
peripheral receptors, 531
volume receptors, 529–530

skin, 551–552
sweating and temperature regulation, 

551–552
thirst and salt appetite, 544–546, 553

Manduca sexta, 242, 249, 261, 270, 274, 276, 
278

Mantle function, 125
MAPK, 49–51
Marenzelleria viridis, 159
Marine mammals, 546–547, 551
Marine teleost fishes, 319–327

gills
aquaporin water channels, 320
salt extrusion, 324–327

kidney, 322–324
osmoregulation energetics, 336–337
urinary bladder, 342

Matric potential, 379
Maxillary glands, 174
MEC-5, 44
Mechanical force changes and sensors, 41–44
Mechanosensitive channels, 42–43, 535
Melanoplus sanguinipes, 237, 240
Melitaea cinxia, 249
Membranes

contractile vacuole, see Contractile 
vacuole complex

cubic, 86
mechanical force changes and signals, 

41–42
selective permeability, 3–4
semipermeable, 37, 144

Menippe mercenaria, 195
Mercenaria mercenaria, 113
Merckel cells, 376
Mercury, 381
Mesotocin, 484–485
Metabolic cost of osmoregulation, marine vs. 

freshwater fishes, 336–337
Metabolic water

insect flight, and, 247

marine mammals, 546–547
small desert mammals, 547

Metal toxicity, 190, 381
Metamorphosis, 239 414–415

amphibian hydroosmotic response, and, 
413, 414

Metanephridia, 142
Methylamine osmolytes, 39
Metopograpsus messor, 172, 192
Miamiensis avidus, 75, 76
Micropuncture technique limitations, 509, 510
Microtubules, contractile vacuole complex, 

73–74, 81
Migrations, 166
Mineralocorticoid receptor, 541
Mitochondria-rich cells (MRCs)

amphibian
bladder, 408–409, 410
epithelium, 389–394
flask cells, 376
kidney, 406

coelacanth postanal gland, 334, 342
elasmobranch gill, 314–315
elasmobranch rectal gland, 313–314
hagfish gill, 301–302
lamprey gill, 304–306, 308
mollusc gill, 118–119
teleost gill function, 324–327, 330, 

331–333, 338–339
Mitogen-activated protein kinases, 49–51
Modiolus americanus, 115
Molar concentration, 7
Molluscs, 107–125

ammonia uptake and storage, 110
calcium uptake for shell formation, 124, 

125
freshwater, 117–121
hemolymph ionic composition, 118
hyperregulating oligohaline molluscs, 

116–117
hypersaline habitats, 121
intracellular ion concentrations, 110
mantle function, 125
osmoconformers

ammonia storage, 109–110
oligohaline molluscs, 116–117
volume regulation, 110–116

salinity and habitats, 107
terrestrial, 108, 121–123

hemolymph ionic composition, 118
urine production, 117, 119, 123–124, 125
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Molt cycle, crustaceans, 189
Mosquito; see also specific species

blood meals, 259, 268
Malpighian tubules, 249–259
natriuretic peptide, 264–268

Musca
M. autumnalis, 252
M. domestica, 237, 240

Muscarinic receptors, 396
Myoxocephalus octodecemspinosus, 327
Mytilus

M. edulis, 113
M. galloprovincialis, 115

Myxine glutinosa, 297, 301–302

N
Na+,H+-exchanger (NHE), see Sodium–proton 

exchanger
Na+,K+-ATPase, 19–21, 108

agnathan gill MRCs, 301–302
aldosterone, and, 416
amphibian kidney, 398, 404
angiotensin effects, 539
annelid osmoregulation mechanisms, 159
channel character, 29
crustacean

development, and, 194, 195, 198
digestive tract, 173
excretory organs, 176, 177
gills, 179, 181–183, 188, 191, 201
neuroendocrine control, 192

elasmobranch gill MRCs, 317
freshwater mollusc ion uptake, and, 

119–120
mammalian renal function, 531
oligohaline molluscs, 117
optimum temperature, 189
reptile renal function, 458
reptile salt gland function, 474, 475
teleost gill function, 325, 327
teleost renal function, 324

Na+–K+–2Cl– (NKCC) transporters, see 
Sodium–potassium–chloride transporter

Nasal countercurrent heat exchanger, 551
Nasonia, 249
Natriferic response, 412–414
Natriuretic peptides, 264–268, 530, 534–538
Natrix

N. cyclopian, 483
N. sipedon, 453, 477, 480, 484

Necturus maculosus, 399, 401, 413, 414
Nematodes, 43, 47, 56
Neobatrachus aquilonius, 378
Neohelice granulata, 180, 183, 185, 186, 187, 

195, 199
Nephridial lobe, 201
Nephridial tubule, 174
Nereis, 149
Nernst equation, 158
Nerodia, 449, 464

N. sipedon, 456, 458
Neuroendocrine control, 528; see also 

Hormones and osmotic/ionic regulation
amphibians, 412–419
crustaceans, 191–193
fish gill acclimation to salinity changes, 

338–339
insect diuresis, 259–270; see also Insects, 

renal function
mammals, 532–544
reptilian renal function, 477–485

Newt metamorphosis, 413, 414
Nitrogen metabolism, see 

Ammonia/ammonium, Urea, Uric acid
Noetia ponderosa, 111, 113
Norepinephrine, 415
Notechis scutatus, 481
Notopthalmus viridescens, 378, 413, 414, 419
NSF, 85
Nystatin, 14

O
Ocypode quadrata, 177
Ohm’s law, 9, 18, 24
Oligochaeta, 137, 149–155

body plan, 139, 141
internal hydrostatic pressures, 145–146
solute transport mechanisms, 148
water balance, 151–154

Oligohaline molluscs, 116–117, 125
Onchorhynchus mykiss, 328
Onymacris, 274, 275
Opsanus tau, 312, 322, 323, 327
OpuA, 45–46, 49
Orchestia gammarellus, 193–195, 199
Orconectes limosus, 184
Organic osmolytes, 70, 113–115

amino acids, see Amino acids
deep-sea crustaceans, 190
mammalian osmolality, 526
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osmoconforming molluscs, 111–115
volume regulation mechanisms, 39–41, 

45, 76, 98, 111–115
Oronectes limosus, 192
Osmolality, defined, 38
Osmolarity, defined, 38
Osmolytes, see Organic osmolytes and specific 

osmolytes
Osmometer, 99, 378
Osmoreceptors, 528
Osmoregulation, 1–30, 88, 108, 143–149

active transport, see Active transport and 
specific systems

chemical potential, 6–8
contractile vacuole complex, and, 88–89
energy costs, marine vs. freshwater fishes, 

336–337
forces driving ionic flows, 17–19
hydraulic pressure relationship, 90, 

143–146
ion permeability and conductance, 23–26
ion transport mechanisms, 3–4
macroscopic conductance, 26
molecular basis of transport mechanisms, 

28–31
nonequilibrium cell composition, 2–3
osmosis, 37–38
pump–leak model, 3, 4–5, 16–17
selective permeability, 3–4, 144
solute transport thermodynamics, 5–6, 

16–23
coupled, energy-converting transport, 

21–23
diagnosing active transport, 19–21
ionic flow driving forces, 17–19

terms and definitions, 37
transepithelial ionic flows, 26–28
vertebrate organs, 506
water permeation, 8–16; see also Water 

transport
Osmoregulatory capacity (OC), 167
Osmosensors, mammalian, 528–529, 544
Osmosis, 37–38, 256
Osmotic permeability of water, 10–14; see also 

Water permeability
Osmotic pressure, 8–9, 38, 143

hydrostatic pressure balance, 90, 143
van’t Hoff equation, 9

OSR1, 52
OSTF1, 339–340
Ostrich, 517

Oxygen, dissolved, 189–190
Oxytocin, 156, 484

P
Pachygrapsus marmoratus, 180, 182, 183, 185, 

192
Palaemon adspersus, 181, 190
Palaemonetes, 172, 199
Paleoecology of chordate evolution, 295–296
Panama Canal project, 232
Panulirus longipes, 189
para-Aminohippurate (PAH), 456, 512
Paracellular transport

amphibian, 394–395
insect, 262
mammal, 531

Paralichthys lethostigma, 320
Paramecium

P. calkinsi, 76
P. multimicronucleatum, 71–75, 79, 83, 

85–99
P. tetraurelia, 87

Parapodia, 140
PASK, 52
Passive transport, see specific mechanisms
Pathogen effects, 190
Pathogens, insect-borne, 232
Peanut lectin agglutinin (PNA), 331–333
Pediculus humanus, 249
Pelamis platurus, 448
Pelopedates, 377
Pelvic patch, 379
Penaeus

P. aztecus, 181
P. duorarum, 190
P. japonicus, 181, 190, 195, 199
P. monodon, 189
P. vannamei, 189, 190

Perinephric membrane, 269–273
Periplaneta americana, 234–236, 247
Petromyzon marinus, 307
pH, see Acid–base balance
Phenoxybenzamine, 477
Phentolamine, 477
Phloridzin, 511
Phospholipase A2 (PLA2), 44, 54
Phrynosoma cornutum, 463
Phyllomedusa, 377, 412

P. sauvagii, 378, 412
Phytophthora, 72, 75
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Pieris brassicae, 274
Plasmodium, 232
Platichthys stellatus, 323
Platynereis dumerilii, 159
Plethodon jordani, 413
Pleuronectes americanus, 312
Podarcis sicula, 490
Podocytes, 123, 174, 399–400, 449
Poecilia latipinna, 333
Pogona minor, 481
Poisseuille’s law, 13
Pollutant effects, 190–191
Polychaetes, 137, 149

body plan, 138, 140
internal hydrostatic pressures, 146

Polymesoda caroliniana, 115
Polyol osmolytes, 39
Pomacea lineata, 123
Porcellio scaber, 179, 183, 187
Postanal gland (coelacanth), 334, 342
Potamotrygonid stingrays, 315–317
Potassium, 19, 108, 110

active transport, 19–20; see also Na+,K+-
ATPase

aldosterone and mammalian intravascular 
volume regulation, 542–543

amphibian renal function, 404–406
cell volume regulation mechanisms, 

47–48, 96
channels, 3

amphibian epithelium, 388
amphibian kidney, 398
cell volume regulation mechanisms, 

39
hirudinea, 157
macroscopic conductance, 26
Malpighian tubules and transepithelial 

transport, 256–258
Na+ channel cross talk, 389
permeability and conductance 

parameters, 24
regulation by WNK4, 542
ROMK, 398, 534, 538, 540, 542–544
selectivity, 29–30
single-file pores, 15
teleost gill function, 327, 342

–chloride cotransporter, volume regulation 
mechanisms, 39, 44, 45, 48, 51–52

contractile vacuole complex, and, 71, 
88–89

fish ionic regulation, 337

insect rectal lumen and water absorption, 
275

mammalian osmolality, 526
NKCC transporters, see 

Sodium–potassium–chloride 
transporter

protozoan cytosol and contractile 
vacuoles, 75, 76–80

reptile
plasma levels, 444–445
renal function, 459–460
secretion, 474

typical transmembrane gradients, 2
Potential energy difference, 6
Poterioochromonas, 73
Prediuresis, 259
Pressure, hydrostatic, see Hydrostatic pressure
Principal cell compartment, amphibian, 376, 

387–389
Principal cells, 375

insects, 249
reptile salt glands, 471, 474
V-type H+-ATPase activity, 252

Pristis microdon, 316
Procambarus clarkii, 181, 184, 192
Prolactin, 414–415, 477, 488
ProP, 48
Propranolol, 415
Protein homeostasis genes, 47
Protein kinase A (PKA), 182, 338, 413, 533
Protein kinase C (PKC), 113, 338, 537, 541
Protein kinase volume regulation mechanisms, 

49–54
Protein tyrosine kinase (PTK), 338–339
Protonephridia, 142
Proton exchanger, see Sodium–proton 

exchanger
Proton wire effect, 30
Protopterus dolloi, 334–335
Protozoan cell volume control, 89–98; see also 

Contractile vacuole complex
Protozoan cytosolic osmolarity, 71–72
Proximal tubule; see also Kidney

amphibian, 398, 400–403, 407
bird, 507, 510–512, 515–517
elasmobranch, 310–312
fish urine formation, 297, 342
hagfish archinephric duct, 296, 297
lamprey, 304, 341
lungfish, 334
mammal, 184, 531, 536–537, 539, 547–548
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reptile, 450–451, 456, 458–465
teleost fishes, 322–323, 328
volume sensing, 41

Pseudemys scripta, 456, 464, 477, 480, 485, 
486

Pseudopleuronectes americanus, 320
Pteronarcys californica, 239
Pufferfish, 321, 338
Pulmonary system, insects, 241–242
Pump–leak model, 3, 4–5, 16–17

R
Radioactive emissions exposure, 190
Raja erinacea, 312
Rana

R. cancrivora (Limnonectes cancrivorus), 
373, 374, 375, 378, 411

R. catesbeiana, 372, 383, 395, 409, 411
R. esculenta, 372, 385, 389–390, 391, 392, 

411, 412
R. japonica, 383
R. muscosa, 372
R. nigromaculata, 383
R. pipiens, 368, 371, 377, 378, 389–390, 

399, 401, 407, 416
R. septentrionalis, 411
R. temporaria, 368, 375, 388, 392, 418

Rate coefficient, 24
Rectal complex, insects, 270–276

function, 273–274
leptophragma cells, 272–273, 275
structure, 270–273
water absorption mechanisms, 275–276
water vapor absorption, 273–274

Rectal gland, elasmobranch, 313–314, 317, 
334, 341, 490

Reflection coefficient, 10–11, 15–16, 38, 144
Regulatory volume decrease (RVD), 39, 70, 

93–98, 158; see also Volume regulation
Regulatory volume increase (RVI), 39, 70, 

96–98, 158; see also Volume regulation
Relative humidity

terrestrial mollusc water balance, and, 121
water vapor absorption, and, 273–274

Renal corpuscle, avian, 507–508
Renin, 416–417, 536, 538, 545
Reptiles, 443–491

body fluid and plasma electrolyte 
variations, 444–445

cladistic issues, 445

cloacal–colonic complex, 469–470, 
485–488

kidney, 448–468
adrenal corticosteroids, 482–484
antidiuretic hormone, 479–482
arginine vasotocin, 479–482, 485
autoregulation, 478
avian kidney vs., 507
blood flow, 449, 477–478
glomerular function, 450–456
hormonal control, 479–485
nephron intermittency, 456
nitrogen metabolism, 463–468
potassium transport, 459–460
sodium transport, 457–459
structure, 449–450
tubule function, 457
water transport, 460–463

salt glands, 448, 456, 470–476, 479, 
488–490

skin, 446–448
species bias in research, 491
urinary bladder, 468–469, 486–487

Respiration, mammalian nasal countercurrent 
heat exchanger, 551

Respiratory water loss, amphibian, 377
Respiratory water loss, insect, 240–248

diffusion and convection, 243–245
discontinuous gas exchange, 242, 245–246
fluid-filled terminal tracheoles, 242–243
gas exchange vs. water conservation, 

246–248
physics of saving water, 248
pulmonary and tracheal systems, 241–242
spiracles, 242
taenidia, 243
ventilation, 245

Rhithropanopeus harrisii, 198
Rhodnius prolixus, 249, 259, 261, 267, 268
Rhodopsin, 539
Rho GTP-binding proteins, 51, 55–56, 87
ROMK, 398, 534, 538, 540, 542–544
Ruminant gastrointestinal tract, 552–553

S
Saccharomyces cerevisiae, 50
Salamanders, see Urodeles
Salamandra, 413
Salarasin, 418
Salinity effects and adaptations
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amphibian body fluid composition 
changes, 373–375

annelid body fluid concentrations, 147
crustaceans

gills, 180, 182, 183, 187
habitats, 166, 168, 172
molt cycle, 189
ontogeny, 193, 198–199
urine osmolality, 176

horseshoe crabs, 201
hypersaline mollusc habitats, 121
mollusc distribution, and, 107
mollusc volume regulation, 115–116
neuroendocrine control of gill acclimation, 

338–340
osmoconforming polychaetes, 149
reptile skin water permeability, 446
shrimp aquaculture, and, 172
water ingestion patterns, and, 173

Salinity tolerance, 375
amphibian, 373–375
crustacean, 166, 168, 172
freshwater/euryhaline elasmobranch, 315
freshwater mollusc, 120–121
oligohaline mollusc, 116–117, 125
osmoconforming mollusc, 109–110
pollutant effects, and, 190
volume regulation capacity, and, 115

Saliva, mammal, 552, 553
Salivary gland, 278, 553
Salmo salar, 327, 330
Salt and water balance, 108
Salt appetite, 544–546
Salt excretion, see Sodium chloride excretion
Salt glands

avian, 470–471, 490, 518, 520–521
reptile, 448, 456, 470–476, 479, 488–490

Salt secretion, see Sodium chloride excretion
Salt-sensitive receptors, 528
Salt uptake, see Sodium chloride uptake
Salvelinus, 327, 330
Sarcophaga, 239
Sarcopterygian fishes, 319, 334; see also 

Teleost fishes
Sauromalus obesus, 474, 479
Scaphiopus, 373

S. couchi, 371, 377–378, 415
Sceloporus

S. cyanogenys, 453, 459, 463, 480
S. jarrovi, 486

Scyliorhinus canicula, 311, 313, 490

Scylla paramamosain, 182, 183
Sea snakes, 446, 448, 456, 462, 463, 471, 477, 

484
Seat patch, 379
Seawater ingestion; see also Water ingestion 

(freshwater)
agnathans, 307, 341
avian studies, 518
crustacean, 173
elasmobranch, 309
teleost fishes, 319, 320

Selective permeability, 3–4, 144
Semipermeable membrane, 37, 144
Serotonin (5-hydroxytryptamine), 113, 267, 

278, 545–546
Sesarma curacaoense, 195, 200
Sexual dimorphism, 249
Shell growth in molluscs, 124, 125
Sho1, 50–51
Short-circuit current, 28
Sinelobus stanfordi, 178
Single-channel ion conductance, 24–25
Single-file water pores, 15, 21
Siren lacertina, 413
Skin, amphibian, 387–388

arginine vasotocin activity, 381, 383, 395, 
412–414

functional organization, 385–387
glands, 377, 395–396
ion transport, 384–385

apical potassium channels, 388
apical sodium channels, 388
mitochondrion-rich cells, 389–394
paracellular transport, 394–395
principal cell compartment, 376, 

387–389
solute-coupled water transport, 395

lipids and waxes, 377
mitochondrion-rich cells, 389–394

α-type, 389–390
β-type, 390
γ-type, 390–394

principal cell compartment, 376, 387–389
structure and cell types, 375–377
water exchange, 377–384

absorption, 374
aquaporin water channels, 381–384, 

396
evaporative water loss, 377–378
local osmosis model, 395
lymphatics and circulation, 419
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Na+ recirculation theory, 395
osmotic and diffusional permeability, 

380–381
solute coupled, 394–395
uptake from soil, 379

Skin, reptile, 446–448
Skin glands, amphibian, 377, 395–396
SLC12, 264–267
Sln1, 50
Snails, 108

water balance problem, 121–123
Snug-fit hypothesis, 29–30
Sodium, 108

active transport, 19–20; see also specific 
transport systems

amphibian bladder, 410
amphibian extracellular concentrations, 

369–370, 372
annelid transepithelial transport, 154–155
arginine vasotocin, and, 413
crustacean development, and, 195
crustacean osmoregulation, 167, 183–185
elasmobranch renal function, 316
excretion, see Sodium chloride excretion
freshwater molluscs, 118
hirudinea, 155–157
insect hemolymph osmolality, 254
insulin-stimulated transport, 415
lamprey gills and uptake, 304–306
Malpighian tubules and transepithelial 

transport, 258
mammalian osmolality, 526
mosquito natriuretic peptide, 264–267
natriferic response, 412
prolactin-stimulated transport, 414–415
protozoan cytosol and contractile 

vacuoles, 75, 76–80
reptile plasma levels, 444–445
reptile renal function, 457–459
reptile transepithelial flux, 448
selective permeability, 3
teleost digestive uptake, 320–321, 328
teleost gill permeability, 319
thiazide-sensitive chloride cotransporter, 

185, 321, 324, 329, 331, 398, 405, 
531, 542, 543

transepithelial ionic flow principles, 
26–28

two-membrane active-transport model, 
385–386

typical transmembrane gradients, 2

V-type H+-ATPase activity and epithelial 
transport, 277; see also V-type H+-
ATPases

Sodium–bicarbonate transporters, 398, 539
Sodium–calcium exchanger, 23
Sodium channels, 3

annelid osmoregulation mechanisms, 159
crustacean gill function, and, 185, 188
epithelial channels (ENaCs), 43, 388, 

413–414, 541–542
hirudinea, 155
K+ channel cross talk, 389
K+ channel selectivity, 29
mechanosensitivity, 43

Sodium chloride cotransporter (NCC), 185, 
321, 324, 329, 331, 398, 405, 531, 542, 
543

Sodium chloride excretion
avian salt glands, 470–471, 520–521
elasmobranch gills, 314–415
elasmobranch rectal gland, 313–314, 317, 

334, 341, 490
insect natriuretic peptides, 264–267
mammal sweat, 552
marine lampreys, 308
reptile salt glands, 448, 456, 470–476, 

488–490
teleost gills, 319, 324–327
transepithelial ionic flow principles, 26–27

Sodium chloride uptake
amphibian renal function, 404, 405–406
amphibian skin, 385, 386–387

hibernation, and, 372, 385
elasmobranch

gill function, 317
renal function, 312

lamprey gills, 304–306
lungfish gill function, 334
mammalian thirst and salt appetite, 544–546
teleost

digestive tract, 320–321, 328–329
gill function, 329–333, 342
renal function, 324

Sodium–glucose cotransporter (SGLT), 255, 
511, 519, 529, 531, 539

Sodium–potassium–chloride cotransporter 
(NKCC)

amphibian kidney, 398, 404
amphibian skin, 388–389, 396
cell volume regulation mechanisms, 39, 

51–52
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crustacean gill function, and, 185, 188
elasmobranch renal function, 312
gill acclimation to salinity changes, 

338–339
insect Malpighian tubules, 261
mammalian renal function, 531
mammalian sodium sensing system, 538
reptile salt gland function, 474
teleost gill function, 330–331, 338–339, 

342
teleost renal function, 322–323

Sodium–proton exchanger (NHE), 21–23
cell volume regulation mechanisms, 39, 48
crustacean gill function, and, 183–185
freshwater teleost gill function, 329–330
hagfish gills, 301
insect Malpighian tubules, 255, 258
insect rectal lumen and fluid absorption, 

276
intracellular pH, and, 23
mammalian osmotic/ionic regulatory 

function, 537
mammalian renal function, 531
reptile renal function, 458

Sodium–proton pump, see Na+,K+-ATPase
Sodium sensors, 528, 529, 544
Softwater environments, 107
Soil and water absorption, 378, 379
Solute transport thermodynamics, 5–6, 16–23; 

see also Osmoregulation and specific 
solutes

Sparus aurata, 322
Sphaeroma serratum, 173, 193–195, 199
Sphenodon punctatus, 448, 468
Spiracles, 242
Spironolactone, 482, 489
Squalus acanthias, 309, 313
Src kinase, 44, 54
Standard chemical potential, 7, 8
Starling’s forces, 399
Ste20 kinase, 51, 56
Stellate cells, 264
Stenohaline, 109, 166
Stretch-activated ion channels, 535; see also 

Mechanosensitive channels
Stretch receptors, 530
Sturgeons, 335
Sulfate, 297, 307, 320, 322, 323, 338
Suppression subtractive hybridization, 340
Sweating, mammalian, 551–552
Sympathetic nervous system, 415–416

T

Taenidia, 243
Takifugu obscurus, 321
Taricha, 413, 414
Taurine, 111
Teleost fishes, 319–334

crustacean osmoregulation comparison, 167
freshwater and euryhaline species, 

327–333; see also Freshwater teleost 
fish

gill salt extrusion, 319, 324–327
gill salt uptake, 329–333
gut, 320–322
marine species, 319–327; see also Marine 

teleost fishes
measuring epithelial permeability, 319
non-teleost bony fishes, 334–336
paleoecology, 296
renal function, 322–324, 328–329
urinary bladder, 323, 342

Temperature
effects

amphibian body fluid composition 
changes, 372–373

crustacean osmoregulation, 189
regulation, mammalian, 551–552

Tenebrio molitor, 270, 275, 276
Tenebrionid beetle rectal complex, 270–276
Tenmo-ADFa, 269
Terrestrial molluscs, 108, 121–123

hemolymph ionic composition, 118
water balance problem, 121–123
water ingestion, 125

Testudo
T. carbonaria, 471
T. graeca, 470, 486, 487
T. hermanni, 484, 486
T. indica, 468
T. mauritanica, 484

Tetrahymena, 74, 75
T. pyriformis, 71–72, 73, 79

Thamnophis, 449, 451, 453, 458–459, 
468–469, 477

T. sirtalis, 456, 477
Thermodynamics of solute transport, 5–6, 

16–23
Theromyzon tessulatum, 156
Thiazide-sensitive sodium chloride 

cotransporter, 185, 321, 324, 329, 331, 
398, 405, 531, 542, 543
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Thirst behaviors, mammals, 544–546, 553
Tilapia

T. mossambica, 336
T. nilotica, 336
T. rugosa, 453, 468, 470, 474, 483, 489–490

Tiliqua scincoides, 456
Tonicity-responsive enhancer (TRE), 45
Tortoise bladders, 468
Touch sensitivity, 43
Townson, Robert, 368
Toxicant-induced stress, 190–191
Toxin detoxification, 253–254
Tracer rate coefficient, 24
Tracheal system, insects, 241–243; see also 

Respiratory water loss, insects
diffusive gas exchange, 243–245
fluid-filled terminal tracheoles, 242–243
physics of water conservation, 248
taenidia, 243

Trachypleus, 200, 201
Transcellular conductance, 28
Transepithelial ionic flows; see also specific 

ions
amphibians, 384–396; see also Skin, 

amphibian
annelids, 154–155
basic principles, 26–28; see also 

Osmoregulation
insects, Malpighian tubules, 255–259
insects, V-type H+-ATPase, and, 255, 

276–278
short-circuit current, 28
two-membrane model, 385–386

Transient receptor potential vanilloid 4 
(TRPV4), 528–529

Triakis scyllium, 312
Tribolium castaneum, 249, 276
Tribolodon hakonensis, 329
Tridacna, 110
Trimethylamine-N-oxide (TMAO), 190, 308, 

311, 312, 334, 335
Triturus, 413
TRPV4, 54
Trypanosoma, 74

T. cruzi, 75, 98
Tuatara, 468
Tubules

contractile vacuole complex, 73–74, 81
Malpighian, see Malpighian tubules
reptile kidney, see Reptiles: kidney

Tunicates, 295

Turbidity effects, 190
Turtles and tortoises, see specific species, 

Reptiles
Typhlonectes, 410
Tyramine, 267–268
Tyrosine kinases, 44, 54

U
Uca

U. mordax, 174, 176–177
U. pugilator, 192
U. pugnax, 177
U. rapax, 185
U. subcylindrica, 195, 200
U. uruguayensis, 180

Ucides cordatus, 173, 184
Ultraviolet radiation (UVR) effects, 190
Unstirred layers, 14–15
Urate excretion

avian, 512–514
reptile, 465–468

Urea, 411, 463
amphibian excretion, 374, 411–412
chondrichthyan body fluids, 308
crustacean excretion, 176
elasmobranch

freshwater, plasma concentrations, 
315

gill permeability, 309, 341
renal function, 312, 316

lungfish metabolism, 335
reptile renal function, 465

Urea transporter (UT), 309, 312, 412
Uric acid, 463

amphibian excretion, 412
avian excretion, 512–514, 520
concretions, 251
reptile renal function, 465

Urinary bladder
amphibians, 399, 407–411
reptiles, 468–469, 486–487
teleost fishes, 323–324, 342

Urine production, 518
actinopterygian, 336
amphibians, 374, 397, 399–403
annelids, 145, 152
birds, 505, 512–520
crustacean, 176–177
elasmobranch, 311, 316
freshwater teleost, 329
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hagfishes, 297
human, 526
insect diuresis, 259–270; see also Insects, 

renal function
insect hemolymph detoxification, 253–254
lampreys, 303, 304
Malpighian tubules, 254
mammals, 549
marine teleost, 322
molluscs, 109, 116–117, 119, 123–125
reptiles, 450–451, 462–463; see also 

Reptiles: kidney
Urine reingestion, 174
Urodeles, 368, 373, 375, 377, 378, 399; see 

also Amphibian and specific species
developmental stages and hydroosmotic 

response, 413, 414, 419
Urodilatin, 530, 537
Uroguanylin (UGN), 531, 537
Uromastix acanthinurus, 471, 483, 489–490
Ussing chambers, 27, 385
Uta, 476

V
Vacuolar-type H+-ATPase, see V-type H+-

ATPases
Vacuoles, molluscan excretory cells, 124
Vacuoles, protozoan contractile structures, see 

Contractile vacuole complex
Valinomycin, 29
van’t Hoff equation, 9, 143, 380
Varanus, 469, 471, 480, 482, 483, 485, 486, 

488
Vasoactive intestinal peptide (VIP), 474, 490
Vasopressin, 532, 533, 539
Ventricles, mollusc volume regulation, and, 

113, 115
Vertebrate interstitial fluid, 2, 369, 407, 526
Vertebrate osmoregulatory organs, 506
Volume regulation, 166

acute disturbances in mammals, 526–527
aldosterone and mammal hypovelemia 

response, 542–543
amphibian basolateral membrane, and, 

389
annelids, 158–159
calcium ion, and, 54–55, 98–99, 111, 113
chloride, and, 47, 389–390, 474

K–Cl cotransporter, 39, 44, 45, 48, 
51–52

contractile vacuole complex, and, 69–71, 
96–98; see also Contractile vacuole 
complex

crustacean excretory organs, and, 177
general mechanisms, 39–41
mammalian intravascular volume, 

542–543
mammalian volume receptors, 529–530, 

538
oligohaline molluscs, 116–117
organic osmolytes, 39–41, 45, 70, 98, 

111–115
osmoconforming molluscs

ambient salinity changes, and, 
115–116

cellular response, 110–113
organismal response, 113–115

protozoan mechanisms, 89–98, 99
RVI and RVD, 39, 70, 93–98, 158–159
salinity tolerance, and, 115
signaling mechanisms, 49

eicosanoids, 54
intracellular calcium, 54–55
protein kinases, 49–54
Rho GTP-binding proteins, 51, 55–56

signals and sensors, 37–56
cytoplasmic changes, 44–49
intracellular ions, 44–48, 54–55
intracellular water activity, 48
macromolecular crowding, 48–49
mechanical force changes, 41–44

ventricular, 113, 115
volume perturbation mechanisms, 39

Volume-sensitive ion channels, 42–43
Vorticella, 73, 74
V-type H+-ATPases

amphibian MRCs, 389–390
cAMP activity, 261
crustacean gill function, and, 183, 

186–187, 188
freshwater mollusc ion uptake, and, 120
insect epithelial transport mechanisms, 

256–259, 269, 276–278
insect rectal lumen and fluid absorption, 

276
protozoan contractile vacuole complex, 

72, 73, 80, 85, 86, 89
rotary models, 277–278
structure, 277
teleost gill salt uptake, and, 330

VwkA, 87
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Water absorption behaviors, amphibians, 
417–419

Water balance, 247; see also Dehydration, 
Water permeability, Water transport

amphibian regulation, 412–419
behavioral mechanisms, 417–418
hormones, 412–417
sympathetic nervous system, 415–416

cell volume regulation mechanisms, 48, 
158; see also Volume regulation

contractile vacuole complex, and, 69–71; 
see also Contractile vacuole 
complex

crustacean molt cycle, and, 189
hirudinea mechanisms, 155–156
human, 526
insect

challenges, 232, 233
flight, and, 247
rectal complex, and, 270–276
respiratory system, 240–248; see also 

Respiratory water loss, insects
mammal, 526

ADH function, 532–534
ruminant gastrointestinal tract, 

552–553
thirst and salt appetite, 544–546

marine teleost renal function, 323
metabolic water, 247, 546–547
oligochaete mechanisms, 151–154
renal function, see Kidney
salt, and, 108
teleost intestinal uptake, 322
terrestrial molluscs, 121–123

Water channels, see Aquaporins
Water chemical potential, 7–8
Water drive, 414
Water ingestion, freshwater; see also Seawater 

ingestion
amphibians, 371, 378

anticipatory drinking, 413
hormonal regulation, 417–418

hypotonic overhydration, 526
mammalian thirst and salt appetite, 544–546
mammal ruminants, 553
teleost, 327
terrestrial molluscs, 125

Water permeability, 3, 37–38; see also Water 
balance, Water transport

amphibian bladder, 408–410
amphibian skin, 380–381
aquaporin water channels, see Aquaporins
arginine vasotocin, and, 412–414
catecholamines, and, 415–416
cell volume regulation, see Volume 

regulation
crustaceans, 173
diffusion vs. bulk flow, 38
evaporative losses, see Evaporative water 

loss
hagfish epithelium, 297
hydoroosmotic response, 412
hydrin stimulation, 414
mammalian skin, 551–552
marine teleost epithelium, 319
measurement method, 10–11
mollusc epithelium, 110
osmotic vs. diffusional, 10–14
partition coefficient, 12
reflection coefficient, 10–11, 15–16
reptile skin, 446–448
single-file pores, 15; see also Aquaporins
solute-impermeable membranes, 13–15
teleost gills, 327
unstirred layers, 14–15

Water pollutants, 190–191
Water transport, 8–16; see also Water balance

amphibian epithelium, 377–384, 395, 
412–414; see also Skin, amphibian

arginine vasotocin stimulation, 412–414; 
see also Arginine vasotocin

crustacean branchial chambers, 178
diffusion vs. bulk flow, 10
driving forces, 8–10
equation of motion, 9–10
membrane or epidermal permeability, see 

Water permeability
osmoconforming mollusc volume 

regulation, 114
reptile cloacal–colonic complex, 469–470
reptile renal function, 460–463
uptake from soil, 379

Water vapor absorption, insect, 273–274
Water withdrawal, 407
Waterproofing, insect cuticle, 233–240; see 

also Cuticle
Waxes, 234, 239, 377
WNK4, 52, 56, 542–543
worm, glow, 250, 270, 272
Worms, see Annelids
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X
Xenodon, 469
Xenopus laevis, 373, 377, 381, 383, 392, 396, 

398, 411, 413, 415
X organ-sinus gland complex, 191–192

Y
Yeast, 38, 47, 50, 51, 52, 55, 56, 70, 278
Yellow fever, 232, 249, 254, 255, 259, 262, 

265, 268, 269; see also Aedes aegypti
Yolk sac, 329, 331, 411



 

      

 

 

 

  

 

FIGURE 2.2

 

Mechanisms of or ganic osmolyte accumulation and loss. Shrinkage-induced or ganic osmolyte
accumulation in animal cells is mediated lar gely by increased transcription and translation (green arro ws) of
genes encoding Na

 

+

 

-coupled membrane transporters or enzymes involved in organic osmolyte synthesis. During
swelling, organic osmolytes are lost from animal cells largely by passive efflux through channel-like transport
pathways. In addition, cell swelling inhibits the expression of genes involved in organic osmolyte accumulation.

 

FIGURE 2.3

 

Possible mechanisms of cellular mechanical force detection and transduction. P anels A and B
illustrate mechanisms by which ion channel g ating can be modulated by mechanical force; ho wever, the
function of an y protein embedded plasma membrane may be subject to similar mechanical re gulation. (A)
Bilayer model of mechanosensitive channel gating; changes in mechanical force generated within the bilayer
during cell swelling or shrinkage directly alter channel conformation and g ating. (B) Tethered model of
mechanosensitive channel g ating; the channel is tethered to relati vely immobile e xtracellular matrix and/or
intracellular cytoskeletal proteins. Mechanical force is placed on the channel through tether proteins during
swelling or shrinkage. (C) Mechanical-force-induced change in conformation of an intracellular macromole-
cule; in addition to membrane proteins, mechanical force can alter the conformation and hence function of
intracellular macromolecules. The illustration sho ws a c ytoplasmic protein (blue) tethered to a membrane-
embedded protein and a c ytoskeletal network. Cell swelling displaces the membrane protein relati ve to the
cytoskeletal network, thereby stretching the c ytoplasmic protein. The resulting conformational change could
alter enzyme activity, expose functional domains such as phosphorylation sites, alter protein–protein interac-
tions, etc. Green arro ws in all panels indicate direction of applied mechanical force.
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FIGURE 2.4

 

Examples of osmoregulatory pathways activated by increases in intracellular ionic strength. (A)
OpuA is a bacterial or ganic osmolyte transporter acti vated by h ypertonic stress. The cationic surf ace (shown
by red shading) of the CBS domains interacts with anionic membrane lipids (sho wn in green) and inacti vates
the transporter. Hypertonic stress and cell shrinkage increase intracellular ionic strength (small red and green
circles), which in turn disrupts this electrostatic interaction leading to increased OpuA acti vity. The anionic
C-terminus (green) of OpuA is expected to be repelled away from anionic membrane lipids which may modulate
ionic strength sensitivity by weakening the interaction between the membrane and CBS domains. (B) Model
for regulation of 

 

C. elegans

 

 osmosensitive gene expression by disruption of protein homeostasis. Hypertonic
stress induced water loss causes elevated cytoplasmic ionic strength which in turn disrupts new protein synthesis
and cotranslational protein folding. Misfolded and incompletely synthesized proteins function as a signal that
activates 

 

gpdh-1

 

 expression and glycerol synthesis. Glycerol replaces inor ganic ions in the c ytoplasm and
functions as a chemical chaperone that aids in the refolding of misfolded proteins. Loss of function of protein
homeostasis genes also causes accumulation of damaged proteins and acti vation of 

 

gpdh-1

 

 expression.
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FIGURE 2.5

 

Osmotically activated p38 MAPK signaling cascades in yeast and mammals. Green arro ws and
red lines indicate acti vation and inhibition, respecti vely. Ph ysical interactions are indicated by o verlap of
components. MAPKKKs, MAPKKs, and MAPKs are colored orange, red, and green, respecti vely. In yeast,
there are tw o signaling branches upstream from Pbs2, a MAPKK that acti vates the p38 MAPK Hog1. The
Sln1 branch is comprised of the Ypd1 and Ssk1 phosphorelay system that regulates the activity of two redundant
MAPKKKs, Ssk2 and Ssk22. Increased osmolality inhibits this phosphorelay system and allo ws Ssk1 to
interact with and acti vate Ssk2 and Ssk22. Cdc42 in the Sho1 signaling branch is acti vated by increased
osmolality and in turn activates Ste20, a MAPKKKK. Ste20 then activates the MAPKKK Ste11. The efficiency
and specificity of the Sho1 cascade is modulated by the scaffolding functions of Sho1, Cdc42, and Ste50. In
mammals, Rac, MEKK3, MKK3, and p38 MAPK are thought to comprise a cascade that is homologous to
Cdc42, Ste11, Pbs2, and Hog1. OSM acts as a scaf fold for Rac, MEKK3, and MKK3.
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FIGURE 2.6

 

Models of phosphorylation and dephosphorylation e vents that regulate the activity of volume-
sensitive Na–K–2Cl and K–Cl cotransporters in mammalian cells and a v olume-sensitive ClC type of anion
channel in 

 

Caenorhabditis elegans

 

. The relative activities of kinases and ion transport pathw ays are indicated
by size. Green arro ws and red lines indicate acti vation and inhibition, respecti vely. Physical interactions are
indicated by overlap of components. (A) During shrinkage in mammalian cells, Na–K–2Cl cotransporters are
activated and K–Cl cotransporters are inactivated by phosphorylation via PASK or OSR1. Dephosphorylation
via a type 1 protein phosphatase (PP1) inactivates Na–K–2Cl cotransporters and activates K–Cl cotransporters
during cell swelling. WNK1 and WNK4 interact with PASK and OSR1. Cell shrinkage acti vates WNK1 and
WNK4 via unknown mechanisms. Activated WNK1 or WNK4 then phosphorylates and acti vates PASK and
OSR1. An unknown phosphatase is thought to dephosphorylate and inacti vate PASK and OSR1 during cell
swelling. (B) In 

 

C. elegans

 

 oocytes, the ClC channel CLH-3b is inacti vated by the P ASK/OSR1 homolog
GCK-3 by a mechanism that requires kinase acti vity. CLH-3b is inhibited by GCK-3 during cell shrinkage
and meiotic arrest; inhibition by GCK-3 is removed and the channel is activated by the PP1 homologs GLC-7

 

α

 

and GCL-7

 

β

 

 during cell swelling and meiotic maturation.
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FIGURE 3.1

 

A contractile vacuole complex (CVC) of 

 

Paramecium multimicronucleatum

 

 labeled with mon-
oclonal antibodies (mAbs). Texas red-tagged mAb (red) labels the G4 antigen of the membranes of the smooth
spongiome that mak e up the contractile v acuole (that lies at the hub of this CVC), the radiating collecting
canals of the radial arms, and the ampulli. This antibody also cross-reacts with antigens in the membranes of
the pellicle of the cell. The flourescein-tagged mAb (green) labels the A4 antigen found only as part of the
V-ATPase that is particularly ab undant on the decorated tub ules of the CVC. The decorated tub ules attach
peripherally to each radial arm distal to the ampullus.



 

FIGURE 3.9

 

Mechanoosmotic model of a 

 

Paramecium

 

 cell in an (A) isoosmotic, (B) h ypoosmotic, or (C)
hyperosmotic solution. The model is dra wn as a c ylinder with a semipermeable piston (bar labeled 

 

SM

 

)
that is fixed to the bottom of the c ylinder by a coil spring (

 

M

 

B

 

). The piston and the coil spring correspond
to the semipermeable cell membrane and its elasticity (the b ulk modulus of the cell), respecti vely. The
inside and outside of the cylinder correspond to the cytosol and the external solution, respectively. Medium
gray corresponds to the c ytosolic osmolarity (

 

C

 

cyt

 

), lighter gray to an osmolarity of the e xternal solution
(

 

C

 

ext

 

) lower than 

 

C

 

cyt

 

, and dark er gray to a 

 

C

 

ext

 

 higher than 

 

C

 

cyt

 

. A dotted area in the c ylinder corresponds
to an osmotically nonacti ve portion of the cell (

 

na

 

). The corresponding cell shape is sho wn below each
model. When 

 

C

 

ext

 

 = 

 

C

 

cyt

 

 (A), no osmotic w ater flow tak es place across the piston, so the coil spring is
neither expanded nor compressed; that is, the cell is neither sw ollen nor shrunk en. The length of the coil
spring in this situation corresponds to its natural resting length. The corresponding cell v olume is thereby
termed the 

 

natural cell

 

 

 

volume

 

 (

 

vN

 

). When 

 

C

 

ext

 

 is lowered below 

 

C

 

cyt

 

 (B), water osmotically flows into the
cylinder through the piston (w ater inflow, 

 

Q

 

v

 

π

 

; downward blue-bordered black arro w). 

 

Q

 

v

 

π

 

 is proportional
to the osmotic pressure of the c ytosol with reference to the e xternal solution so 

 

π

 

cyt

 

 (upward black arrow)
can be obtained from Equation 1, where 

 

A

 

 is the area of the semipermeable cell membrane and 

 

L

 

p

 

 is the
hydraulic conductivity of the membrane. A hydrostatic pressure in the cytosol with reference to the external
solution 

 

P

 

cyt

 

 (downward white arrow) is generated as the coil spring is e xpanded by the w ater inflow (the
cell is osmotically swollen) and causes a water outflow from the cylinder through the piston (upward blue-
bordered white arro w labeled 

 

Q

 

vP

 

), which is proportional to 

 

P

 

cyt

 

 (Equation 2). 

 

Q

 

vP

 

 cancels 

 

Q

 

v

 

π

 

 and the
overall water flow across the piston becomes 0 when the cell swells to a level where 

 

P

 

cyt

 

 = 

 

π

 

cyt

 

 and, therefore,

 

Q

 

vP

 

 = 

 

Q

 

v

 

π

 

 (Equation 3). In versely, when 

 

C

 

ext

 

 is raised be yond 

 

C

 

cyt

 

 (C), the w ater osmotically lea ves the
cylinder through the piston (the w ater outflow; upward blue-bordered black arrow labeled 

 

Q

 

v

 

π

 

), so the coil
spring is compressed (the cell is osmotically shrunk en)

 

.

 

 A negative hydrostatic pressure with reference to
the e xternal solution is thereby generated in the c ylinder and causes a w ater inflow through the piston
(downward blue-bordered white arro w labeled

 

 Q

 

vP

 

). The overall water flow across the piston becomes 0
when the coil spring is compressed to a le vel where 

 

P

 

cyt

 

 = 

 

π

 

cyt

 

 and, therefore,

 

 Q

 

vP

 

 = 

 

Q

 

v

 

π

 

 (Equation 3). For
discussion see Baumgarten and Feher.
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 Abbreviations: 

 

v

 

na

 

, volume of the osmotically nonactive portion of
the cell (

 

na

 

); 

 

v

 

, cell volume; 

 

∆

 

v

 

, volume change after changing the e xternal osmolarity.
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FIGURE 7.14

 

The brush border of principal cells in Malpighian tubules of 

 

Aedes aegypti

 

: (a) Each microvillus
contains a mitochondrion. ATP is produced by the F-synthase located in the inner mitochondrial membrane.
F

 

1

 

 and F

 

0

 

 are, respectively, the catalytic and the proton-translocating comple xes of the synthase. ETC is the
electron transport chain. V

 

1

 

 and V

 

0

 

 are, respectively, the catalytic and proton-translocating comple x of the V-
type H

 

+

 

-ATPase (See Figure 7.30 for structural details of the V-type H

 

+

 

-ATPase). The V

 

1

 

 complex contains
subunit B ag ainst which the antibody used in (b) w as prepared. (b) Immunolocalization of the B-sub unit of
the V-type H

 

+

 

-ATPase in the brush border of principal cells of Malpighian tubules of the yellow fever mosquito
(

 

Aedes aegypti

 

). A stellate cell (arro w) gives no e vidence for the B sub unit of the V-type H

 

+

 

-ATPase. The
antibody was kindly provided by Marcus Huss from the Uni versity of Osnabrueck, Germany. (Adapted from
Beyenbach, K.W., 

 

News Physiol. Sci.

 

,

 

 

 

16, 145, 2001.)

 

FIGURE 7.19

 

Female 

 

Anopheles

 

 mosquito taking a blood meal. Note the urination while feeding. Repeating
this experiment on himself, allowing a female, pathogenic-free yellow fever mosquito (

 

Aedes aegypti

 

) to take
a blood meal, James Williams in our laboratory found that the first urine droplets eliminate the NaCl and
water fraction of the blood meal.

 

152

 

 (Photograph courtesy of Jack K elly Clark, University of California.)
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FIGURE 9.7

 

The fluid-secreting subepidermal gland of anuran skin. (A) Immunofluorescence labeling of
AQP-x5 in mucous gland of the toad 

 

Bufo woodhouseii

 

. AQP-x5, which is homologous to mammalian AQP5,
is visible as a narro w light band in the apical plasma membrane (green) of the secretory cells of the mucous
gland. AQP-h3BL was similarly immunolocalized in the basolateral membrane (red) of the same cells and
granular cells in the epidermis. Nuclei are counterstained with D API (blue). Scale bar = 50 

 

µ

 

m. (B) Model
of the organization of ion transport systems of frog skin acinar cells identified by transepithelial isotope tracer
and water flow studies, measurements of intracellular ion concentrations, patch clamp electroph ysiology, and
application of pharmacological protocols as e xplained in the te xt. (From Sørensen, J.B. and Larsen, E.H.,

 

Pflügers Arch.

 

,

 

 

 

439, 101–112, 1999. With permission.)
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