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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 surfice. 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—ifrom
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 very 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 cane  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



Preface

I read Potts and Parry’s Osmotic and lonic Regulation in Animals'> 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 ¢ 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. Iw 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,'~'>!4-1¢ 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-or ganized, 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 Osmoregulation:
Some Principles of Water
and Solute Transport

David C. Dawson and Xuehong Liu
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I. INTRODUCTION: MAINTAINING THE NONEQUILIBRIUM
COMPOSITION OF LEAKY COMPARTMENTS

Living cells have 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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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
Mpytilus 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.

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. NoONEQuILIBRIUM CELL COMPOSITION

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 ¢ ven more
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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, advanced
by Gilbert Ling>® 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,'>16:6667 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-ener gy-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 latey 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).3%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 ag 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 linked to specific membrane proteins. It is interesting in
this regard that Hodgkin and Huxle y**#° and Watson and Crick® published their seminal papers in
the same 2-year period!
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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 pathw ays for some nonelectrolytes and w ater.

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 offamilies of membrane proteins, such as the imily 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. 4

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 Pumpr-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
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FIGURE 1.2 Two h ydraulic pump—leak systems that youcanb  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.

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 ina  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 o ver 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. 246886

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 le gendary treatise,*> “On the Equilibrium of
Heterogeneous Substances,” he set do wn the basic principles that no w permit us to describe the
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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 ( AP), the

difference in potential energy could be calculated by simply multiplying the pressure by the wlume
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 ( ;) for either component can be written as:

W, =W +RT In X, +Pv, (1.1)

where P is the standard chemical potential, the necessary reference point for the potential ener gy
that is defined in more detail below. X; is the mole fraction of the ith component, be it solute or
water, where the sum of the solute and solv ent mole fractions ( X; + X,)) must equal 1.0. P is the
hydrostatic pressure, and V; is the partial molar v olume of the component, the v olume per mole of
the constituent. F or water this value is 18 cm? per mole.

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

G=Y np, (1.2)

where 7, 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
LL; 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

W, =u’+RTInX, +Pv, (1.3)

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

X =" 1.4
ng+n, 14

where n, and n,, 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 , n, << n,, so, to an
acceptable approximation, X; is given by:

* The units of pressure are force/area, and the units of v olume can be thought of as area X height, so the product P x V'
will have the units of w ork (or energy), or force X distance.
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Xy=— (1.5)

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

n
CY =5 1.6
onyv,+nVv, (1.6)

But, n, << n,, 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:

X, =Cv (1.7)

s w

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

w, =u) +RTIn(v,C,)+Pv, (1.8)

or

W, =W, +RTInC, +Pv, (1.9)

where W = u? + RT In v, ; 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 enegy that reflects
the influence of the local electrical potential (V):

M, =W, +RTInC, +zFV+Pv, (1.10)

where the addition of the o verbar (L), 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 ( ;) 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, Ap = 0.
Differences in u; will be significant, however, if we compare the state of an ion in w ater with its
state within a channel 246836 or the state of a nonelectrolyte in w  ater with its state after it has
dissolved into a lipid membrane. 33

2. Chemical Potential of Water

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

w, =ud +RTIn X, +Pv, (1.11)
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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 R7InX,, 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):

RTInX, =RTIn(1-X,) (1.12)
But, for dilute solutions, X, << 1.0, so we can approximate Equation 1.12 by:
RTIn X, =—-RTX, (1.13)

To convert to units of solute concentration, we recall Equation 1.7 (X, = v,,C;) 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:

w,=u’ —v, RTC,+Pv, (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 RTC,; as the solute concentration increases, the w ater concentration decreases! ??

I1. 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 vater will be the same), the transmembrane diference in the chemical
potential of water given by Equation 1.14 is:

An, =V, (AP—RTAC,) (1.15)

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

A _ Ap-RTAC, (1.16)
V.,

w

The driving force for passive water transport, as it is often described, is the dif ference between
the hydrostatic pressure gradient ( AP) and the gradient of “osmotic pressure” ( Am) where Am =
RTAC,. This conventional usage can be confusing because T is not a pressure; rather, 7 is a so-
called colligative property of the solution, a measure of composition. Likewise, AT is not a pressure
difference; it is an e xpression of the difference in water concentr ation across the membrane. The
association of Am with a pressure arises from an analysis of the equilibrium distrib ution of w ater
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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 C,(2) > C,(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.

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 C, (2) > C, (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 J, (see
below) is reduced to zero. In this condition, A, equals zero, and from Equation 1.16 we obtain
the classic van’t Hoff equation?? for the equilibrium osmotic pressure:

AP=An=RTAC, (1.17)

Here, AP, the difference in Aydrostatic pressure, is numerically equal to the opposing dif ference in
osmotic pressure, An. The unw ary are thus led to equate v alues of © 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 ,6436163-65 but we can a void the linguistic pitf all simply by remembering that 7
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 drve water flow—a
gradient of h ydrostatic pressure and a gradient of w  ater concentration—Ileads naturally to an
equation of motion for w ater flow that is akin to Ohm’ s law for electrical current flow:

J¥ =L, (AP-RTAC,) (1.18)

Here, water flow is measured as a volume flow (J)") (e.g., cm? per second); L, 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.
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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 AP and RTAC, would produce identical v olume
flows. Is the v alue of L, in fact, 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, hit 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 (G), where ¢ = 1.0 for a solute-impermeable
membrane, and ¢ < 1.0 for a solute-permeable membrane. F or volume flow across a solute-
permeable membrane, we obtain:

J"=L,(AP—~GRTAC,) (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:

J =0+ (1.20)
Jr=v,J,+VvJ, (1.21)

where J,, and J, represent the molar flows of water and solute, respecti vely. Herein lies one of the
mechanistic issues that can be b uried in the reflection coefficient—that the tota/ measured volume
flow and the v olume flow of water will differ in the case of a permeant solute (see also Section
ILE, 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 ¢ < 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 ¢ can be complicated because it depends on the nature of the underlying water
transport mechanisms, which we consider in the ne xt section.

B. MEecHANISMS OF WATER TRANSPORT:
DirrusioN 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 thebulk 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 flow?? 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.3*32 We can contrast the tw 0 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 LipiID 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 (Ay,, = 0,
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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 ( AP = 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
AP = AIl = 0. Radioactive (tracer) water is added to side 1, and the rate of mo vement to side 2 is monitored.

RTAC, = 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:

J'=J" =L, (RTAC,) (1.22)

and the value of the hydraulic conductivity (Z,) is obtained. In the tracer flow experiment (conducted
in the absence of net v olume flow such that AC, = 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:

J,=F/4,(AC,) (1.23)

where J,; is the flux of tracer that might be measured in such units as counts per minute (cpm)
per unit time, 4,, is the area of the membrane, and the v alue of P, is obtained.
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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 coefficient of water in oil (about 10 ) 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 (P)), where:

p =t 2w el ) (1.24)

and " is the oil-w ater partition coefficient for tracer water (assumed to be equal to that for b ulk
water), D,, is the diffusion coefficient for tracer water within the oil membrane (ag ain, assumed
to be equal to that for unlabeled w ater), 8, is the thickness of the membrane, and v,, and v,, 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,?> we here define the
water—-membrane partition coefficient for tracer water (B*) as the ratio of the mole fraction of tracer
water just inside the membrane boundary , X, (M), to that in the b ulk solution, X, (B); that is,

. _ X, (M)
B “Y® (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,3*323* 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 (J,,) can be e xpressed as:

J, :[MJAMACS (1.26)
Y

m

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

DMJB.VM’
P = v (1.27)
Comparison of Equation 1.24 and Equation 1.27 confirms our intuition that for a lipid (oil)
membrane:

P, =P, =P/ (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 AP = 0:

J)' =L, (RTAC,) (1.29)
Substituting v,.J,, for J, and recalling that:
Ju=PA,(AC,) (1.30)

we obtain the relation between the osmotic permeability ( P) and the h ydraulic conductivity (L,):

T (1.31)
Ty 4 '

woTm
For the lipid membrane, P,and L, represent the same coefficient in different units, an equality that,
in fact, holds re gardless 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 water flow
through the pore? The answer, obtained by Alex Mauro,3261-%° 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 AP = 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 interface, 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. 2032

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
(AP), a pore of radius r, and length /, yields:

kT
JV—[ 8In )AP (1.32)

where j, is the volume flow of w ater through a single pore, and 1 is the viscosity of w ater. The
quantity in parentheses is the predicted hydraulic conductivity of a single pore. The water perme-
ability (P for such a pore is obtained from Equation 1.31, where A, = A4,, the pore area. Thus, P,
for a single pore is gi ven by:
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_ RT
7 8y,

(1.33)

The ratio of the osmotic w ater permeability to the diffusional water permeability (P,/P,) 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. Ior the former
we found that P,/P, 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 in7?, 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 P} is given by P} = D, /I, where D, is the dif fusion coefficient for tracer water in b ulk
water and / 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 3 = 1. The ratio P;*/P; for a single, w ater-filled pore is, therefore:

B_[_RT_ |, 1.34
I)dwr SnDW'VM’ ( . )

For a pore of radius 4 A, Pr/Py 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  P;"/P} is an e xperimental test for w ater flow through pores. In practice,
however, the determination and interpretation of P;"/P;" can be confounded by at least tw o phe-
nomena: unstirred layers and single-file water flow.>?> 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 w ater 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 vater (P,,) and the measured water permeability (P,,..,):
1 1 1 135
meas 1 P m ( . )

where P, represents the tracer permeability of the stagnant slab of ater characterized by an efective
thickness (8,) so P, = D,/§,, and:

P

m

P =— ‘m
meas 1+Pm/(D‘v/81) (1.36)

If the water permeability of the membrane ( P,,) is sufficiently high (e.g., P,, = P,), then the value
of P, is significantly underestimated, an effect that could produce the false impression that P;"/P;
is greater than 1.
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Unstirred layers also compromise the estimation of P}’ 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 Py.

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. 44033 Equation 1.34 gi ves the
(false) impression that, as pore radius is reduced, P;"/P; 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 P;"/P; is, in fact, a measure of the number of w ater molecules occup ying the pore:

" —p, (1.37)

E. REerLECTION COEFFICIENT

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

Jy =L, (AP—GRTAC,) (1.38)
where the term representing the dri ving force due to a w ater concentration gradient ( RTAC)) is
modified by o, the reflection coefficient, to account for the modification of volume flow in the
condition of nonzero solute permeability. Although ¢ 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. o for a Lipid Bilayer

The interpretation of ¢ 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 (J") now
has two, oppositely directed components—the v olume flow of water (J]") and the volume flow of
solute (J;) such that:

Jr=J =T =v,J, -V.J, (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 ( AP =0), the v olume flow of water is identical to that seen with an
impermeant solute:
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Jy =L,RTAC, (1.40)
whereas the measured (total) v olume flow is:
J' =6L,RTAC, (1.41)

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

o=l L (1.42)
g} J)

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

J,=PA,AC, and J =P,A,AC, (1.43)

We obtain for o:
o=1-Ybo 1.44
VM/PW ( . )

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

2. ¢ for Water-Conducting Pores

In the case of a w ater-conducting pore and a permeant solute, the ph ysical significance of G 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.3? 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 oAC)) is reduced or eliminated, depending
on the relative permeability of the solute. 3 In the case of a freely permeable solute, v olume flow
is reduced to zero because the intrapore pressure gradient is abolished. Nev J* equals —/$ because
solute and w ater are mixing in the pore as the y would 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 Finkelstein?? and summarized
in Dawson.?°

I1l. 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 drving forces for the passve 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 re garded, 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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V,, = —-60 mV

Kt ———K*

4.5 mM

FIGURE 1.5 A hypothetical cell showing 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 V,, and Ey.

m

(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 fwo driving forces, a difference in concentration
and a difference in electrical potential.

A. THEe DRrivING Forces For loNic 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 passve 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:

o

A[LK=Auf+RTln%+zF(Vi—V)+(P.—P)VX (1.45)

0

where the difference in the standard chemical potential (AWL) 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.
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The difference in electrochemical potential ( Apy) 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:

Aty [zF = (V, - I/a)—2.3(%}og[[[§]j J (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 V; — V, represents the most common definition
of the cell membrane potential (V,,), 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 V,, as V; -V, thena V,, 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],/[K],) is the con ventional definition for what is referred to as the equilibrium
potential or reversal potential for potassium, denoted as Ey. This leaves us with a practical equation

that is, in fact, one of the most useful in all of biology:

AfT
—=V, -E 1.47
zF K ( )

where:

g Z23RT 1og(& ]
F\[K],

This says that the fotal or net driving force on the potassium ions, e xpressed in electrical units,
can be described as the diference between two components, one the diference in electrical potential
(V,,) and the other the dri ving force due to the concentration gradient which, as the result of our
algebraic manipulations, is e xpressed here, lik e 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 intuiti vely 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 V,, (—60 mV)
and £y (82 mV), we get the intuiti vely 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 mo vement
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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FIGURE 1.6 A hypothetical cell illustrating representative, steady-state, nonequilibrium distributions of Na*,
K*, and CI-.

of the dri ving force attrib uted to the concentration gradient (  Ey), 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 difusion, 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 .!° 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 wlue of the membrane potential,V,,. 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 Au 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; they
require that the uphill flow be coupled to some source of free ener gy.

For most cells, the gradients of sodium and potassium typically obsered are largely attributable
to the Na,K-A TPase 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 attrilmtable
to some sort of cotransporter such as the one that carries out the coupled transport of chloride
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together with sodium and potassium. This thermodynamic analysis does not re veal 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 .4+ In contrast, the intracellular Cl - concen-
tration in some nerv e cells is such that the passi ve, electrochemical driving force is inward ([Cl];
< 10 mM) so the CI efflux must be active and requires coupling to an energy-converting mechanism
such as a KCl cotransporter®®7* In some skeletal muscle cells, the Cl distribution is near equilibrium
(ie., Eq =V,).

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.”” The sheets of skin (or intestine, etc.) are mounted so as to separate tw o identical
solutions and are v oltage clamped (see Section [V .C) so the transepithelial electrical potential
difference can be maintained at 0 mV. In this condition, Ussing and Zerahn® 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 ALy, 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 colleagues””7°
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 fusion”” 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:

(JNa )pb — [Na]P ex (_ZFVW] (148)

Una )bp [Na], RT

where (Jy,),, and (Jy,),, are the one-w ay fluxes from pond side to blood side and blood side to
pond side, respecti vely. [Na], and [Na], are the respecti ve concentrations of sodium, ¥, is the
transepithelial electrical potential dif ference (defined such that the value of ¥, 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 forard and reverse rate coefficients
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for a chemical reaction to the free-ener gy change between reactants and products. 3141718 In the
case of diffusion, Equation 1.48 can be re written as:

(JNa )pb — exp(AHN‘i )
Unadop RT

where ALy, is the difference in the electrochemical potential for sodium across the skin. & 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
derivations'3!417.18 served to emphasize this point and underline the conclusion that the v alidity of
the equation does not depend on any 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 ** and water3%3338
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 was first recognized by Hodgkin and
Keynes,*® 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 (abundant)
K*.185% 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.?>8485

C. CourLep, 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 ener gy-donating and the other
energy-utilizing, then the First La w says that the w ork done to ef fect the ener gy-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 available from the Na * gradient, per transport

cycle, is simply:
[/ -
a 1.49
( N, )AHN (1.49)

where ny, is the number of sodium ions transported per transport ¢ ycle, AlLy, is the Na* electro-
chemical potential gradient, and N, is Avogadro’s number, required because Ally, is in molar units;

therefore,
ions 1 ( moles _ [ Joules | Joules
Mol —— K| = X Ally, =
cycle ] N,\ ion mole cycle

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

Ay |a—
N pa (1.50)

and the maximum proton electrochemical potential gradient achievable for a given value of ALy, is:

(AHH )max = (nNa ]AHN'& (1 5 1)

ny

We have defined AyLy, and Ay, 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 ny,/ny. The pivotal role of
stoichiometry becomes e ven more ob vious if we rearrange Equation 1.51 to yield ane xpression
for the maximum ratio of h ydrogen ion concentrations in the condition V,, = 0:

[ﬂj (m)“ (152
(H]; ). \[Na];
where o = ny,/ny. 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



Osmoregulation: Some Principles of Water and Solute Transport 23

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 ¢ ycle are independent of the v alue of V,,.*
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 would be at equilibrium. There would certainly be some transport € vents, exchanging an
outside sodium for an intracellular proton and  vice versa, 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 anetef  flux of sodium,
against the sodium gradient3° A functional test for such an &change 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 ¢ 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 viev the entire subset of transporters
that utilize the sodium gradient as having been designed to utilize free eneigy that has been invested
in the sodium gradient by the Na,K-Al'Pases 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 *:1Ca?" exchanger*®4-8 that is w orked out in Appendix 2. When
external [Na], = 140 m M, [Na], = 14 m M, [Ca?"], =1 m M, and V,, equals —60 mV, the predicted
minimum v alue of internal calcium is 10 -7 mM. If [Ca ?*]; 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. 1oN 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 working 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 V,, on the protein that could, in principle, alter protein conformation and, thereby ,

the rate of transport.

m
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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
(\"). If we imagine determining the unidirectional flow of labeled potassium across a cell membrane,
the tracer rate coefficient A; is given by:

*

v,
Mg = 1.53
e (1.53)

~

*

where J is the one-w ay flow of tracer and Cy 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
(V,) 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.?!)

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 mo vement
of ions through such channels can be described by two distinct, but related parameters: permeability
or conductance.?! 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:

Ik =Yk (Vm_EK) (1.54)

In this equation of motion, i 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 ( Aly), expressed an electrical units
(Apg/zF), and 7y is the single-channel conductance. The definition of 1y 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 () describes the flow of potassium driven 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 Ey represents a virtual force or “pseudo-force” that reflects the statistical tendency of ions
to move down the potassium concentration gradient. 137 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 Y, seems justified. Note that nothing in the development of Equation
1.54 requires that ¢ be constant. In fact, it is most lik ely that y, will vary with ion concentration
and voltage; that is, the i~V relationship for the channel will be nonlinear 213637
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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
V,, = 0 and the sole dri ving force for potassium flow is a transmembrane concentration gradient.
Ohm’s law predicts that in this condition:

ik =Yk (Ex) (1.55)

An alternative description can be obtained by applying Ficks law in the condition thatV,, = 0; that is:

Jx =FK (K], —[X1,) (1.56)

where ji is the net potassium flow through a single channel, and Py 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 V,, = 0:

*

Po=(M), ., (1.57)

m

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

(i Iy, 0 =2F (g Iy, - = 2F K ([K], -[K1],) (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 diffuse as if in free
solution. As shown by Finkelstein and Mauro,*® we can derive an expression for the single-channel
current in the condition V,, = 0:

m

; = ﬂ 1.59
(i )Vm=0 RT F[O]E, ( )

where [0O] is thelogarithmic mean of the K' concentrations on the two sides of the membrane, that is:

[@] — [K]1 _[K]o

“In([K],/[K],) (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 ( y,) where:

_(zF)
~ RT

Y P.[O] (1.61)

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

(ix )y, - = 2FF ([K]; —[K],) (1.62)
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demonstrating that the two approaches produce the same result. It is instructve, 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 Ey, which depends on the potassium concentration gradient. The rate of ion flow for any given
value of Ey is determined by the conductance ( 7yy) that reflects the channel permeability (Py) 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 effect 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
V., = 0. In one case, we impose a gradient of 55:5 nd/ 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 7y 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. loNic 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 &ample, 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
V., increases in c ytosolic cAMP, Ca?*, or cell swelling. F or any single population of K * channels,
however, we can define a macroscopic K* current (I), that would be given by:

IKzgfg(Vm—EK) (1.63)

where g is the macroscopic conductance for a particular ensemble of N K* channels and is
given by:

gk =Y« Ny P, (1.64)

Here 74 is the single-channel conductance characteristics of a particular channel population, N}
is the number of these channels, and P, 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 P, 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 lONIC 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 effect 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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FIGURE 1.7 An idealized epithelial cell layer and its equi valent circuit representation.

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 universally referred to as Ussing chambers in recognition of the ground-breaking
studies by Koefoed-Johnson and Ussing® 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 sweral 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
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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 ( g.) and an electromoti ve force (emf) ( £,). The tran-
sepithelial conductance (g,) 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 ( ) can be related to the elements of the simple equi v-
alent circuit by treating it as a v oltage divider:

v, =—%5 [ (1.65)
8 +E&
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 E.. In addition, ho wever,
the value of V, 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 (g, >>
g.) should be characterized by a smaller v alue of V,, than a so-called tight epithelium (g, << g.), a
useful general guide. 3 The significance of the short-circuit current (/) is readily apparent if we
compute the current required to reduce V, to zero. In this condition, current through the shunt path
(g,) must be zero due to the lack of an y driving force, so the short-circuit current is gi ven by:

I, =g.E. (1.66)

Equation 1.66 makes it clear that /. 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 /. 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. 2 Indeed, some 60
years after its introduction by Ussing and Zerahn, 8 the short-circuit technique remains ak 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 osmoreggulation. 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 ¢~ ycle, it
represents an open pathway across the membrane through which ions, for ecample, 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.37%%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 any instant. These so-called alfernating 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. 23 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.*!? The ubiquitous Na,K-A TPase 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. 17

B. SEeLecTiviTY

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 w ater 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.?’?® Bezanilla and Armstrong,!' 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,>>26
rendered potassium coordination ener getically more favorable 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. The potassium selectivity filter is constructed
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in such a w ay as to orient backbone carbon yl oxygens toward 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 .’

Valiyaveetil and Mackinnon®' 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. 3! 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. 77> The subsequent disco very that e xpression of CHIP28 conferred w ater
permeability on cell membranes led to its identification as a water channel.”? Family members are
widely expressed in a v ariety of salt- and w ater-transporting or gans.*3 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 effect that is aided by the
reorientation of successi ve w ater molecules in the chain. 7° 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. 7687 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:

S ={%JACW(M) (Al.1)

m

where the term AC, (M) refers to the concentration of w ater within the oil layer where water is a
dilute component. D,, is the diffusion coefficient of water in the oil membrane, 4,, is the membrane
area, and 9, 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. AC, (M), the w ater concentration dif ference within the
membrane, can be written as:

AC,(M)=C,(M1)—AC,(M?2) (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 (j3,) as:

— Xt’ (M)

P X, (B)

(A1.3)

which is that ratio of the mole fraction of vater just inside the membrane to that in the mlk solution,
X,(B).
Recalling our dilute solution approximation, we can e xpress C, (M) within the membrane as:

X, (M)

C,(M)= (A1.4)

m

where v,, 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:

C,(M)= VLBWXW(B) (A1.5)
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But, the mole fraction of water in the bulk solution (solute-containing) can be replaced with 1 — X,
which with Equation A1.5 yields:

CW(M)=VLBW (1-Cyv,) (A1.6)

m

where C, and v, refer to the aqueous bathing solution. Finally , for AC, (M) we obtain:

%
AC, (M)=8, [V—JAC (A1.7)
and for the molar w ater flow:
D B, v
Jw - wiEw " w mACS Al,
( ov,, }A (ALS)
where the term in the brack et represents the osmotic water permeability (P)):
DB, v
pPo=—xyww Al9
/ vam ( )

APPENDIX 2. ENERGETICS OF SODIUM-CALCIUM EXCHANGE

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

3AfTy, = Al (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:

[Na*] [Ca*]
—3RTIn © 43z, FV, =—RT In——" 4z FV, A22
Nal, [ca™], (22
where V,, = V; — V. Inserting zy, = 1 and z, =2 yields:
2+ +
~RTIn [Ca2 b prnNak +FV, (A2.3)
[Ca +]j [Na+],-

Inserting common logs and di viding by F we obtain:

RT [Ca2+]a_3[ RT [Na+]oJ_Vm (A2.4)

2.3—log =3[2.3—Ilog
F [Ca2+]i F [Na+],-

So, using 2.3(R7/F) = 60 mV and assuming thatV,, = —60 mV, we see that the minimum intracellular
concentration of calcium will be 10 7 M assuming [Ca?"], =1 m M.
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I. INTRODUCTION

Maintenance of a constant wlume 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 ¢ vents underlying cell v olume homeostasis.
Our discussion is focused on animal cell wlume 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.

Il. WATER FLOW ACROSS CELL MEMBRANES

The bulk 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- A NaCl solution.

37
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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:

An=RTAC, @.1)

where Ar is the osmotic pressure dif ference, R is the gas constant, T is the absolute temperature,
and AC, 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 x 10% 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 ater 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 rele vant solutes have perme-
abilities substantially lower than water and behave as if the y were effectively impermeable, some
solutes have permeabilities approaching that of vater. 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 () as:

— ATcobs
Am,

O.

1

2.2)

where A, is the observed osmotic pressure and Am,, 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 (Am,;)
across a membrane generated by solute i is, therefore,

Am,, =6,RTAC, (2.3)
The flow of water (J,) across a membrane is defined as:
J,=L,(0,Am, —AP) (2.4)

where L, is the hydraulic conductivity coefficient of the membrane, and AP 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
AP 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 water molecules
through the lipid bilayer; however, some cells possess specialized proteins that form transmembrane
water-selective pores termed aquaporins.'® Aquaporins dramatically increase cell membrane water
permeability.
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IIl. FUNDAMENTALS OF CELL VOLUME REGULATION
A. MEecHANISMS 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 (;) and extracellular (r,) fluids are equal
under steady-state conditions. Changes in intracellular or e xtracellular solute content generate a
transmembrane osmotic gradient (Am). 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 .22 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. '2?* For e xample, the cell swelling that occurs in the mammalian brain
following a strok e or head trauma isane xample of isosmotic v olume increase and is due to
intracellular accumulation of NaCl and other solutes.

B. CEeLL 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 or ganic molecules termed organic osmolytes.

Volume-regulatory electrolyte loss and g ain are mediated e xclusively by membrane transport
processes.!'214 In most animal cells, R VD occurs through loss of KCI via acti vation of separate
K* and CI- 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 C1/HCO; 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. 24> These solutes play k ey roles in cell v olume
homeostasis and may also function as general ¢ 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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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 R VI varies with cell type
and experimental conditions. Typically, however, RVI mediated by electrolyte uptak e and RVD mediated by
electrolyte and or ganic 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 pathw ays occurs rapidly after the v olume perturbation.

Organic osmolytes are compatible or nonperturbing solutes.>*? 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 efects 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 ener gy-dependent transport from the
external medium or by changes in the rates of osmolyte synthesis and de ~ gradation.?>?* 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). °° 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
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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 irvolved
in organic osmolyte synthesis. During swelling, organic osmolytes are lost from animal cells laigely by passive
efflux through channel-like transport pathw ays. In addition, cell swelling inhibits the e  xpression of genes

involved in or ganic osmolyte accumulation.

process is slo w. Cell swelling inhibits transcription of the genes coding for or ganic osmolyte
transporters and synthesis enzymes. 2337 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
Grantham!?° on the renal proximal tub ule and Kuang et al.!% 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 rgulatory 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). 73123133192 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 fall 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 ¢ ytoplasmic
proteins may be displaced relati  ve to those proteins during cell swelling or shrinkage. This



42 Osmotic and lonic Regulation: Cells and Animals

(&) Cell
swelling o
—_—

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 gting 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 mechanosensitve 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 ¢ 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 ¢ ytoskeletal network. Cell swelling displaces the membrane
protein relative to the c ytoskeletal network, thereby stretching the ¢ 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.

displacement in turn will alter mechanical forces on both membrane and e xtracellular/cytoplasmic
proteins (Figure 2.3B).

Mechanosensitive channels 7! 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.!®” 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 hypotonic
shock. MscL is comprised of five identical sub units. The channel e xhibits mechanosensiti ve
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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. '’

Mechanical force can also be transmitted to channels by tethering them to the ¢ 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.3.20!

Both mec-4 and mec-10 encode ion-channel-forming proteins that share significant homology
with epithelial Na* channels (ENaCs).82°! Genetic, molecular, and biochemical studies indicate that
MEC-4 and MEC-10 proteins interact with ¢ 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. 44

It is important to stress that channels may be directly as well as indirectly re gulated by
mechanical force.?® 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. °»!12231 Several channels
whose activity is modulated by cell volume perturbations have also been identified at the molecular
level. These include the TRP channels TRPV4 264117195236 TRPY2 134 TRPM3,% and TRPM?7;14%143
the Drosophila TRPV channels IAV®7 (“inactive”) and NAN®7 (“nanchung”); the CIC anion channels
CIC-292 and CLH-3b;*>!76 the human homolog of the tweety (hTTYH1) CI- channel;?*®° the human
and mouse bestrophin CI- channels hBest1 and mBest2;¢! and the K* channels KCNQ1, KCNQ4,7
KCNQS5,¥ TREK-1,'% and TASK-2.137 Activation of a swelling-actwated, outwardly rectifying anion
current, I ¢, Which is also kno wn as the v olume-sensitive, outw ardly rectifying CI - channel
(VSOR), volume-regulated anion channel (VRA C), and v olume-sensitive organic osmolyte/anion
channel (VSO AC), is a ubiquitous response of animal cellsto v~ olume increase. '#¢1%3 The CIC
channel CIC-3 has been proposed to be the long-sought channel responsible for I ¢ ,.;;>! however,
CIC-3 knockout mice have normal I, channel activity, making this h ypothesis untenable.>2%

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 forceThe exceptions to this generalization areTRPM?7,!43
TREK-1,' and TRPV2, 3 which have been sho wn to be g ated by membrane stretch. A V and
NAN play roles in Drosophila hearing,%°7 which clearly involves mechanical gating of ion chan-
nels.??> 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.322% 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 * and can
rescue OSM-9 loss-of-function mutants, ''® suggesting that it may detect cell v olume perturbations
through changes in mechanical force.
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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 sufficient magnitude to alter its structure is exerted on it (see Figure 2.3). 3! The acti vity of
phospholipase A, (PLA,), for e xample, is sensiti ve to membrane lipid-packing density .2! When
reconstituted in liposomes, PLA, is activated by osmotic swelling, which causes membrane stretch-
ing and a reduction in lateral lipid packing (see Figure 2.3A). ''* Changes in mechanical forces on
DNA may affect gene transcription. 16669 Actin polymerization is sensiti ve to mechanical force, 26
as well as cell volume changes.>® Recent studies have shown that actin polymerization/depolymer-
ization regulates gene expression by modulating the mo vement of transcription factors in and out
of the nucleus. 22

The Src (sarcoma) kinase substrate Cas is a ¢ ytoskeletal associated scaffolding protein that is
involved in numerous signaling pathw ays.*? In HEK293 cells, Cas is phosphorylated in a stretch-
dependent manner. /n 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. % Taken together,
these results suggest that mechanical stretching of Cas &poses Src phosphorylation sites (see Figure
2.30).

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 ¢ ytoskeleton. An extensive body of e vidence has
shown that integrins play essential roles in cellular mechanotransduction.*4%8! Integrins also func-
tion in the regulation of osmoprotective gene expression,'3! as well as other osmotic stress-induced
signaling processes. !%185227

MEC-5 is an e xtracellular collagen that is required for mechanosensation in ~ Caenorhabditis
elegans.®?*' 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. !11232

Caveolae, membrane in vaginations 60 to 80 nm in diameter , play important roles in cellular
mechanotransduction.!*¢ Studies by Eggermont and co workers have demonstrated that ca veolin-1,
a principal caveolae coat protein, controls L, activity.?!1:212218 Interestingly, they have also shown
that tar geting of Src kinase to ca veolae inhibits swelling-induced acti vation of I ¢ ;. 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. 2!° 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 how 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 CyTtorLAsmMIC COMPOSITION
1. Intracellular lonic 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 II1.B), the swelling-activated K—Cl cotransporter plays an important role in RVD in animal
cells. Studies in fish’"13? and dog'® red cells have shown that the volume setpoint of the cotransporter
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is sensitive to intracellular ionic strength. Specifically, as cytoplasmic inorganic ion levels rise, less
swelling is required to trigger cotransporter acti vation.

The I, 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.”>® The molecular identity of the channel is
unknown, and the precise mechanism of swelling-induced actvation is unclear; however, two groups
have demonstrated that ¢ ytoplasmic ionic strength is an important modulator of channel acti ~ v-
ity. 2455138224 T egs 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 71133 and C6 glioma cells. ¥ Strange and co workers?*** suggested that ionic strength
modulates the volume setpoint of the I, channel, whereas Voets et al.?* concluded that channel
activation is triggered by swelling-induced reductions in ionic strength. Similarly , Guizouarn and
Motais”' 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.** 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 ¢ 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 ¢ 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.?!’> 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 oganic osmolyte
transporters and synthesis enzymes is controlled by a cis-regulatory element termed fonicity-
responsive enhancer, or TonE.%174202 TonE-binding protein (TonEBP) binds to TonE and stimulates
gene transcription. 13 Hypertonic shrinkage stimulates TonEBP to translocate from the ¢ ytoplasm
into the cell nucleus?” Studies by Neuhofer et al!*¢ 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 allovs 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 c ystathionine-[3-
synthase (CBS) domains function as ionic strength and cell v olume sensors.!*!?* The CBS domain is
a ubiquitous motif found in diverse proteins, including adenosine triphosphate (ATP)-binding cassette
(ABC) transporters, CIC channels and transporters, transcription f actors, and various enzymes. 8

OpuA is an osmore gulatory 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. 6623 Poolman
and coworkers'*!24 have shown that deleting the CBS domains renders OpuA transport acti ~ vity
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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 re gulation 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 ¢ 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.

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 surface
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.® A cluster of five positively charged arginine and lysine residues is critical to the function
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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. °* Anionic membrane lipids increase
kinase acti vity.'”® 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 ¢ ytoplasmic inorganic ion le vels; for e xample, elevation of intracellular
ionic strength can disrupt protein folding and protein synthesis??4> 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 oganic osmolyte glycerol during hypertonic stress.'!!
Using a GFP reporter of GPDH-1 &pression and a genome-wide RNA interference screen, Lamitina
et al.!'! 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 &xpected to increase the levels of damaged
cellular proteins. '#!

Interestingly, protein damage induced by numerous stressors including heat shock does not
activate GPDH-1 expression.!!! Previous studies have shown that hypertonic stress but not heat or
oxidative stress inhibits protein synthesis in yeast. 2! 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.!'® 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.!'! 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.!'! 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,®” which in turn would autoregulate pathway activity (see Figure 2.4B).

2. Intracellular Inorganic lons

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.”77148:151175.245.246 Eyrthermore, intracellular C1 -
regulates a v ariety of other proteins and ph ysiological processes, including the transmembrane
molecular motor prestin, 3 G-protein signaling, ’® and e xocytotic secretory acti vity in endocrine
cells.?'* 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 C1-.%? PASK,
OSRI1, and the Caenorhabditis elegans homolog GCK-3 (germinal center kinase 3) play critical
roles in regulating volume-sensitive Na—K—2C1 and K—Cl cotransporters 3-50:63.132.222223 apd a swell-
ing-activated C. elegans CIC channel*%!” (see Section V.A.2). GCK-3 also plays an essential role
in systemic osmotic homeostasis in C. elegans.?®

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.!” Hypertonicity-induced activation is mediated
by increases in internal K * concentration.!’>!8! Mutagenesis studies indicate that the transporter
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C-terminus is required for osmosensing. 62183 Schiller et al. '¥? 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 positrely 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.'7%17! Tt 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.?* 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. !¢ Furthermore, loading
proteoliposomes with PEGs of a specific size activates ProP.3¢ Wood?* 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 ¢ ytoplasmic volume is occupied by macromolecules. 13334
(See Medalia et al.!?® for electron tomographs that illustrate the cro wded nature of the c ytoplasm.)
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 7> and DNA ligase several orders of magnitude. ’>!9> 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. 533

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 2*® 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 Parker?*3* on resealed dog red cell ghosts
suggested that the actwities of the swelling-actvated K—CI cotransporter and the shrinkage-actvated
Na*/H* exchanger are regulated not by cell volume per se but by the concentration of intracellular
proteins. Parker and Colclasure '>* suggested that macromolecular cro wding regulates kinases and
phosphatases that control transporter acti vity (see Section V.A.2). Minton et al. '?° 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 sensitive 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 Ca?* channels
and Ca?" influx.!” RVD in this cell type also requires Ca 2" influx via verapamil-sensitive Ca?*
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channels that presumably acti vates volume-regulatory solute ef flux pathways.!! Summers et al. 1%
proposed that macromolecular crowding governs the association of an inhibitory regulator with the
Ca?" 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.!?> 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 family 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 ¢ ycle, cell gro wth, differentiation, cell death, and multiple stress responses. '¢°
Activation of MAPKSs typically requires a cascade of protein phosphorylation e vents that includes
at least three kinases in series; a MAP kinase kinase kinase (MAPKKXK) phosphorylates and
activates a MAP kinase kinase (MAPKK), which then phosphorylates and acti ~ vates one of the
MAPKSs.?* 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 MAPKSs subfamilies are present in mammals. The best characterized subfamilies 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 ( o, B, %, and 0).' Members of all three of these subf amilies are
activated by hyper- or hypotonic stress. %: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 varies 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.!?® In contrast, ERK1/2 inhibition reduces or ganic osmolyte accumu-
lation in inner medullary collecting duct cells '°? and intervertebral disc cells. 2'3 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.'8’

ERK1/2 are also activated by hypotonicity in some cell types;'3” however, as with hypertonicity,
no consensus has been reached on whether ERK1/2 acti  vation contributes to v olume re gulation.
Pharmacological and dominant-ne gative inhibition of ERK decreases R VD in some cells 13188 but
not in others. 27:52147:226

Overexpression of dominant-ne gative 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. 23 Instead, JNKs re gulate hypertonicity-induced e xpression of
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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. Physical
interactions are indicated by overlap of components. MAPKKKs, MAPKKs, and MAPKSs 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 Hogl. The SInl branch is comprised of the Ypdl and Ssk1 phosphorelay system
that regulates the acti vity of tw o redundant MAPKKKSs, Ssk2 and Ssk22. Increased osmolality inhibits this
phosphorelay system and allows Ssk1 to interact with and actvate Ssk2 and Ssk22. Cdc42 in the Shol signaling
branch is acti vated by increased osmolality and in turn acti vates Ste20, a MAPKKKK. Ste20 then acti vates
the MAPKKK Stell. The efficiency and specificity of the Shol cascade is modulated by the scaffolding
functions of Shol, Cdc42, and Ste50. In mammals, Rac, MEKK3, MKK3, and p38 MAPK are thought to
comprise a cascade that is homologous to Cdc42, Stell, Pbs2, and Hogl. OSM acts as a scaf ~ fold for Rac,
MEKK3, and MKK3.

cyclooxygenase 2,24 a c ytoprotective gene and the Na,K-A TPase,?> an ion pump essential for

intracellular ion homeostasis. Thus, the role of INKs 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. 2713° 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.”®19%178 In yeast, tw o
parallel branches of the HOG pathw ay are defined by their dependence on one of two transmem-
brane proteins, Slnl or Shol. Within each branch, h ypertonic stress acti vates a MAPK cascade.
Both of these cascades terminate on Hogl, the single yeast p38 MAPK homolog (Figure 2.5).
Hogl acti vates transcription of genes that mediate synthesis of glycerol, the dominant or ganic
osmolyte of S. cerevisiae.

Sinl is a membrane-bound histidine kinase sensor that forms a phosphorelay system together
with two other proteins, Ypdl and Ssk1.7%190.178 Under stable osmotic conditions, Slnl is constitu-
tively active and phosphorylates Ypd1, which then transfers its phosphate group to Ssk1. Phospho-
rylation of Sskl 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 Sskl triggers autophosphorylation
of the MAPKKKSs, which then phosphorylate and acti vate Pbs2, the MAPKK that acti vates Hogl.

Shol is a fungi-specific protein that contains four transmembrane domains and a C-terminal
domain that interacts with do wnstream signaling components.’®1%%178 Sho1l was originally thought
to be an osmosensor lik e Slnl, b ut studies of Raitt et al. % indicate that it instead functions as a
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scaffolding protein that pro vides docking sites for kinases upstream from Hogl. Recent w ork of
Tatebayashi et al. 293 suggests that tw o transmembrane mucin proteins function upstream of Shol
as 0smosensors.

A recent study of Shol signaling demonstrated that Cdc42, a Rho-type GTP-binding protein,
becomes activated during h ypertonic stress via an unkno wn mechanism.?** Activated GTP-bound
Cdc42 then binds and acti vates Ste20, a MAPKKKK. 2% Cdc42 and Ste20 interact with Ste50, a
possible cofactor for Ste20. Ste50 also interacts with Stel1, a MAPKKK that is activated by Ste20.
Shol binds to Stell and brings it close to its substrate Pbs2, the MAPKK that acti vates p38
MAPK.7%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 Shol 233 (Figure 2.5).

Vertebrate p38 MAPKSs are also acti vated by cellular osmotic stress. 10187 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 [Jnti] recently , ho wever, little w as kno wn about the
upstream signaling mechanisms that actwvate p38 MAPKs during hypertonicity. Using siRNA, Uhlik
and co workers?!'” demonstrated that MEKK3 (mitogen-acti vated, e xtracellular-regulated kinase
kinase kinase 3), a MAPKKK with homology to yeast Stel 1, and MKK3 (mitogen-actvated protein
kinase kinase 3), a MAPKK, function to actvate 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 ¢ 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 MAPKSs. Uhlik and co workers?!” have proposed a model in which Rac,
OSM, MEKK3, and MKK3 activate p38 MAPKs during hypertonic stress similar to Cdc42, Ste20,
Shol, Stell, and Pbs2 in yeast (Figure 2.5).

The downstream targets of p38 MAPK are not clearly defined. Like Hogl in yeast, p38 MAPK
may regulate the activity of transcription factors 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. '3° Dahl et al. 37 demonstrated that TonEBP is phospho-
rylated in hypertonically stressed MDCK cells. Se veral studies have suggested that p38 and other
MAPKSs,!01:135,149.186.213 a5 well as other types of kinases, 38283101 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.’! In addition, Lee et al.!'3 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,!30:188.226.227 byt 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 ytes’>?%¢ but has no ef fect on
volume regulation in rabbit'*® and human epithelial cells. '8 Interestingly, p38 activation and RVD
require the activity of Src kinases and inte grins in swollen rat hepatoc ytes.??’

Hogl and p38 MAPKSs 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 MAPKSs. This
diversity of osmotic signal transduction mechanisms may reflect the diversity of cell types or the
diversity of cell volume sensor and ef fector mechanisms that e xist in metazoans.

2. Ste20 and WNK Kinases

As discussed above (see Section I1I.B), swelling-activated K—Cl and shrinkage-activated Na—K—2Cl
cotransporters play central roles in R VD and R VI (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
cotransporters*?-3083.12L191 and that kinase acti vity and phosphorylation are sensiti ve to cell-volume
changes.?687.122 Parker!33 proposed that a common cell v olume sensor and signal transduction
pathway coregulates K—CIl 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 covorkers!®® demonstrated that the Ste20-related kinase PASK
and OSR1 interact with the N-termini of both K—CI 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.”®100.178

The Ste20 kinase superfimily is divided into the PAK (p21-activated kinase) and GCK (germinal
center kinase) kinases. 3° These two groups are further subdi vided into PAK-I-IT and GCK-I-VIII
subfamilies. PASK 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, ¢ ytoskeletal
architecture, cell cycle, and ooc yte meiotic maturation. 3

Dowd and Forbush?®® 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. '® suggested that PASK and OSR1 were not important
regulators of cotransporter acti vity. In addition, Gagnon et al. © observed that PASK coexpressed
with either K—CI or Na-K-2Cl cotransporters in ~ Xenopus oocytes has no ef fect on transport
activity under basal or osmotic stress conditions; havever, when PASK is coexpressed with WNK4,
dramatic activation of the Na—K—2Cl cotransporter and inhibition of the K—CI cotransporter are
observed.®

WNK4 is a member of the with no lysine (K) family of serine/threonine kinases.??!%> Humans
have four WNK kinases, and rare mutations in WNK 1 and WNK4 cause pseudohypoaldosteronism
type I (PHAII), an autosomal dominant form of hypertension.?*> 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. 9619

Delpire and coworkers'** 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. 363.132.222223 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 WNKI1 w as in vestigated by Zagoérska and
coworkers.?*” Using HEK 293 cells, the y demonstrated that WNKI1 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 efect on WNK1 activation. WNK 1 expressed in Escherichia
coli transautophosphorylates at S382, suggesting that ~WNKI1 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 WNKI activation by cell shrinkage.

Caenorhabditis ele gans oocytes e xpress a CIC type of anion channel, CLH-3b, that is
activated by swelling and ooc yte meiotic maturation. '’ Channel activation is triggered by PP1-
mediated serine/threonine dephosphorylation.!”” The PASK/OSR1 homolog GCK-3 interacts with
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FIGURE 2.6 (See color insert Hllowing page 208.)Models of phosphorylation and dephosphorylation eents
that regulate the acti vity of v olume-sensitive Na—K—2Cl and K—CI cotransporters in mammalian cells and a
volume-sensitive CIC 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—2ClI cotrans-
porters and acti vates K—Cl1 cotransporters during cell swelling. WNK1 and WNK4 interact with P ASK and
OSRI1. Cell shrinkage acti vates WNK1 and WNK4 via unkno wn mechanisms. Activated WNK1 or WNK4
then phosphorylates and acti vates PASK and OSR1. An unknown phosphatase is thought to dephosphorylate
and inactivate PASK and OSR1 during cell swelling. (B) In C. elegans oocytes, the CIC 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 o and GCL-7f during cell swelling and meiotic maturation.

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 singleCaenorhabditis 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.?® C. elegans and
mammals are separated by hundreds of millions of years of e volution.'*!321° These results as well
as those from studies in C. elegans oocytes*®176177 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.!52153 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.
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3. Src Kinases

Src kinases are ¢ ytoplasmic tyrosine kinases that ha ve well-defined roles in cell growth, differen-
tiation, cell adhesion, carcinogenesis, and immunity .202% These kinases are also  emerging as
important regulators of cell v olume and v olume-related cellular processes. 3! The first Src kinase,
v-Src (viral-sarcoma), was isolated from a cancercausing retrovirus and shown to be a constitutvely
active mutant tyrosine kinase oncogene. The wild-type, cellular form of this kinase w  as named
¢-Src or Src. Activation of Src kinases can be comple x but usually involves dephosphorylation of
a C-terminal inhibitory tyrosine residue. 3! 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, Hek, L yn, and Yrk kinases. 2031205

Hypotonicity and hypertonicity activate different Src kinases;*' however, a role for most osmot-
ically sensitive Src kinases in v olume regulation has not been established. The best e vidence for
Src re gulation 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.*!
De Franceschi et al. 4! have suggested that Fgr and Hck ne gatively regulate a protein phosphatase
that activates the K—Cl cotransporter .

Lck is activated by h ypotonicity, and RVD and I, activity are inhibited in human T cells
that lack functional Lck. !> In rat hepatoc ytes, pharmacological inhibition of Src pre vented hypo-
tonicity-induced activation of ERK1/2 and p38 MAPKSs and reduced RVD, suggesting that Src may
regulate RVD via MAPKSs. 227 Lck and Lyn may also re gulate swelling-induced or ganic osmolyte
efflux from red blood cells of an elasmobranch,'®® 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. °!

As discussed abo ve, TRPV4 is activated by cell swelling. *64117.195236 Pharmacological studies
in cultured rat nociceptors suggest that h ypotonicity-induced activation of TRPV4 is mediated by
Src kinases.? Xu et al.?*! 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 o¥253 to phenylalanine
blocks hypotonicity-induced channel activation. Other investigators, however, have been unable to
reproduce many of these findings. Vriens et al.??® 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

PLA, catalyzes the hydrolysis of cellular phospholipids to generate arachidonic acid. Arachidonic
acid can be further metabolized by lipoxygenases to generate leuk otrienes.?> As discussed earlier
(Section IV.A.2), PLA, is sensitive to lipid packing density and can be acti vated by swelling when
reconstituted into liposomes. 211'* Studies in se veral cell types ha ve sho wn that both PLA , and
lipoxygenase activity are required for R VD.% In addition, arachidonic acid and leuk otrienes have
been shown to regulate the activity of K*, Cl-, and or ganic osmolyte efflux pathways.3>110:112.159,196
Vriens et al 28 have also sho wn that swelling-induced acti vation of TRPV4 is inhibited by PLA ,
blockers and blockers of cytochrome P450 epoxygenase. They suggest that swelling activates PLA,,
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 CaZ*

Intracellular Ca?* ([Ca?*];) is a ubiquitous second messenger that rgulates numerous diverse cellular
processes.!? Swelling-induced increases in [Ca?*], and Ca?*-dependent RVD have been observed in
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several vertebrate cell types. 2138 In addition, studies in cnidarian '? and crustacean'! cells have
demonstrated that R VD is Ca 2" dependent. The underlying R VD transport pathw ays that are
regulated by [Ca?"], are poorly defined. Pasantes-Morales and Mulia'3® have carefully reviewed the
literature and noted that swelling-acti vated Cl- and organic osmolyte efflux mechanisms are Ca?*
independent in most cell types, whereas swelling-acti vated K* channels are commonly re gulated
by [Ca?"], changes. The biophysical properties of these channels suggest that they are BK, or maxi-
K*, channels.

1. Ca?* Entry

Changes in [Ca 2*]; can be brought about by increases in Ca 2* influx or release from intracellular
stores.!? In a variety of vertebrate cell types, an extracellular source of Ca?" is required for swelling-
induced increases in [Ca ?*]; and for RVD.!1%184188207.209 Seyeral recent studies ha ve indicated that
TRP channels mediate swelling-induced Ca ?* entry. Arniges et al.* used siRNA in human airw ay
cells to demonstrate that TRVP4 is required for swelling-induced acti  vation of Ca *"-dependent
KCNN4 potassium channels and R VD. Becker et al.? have shown that human k eratinocytes have
a robust RVD that is completely block ed by removal of extracellular Ca?" or by exposure to Gd**,
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 ?* entry via TRPV4 may also re gulate RVD in human sali vary
epithelial cells.!'” In HeLa cells, extracellular Ca?" removal, TRPM?7 inhibitors, and TRPM7 siRNA
block RVD, suggesting that TRPM7 mediates swelling-induced Ca ?* entry.'** Calcium entry may
also be mediated by swelling-induced acti vation of TRPM3 and TRPV2. 134

2. Intracellular Ca?+ Release

Depletion of intracellular Ca?* stores or inhibition of Ca?" store release has been shown to partially
inhibit swelling-induced increases in [Ca 2*], and RVD in se veral vertebrate cell types. 79189209244
Release of Ca?" from intracellular stores is mediated by inositol 1,4,5-trisphosphate (IP ;) or ryan-
odine receptor Ca ?* channels;'? however, little direct e vidence supports the in volvement of these
channels in swelling-induced Ca ?* signaling and RVD.!5#

D. RHO GTP-BINDING PROTEINS

Rho GTP-binding proteins are a ubiquitous eukaryotic family of Ras-related GTPases that includes
22 members in mammals. 8% 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 lage 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.#7-78100.116,178217 R,
another Rho GTPase, is activated in less than 1 minute by hypertonicity in mammalian renal tubule
cells.* Cell shrinkage and increased intracellular ionic strength can acti vate Rho GTPases, but the
underlying molecular mechanisms by which this occurs are unknevn.*4° Hypertonic stress-induced
activation of Rho GTP ases functions to control ¢ ytoskeletal remodeling in the corte x, which is
thought to help cells withstand ph ysical forces imposed by v olume changes.*® 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 I, has been proposed
to be regulated by Rho GTPases in at least three diferent vertebrate cells types%13%140.206 In NTH3T3
cells, overexpression of constitutively active RhoA increases the rate of RVD, the rate of swelling-
activated K* and taurine efflux, and the magnitude of I gep.'®!

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; heever,
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 > and acti vate v olume-
regulatory mechanisms.

Over the last few years, some molecular insight into osmotically sensitve signaling mechanisms
has been gained. 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 %¢1%* and a v olume-sensitive anion channel ** and systemic osmotic
homeostasis in Caenorhabditis elegans.?® Nematodes and mammals are separated by hundreds of
millions of years of e volution,'4!321° demonstrating that Ste20/WNK signaling is ¢ volutionarily
ancient and lik ely represents an essential and highly conserv ed osmosensing pathw ay 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 wlume
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, intgrative 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 complex (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%6292 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 vay, 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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FIGURE 3.1 (See color insert f ollowing page 208.) A contractile vacuole 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.

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)**!0! and probably also regulated volume increase (RVI).>* Trans-
port mechanisms have been identified or postulated for moving osmolytes into the ¢ ytosol and out
of the cytosol to adjust the osmolarity of the cell relati ve to the e xternal osmolarity so the interior
of the cell will always remain hyperosmotic to the outside. One of the better studied osmorgulatory
mechanisms that does not rely in part on a CVC is that of the glycerol re gulatory system in yeast
cells,® 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. !°
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 oganic
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.
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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 I.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 I1.G).

Our o wn lab has completed studies on the ionic contents of invivo CVsof Paramecium
multimicronucleatum (see Section I1.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 Ca?*, 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 ¢ ytosol such as Ca?" 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. Even in very
high external osmolarities, ho wever, the CV will continue to eliminate fluid at a reduced rate as
the osmolarity of the ¢ 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 ¢ ytosol over a wide range of e xternal osmolarities and conditions that alter the K *
activity of the ¢ 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 ¢ 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 qganic osmolytes produced by the cell.

Il. CYTOSOLIC OSMOLARITY AND THE
CONTRACTILE VACUOLE COMPLEX OF PROTOZOA

A. CyrosoLic OSMOLARITY

Freshwater protozoa have a cytosolic osmolarity under normal grovth conditions that ranges roughly
between 50 and 110 mOsmol/L and is h yperosmotic to the environment.**'?° In the ciliate Tetrahy-
mena pyriformis , the ¢ ytosolic osmolarity w as reported to rise linearly as cells were adapted to
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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. etal.,, 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 ¢ 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. etal., J Cell Sci., 115, 2339, 2002. With permission.)

increasing external osmolarities, at least in an external osmolarity range from 40 to 170 mOsmol/kg
of cells.3b1"2 Amoeba proteus was found to ha ve a ¢ ytosolic osmolality of ~240 mOsmol/L when
cultured in a medium containing 0.7 mg KCl, 0.8 mg CaCl ,, and 0.8 mg MgSO ,~7H,0O per liter.®

Paramecium multimicronucleatum cells living in an external environment having an osmolarity
from 4 to 64 mOsmol/L e xhibit a relati vely constant ¢ ytosolic osmolarity of ~75 mOsmol/L. %
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.!” 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 ¢~ 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.®??> Based on electron microscopy, the membrane of the CV itself is
decorated with neither ribosomes nor an ¢ xtensive cytosolic coat such as clathrin or the COPI or
COPII coats of some membranes of the endoc ytic and biosynthetic pathways,>%4¢4” and they lack,
for the most part, the luminal polysaccharide lining such as occurs in lysosomes and some stages
of food vacuoles.>% Molecules usually associated with clathrin have been reported to be associated
with the CV membrane of Dictyostelium in developmental stages®®-® or under certain experimental
treatments.*¢ The major specialization noted so fr 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 ¢ ytosolic decorations are known to be V-type
proton-translocating ATPase complexes (V-H*-ATPases).?>4776 Genes encoding some of the sulinits
of the V-ATPase complex have been cloned and sequenced from a fe w protozoa.3+124125

In the smallest CVs, which appear in the small green alg ae such as Chlamydomonas® and in
the zoospores of Oomycetes such as Phytophthora,’® 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
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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.®® Such
an exocytic mechanism was first proposed for the CVC of a trypanosomatid protozoan, Leptomonas
collosoma %

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. '?¢ These tubules do not appear to e xpand to become
part of the CV membrane, as neither their ¢ ytosolic pegs nor their luminal fibrous contents are
found to be part of the CV membrane properIn 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 ¢ ytosol.#4

In ciliates, the number of CVs per cell or some of the parameters of the CV ¢ ycle (e.g., CV
volume and rate of e xpulsion) vary positively or ne gatively depending on the size of the cell. 7
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.!?3 Giant amoebae, such as Chaos
carolinensis,”® have many CVs, as does the ciliate Ichthyophthirius, the causati ve agent of white
spot disease of freshwater fish.!® 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, °7 but the reliability of this mark er has been questioned recently .2!
Extending from these bladders is a netw ork of tub ules and smaller e xpanded compartments that
remain close to the cell surf ace.*’ 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.***” Using an
antibody specific for the B-subunit of the V, subcomplex of the V-ATPase holoenzyme, Heuser et
al.¥ 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 33139 of this CVC in
interphase as well as in di viding cells.'3!

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.”7* 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. 3

The CVs of ciliates are not free to mo ve about in the cell but are attached to the surface of the
cell, each at an indentation of the plasma membrane called a CV pore.” 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 ¢ 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 ¢ ytosol, remaining near the cell surf ace, for many micrometers.®3* 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, many 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.!? In Dictyostelium, both tubules and bladders have only
one type of membrane based on their decoration with pe gs,**4” although biochemically two types
of membranes were reported. ¥ Chlamydomonas has also been reported to ha ve only one type of
membrane.®® A third pool of membrane, consisting of v esicles called acidocalcisomes, has been
observed in the smaller miroor ganisms, including Trypanosoma,’®’ Chlamydomonas,'? and Dic-
tyostelium,”! that can apparently fuse with some part of the CVC. The spongiome membrane pools,
once they 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. 3** 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. Errects OF EXTERNAL OsMOLARITY ON CVC MORPHOLOGY

The rate of fluid segregation and expulsion by the CVC (R)'? 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 pm in diameter ,*° while CVs of
Amoeba proteus can be 27 to 45 um in diameter .>>8¢ The filling and expulsion cycle of P. multi-
micronucleatum growing in 80 mOsmol/L is completed in about 10 sec. ° In the epimastigotes of
Trypanosoma cruzi, the CVC c ycle lasts 60 to 75 sec; !° in the zoospores of Phythophthora, the
cycle is completed in 6 sec; 7® 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?* concentration.’® 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.> Additional CVCs over the usual interphase number had been
reported before, 7 but this phenomenon is no w known to be triggered either by a significant
decrease in the e xternal osmolarity or by a significant rise in the external calcium concentration. >
On the other hand, an equally lar ge increase in external K* concentration was not found to lead to
extra CVCs.5

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.?*> 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. 3452 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. 32 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.%

D. lons 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. ** 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 CI- 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 CI 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. 8 In Amoeba proteus, both Na*
and K* are actively transported across the plasma membrane, K * is actively accumulated, and Na*
is actively eliminated.’® The ability of the cell to regulate Na* was dependent on Ca?" in the external
medium. Both Na* and K* can be actively transported in Tetrahymena, whereas Cl- is apparently
distributed passively.!0-30
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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 facultative parasite li ving on the seahorse, has lo wer concentrations of Na *
and CI- in its cytosol than are present in the e xternal environment.>® These ions vary with changes
in salinity, increasing with increased salinity but 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 underh  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. ¢ 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. 3¢

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 ¢ ytosol would be too slo w to quickly
reestablish the required h yperosmotic cytosol when the cell is under h yperosmotic stress.?* Dicty-
ostelium also secretes half or more of its load of amino acids, particularly glycine, alanine, and
proline, when it encounters h ypoosmotic stress.!??

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.®®1%* This led to the conclusion that the CV fluid of an amoeba was hypoosmotic to
the cytosol. 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.*197 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 multimicr onucleatum, both in the
cytosol of the cell and at the same time in the CV of the cell. ' In cells adapted to a 24-mOsmol/L
standard saline solution that did not contain Na * (as used by Paramecium electrophysiologists®?),
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 CI- in the cytosol compared to 66.5 in the CV. Ca?" activity
in the ¢ 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
CI-. 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). * Thus, Cl- can act as the
counterbalancing anion for most, if not all, of the free inor ganic cations present in the ¢ ytosol and
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TABLE 3.1
Ratios of K* and CI- Activities in the CV Fluid Compared to Those in the Cytosol

Adaptation Solution/Experimental Condition

External K*- Choline- Ca?*-
Osmolarity Containing Containing Containing Furosemide DMSO
(mOsmol/L) 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 23 2.0 25 2.0 24 2.0 — — — —
164 2.1 23 — — — — — — — —

Source: Stock, C. etal., J. Cell Sci., 115, 2339, 2002. With permission.

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 or ganelle.

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 ¢ 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 ¢ ytosol and CV increased as the ¢ xternal osmolarity w as
increased from 24 to 164 mOsmol/L (see Table 3.1).!° 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 ¢ ytosolic osmolarity and by the
individual ionic activities in the cytosol, rather than the CVC determining or rgulating the cytosolic
ionic composition or the overall cytosolic osmolarity. Thus, the CVC does not control the osmolarity
of the ¢ ytosol; rather, the ¢ ytosol, with a possible contrib uting role by the CVC membrane,
determines the osmolarity of the CV .

As was the case for ¢ ytosolic osmolarity (Figure 3.2A), the indi vidual ionic acti vities of K *
and Cl- increased in both the ¢ ytosol and CV in steps instead of linearly (Figure 3.2B and C).
These steps occurred at the same ¢ xternal osmolarities as the increases in ¢ 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 CI ~ or active K" transport is follo wed by Cl - moving through
CI- channels. These two ion species may then be mo ved together or separately into the CV , and
water will enter both the ¢ 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 (R ).!!! When the bathing solution
to which Paramecium was adapted for 18 hr contained: (1) 2-mmol/L K * in MOP-K OH 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 (R,) 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, R, was almost twofold higher (Table 3.2). In the solution enriched in the or ganic
cation choline, R, was about half the rate of that in Na * or K* alone. The sum total of K*, Na*,
Ca?*, and Cl- activities in the CV fluid remained about equal in cells adapted to K* or Na* alone
for a particular e xternal osmolarity (e.g., 24 mOsmol/L), b ut when both K* and Na* were present
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FIGURE 3.3 Ionic activities of (A) Cl -, (B) K™, (C) Na*, and (D) Ca ?* 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.)

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
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TABLE 3.2

Overview of lonic 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 24 mOsmol/L 124 mOsmol/L

Cation Species K+ + Na* Na* K* Choline  K* + Na* Na* K* Choline
Aacr,, (mmol/L) 96 77 67 33 244 187 131 66
Ay (MmOL/L) 20 5 5 4 38 4 10 4
Ay, (mmol/L) 23 24 56 14 51 57 141 50
g2+, (mmol/L) 23 25 0.2 0.7 51 29 0.7 1.2
a1, (Mmol/L) 162 131 128.2 51.7 384 277 282.7 1222
Osm, (mOsmol/L) 60 56 66 32 168 165 178 132
Osmotic gradient,? 102 75 62.2 19.7 216 112 104.7 -9.8
Reye (fL/sec) 131 67 69 33 34 20 18 3
Veye (mV) 81 95 84 93 79 87 84 87

@ Estimated by subtracting Osm, from Zq

ionscy*

Note: a, the sum of all ion acti vities in the

ioncy? ioncy?
CV; Osmy, the overall cystosolic osmolarity; R, the rate of fluid segregation; V., the CVC membrane potential.

Cl-, Na*, K*, and Ca 2" activities in the contractile v acuole; Za

The values shown are rounded numbers.

Source: Stock, C. etal., Eur. J. Cell Biol., 81, 505,2002. With permission.

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 R in the mixture
of K* and Na*.1!!

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 ¢ ytosolic osmolarity, which w as lower by only
~25%. The CVC w as still active in cells in choline b ut its R, in an e xternal osmolarity of 124
mOsmol/L was only 3 fL/sec (one femtoliter =10 ~'° L) compared to 33 fL/sec when in a 24-
mOsmol/L adaptation solution—a 10-fold decrease. !!!

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.\%3' At the higher 124-mOsmol/L osmolarity a higher amount of Na *
was present in both the ¢ 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 ¢ 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."'? The calcium activity in the CVC of calcium-eposed cells in an external
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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 was 50 mmol/L. This huge increase o ver the activity 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 K7, but once in the ¢ ytosol Ca?" is quickly transferred to calcium storage sites, such as
the alv eolar sacs of ciliated protozoa 429198 or it is transferred to the CVC compartments for
excretion from the cell. 110111

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 far fewer V-H'-
ATPases per unit of membrane area’?3! 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 ¢ 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 ¢ 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 exchanged for cations (K *, Na*, and Ca?") 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.!'® 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.!'® 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 ale 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 was emptied by cytosolic pressure.® 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 engoged ampulli into the CV;!'8 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



The Contractile Vacuole Complex and Cell Volume Control in Protozoa 81

D

=

X

[

g

<

()

g

1

0

g

= 1001(:)1‘ame0 0 .

g _s-vf-:v~ ':;m‘ Salels a®® aes o .
=] . . . .8, . - »
S 100 et iy M ‘.l"\lgl".'\r: RuvvtNg? h"?ﬁ&s
é& ‘; - ‘% S .

@] (Biii)
B

e

5=

Q‘ -----------
§ 200

£S2 100 (Biv)
2= . ey

&= ol et
M __________________________________________________________

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 cycles. (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 (e,—e;). (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.)

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 w as 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 vy, 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 agin microscopically visible CV (seeAllen’s website, Chapter 9,Video 1).
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FIGURE 3.5 During systole the CV membrane collapses into 40-nm tubles (arrows) that tend to lie crossvays
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 um.

To confirm that the radial arms are the sites of the electrogenic engines of the CVC of
Paramecium, compressed cells were studied. * 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 simultaneouslyA 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 different osmolarities significantly change the CV membrane potential ** 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 ( R¢y()
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 R, 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 lyperosmotic condition (from 4 mOsmol/L to 124 mOsmol/L)
for 30 min and then returned to the original h  ypoosmotic conditions, it w as observed 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 fact 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.
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Ry 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 ut did result in an increase ofR ;- 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 R decreased 43%.3° 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 fall 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.*

Because the CV potential remains the same at widely dif ferent external osmolarities but R
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 C1 ~ 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.'!!
The resultant accumulation of ions in the CVC (K * and CI- 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 inor ganic ions in the CV is much higher than the acti vities of these same
ions in the ¢ ytosol that contribute to the lo wer osmolarity of the ¢ ytosol (see Table 3.2).!!!

F. MemBRANE DYNAMICS OF THE CVC

Because of its apparent periodic contractility , the contractile v acuole has fascinated observers of
protozoa from the v ery early days of microscop y. Atthe end ofac 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#83120 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.®* 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 ¢ ytosolic pressure
had been eliminated. 3



84 Osmotic and lonic Regulation: Cells and Animals

40 - Rounding , Slackening 6 _Rounding Slackening
phase 4 phase 5 | phase phase
: g [ ®s% e

2 \ x FW
< i £
= 20 k- ! \ 3 / \'n
g ; Y : .
5 fot \ g . \f
= f 3 2 21 /

10 | : [3

0 .__l__l_l_ :l T b R b o W T O .T... 1 1 1 L 1 T..-.,-
-6-4 -2 0 2 4 6 8 10 12 -4 -2 0 2 4 6 8 10
Time (sec) Time (sec)
(A) (B)

f‘\(’\mﬁmﬁfﬁf”\

SVAG WG W ~d \ ot

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 ( 7,,)-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) T.,. (Adapted from
Tani, T. et al., J. Cell Sci., 114, 785,2001. With permission.)

Not only does this smooth part of the CV spongiome membrane ¢ 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). 5116 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 (A TP) 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 0 wn cycle of rounding and relaxing as long as suf ficiently undiluted
cytosol is still present that contains ATP and other undetermined cof actors.'!'*!!° No master pace-
maker exists to re gulate the rounding and relaxing ¢ 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).14

The isolated CV of Amoeba proteus has also been sho wn to contract when in the presence of
ATP and appropriate ions. 8% No fibrous system has been reported to be associated with this CV,
not even microtubules. Nishihara et al. 3¢ showed that isolated CVs from Amoeba proteus would
suddenly shrink or b urst after 2 to 3 min of ¢ xposure to I-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
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fusion of the CV with the pore membrane. '"* 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 ¢ytosol that is hyperosmotic
to the environment.?* This is also presumed to be true in other cells such as  Dictyostelium."? 1t 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 factor (NSF) % 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. ¢ This protein re gulates interactions
of the soluble NSF attachment protein (SNAP) receptors (SNARESs). Genes for both synaptobrevin-
like and syntaxin-lik e SN AREs that are specific for the CVC of P. tetraurelia have also been
identified.®"'% SNAREs from both the vesicle membrane and target membrane must be complexed
in trans configuration before fusion can occur.!%

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 lyperosmotic stress or is subjected to cold3?52 Under these conditions,
the V-ATPases disassemble, at least in part. Membranes of the decorated tub ules are thus funda-
mentally different 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.?

G. ComprarRING 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- um-diameter, membrane-limited bladders or CVs that are
connected to a meshwork of secondary saccules by membrane tubules that in motile cells lie close
to the substrate-facing surface of the cell.*’ 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. 447 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, '> Rab-like GTPase proteins,'’#! and membrane fusion comple xes con-
sisting of, at a minimum, SN AREs, SNAPs, and NSF proteins. Surrounding the ¢ 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.#¢ Fusion of these two membranes is followed by the
contraction and emptying of the CV it not, under normal conditions, the mixing of the components
of the plasma membrane with the CV membrane. 3646 The CV first rounds before fusion and then
collapses after fusion is completed; its membrane flattens and tubulates during systole but does not



86 Osmotic and lonic Regulation: Cells and Animals

vanish into the ¢ ytosol. The tubules of the CV can be refilled to restore the bladder.3*4” 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 .4

The contraction of the CV during systole, although thought in the past to be actomyosin
driven,?”-¥ is probably not“® 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.3*%> No
F-actin has e ver been seen bound to membranes of the CVs in  Dictyostelium*® or Paramecium.’
Heuser and his coworkers?°?23847 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. 2637 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 .3’

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.!'> 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,? 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*3® 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.3® As in Paramecium, cytosolic pressure is
also thought to be suf ficient to produce fluid discharge from the open CV in this cell. 1?

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,"'*''> but in Dictyostelium a buildup 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 ¢ 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 under go rounding® 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.’



The Contractile Vacuole Complex and Cell Volume Control in Protozoa 87

Molecular biological studies of the CVC are more adanced 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. %%17:128 Similar studies have now been performed
on the V-ATPase subunits of Paramecium tetraurelia,'**'? and one report on P. multimicronucleatum
has been published.?* Other studies have dealt with the small GTPases of the Rho family of proteins
and its Rac subfamily, as well as on the Rab f amily of re gulatory 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.!”#! 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.®* Also, a Rho GDP-dissociation inhibitor (RhoGDI-1)
that might also act on both the Rho and Rab pathwys has been localized to the CV inDictyostelium.*

Copine A (CpnA), another protein associated with the CV oDictyostelium, 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 or ganelles and may only
localize to the CVC membrane during a rise in ¢ ytosolic calcium concentration.?> Another protein
recently found to associate with the CV of Dictyostelium is a protein known as VwkA for its von
Willebrand Factor A-like motif that contains a conserved o-kinase catalytic domain that is reported
to be present in myosin hea  vy-chain kinases (MHCKs). This factor may influence myosin II
abundance and assembly at the CV membrane of Dictyostelium.'*

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. 12! This parasitic flagellate has a CVC adjacent to its flagellar pocket that consists of a
vacuole and spongiome. The CVC has a pulsation ¢ ycle that lasts 60 to 75 sec. ' Recent work
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.” 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 .°%27

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.?®2?° These vesicles have a high content of pyrophosphate
(PP1i), polyphosphate (poly P), calcium, and magnesium, as well as other elements. ' 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?*-ATPase. As
mentioned abo ve, these v esicles, first described in Trypanosoma cruzi, have also been found in
Chlamydomonas reinhardtii'® and Dictyostelium discoideum’ and seem to be link ed to the func-
tioning of the CVC. %1% Placing epimastigotes of 7. cruzi under hypoosmotic 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. !

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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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.!?%11
The osmolarities of the saline solution and ytosol were determined as reported!%1% 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.’>3*!17 Abbreviations: CV, contractile vacuole;
AP, ampullus; CO, collecting canal; DS, decorated spongiome; P, CV pore; MT , microtubular ribbon; CM,
cell membrane.

V-ATPases, V-H*-PPases, v acuolar Ca?" 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 c ytoplasmic fluid phase of the cell, and (2) the balancing of
cellular water, which constantly flows into the cell by osmosis to maintain the gytosol at its required
hyperosmotic level. Thus, the primary role of the CVC is todcilitate 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 C1- to the CVC atale 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?" 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?" pumps such as those identified in
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Dictyostelium,”® and/or anion channels for the entry of CI - into their lumens. Although such
mechanisms remain to be studied in detail, it isno  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 Paramecium''® and which is now confirmed by molecular techniques for the CVCs
of trypanosomes. '32° 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 € 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 ¢ ycle
the cell will maintain its K * and CI- 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 ¢ ytosol during the very short period of time
that the CV is separated from the CVC and is in the rounded phasé\n osmolyte retrieval mechanism
in the CV membrane would probably defeat much of the purpose of vater 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, %1% the osmolarity of the CV of Paramecium is
not hypoosmotic (hypotonic) to the cytosol.!11% 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 ¢ 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.

I1l. 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 (C.,,) of a Paramecium multimicronucleatum cell
changed stepwise at ~75 or 160 mOsmol/L when the adaptation osmolarity ( C,,,) is continuously
changed. That is, C,, is ~75, ~160, and ~245 mOsmol/L when C,,, 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).1%”
This finding implies that an active change in C,,, takes place when the external osmolarity is changed
beyond these osmolarities. Hereafter , these tw 0 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 (C,), as
these cause an active change in C,, (i.e., an activation of a hypothetical osmolyte-transport mech-
anism).>* This finding also implies that C,, will normally be higher than C,,,, and, therefore, an

adp>
adapted cell will remain osmotically sw ollen.
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FIGURE 3.8 (A) Cell volume (v); (B) cytosolic osmolarity (C..,); (C) hydrostatic pressure of the cytosol with
reference to the e xternal (adaptation) solution ( P,,,); and (D) b ulk modulus of the cell ( My) in Paramecium
multimicronucleatum cells plotted against the adaptation osmolarity (C,,,). 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 C,,, ranges (C,,, <75,
75 < C,q, < 160, and C,,, > 160 mOsmol/L). C,, represents the critical osmolarities for three stepwise changes
in C,, (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 ( v,,) is 20% (black
lines) and 40% (gray lines) of the reference cell v olume. The left gray column is for C,,, ranging from 0 to
4 mOsmol/L; the right gray column is for C,,, ranging from 204 to 245 mOsmol/L. These C,,, 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 ¢ ytosol with reference to the
external solution (), which is proportional to the diference betweenC,, and C,,,. 7, is written as:

ncyr oyt

=(C_ Cadp)R-T 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, 7., equals or balances the h ydrostatic pressure in the ¢ ytosol with reference to
the external solution (P,,,). P,,, is generated when an elastic membrane and its associated ytoskeletal
structures, which surround the cell, are ¢ xpanded as the cell is osmotically sw ollen. The balance
can be written as:

=P (3.2)

T cyt cyt

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 bulk
modulus (Mp). The My of a Paramecium cell adapted to an osmolarity ( C,,, ) is defined as:

M = Moyt ~ T, — Anfm — Vn 'Ancytn
Brl
V1 =Vu AV Av, (3.3)
v v

n n

where n stands for the nth experiment among a series of € xperiments with v aried C,,, and n+l1
stands for the ( n + 1)th e xperiment employing a C,,, that is slightly dif ferent from that in the
preceding nth experiment; v is the volume of the cell in either € xperiment n or n + 1, and 7., can

be written as:

ncytn = (Ccytn - Cadp,, )R ' T (3 . 1 ,)

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

The volume of a cell ¢) that has been adapted for several hours to a given C,,, will then continuously
change as the C,,, 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  C,,, changes from 4 to 204 mOsmol/L (Figure 3.8A).

4. Estimation of C, 7, and M; of Cells Adapted to Varied C,,,

The hypothetical osmolyte-transport mechanism responsible for the stepwise change in  C.,, is not
activated by a change in C,,, within a range where no critical osmolarity ( Cy) is crossed, so the
number of osmolytes in the ¢ ytosol (V) remains unchanged re gardless of a change in v dueto a

change in C,,,.** Within such a C,, range, C,, can be written as:

C(:yt,, = (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 ¢ ylinder with a
semipermeable piston (bar labeled SM) that is fixed to the bottom of the ¢ ylinder by a coil spring ( Mj).
The piston and the coil spring correspond to the semipermeable cell membrane and its elasticity (the b ulk
modulus of the cell), respectively. The inside and outside of the c ylinder correspond to the c ytosol and the
external solution, respectively. Medium gray corresponds to the ¢ ytosolic osmolarity (C,,,), lighter gray to
an osmolarity of the e xternal solution ( C,,,) lower than C,,, and dark er gray to a C,,, higher than C_,. A
dotted area in the ¢ ylinder corresponds to an osmotically nonacti ve portion of the cell ( na). The corre-
sponding cell shape is sho wn below each model. When C,,, = C,,, (A), no osmotic w ater flow takes place
across the piston, so the coil spring is neither ¢ 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 C,,, is lowered below C..,
(B), water osmotically flows into the cylinder through the piston (water inflow, Q,,; downward blue-bordered
black arrow). Q,, is proportional to the osmotic pressure of the ¢ ytosol with reference to the e xternal
solution so T, (upward black arro w) can be obtained from Equation 1, where A is the area of the
semipermeable cell membrane and L, is the hydraulic conductivity of the membrane. A hydrostatic pressure
in the cytosol with reference to the e xternal solution P, (downward white arrow) is generated as the coil
spring is expanded 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 Q,,), which is proportional to
P, (Equation 2). Q,, cancels Q,, and the o verall water flow across the piston becomes 0 when the cell
swells to a le vel where P, = m, and, therefore, Q,, = O, (Equation 3). In versely, when C,,, is raised
beyond C.,, (C), the w ater osmotically lea ves the c ylinder through the piston (the w ater outflow; upward
blue-bordered black arrow labeled Q,,), 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 ¢ ylinder
and causes a water inflow through the piston (downward blue-bordered white arrow labeled Q, ). The overall
water flow across the piston becomes 0 when the coil spring is compressed to a le vel where P, =, and,
therefore, Q,, = Q,, (Equation 3). For discussion see Baumg arten and Feher.!! Abbreviations: v,,, volume
of the osmotically nonactive portion of the cell (na); v, cell volume; Av, volume change after changing the
external osmolarity.
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where v,, is the volume of the osmotically nonactive portion (nonaqueous phase) of the cell (Figure
3.9). Foreach C,, range (C,,, <75,75< C,, <160,0r160< C,,, <245 mmol/L), N canbe
written as:

N=Cy(vy =) (3.5)
because C,,, = Cy and v = vy, when C,,, = Cy.
The values for C,, , T, , and My 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 v, remains constant in the
specific C,,, range employed, as represented in Figure 3.8 (B, C,,;C, n,, ; D, My ). The value
for v,, is not a vailable at present so we emplo yed two different plausible v alues for v,,: 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 inC,,, are essentially the same for the two different
V,, cases; that is, T, is highest (greater than ~1.6 x 10° Pa) at its lower C,,, values in each range,
where the difference between C,, and C,,, is largest, and it is almost 0 at the highest C,,, 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 ¢ ytosolic osmolarity increases stepwise (Figure 3.8B), implies that the
resistance by the cell to volume change (its M) also increases stepwise at each critical osmolarity
as C,,, increases. My is highest at the highest C,,, values in each osmolarity range, and the highest
value in each C,,, range is lar ger in the higher osmolarity range (~12, ~17, and ~114 x 10° Pa at
75, 160, and 245 mOsmol/L for C,,,, 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. RecuiATORY VOLUME CONTROL
1. Time Course of Change in Cell Volume after Changing the External Osmolarity

When a cell adapted to a specific C,,, is transferred into another solution with an osmolarity ( C,,,)
different from the C,,,, the m,, changes so the cell volume will change until a ne w balance for m,,,
and P, 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 C,,, after they were each transferred into a different stimulatory
Cy, are shown in Figure 3.10. C,,, and C,,, 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 stimulatoryC,,,. The number

stm*
at the tail end of each arro w indicates the C,;, and the number at the head end indicates  C,,,, in

stm
mOsmol/L. The length of each arrow corresponds to the amount of change in the &ternal osmolarity
upon subjecting the cell to C,,, (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 Cy, (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 e xternal osmolarity is changed be yond a C,, (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 noC), is crossed (Figure 3.10B, E, G, J). Some representatve microscope
images of the cells adapted to dif ferent C,,, before and 15 and 30 min after subjecting the cell to
a different C,,, are shown in Figure 3.11.

stm

2. Activation of RVD

When the e xternal osmolarity is decreased ( C,,, < C,,,; 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 Cy (Figure 3.10A, C, D; see also Figure
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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 ( C,,,), and that at the head end is the changed osmolarity ( C,,,) in mOsmol/L. A
horizontal bar across the arrow corresponds to a critical osmolarity ( Cy), where the change in osmolarity has
crossed a C,. The value for the C, 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.)

3.11B). By contrast, the cell v olume stays at the higher le vel if no C, is crossed (Figure 3.10B, E;
see also Figure 3.11A). These findings imply that an outward-directed osmolyte-transport mecha-
nism that decreases C.,, (with subsequent cell volume decreases) is activated when C,,,, is decreased
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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 um. (From Iwamoto, M. et al., J. Exp. Biol., 208, 523, 2005. With permission.)

beyond a Cy. 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 &ternal osmolarity, represented as the length of a dovnward
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, P, of an adapted cell is highest when  C,,, is lowest—that is,
close to Cy in a given C,,, range (as at ~75 in the C,,, <75 mOsmol/L range or ~160 in the 160
< C,gp <245 mOsmol/L range), as the cell is maximally sw ollen at this C,,, value (Figure 3.8A).
If a cell adapted to an osmolarity in one of the abo ve C,,, ranges is subjected to an €  xternal
osmolarity lower than the C,, at the lo wer end of the range, the cell w ould be e xpected to swell
more than the maximal value observed and P, should increase beyond the highest value obtained.
In contrast, however, P, does not exceed the highest v alue when the adapted cell is subjected to
an osmolarity increase within the specific C,,, range. It is therefore concluded that an increase in
P, 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 P, 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.



96 Osmotic and lonic Regulation: Cells and Animals

The threshold P,,, is approximately1.5 to 1.9 X 105 Pa (Figure 3.8C). The threshold membrane

tension estimated from the P, 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. *3! 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 de gree as the cytosk-

eleton, would appear to be much lo wer than that of the estimated tension in the ¢ ytoskeletal lining.

3. Activation of RVI

When the e xternal osmolarity is increased ( C,,, > C,,,; 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 Cy, (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 C,, is
crossed (Figure 3.10G, J; see also Figure 3.11C).  These findings imply that an inward-directed
osmolyte-transport mechanism that increases C,,, (cell volume consequently increases) is activated
when C,,, is increased beyond a C),. This osmolyte-transport mechanism corresponds to a regulatory
volume increase (R VI) 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 volume (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, P, of an adapted cell is almost 0 when C,,, is highest in a specific
range where no Cy is included (as at ~75 in the C,;, <75 mOsmol/L range or ~160 in the 75
< C,y, < 160 mOsmol/L range), as the cell is neither sw ollen nor shrunken ata C,,, that is close
to C,. If a cell adapted to a gi ven osmolarity is subjected to an e xternal osmolarity higher than C,
at the border of this C,,, range that includes the given osmolarity, P,,, should become negative and
the cell would shrink. Because P,,, never becomes negative when the external osmolarity is increased
within the given osmolarity range, it is therefore concluded that a decrease to 0 or ane gative P,
is the primary factor required for activation of RVI. The cell shrinks and the cell membrane wrinkles
when P, 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.

C

adp

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

When a stimulatory solution contains 10 mmol/L tetraecthylammonium (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.>* 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. 1148818 (Also refer to Chapter 2.)

C. CeLL VoruMe ConNTroL AND CVC AcTiviTy

Four representative time courses of change in the CVC acti vity presented as R 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 Cy
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FIGURE 3.12 Four representative time courses of change in the rate of fluid segregation and dischar ge by
the contractile vacuole (R ) 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 was 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 C,, indicating that the change in the e xternal osmolarity crossed a Cy. A number beside the
bar is the osmolarity of the C,. (From Iwamoto, M. et al., J. Exp. Biol., 208, 523,2005. With permission.)

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 was subjected to 84 mOsmol/L; the osmolarity change w as made without crossing a
Cy 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 ¢ xternal osmolarity w as changed beyond a Cy
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 Cy so RVI was 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, R appeared to increase in parallel with an increase in cell
volume; that is, R, increased as cell volume increased after subjection of the cell to a 60-mOsmol/L
decrease in the e xternal osmolarity. R, 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 R, remained
higher when the RVD was not activated; therefore, the cell volume also remained higher (compare
Figure 3.12B with Figure 3.10B).
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C,,, decreases as the cell osmotically swells.  The reduction of C,,, therefore, appears to be
involved in enhancing the R, activity. It is highly probable that control by the cell of the ratio
of osmolarity in the CV fluid (C¢y) to ¢ ytosolic osmolarity ( Cy/C,,,) is a primary f actor for
determining the R, activity. When the ratio increases o ver the ratio existing before changing the
external osmolarity, R, will become higher . When the cell resumes its initial v olume after
activation of RVD (Figure 3.10A), C,, 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 CI- ions in the
CV fluid are reduced stepwise similar to the overall cytosolic osmolarity that follows RDV activa-
tion.'!® Thus, the CV fluid is also affected by RDV activation, and the cell k eeps its ratios of K *
and ClI" activities in the CVC to those in the C,, more or less constant at ~2.4 (Table 3.1)."% Ry,
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 Ceyc/C,, 1atio and Ry is necessary to
understand the control mechanism of the rate of w ater segregation by the CVC ( R().

On the other hand, the time course of change in R after increasing the e xternal osmolarity
by 60 mOsmol/L w as essentially the same, independently of whether R VI was activated or not
(compare Figure 3.12C and D with Figure 3.10F and G, respecti  vely), That is, R, became 0
immediately after the cell was subjected to an increase in the eternal 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  C,, ora
decrease in Cg/C,,, caused by an increase in the e xternal osmolarity, is not directly correlated
with the inhibition of R, In fact, 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 .3 R~ 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 o verall cell volume during either R VD
or RVI by e xtrusion of ¢ ytosolic water and osmolytes through the CV . The initial rapid increase in
R, 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
Ry to 0 upon subjecting the cell to an increased e xternal osmolarity would eliminate the effects of
continued CVC activity upon the cell if e xcessive osmotic shrinkage were to occur. Dunham and his
colleagues®:!'? had earlier suggested a role for the CV in uffering the osmotic changes in cell volume.

D. PaArasiTic PROTOZOA

Physiological responses to h ypoosmotic stress ha ve been studied in parasitic protozoa, such as
Trypanosoma,'”" Giardia,’" Crithidia,' and Leishmania.'* These parasitic protozoa encounter a
wide range of fluctuation in external osmolarity as the y progress through their life ¢ 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 collaborators®' demonstrated that Trypanosoma
cruzi showed RVD in response to h ypoosmotic stress in their v arious life-cycle stages. The major
osmolytes responsible for R VD 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. 148658110 The efflux is assumed to be mediated by some putative osmotic swelling-sensitive
organic anion channels.*>° They also demonstrated that e xternal Ca?* ions were indispensable for
triggering RVD in 7. cruzi. It is generally accepted in man y cell types that e xternal Ca?* ions that
enter the ¢ ytosol through osmotic swelling-sensiti ve Ca?* channels in the plasma membrane are
the mediators of RVD.%%123 Interestingly, control of the ¢ ytosolic Ca?* concentration by using Ca?*
ionophores showed little ef fects on the amino acid ef flux responsible for RVD. They concluded
that, although Ca?* 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 ¢ ytosol.*¢197 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 oganisms investigated must be increased to look for diferences
in the CVC cycle 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 ¢ 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 microelectrode ' or photo-
metrically using a Ca?*-sensitive dye of the cytosolic Ca*" concentration after changing the external
osmolarity would reveal the possible in volvement of Ca?* 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, ¢ ytosolic activities of K * and
CI, etc. are indispensable. We are de veloping a no vel intracellular osmometer 8> The tip of the
probe of the osmometer is ~2 pum 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 Cu,Fe(CN);
plug at the tip of the probe is too short li ved (~3 min) to be v ery useful. De velopment 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). !9 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 Ca?* and CO%~. Hypersaline waters
that support life range from marine salinity (35%o) to 300%o. 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.*!
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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%o, or oceanic salinity . (Adapted from Remane, A.and
Schlieper, K., The Biology of Brackish Water, Wiley Interscience, New York, 1971.)

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.®® These bivalve species are at least semiterrestrial and can breathe air with surprising
facility.36:136

1. SALT AND WATER BALANCE

In all animals, the ¢ 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 exceptions)
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 effect inside the cell due to ¢ 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. !

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 ¢ ytoplasm and the e xtracellular
fluid. Kirschner!''? termed the physiological 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.
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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.

A. MARINE OSMOCONFORMERS

In most marine molluscs, the osmotic concentration of the hemolymph is roughly equal to that of
the ambient seawater.'#%1%4 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 areeuryhaline
(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., Bvalvia, Gastropoda) have numerous euryhaline species.
The range of salinity tolerance of osmoconforming molluscs can be remarkable. 147159 Tn 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 # in the hemolymph of osmoconforming
molluscs are the same as that of sea  water.!!211%146.174182 Thege animals produce a urine that is
isosmotic to the hemolymph (see Table 4.6).
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TABLE 4.1
Intracellular Concentrations of lons in Molluscs

Intracellular Concentration

(mM)
Species (Class) Habitat Cell Na+ K+ Cl- Ref.
Mpytilus edulis (B) M Muscle 79 152 94 Potts!62
Mytilus edulis (B) M Nerve 105 206 — Wilmer?®
Eledone cirrhosa (C) M Muscle 33 167 55 Robertson'7!
Sepia officinalis (C) M Muscle 31 189 45 Robertson!7!
Loligo pealei (C) M Nerve 50 400 60 Hill et al.”!
Elysia chlorotica (G) M Nerve 300 450 325 Quinn and Pierce '8
Aplysia californica (G) M Nerve 67 232 12 Sato et al. 7
Acmaea scutum (G) M Muscle 46 162 29 Weber and DehneP”
Anodonta cygnea (B) FW Muscle 5 21 2 Potts!6?
Viviparus viviparus (G) FW Muscle 8 15 4 Little!"”

Note: B, bivalve; C, cephalopod; G, g astropod; M, marine; FW, freshwater.

Evasive strategies found in euryhaline animals include a reduction in the permeability of the
body wall to water and ions.''? 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.'®® 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 wall 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.>?
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 ¢ 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 ener gy 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.?” 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 cane  xceed 500
mM.2% 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. ©

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.!''° This holds for a variety of cells from marine molluscs (Table 4.1). Other cations
and anions increase the total osmotic pressure of the ¢ ytoplasm of marine animals to about 500 to
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600 mOsm.!'"? 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 ¢ 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),''3 but the amino acids that mak e up the bulk of the ¢ 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 ¢ 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 '3 have shown that the increase in the ¢ 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. 7 The metabolic sources of alanine include
synthesis from pyruvate'? and protein catabolism followed by transamination.3*” The slow rate of
taurine accumulation is probably a function of limited synthetic capacity  , but 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.3#>152158 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.!'”! 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. !’ Studies have shown that the enzymes in volved in
the production of glycine betaine in o ysters are also in the mitochondria. '8

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 ¢ 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 ¢ ytoplasmic pool of or ganic molecules. *168189.209

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 have 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.*3 Exposure of these cells to
hypoosmotic media results in an influx of Ca?*, possibly through a stretch-acti vated channel.'3! In
N. pondersosa red cells, the efflux of amino acids and volume regulation are inhibited by phenothi-
azine inhibitors of calmodulin action. '*' Calmodulin is present in these cells, '3* and hypoosmotic
stress induces the phosphorylation of plasma membrane proteins. '*® Taken together, these results
suggest the follo wing model: Cellular swelling in response toh ~ ypoosmotic stress acti vates a
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TABLE 4.2

Primary Constituents of the Cytoplasmic Amino Acid Pool in Marine Molluscs

Mollusc

Bivalves
Anadara trapezia
Arca umbonata
Noetia ponderosa

Mytilus edulis

Mpytilus californianus
Modiolus modiolus
Modiolus squamosus
Geukensia demissa

Saccostrea commercialis

Crassostrea virginica
Chesapeake Bay
Atlantic

Crassostrea gigas

Chlamys opercularis

Glycymeris glycymeris

Mya arenaria

Scrobicularia plana
Cardium edule
Mercenaria mercenaria
Macoma balthica

Gastropods
Pyrazus ebenius
Thais hemastoma
Amphibola crenata
Nassarius obsoletus
Purpura lapillus
Patella vulgata
Elysia chlorotica
Busycon perversum
Fasciolara distans
Siphonaria lineolata
Polynices duplicata
Oliva sayana
Hydrobia ulvae

Chitons
Acanthochitona discrepans

Cephalopods
Loliguncula brevis
Lithophaga bisulcata
Architeuthis sp.

Text

1100
1100
840
840
840
1180
1100
1060
500
980
1060
730
1190
1160
1090
1100
1000
920
920
1060
1060
1180
630
630
1000
1060
1060
1060
230

1100

990
1070
1000
1100
1100

920
1100
1100
1100
1100
1100
1100

1180

1100
1100
1100

Tissue

Adductor
Soft tissue
Adductor
Foot
Gill
Adductor
Adductor
Adductor
Adductor
Gill
Adductor
Mantle
Mantle
Ventricle
Gill
Adductor
Mantle
Adductor
Adductor
Adductor
Adductor
Adductor
Adductor
Adductor
Gill
Adductor
Adductor
Adductor
Soft tissue

Foot
Foot
Foot
Digestive gland
Foot
Foot
Whole animal
Soft tissue
Soft tissue
Soft tissue
Soft tissue
Soft tissue
Soft tissue

Foot

Soft tissue
Soft tissue
Muscle

Amino Acids
(% of Total)

Tau (31), Gly (31)
Tau (79)

Gly (25), Asp 21)
Tau (62)

Tau (71)

Gly (52), Pro (18)
Tau (34), Gly (29)
Tau (46), Gly (35)
Tau (64)

Tau (72)

Tau (51), Gly (31)
Tau (79)

Ala (35), Tau (19)
Tau (57), Gly (23)
Tau (66)

Tau (32), B-Ala (23)
Tau (64)

Ala (60)

Tau (50), Ala (19)
Gly (38), Tau (26)
Gly (72)

Tau (56), Asp (11)
Ala (37), Gly (35)
Gly (54), Tau (19)
Gly (42), Tau (17)
Ala (38), Gly (28)
Tau (42), Gly (22)
Tau (39), Gly (31)
Ala (36), Glu (13)

Tau (25), Ala (22)
Tau (75)

Gly (14), Glu (12)
Tau (52), Glu (13)
Tau (53), Ala (11)
Tau (74)

Glu (61)

Ala (31), Tau (25)
Tau (50), Gly (19)
Ala (31), Tau (28)
Tau (65)

Tau (42), Ala (21)
Gly (37), B-Ala (27)

Tau (64)

Tau (59), Gly (21)
Gly (50), Tau (46)
Glu (13), Asp (10)

Ref.

Ivanovici et al. »
Simpson et al. 88
Amende and Pierce?
Amende and Pierce?
Amende and Pierce?
Gilles™

Zachariassen et al. ?!!
Shumway et al. '8
Deaton et al.*?

Silva and Wright!8¢
Shumway et al. '$°
Pierce!4®

Pierce!4¢

Baginski and Pierce 1
Neufeld and Wright'!
Ivanovici et al. *
Heavers and Hammen %
Pierce et al. '’

Pierce et al. '’
Shumway et al. '8
Shumway et al. %
Gilles™

DuPaul and Webb®
Shumway et al. 1%
DuPaul and Webb®
Shumway et al. '8
Shumway et al. %
Shumway et al. %
Sokolowski et al. %!

Ivanovici et al. %
Kapper et al. 104
Shumway and Freeman '8
Kasschau!®
Hoyeaux et al.*’
Hoyeaux et al.”’
Pierce et al. 1%
Simpson et al. 138
Simpson et al. '3
Simpson et al. '8
Simpson et al. 188
Simpson et al. '8
Negus!4?

Gilles™

Simpson et al. '$8
Simpson et al. '8
Rosa et al. 7
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calcium-selective. stretch-activated channel in the plasma membrane. The resulting influx of Ca?*
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.3® Phorbol esters also potentiate the release of
amino acids from gills of Geukensia and ventricles of the clam Mercenaria mercenaria exposed
to hypoosmotic seawater.?>3

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 ?* that activates contraction
enters the cell with the action potential. “° In these cells, the mechanical acti vity would 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.® 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. 2°* 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
Hypoosmotic Ca?" free

Hypoosmotic high Ca?*
Hypoosmotic + verapamil
Hypoosmotic + Co?"

Hypoosmotic + phorbols
Hypoosmotic + dintrophenol

Hypoosmotic + trifluoperazine

Noetia Red Cells
Decreased FAA release

Increased FAA release

Decreased FAA release

Increased FAA release

Increased K™ release
Decreased FAA release

Decreased FAA release

Geukensia Ventricles
Increased FAA release

Decreased FAA release

No effect

No effect

Increased FAA release
Increased FAA release

No effect

Refs.
Amende and Pierce, ’
Pierce and Greenberg'4’
Amende and Pierce,’
Pierce and Greenberg'#’
Amende and Pierce, ’
Deaton (unpublished)
Amende and Pierce,’
Deaton (unpublished)
Pierce et al., "> Deaton?®
Amende and Pierce,’
Pierce and Greenberg'4®
Pierce et al., S>> Deaton
(unpublished)
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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 vy, L.F., Comp. Biochem. Physiol., 87TA, 151-156, 1987.)

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 ¢ ycles in an estuary . When the change in ambient
osmotic concentration is prolonged, despite the capacity for anaerobic metabolism in man y mol-
luscs,* the animal must e ventually emerge or open to feed, to release nitrogenous w  aste, and to
exchange respiratory gases. 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 ¢ 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 w ater through the mantle ca vity.?%3%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.%%147-1% In animals that are able to re gain volume, the mechanism is an
increase in the ¢ 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.!? 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 re gulation. 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. %% 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.®* Some studies ha ve suggested that amino acids released into the hemolymph by cells
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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 ¢ ycle.'”> Whatever the contributions of these
uptake mechanisms are, it is clear that the cells of molluscs &posed to hyperosmotic media produce
amino acids by synthesis and by catabolism of proteins. !

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. 14718 Hypoosomotic volume re gulation is
accomplished by the release of ¢ytoplasmic osmolytes into the blood and the ecretion of osmolytes
by the animal. This brings the three compartments (¢ 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 excretion of amino acids in molluscs e xposed to reduced osmotic concentrations does
not show a mark ed increase. 487124192 Instead, the rate of ¢ 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 Pierce ! have shown that the amino acid content of the
mantle of the mussel Geukensia demissa does not change when the animals are &posed 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.*
These observations are consistent with the notion that the amino acids released into the &tracellular
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.'®! In the intervening years, this hypothesis has been
explored in a variety of molluscs. Lange!!'¢ 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 re gulation than the stenohaline
species Corbicula manilensis,® and the tissue amino acid pool is lar ger in the euryhaline mussel
Geukensia demissa than in the stenohaline mussel Modiolus americanus.'*® Gainey and Greenberg”3
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.*!7?

E. VoOLUME 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 osmolalityno volume regulatory response
occurs. 82183185 At the cellular level, results vary among cell types. Ventricles of Geukensia demissa
do initiate v olume re gulation 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.!#! 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. 315!

Many studies of the responses of molluscs to both h ypoosmotic and h yperosmotic stress have
shown that the volume regulatory responses of bivalves to increases in salinity and to decreases in
salinity are not symmetrical.26:6%7L13L146,18L193 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 .7! 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 fiperosmotic 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 actvity of the lateral cilia of isolated gills, tut the effects
on the cilia are similar for hypoosmotic and hyperosmotic stresses.'** A comprehensive explanation
of the rapid equilibration between medium and &tracellular fluids during hyperosmotic stress awaits
further research. The slower volume re gulatory response is probably due to limits on the rate of
accumulation of amino acids in the ¢ 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 vaters (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.>*8788129 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 bivalves 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’* 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 ?/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, gastropods 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 isypoosmotic
to the extracellular fluids; however, data pertinent to this question are rare (see data fordssiminea
grayana in Table 4.6). Measurements of sodium and chloride fluxes have not been done in an y
oligohaline species, but data are available for Corbicula fluminea, a freshwater species that can
tolerate dilute brackish w ater.3! 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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TABLE 4.4
Osmoregulation in Selected Oligohaline and Freshwater Molluscs
Species Class T I FW T Break Ref.
Oligohaline animals
Polymesoda caroliniana B 48 60 Deaton?!
Rangia cuneata B 41 60 Deaton?!
Mpytilopsis leucophaeta B 40 70 Deaton et al.#?
Melanopsis trifasciata G 120 150 Bedford'’
Potamopyrgus jenkinsi G 125 125 Duncan®?
Assiminea grayana G 180 150 Little and Andrews'??
Freshwater animals
Corbicula fluminea B 53 70 Deaton?!
Limnoperna fortunei B 40 70 Deaton et al.
Elliptio lanceolata B 42 40 Gainey and Greenberg”
Ligumia subrostrata B 47 50 Dietz and Branton >
Lampsilis teres B 50 50 Jordan and Deaton %!
Lampsilis claibornensis B 46 50 Deaton®!
Pomacea bridgesi G 100 100 Jordan and Deaton '*!
Lymnaea stagnalis G 95 100 De With*
Viviparus viviparus G 80 95 Little!”

Note: The external osmotic concentration abo ve which the animal is an osmotic conformer and belo w
which itis a h yperosmotic re gulator is the m ., break. The osmotic concentration of the hemolymph of
animals acclimated to freshwater is the m;,. Osmotic concentrations are in mOsm. B, bivalve; G, gastropod.

transport.''? 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.'3? This result indicates that neither ion is in equilibrium across the body
wall. The Na*,K*-ATPase acti vity of the mantle and kidne 1y 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.?>!”> 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 uptale mechanisms is too low. Because they are capable of wlume 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 eolutionary path from marine
habitats to the in vasion of freshw aters.4:3

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. 24%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).!1% 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).
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TABLE 4.5
lonic Composition of the Hemolymph of Freshwater (FW) and Terrestrial (T) Molluscs
Species Habitat = Na* K+  Ca* Cl- HCO; Ref.
Bivalves
Dreissena polymorpha Fw 36 11.5 0.5 52 14.5 5.1 Horohov et al. %
Corbicula fluminea Fw 53 26.7 1.0 52 243 2.5 Deaton?!
Carunculina texasensis FW 45 154 0.5 4.7 114 11.6 Dietz’!
Anodonta grandis FW 55 19.5 0.5 5.8 16.1 11.2 Dietz’!
Anodonta cygnea FW 42 15.6 0.5 8.4 11.7 14.6 Potts'®!
Anodonta woodiana FW 45 15.8 0.5 — 13.7 — Matsushima and Kado '3
Ligumia subrostrata Fw 47 20.6 0.6 3.6 12.5 11.5 Dietz’!
Lampsilis claibornensis FwW 46 27.1 0.9 32 11.7 6.4 Deaton?!
Margaritifera margaritifera FW — 14.4 0.5 7.8 114 — Chaisemartin?!
Margaritifera hembeli FW 39 14.6 0.3 52 9.3 11.9 Dietz’!
Sphaerium transversum FwW 45 15.2 0.4 2.8 14.2 9.0 Dietz*?
Gastropods
Viviparus viviparus FW 81 34.0 1.2 5.7 31.0 11.0 Little'”
Pomacea depressa FW 140 55.7 3.0 6.6  52.0 19.0 Little'2®
Pomacea lineata FW 135 49.8 2.4 72 413 234 Little'®
Theodoxusa fluviatilis Fw 105 45.0 22 2.3 32.8 11.3 Little'?!
Lymnaea stagnalis FwW — 55.3 1.7 44 36.2 28.3 De With and Sminia*’
Lymnaea trunculata FW 137 49 2.4 8.3 32.1 18.4 Pullin!¢”
Pila globosa FW — 126 193 30.7 191 — Saxena!”’
Eutrochatella tankervillei T 74 27 1.2 32 24 12.5 Little'?!
Helix pomacea T 158 59.3 45 100 492 40 Wieser?%
Arion ater T 216 62 2.7 2.3 — — Roach!
Achatina fulica T 212 65.6 33 107 72.2 13 Matsumoto et al. 128
Strophocheilus oblongus T 166 38 24 123 53 23.5 DelJorge et al.#
Tropidophora cuvierana T 198 89 35 8.0 77 13.5 Rumsey!”
Tropidophora ligata T 294 127 57 122 124 — Rumsey!'”
Tropidophora fulvescens T 206 86.0 4.9 9.7 75.5 — Rumsey!”?
Pomatais elegans T 280 110 6.0 165 106 11.0 Rumsey!'”
Orthalicus undulatus T 126 35 3.0 7.3 — — Burton!®
Sphincterochila candidissima T 134 53 3.1 7.7 — — Burton'®
Eobania vermiculata T 168 71 38 5.7 — — Burton'®
Cepaea nemoralis T — 88 4.6 20  65.6 — Trams et al. %
Maizamia wahlbergi T 64 26 1.8 4.5 24.5 — Andrews and Little®
Incidostoma impressus T 80 30 1.2 3.7 24 — Andrews and Little®
Poteria lineata T 82 31 1.8 5.1 25 13.7 Andrews and Little®
Poteria yalluhsensis T 86 36.8 2.4 8.3 273 11.7 Andrews and Little®

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 .!33 The measured transepithelial potential is —15 mV
indicating uptake of both ions by an acti ve mechanism.'3* 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 thish  ypothesis; for ¢ xample, the rate for tw o
demibranchs from Ligumia subrostrata 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
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TABLE 4.6
Urine Production in Molluscs
Urine/Hemolymph Urine
Species Text Ratio Production Refs.
Bivalves
Anodonta cygnea FwW 0.67 1.9 Picken,!>* Potts!®!
Margaritana margaratifera FW 0.09 34 Chaisemartin?!
Hyridella australis FW 0.60 — Hiscock??
Gastropods
Strombus gigas 1100 0.96 3 Little'"?
Nerita fulgurans 1100 1.01 — Little'?!
Haliotis rufescens 1100 1.0 6-21 Harrison®!
Hydrobia ulvae 500 1.0 — Todd!”’
Turritella communis 1100 1.0 — Avens and Sleigh!!
Buccinium undulatum 1100 1.0 — Avens and Sleigh!!
Littorina saxatalis 1100 1.0 — Avens and Sleigh!!
Assiminea grayana 1150 0.96 — Little and Andrews'??
FwW 0.56 — Little and Andrews'??
Viviparus viviparus Fw 0.28 15 Little''®
Viviparus malleatus FW — 42 Monk and Stewart!*
Lymnaea peregra FwW 0.70 — Picken'#
Pomatia lineata FW 0.23 5.7 Little'?°
Neritina latissima FW 0.63 — Little'?!
Potamopyrgus jenkensi FW 0.83 — Todd!”
Achatina fulica T 0.72 4.4 Martin et al. '’
Pomatais elegans T 0.98 — Rumsey!'”
Tropidophora cuvieriana T 1.02 — Rumsey!”
Tropidophora fulvescens T 1.03 — Rumsey'”
Tropidophora ligata T 1.10 — Rumsey!'”
Parachondria angustae T 1.00 — Rumsey!'”
Licinia nuttii T 0.97 — Rumsey'”
Annularia sp. T 1.03 — Rumsey!'”
Helix pomatia T — 10.3 Vorwohl?!
Archachatina ventricosa T — 8.4 Vorwohl]?!
Cephalopods
Octopus dofleini 1100 1.0 2.6 Harrison and Martin %

Note: Urine/hemolymph ratio is calculated from osmolality or Na* concentrations; T, is in mOsm; rates of urine
production are pL per g wet weight per hr .

ion-transporting cells in a wide v ariety of animals and suggests that the mitochondria-rich cells
in the water channels of the gill may be responsible for the uptak e of ions. % The K, values for
the influx of ions are similar in bivalves and g astropods and not dif ferent from those for other
freshwater animals.!'!° Rates of uptake are also roughly similar for bivalves and gastropods; a few
clams ( Sphaerium tr ansversum, Corbicula fluminea, Dreissena polymorpha) have higher rates
(Table 4.7). The higher rates of ion flux in the latter two species may reflect their comparatively
recent invasion of freshw ater.*!

The uptak e of sodium and chloride ions occurs independently in unionid mussels,  Corbicula
fluminea, and freshwater pulmonates. 463133 In Dreissena polymorpha, Cl- uptake is dependent on
Na*.”® 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 CI-,HCO,-ATPase,***” but the data
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TABLE 4.7
lon Influx in Freshwater Molluscs

Maximum Rate
(umol per g dry K,

Species lon weight per hr) (mM) Ref.
Bivalves
Carunculina texasensis Na' 1.3 0.1 Dietz®
Ligumia subrostrata Na* 2 0.1 Dietz’!
Cl- 1 0.1 Dietz and Branton %
Ligumia subrostrata (isolated gill) ClI- 0.5 0.2 Dietz and Hagar®
Margaritana margaritifera Na* 67° 0.05 Chaisemartin et al.??
Corbicula fluminea Na* 13 0.05 McCorkle and Dietz '3
Dreissena polymorpha Na' 22 — Horohov et al.*3
Cl 25 — Horohov et al. %
Ca? 29 — Horohov et al. %
Sphaerium transversum Na* 21 — Dietz>
ClI 9 — Dietz>
Gastropods
Lymnaea stagnalis Na* 3.6° 0.1 De With and van der Schors*®
Cl- 2.4° 0.1 De With and van der Schors*®
Ca? 6.0° 0.3 Greenaway’®
Biomphalria glabrata Ca? 2.42 0.3 Thomas and Lough '
Ancylastrum fluviatilis Ca?* 7.28 0.07 Chaisemartin and Videaud?

2 Wet weight converted to dry weight by a f actor of 12.1%
> Wet weight converted to dry weight assuming tissue h ydration = 85%. 1!

supporting this mechanism are inconclusi ve. More recent models of the mechanism of C1 - uptake
in freshwater animals implicate C1 /HCOj; ion exchangers and V-type H*-ATPases (see Chapter 3
in this volume). The activity of Na*,K*-ATPase in the gills of freshw ater mussels is higher than that
of the gills of oligohaline bivalves in freshwater.3”1”> Some species demonstrate evidence of a diurnal
rhythm in the uptak e of ions, with rates being higher during darkness. 77!3* The uptake of ions by
freshwater bivalves is stimulated by serotonin and cAMP; serotonergic synapses are abundant in the
gills.0061.93.179 Prostaglandins ha ve been sho wn to inhibit the uptak e of sodium ions in unionid
mussels.”® If kidney tissue from freshwater snails acclimated to dilute seavater is incubated in etracts
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.!%®
These observ ations 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, '®° 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 fital (Table 4.8). The cells of freshwater molluscs accumulate
amino acids in hyperosmotic media; the capacity of this mechanism seems to be lover in freshwater
gastropods than in freshw ater bivalves.!?! 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.
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TABLE 4.8
Upper Limits of Salinity Tolerance for Freshwater Molluscs
Species Upper Limit (mOsm) Ref.
Bivalves
Lampsilis claibornensis 200 Deaton?!
Lampsilis teres 200 Jordan and Deaton %!
Corbicula leana 160 Kado and Murata !0
Corbicula fluminea 400 Deaton?!
Mytilopsis leucophaeta 200 Deaton et al.
Limnoperna fortunei 200 Deaton et al.*?
Dreissena polymorpha 100 Komendatov et al.!'!
Anodonta piscinalis 200 Komendatov et al. '!!
Gastropods
Viviparus viviparus 200 Little!”
Helisoma duryi 150 Khan and Saleuddin'’
Pomacea bridgesi 200 Jordan and Deaton !%!
TABLE 4.9

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

Initial Rate Cumulative Rate
Species Habitat 3 hr) 9 hr)
Corbicula japonica (6] 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 wmol per g wet
weight per hr.

Source: Adapted from Matsushima, O. et al.,J. Exp. Mar: Biol., 109, 93-99, 1987.

H. HyYPERSALINE MoOLLUSCS

Hypersaline habitats ha ve salinities of 40%o or abo ve. Little is kno wn about the ph ysiology of
molluscs that live in such habitats. In the Laguna Madre system inTexas 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%o. '® These animals are all marine bivalves and doubtless are
osmotic conformers. They most probably maintain le vels of ¢ ytoplasmic or ganic osmolytes that
are higher than those typical for marine animals. In addition, gastropods occur in hypersaline pools
near hydrocarbon seeps on the floor of the Gulf of Mexico; nothing is as yet kno wn about the
osmoregulatory physiology of these animals. %

I.  TErRReSTRIAL MoOLLUSCS

All truly terrestrial molluscs are g astropods, although some species of bi valve can survive out of
water for impressi ve lengths of time (1 to 12 months). 283992 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
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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 Howes, N.H. and Wells, G.P., J. Exp. Biol.,
11, 327-343, 1934.)

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 (T able 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). 396165 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 ater'?> 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 .?%!!* Numerous studies ha ve
shown, however, that terrestrial gastropods can absorb water across the body wall.!?6:13 This osmotic
uptake occurs through the bottom of the foot via a paracellular pathwy,'¢* and the rate in dehydrated

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 VO, of 200 puL/g/hr. Gains and
losses are in mL per g body weight per hr .

Source: Data from Machin,'?® Martin et al.,'?” Dainton,?” and Prior.'®3
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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 sluglimax maximusin a fully hydrated state is 140 mOsm!®
When loss of w ater reduces their body weight to 68% of normal (blood 7 =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.!®* Snails rehydrating after prolonged dehydration
during estivation also overshoot their predeh ydration weight.!?° 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, 23193 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. ' 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.'?>!65 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.!?> Snails in this inactive state can survive for hundreds
of days.'?* Slugs, however, lack a shell and cannot li ve for more than a fe w days unless they have
access to a source of w ater.’® Groups of slugs may huddle together to reduce e vaporative w ater
loss. 163

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. '?° The proportions of Na*, K*, and Ca?*
in the hemolymph do not change during esti vation, but a slight proportional increase in Cl -~ and
decrease in HCO; 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.>® As with estivating snails, the proportions of the cations in the hemolymph did not
change, but an increase in chloride was observed (HCO; was not measured).>® To maintain cellular
volume, the intracellular amino acid pool increases in these animals during deh ~ ydration.®° 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 ht?° In contrast
to the response of unionid clams, the only ions that increase in concentration are Ca 2" and presum-
ably HCOy;, leading to the hypothesis that Na*, K*, and CI are transported into the cells to maintain
volume.?’ 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. 3%207

I1l. URINE FORMATION IN MOLLUSCS

The anatomy and function of the e xcretory systems in molluscs ha ve been thoroughly re viewed
elsewhere®”.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.” 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. 683.85,115137,138,142,180.202 Tp bj valves, 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,'*>1% 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.57#%1% The morphology of the podoc ytes suggests that these cells may
have a secretory function. 7' 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).!22 In some
freshwater snails (e.g., Helisoma duryi), a ureter contains epithelial cells with apical micro villi,
extensive basal infolding, and numerous mitochondria. % This specialized structure is not present
in freshwater bivalves.” Molluscan kidneys contain cells with large vacuoles; these cells are known
as excretory cells and release the v acuolar contents into the urine. ’

IV. CALCIUM UPTAKE FOR SHELL FORMATION

Biomineralization in molluscs has also been e  xtensively re viewed else where.?*2% 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?*
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 K, for the uptake and
deposition of calcium into the shell is about 7.5 m  M.!9? 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!®’ Although some of this calcium is doubtless
dietary, an enormous amount must be transported into these animals from the medium ag  ainsta
large concentration gradient. The K|, 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?* concentration of 0.4 m M are, respectively, —7 and
—15 mV (hemolymph ne gative).>>!33 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 Ca?* 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. 2%

V. CONCLUSIONS

This review suggests se veral avenues for future research. Among osmocoformers, the asymmetry
in the response of animals to lyper- or hypoosmotic stress seems to be unwversal. 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 fate 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 ¢  xternal salinities has been ascribed to a
decreased capacity for h yperosmotic volume 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 av  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*, Ca?", and CI" 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 Ca?" across the shell-f acing
epithelium of the mantle.®® 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.
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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.>8! 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.>3! Although
some reviews in the area of epithelial transport and osmorgulation have been published, it appears
that a re view from a more general perspecti ve has not been undertak en for some time. % 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. %

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!182
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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TABLE 5.1
Typical Osmotic Pressures of Coelomic Fluids in Annelid Species
Coelomic
Fluid

Medium  (orBlood)
Osmotic  Osmotic

Class and Pressure  Pressure Na K cl

Species (mOsm)  (mOsm) (mM) (mM) (mM) Refs. Notes

Hirudinea

Hirudo — 201 136 6.0 36 Zerbst-Boroffka!? —
medicinalis (blood)

Poecilobdella — 145 67 11.2 41 Ramamurthi” —
granulosa (blood)

Oligochaeta

Lumbricus — 154 £2 71+£2 4+£0 481 Dietz and Alvarado'® Worm kept
terrestris in soil

Pheretima — 154-167 80.4 5.9 21.7-22.9  Bahl? Fully
posthuma hydrated

Polychaeta

Nereis virens 1000 1033 458 14.7 526 Oglesby® —

Glycera 1000 1048 4364 129+29 463 £2 Stevens and Preston; 4116 —
dibranchiata Oglesby;®> Mead and

Preston (unpubl.)

Note: The values listed here show 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 Oglesby®?). 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.

independent (e.g., Pogonophora, Echiura, Sipincula) may be greatly modified annelids.>8!82 A
comprehensive discussion of this reclassification is beyond the scope of thisre  view, b ut the
significant changes occurring in this field should be kept in mind. That being said, it is con venient
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.® 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 ¢ 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
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the tube-shaped ca vities filled with fluid and tissues.!38343573.7498-100 The e xtent to which these
hydrostatic forces contribute 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 ewvironments. 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. #1660.71.7677 The terrestrial subsoil en vironment subjects the
animals to potential desiccation, floods of rainwater, and anoxia. #4647 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 gain and the necessity to tolerate it or acti  vely
excrete water. 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 water 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 wall 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.

I1. BIOLOGY AND FORM OF ANNELIDS
A. Bobpy 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 surdces to water and solutes,
the organs involved in solute and water uptake, and the ogans 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 different areas of the body .° 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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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.)

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. ** 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. 4

Typical body plans for the three classes of annelids are sho wn in Figure 5.1A—C.¢ The general
features of potential rele vance 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
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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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FIGURE 5.2 Annelid cuticle. The cuticle has connective tissue fibers (collagen) reinforcing layers of muscle.
Microvilli penetrate the epidermal layers and are ¢ 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.)

medium.”® These microvilli are implicated in polychaete species in the or ganic solute absorption
that is virtually ubiquitous in marine species (Figure 5.2). %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 have some impact on body-w all water permeability. Parapodia are present only in poly-
chaetes.® Figure 5.1A shows 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 setac motion
directly or are connected to the acicula. The setal surface 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. 4° 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 workers!®7?> have shown that
the parapodia are an important route through which dissolv ed organic molecules may be acti vely
absorbed.
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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.)
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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 osmore gulatory units. The nephridioduct is re gionally 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*, Cl1-) 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.)

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;37+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 lar ge coelomic ca vity spaces, and
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FIGURE 5.3C Structure of hirudinean (leech) nephridia. (A) Comple x nephridium of Erpobdelia and its
association with the coelomic channels. (B) Details of a nephridium of an arknchobdellid leech. (From Brusca,
R.C. and Brusca, G.J., Invertebrates, 2nd ed., Sinauer, Sunderland, MA, 2003, chap 13. With permission.)

moderately thick cuticles and epidermis. The Hirudinea lack parapodia and setac 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.® 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. ¢

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.°®

B. CuiteLtA 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.® Polychaetes do not
possess this structure. The clitellum forms a sac-like structure in which eggs are deposited, usually
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following copulation and fertilization. The clitellum usually forms a fairly stable cocoon, which is
shed after mating.?! 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. 8 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.

I1l. OSMOREGULATION: A BRIEF REVIEW
OF RELEVANT PRINCIPLES

A. OsmoTtic- 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,* 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 van’t Hoff equation:

T = RTZC, (5.1)

where T is the osmotic pressure, R is the gas constant, T is the temperature in de grees Kelvin, and
2C, 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/m?) or dyn/cm?. 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 coefficient (¢,). Thus, the van’t Hoff equation can be re written:

T =RTZ9,C, (5.2)

where the terms are as defined previously.

The equi valence 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-mA 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 physiolo gical systems.

The formal relationship of osmotic and h ydrostatic pressure is sho wn below.* The flow rate
across a membrane is linearly related to the osmotic concentration difference across the membrane
by Equation 5.3:

J,=-L(m,—m,) =-L,An (5.3)

where J, is the v olume flux in cm?®/sec per unit area of membrane,  m, is the internal osmotic
concentration, 7, is the external osmotic concentration, andZ,, 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 m; > 7, (in most cases). The flow across the entire membrane ( Q,; units cm3/sec) is given by:

0, =-ALAn (5.4)

The flow rates due to h ydrostatic pressure in the absence of osmotic concentration gradients are
given by similar equations:

J,=L,(P,— P)=-LAP (5.5)
0, = ALAP (5.6)

where P, is the internal hydrostatic pressure, and P, is the external hydrostatic pressure. The L, 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 L, allows the following
relationship:

0, =AL[(P; - P,) — (m; - m,)] (5.7)

0, =AL,(AP — Am) (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 (G), which is defined as:

c= [(nobserved)/(ntheoretical)] = [( nobserved)/((p:RTCs)] (59)

With an ideal semipermeable membrane, ¢ = 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:

0,=4L[(B-P)-($0,m,-Z0,m,,)] (5.10)

J7J0

where o;is the reflection coefficient for solute j, 7, is the osmotic pressure of solute j on the inside,
and 7, , 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 L, and 6 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 e xpect 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,
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TABLE 5.2
Hydrostatic Pressures in Oligochaetes and Hirudinea
Apparent
Fluid Resting or Peak
Compart- Baseline Pressure  Maximum
ment Pressure? ActiveP Pressure©
Class and Species Measured (kPa) (kPa) (kPa) Notes Ref.
Oligochaeta
Lumbricus terrestris Coelom 0.49 1.96 7.82 — Seymour?$-100
Coelom 2 10 — Axial forces Quillin™
Coelom 20 100 100 Burrowing Quillin™
forces
Coelom — 463 +3 — Axial forces, Keudel and
mean values Schrader?®
Coelom — 72.6 £ 12 — Radial forces,  Keudel and
mean values Schrader3®
Aporectoda rosa Coelom — 72.8 116.5 — McKenzie and
Dexter’*>?
Glossoscolex gigantea ~ Dorsal 1.17 1.96 — — Johansen and
vessel Martin®
Ventral 4.40 5.87 — — Johansen and
vessel Martin®
— 5.87 9.78 — Quiet worm Johansen and
Martin®
— 4.89 12.7 — Active worm Johansen and
Martin®
Hirudinea
Hirudo medicinalis Coelom 0.196 1.08 — Crawling Wilson et al. 123
Coelom 0.196 2.93 — Swimming Wilson et al. 123
Vascular 0.67 6.40 13.3 — Krahl and Zerbst-
system Boroftka*!

2 Resting or baseline pressures recorded on an inacti ve animal.
b Peak pressure during normal locomotor acti vities.
¢ Maximum pressure observed when the animal w as maximally stimulated.

nephridial urine output must be considered as a depressurizing flow component, and any apparent
L, and o 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).#*#° Nonetheless, with these reservations in mind, one
should be able to characterize apparent L, and perhaps G 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 extracellular 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, wery 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
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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 lydrostatic 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.

Oglesby®? 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. 2 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 >* 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 slighth  ypertonicity of
internal body fluid that is routinely measured in polychaetes potentially plays an important phys-
iological role in maintaining a positi ve hydrostatic 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.?!825-29.83,108,126

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 lak es and streams. The ideal polychaete could ha ve a
highly w ater-permeable but solute-impermeable body w all. Because it li ves in isotonic medium
(nature’s Ringer’s solution), solute e xchange 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 surface uptake
of dissolv ed or ganic nutrients, especially free amino acids, sug ars, and the lik e.!0:13.53.68-70,72,109-116
The surface uptake of dissolved organic nutrients (DOMSs) 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
A. Polychaeta
Nereidae

Hediste diversicolor

B. Oligochaeta
Enchytraeidae
Enchytraeus albidus

Marionina achaeta

Tubificidae
Heterochaeta costata

Clitellio arenarius

Naididae
Nais elinguis

Megascolecidae
Pontodrilus bermudensis

Lumbricidae
Lumbricus terrestris

Hirudinea
Hirudo medicinalis

Concentration
of Medium
(% Seawater)

1.4

14

29

50

50

70

97

100

102
106-109

2.6
31
44
58
94
115
<75

112-120
<75

44
91
47
62
92

<20
20
20-57

33

Coelomic
Fluid/Medium
Concentration Ratio

11-15
2.16

1.27

1.199
1.121
1.086
1.022
1.049
1.000

1.026-1.098

14.96 or 12.44
1.715 or 1.503
1.205
1.146
1.042
1.066
Hyperosmotic
Isosmotic
Hyperosmotic

1.083
Isosmotic (0.991-1.009)
1.083
1.062
Isosmotic

Hyperosmotic
Isosmotic
Hyposmotic

2.62
0.99
1.013

62.8

10.6

17.1
1.27
1.44
1.055
1.1

1.075

Refs.

Hohendorf3!
Hohendorf*!
Hohendorf3!
Schlieper®!
Fletcher?
Fletcher?
Fletcher?!
DeLeersnyder's
Hohendorf?!
Karandeeva®’

Generlich and Giere?*
Generlich and Giere?*
Generlich and Giere?*
Generlich and Giere?*
Generlich and Giere?*
Generlich and Giere?*
Schone®”

Schone?”

Lasserre®

Generlich and Giere?*
Generlich and Giere?*
Ferraris;!® Ferraris and Schmidt-Nielser?®
Ferraris;'° Ferraris and Schmidt-Nielsen?”
Ferraris;'® Ferraris and Schmidt-Nielser?®

Little*
Little*
Little*

Subba Rao;''” Subba Rao and Ganapati''®
Subba Rao;'!'” Subba Rao and Ganapati''®
Subba Rao;!''” Subba Rao and Ganapati''®

Prusch and Otter”!
Ramsay’®

Dietz and Alvarado'¢
Dietz and Alvarado'¢
Ramsay’®

Dietz and Alvarado'®
Ramsay’®

Nieczaj and Zerbst-Boroftka®’

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.''°
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

Preston®-7 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 invertebrate tissues). Support for this sort of mechanism has been pro vided by a
number of studies.®® 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.!?-113 Obviously, sodium cotransport systems in freshwater envi-
ronments are impractical, as the sodium gradients favor 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. '** 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 low 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.'? 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 '%-'!* has shown 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 ery 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 or ganic
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 surfice.!!3%71% 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. '20-123:125.126 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 CI (~ 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 &pected to be osmotolerant around the range of typical ertebrate
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.’®* Oglesby reviewed the responses of 20 species of polychaetes in 9 f amilies with re gard
to their adapti ve responses to a wide range of salinities. > Oglesby*® 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 fail. Of the 20 species listed, the
following polychaetes sho wed significant hyperosmotic re gulation to the critical lo w salinity (as
percent seawater, shown in parentheses): Nereis limnicola (<1%), N. diversicolor (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. 3864105108 Examples of some
of these data are sho wn in Figure 5.4.

Another example 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 very 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 ¢ 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 factors such as oxygen
levels and temperature.

B. Osmortic REGULATION BY OLIGOCHAETES

In terrestrial oligochaetes, the prime example being Lumbricus terrestris (the common earthworm),
the cuticle may be relatvely thin compared to muscle layers, presumably because oxygen absorption
is considered to be cutaneous. #’ 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 values 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 !%). 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 #). Dotted line is re gression line for w orms from Lak e Merced only. Numbers indicate
sample size. Vertical bars represent one standard de viation 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.)
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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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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.)
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FIGURE 5.7 Routes of water loss or gain in earthworms. (From Laverack, M., The Physiology of Earthworms,
Macmillan, New York, 1963. With permission.)

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.*’ It is also possible that osmotic stress of a sudden deluge
of freshw ater may also be a f actor. Earthw orms 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. 8 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.
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FIGURE 5.8 Functions of Lumbricus terrestris nephridia, based on Ramsay .77’ (From Laverack, M., The
Physiology of Earthworms, Macmillan, New York, 1963. With permission.)

Very early work elucidated the basic characteristics of w ater and salt e xchange in Lumbricus.
Laverack®’ 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.””’ 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 thath  ypotonic urine
formation begins in the middle tube but is largely formed in the wide tube.”®”” 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 Alvarado'® 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 CaCl,, and 0.20-m M NaHCO,). 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 inh  ypertonic media. They also found a significant change in
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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.)

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 UL per 10 g worm per
hour (n = 5). They measured the clearance rate of inulin from the coelomic fluid (about 75 pUL 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 uL per 10 g w orm per hour. They therefore estimated
total water excretion of about 100 pL per 10 g w orm per hour. If 4 uL 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,
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TABLE 5.4
Concentrations of lons 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 £0.0* (22)
Total Na+ UEq/10 g wet weight 235+ 3(8) 373 £15° (12)
Total K+ uEq/10 g wet weight 345 £ 15(8) 365 £15(12)
Total CI- UEq/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 CI- mEg/L 48 £1(14) 47 £1(24)
CF total solute mOsmol/L 154 £2(10) 159 £ 2 (15)

@ 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.

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
Alvarado'® 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: V,,,. = 1 LEq per10 g worm per hour and K,, = 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 Otter”' 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 CaCl,, and 0.20-m M NaHCQ,). They found the TEP was —16 £ 1.8 mV (# = 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 Ringer3 (116-mM NaCl, 1.9-mM KCl, 1.1-mM CaCl,, and 2.4-mM NaHCO,).
The in vitro TEPs were —14 + 1.4 mV (n = 26) inside ne gative. 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 Na?* and CI3¢ and reported the somewhat curious result that the unidirectional
efflux exceeded the unidirectional influx in both earthworms (earthworm influx, JN* = 1.66 + 0.13
% 107° mol/cm?min, n = 7; efflux, JN* =6.66 + 0.24 X 10® mol/cm?min, n = 6) and leeches. F or
chloride, the fluxes in earthworms were J&' = 5.90 £ 0.36 x 10~ mol/cm?min, n = 8, for influx and
JE =7.8 £ 0.44 x 10~° mol/cm?>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 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
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flux ratio measurements) suggest that Na and CI 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 abo ve these apparently basal le vels.!>83

More recent studies on Lumbricus terrestris integument conducted by Schnizler et al. °° 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 Otter”!
described abo ve. The v alues for transepithelial resistance ( R;) 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.’® Apical
application of furosemide increased short-circuit current ( 7,.), 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 /. to more negative values,
which Schnizler et al. % 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. OsmorTic 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. 9% 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.%3120:125.126 After a blood
meal, the internal osmotic pressure in the crop may increase to near 300 mOsm, and e Xxcess 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.!’!' It was also possible to fore go the
collagenase treatment and arrive at results very similar to those for the collagenase-treated tissues.!!
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 2.7! The basolateral presence of the Na,K-
ATPase was confirmed using ouabain. Weber et al. ''? 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. '
The Na absorption w as highest at an e xternal medium concentration of about 20-m M Na.'!” The
data further suggest that the Na channel is highly selectve, with Na:K ratios of 30:1. These workers
also observed stimulatory effects of cGMP on short-circuit current ( /,.) 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.3+363435 A no vel peptide, leech osmore gulatory
factor (LORF), w as characterized by Salzet et al. 3839 An extensive series of in vestigations has
isolated over 30 neuropeptides in four classes (summarized by Salzet and Stefano;® see Table 5.5).
Some examples discussed by Salzet and Stef ano are gi ven below. The biological acti vity of the
All-amide isolated from Erpobdella octoculata is involved in the control of the leech water balance,
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FIGURE 5.11 Osmotic and ionic concentration of the blood ofHirudo medicinalis as a function of the &ternal
medium concentration. Solid circles are blood; hollo w circles, urine. (From Sawyer, R.T., Leech Biology and
Behaviour, Vol. 1, Clarendon Press, Oxford, 1986, p. 129. With permission.)

exerting a diuretic ef fect (20% loss of mass on a verage for 1 nmole of AIl). Annetocin is related
to oxytocin and v asopressin by sequence homology and acts on osmore gulation via nephridia. 3-8
Lysine-conopressin inhibits the Na amiloride-dependent transitory current and highly stimulates it
in Hirudo medicinalis stomach or inte gument preparation. Lysine-conopressin induces e gg 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 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.?85 GDPFLRF-amide may act as a diuretic hormone and FMRF-amide as an antidiuretic
hormone. GDPFLRF-amide also has a stimulating efect on Cl secretion across the caecal epithelium
but not Na absorption. Water follows passively, causing w ater loss from the cells. '-!'° The antidi-
uretic effect of FMRF-amide might control w ater balance by direct action on nephridia. Wenning
and Calabrese 2 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 factor (LORF) is
involved in osmore gulation.?®% Electrophysiological e xperiments conducted in  H. medicinalis
revealed an inhibition of the ef ficacy of Na conductance in leech skin. 388

The transport properties of the g astrointestinal tract in leeches has been in vestigated to some
extent by Milde et al. 3¢ After a mammalian blood meal (~300 mOsm), which ish ypertonic to the
blood and coelomic fluid (~200 mOsm), leeches excrete hypertonic urine over 24 hours, 120-122.125.126
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TABLE 5.5

Characterized Annelid Neuropeptides from Leeches

Species
Theromyzon tessulatum

Erpobdella octoculata

Hirudo medicinalis

Hirudo nipponia
Whitmania pigra

Sequence
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
DRVYIHPF-amide
CFIRNCPKG-amide
FMRF-amide; FM(O)RF-amide
GDPFLRF-amide
FLRF-amide
IPEPYVWD; IPEPYVWD-amide
FMRF-amide, FM(O)RF-amide
FLRF-amide
AMGMLRM-amide
WRLRSDETVRGTRAKCEGEWAIHACLCLG
GN-amide

Source: Adapted from Salzet, M. and Stef ano, G., Placebo, (2)3, 54-72, 2001.

Name
ACTH-like
Angiotensin I
Angiotensin II
Angiotensin III
LOREF (leech osmoregulatory factor)
FMRF-amide
FMRF-amide sulfoxide
FLRF-amide
GDPFLRF-amide
MIF-1
Leucine-enkephalin
Methionine-enkephalin
B-Neoendorphin
MHS-like peptide
Leech egg-laying hormone
Angiotensin II-amide
Lysine-conopressin
FMRF-amide
GDPFLRF-amide
FLRF-amide
LORF
FMRF-amide
FLRF-amide
Myomoduline-like peptide
Leech excitatory peptide
GN-amide

Milde et al.3¢ 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 ?), and the TEP was
about —1 mV (lumen negative). The transport rate of Na under short-circuit conditions w as about 50
LA-cm?. This flux was not sensiti ve to an amiloride or its analogs, and Clauss ! 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.*¢ 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.>® 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. ! 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.
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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).**>%101-104 These have been observ ed to
some extent in virtually all tissues and have been extensively studied in mammalian and vertebrate
tissues.>¥? 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.*>* It is generally observed that cells exposed to moderately hypotonic media swell
rapidly by osmotic water uptake; however, within a few minutes the cell volume 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.®-32:49:50
Some of these osmoregulatory channels have broad solute selectivity, and some are rather specific.’
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).? 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. 3

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 e xtracellular fluid) water content is the rapid change in e xternal potassium ion content. ’
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:

RT . |lon
,«on=—ln—[ o 5.11)
zF  [lon,,]
where E,, is the transmembrane equilibrium potential (Nernst potential), R is the gas constant, T
is the absolute temperature (K elvin), z is the charge on the ion, F is the Faraday constant, In is the
natural logarithm, [ lon,,,] is the ion concentration outside the membrane, and [  [on,,] is the ion
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concentration inside the membrane. A simplified form for standard conditions (assuming that the
temperature is 25°C and con verting In to log 10 with appropriate unit con versions):

59,0 Lo

Ly (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 ¢ 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. Or ganismal 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, R VD and R VI appear to be the primary responses. In the clitellates,
the organismal osmoregulatory responses that confer a dgree 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 reiew,
a search of GenBank revealed only 16 possible nucleotide sequences for oganic 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. #
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. ** 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 mRN A sequence for the alpha sub unit is listed for Lumbricus terrestris. 1t 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 very 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, 4 Potts and
Parry,*%5 Shaw,’** Lockwood,** Prosser,*’! Mantel and F armer,3¥? Schoffeniels and Dandrifosse, >!°
Péqueux,*” and Péqueux et al*? 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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I1. CRUSTACEAN HABITATS

With a fossil record extending from the Lower Cambrian to Recent, crustaceans have evolved over
more than 500 million years. 11164520521 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
described® 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.®® 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%o.. 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 low as that found in freshw ater. They are able to li ve in rivers and lak es
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 y**? and homarid
lobsters.!?6 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).”®

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%o. 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)3% 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 .

I1I. HYDROMINERAL REGULATION: INTRACELLULAR
OR EXTRACELLULAR REGULATION?

In animal cells, the cell v olume must remain close to constant; thus, the osmolality of the ¢ ytosol
must be kept 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 Liége, Belgium, research group!?3:210-214.447.448,518
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. 405640 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,’®? solutes of the crustacean
hemolymph have been known to include organic (proteins, amino acids, carbohydrates, and lipids)
and inor ganic (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 C1 -, Na*, K*, Ca?*, and Mg?* concentrations are, respecti vely,
470, 470, 10, 15.6, and 7 mmol/L. 4! 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%. sewater.
In addition, sodium and chloride represent 94% of the osmotic effect of these five major ions. This
case is representati ve 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 osmore gulation is thus a good e xample of the benefits of a comparative approach, as
advocated by Bartholomew.3

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, Rttern
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, Pattern 3).

In osmore gulators, 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 osmore gulation can be numerically e valuated though the measurement of the osmore gulatory
capacity (OC), which is the difference 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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FIGURE 6.1 Patterns of osmoregulation in crustaceans, and teleost fishes: (1) isosmotic; (2) hyper-isosmotic;
(2’) hyper-isosmotic in freshw ater species; (3) h yper—hypoosmotic; (4) osmore gulation in teleosts.

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 theiren  vironment—seawater (30 to 38%o, 880 to 1120
mOsm/kg). Under natural conditions, the probability of ¢ 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%0 (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 Farmer3$? and Péqueux et al.,**® 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%o, which restricts them
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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%o, and their habitats include tidal estuaries, lagoons, and mangro ves.
Among osmore gulating 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.%'? A similar separation in habitat has been reported in four species of ~ Uca spp.
displaying different abilities to osmore gulate.34

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—fore = xample, 580 mOsm/kg in the hemolymph of
Artemia salina in a 5470-mOsm/kg (186%o) 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.?? 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 osmorgulation. Most peneid shrimps,
for example are h yper-hypo-osmoregulators. The osmore gulatory abilities of crustaceans used in
aquaculture, (e.g., Macrobrachium spp. and mainly peneid shrimps) ha ve been hea vily studied
(Table 6.1), as they are related to their salinity tolerance and gro wth.24114320 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?* concentrations in the w ater.*68:503,556
The colonization of ne w habitats by certain species is sometimes link ed to a shift in their pattern
of osmoregulation that differs from the general pattern of the group to which the y belong. Palae-
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
paludosus'® and P. argentinus® that live in freshw ater or in lo w salinity media are unable to
hyporegulate. At salinities abo ve 17 to 20%o, the y iso-osmoregulate and cannot tolerate salinities
above 30%o. The hydrothermal vent crab Bythograea thermydron,*® a stenohaline osmoconformer,
is exposed to stable salinity close to 33 to 35%o. 5'! Bythograeidae may have derived from Potam-
oidae, Portunoideae, or Xanthoideae, 2323238 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 or ganism 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. Ior 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. 274322 These observations were
later confirmed using radioactive tracers *H,0), 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.’®’ Water permeability is generally lower in crustaceans living in brackish and
freshwater media.”238353 Osmoconformers are more permeable to ions, particularly sodium, than
osmoregulators;?27-242335573 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. 332334448 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.*

B. DicGestive TrRACT
1. Anatomy and Cellular Structure

The morphology and structure of the digesti ve tract of crustaceans ha ve been e xtensively stud-
ied.®31%5 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.*?® In addition to its function in nutrition, 33 it may also be in volved in ion and w ater
movements.?%38 The midgut is lined by high epithelial cells directly in contact with the lumen
content. They present features of transporting cells$34%° also present in the midgut caeca of diferent
decapods.*12420 Typical features include a lar ge cell size, apical micro villi, basolateral infoldings,
and numerous mitochondria. These cells might be in volved in osmore gulation.?*$?’! The hindgut
is also lined by transporting cells in seral isopods.?22% In such cells, Na',K*-ATPase was detected
through immunostaining in the basolateral infolding membranes of the hindgut epithelium of the
terrestrial isopod Armadillo officinalis®' and in the midgut of Homarus gammarus larvae and post-
larvae,**” which points to their ion-transporting function.

2. Functions

In addition to its role in nutrition, ¢  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.!41,142,195,205,246,350,351,373,460,508 Tt jg still unclear whether crustaceans modify their drinking rate
according to salinity, as teleosts do, 32 although evidence in some species points to an increase
of drinking rate at higher salinities. 22423 In the mangro ve crab Ucides cordatus, the drinking
rate more than doubles from 26%o (isosmotic medium) to 34%o sea water in which the animals
hyporegulate.’®® Fluid absorption by the gut of some species has been observ ed, and, at least in
hyperosmoregulators, it appears isosmotic to hemolymph. 242295 Jon mo vements ha ve been
reported that potentially could be associated with w ater uptake.!16:179.262.271,373,380,419,420,422,440,508 [py
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.’® The midgut
and the midgut caeca participate in ion and water regulation in osmoregulating species,*% 141,142,145,
248351577 put their in volvement is not significant in osmoconformers.?’!#21422 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.?3910.141,142,204209.221 T addition, in
hyporegulators and in terrestrial species, the gut could be the site of salt transport, 2 probably
oriented to salt e xtrusion.'#>?2! More generally, as some terrestrial crabs reingest their urine,
these species could rely on the gut for ion reabsorption from the urine (see also SectionV.C.2).634
The hindgut seems involved in ion transport in Corophium volutator?™ and in water uptake during
molting in Carcinus maenas ,''” 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.!!® 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. EXcrReTORY ORGANS
1. Anatomy and Cellular Structure

The excretory glands of crustaceans are usually paired or gans h ypothetically derived from se g-
mented pairs of e xcretory organs present in ancestral crustaceans. 2!° Their structure and functions
have been re viewed several times. 382:447:448.463.487.499 The se gment location of the e xcretory or gans
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.®!->!°

The anatomy of the ¢ xcretory glands is or ganized according to a common three-part plan
comprising an end sac or coelomosac including remnants of the coelom; ane  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.38>48 In Artemia salina, a central sac is surrounded by three
coils of tubule ending in the terminal duct without a bladder .76 A similar general or ganization
has been found in Balanus balanoides and B. hameri ,%* Corophium volutator,*” Uca mordax,>'®
Callinectes sapidus,*** and Homarus gammarus.>°>*%7 The organization and structure of the antennal
g]ands ha ve been Wel] Studied in Crayﬁsh.1938’199’305’308’321’375’403’454’455’487’490’514’533’538 The e Xcretory
canal, proportionally longer than in other species, is dvided into a labyrinth and a tulule, 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,*3 also found
in Homarus gammarus®®® and Astacus leptodactylus.>® Along the excretory canal, cells bordering
the proximal part (labyrinth and proximal tub ule when they 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 lonic Regulation in Animals, Pergamon Press, Oxford, 1963. With
permission.) (Middle) Transverse section of the antennal gland of  Astacus fluviatilis. (From Peters, H., Z.
Morphol. Okol. 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 gammarus3°3%7 and in several cryfish303308455 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 A 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,#+486488:48 which is considered to be isosmotic to hemolymph. Its wlume
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.#9-33.228.266 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 Mg?" is
secreted into the urine, perhaps in relation to Na * and Cl- transport, which accounts for the lo w
Mg?* hemolymph concentration in crustaceans. 221:229.246473:491,497.498,508,510 VM g2* transport w ould be
an acti ve process % effected through the bladder epithelium in crabs. 26267473 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 CI- concentrations as hemolymph (see Tables I and II of Mantel and F armer3?).
However, the presence of ionocytes and of Na*,K*-ATPase therein (see above), even in such slight
osmoregulators as homarid lobsters and in crab, 27028 shows that acti ve transport of Na * and Cl1-
occur in the e xcretory canal and in the bladder , probably as mediators of secondary transports of
other ions and molecules. 3%

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.*"7 Ion reabsorption from urine to hemolymph occurs across
the gills, 224:225:406:408,578,636.637 T gome species, urine could also be reingested, 223225579636 giving an
ion-regulatory function to the gut. %>

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. 32 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 show a clear expression of Na*,K*-ATPase that tends to
decrease if salinity increases. 3'? 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.258296455 The distal part of the tubule, 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, 88490616632 nerhaps linked to other transports such as glucose and amino acid reabsorption
or organic acid secretion.3'2616 The density of ionoc ytes and high e xpression (although lower than
in the distal tubule) of Na*,K*-ATPase in the bladder found in Astacus leptodactylus3°>3% confirm
that this part of the antennal gland is also implicated in ion reabsorption as already sug-
gested.294482:483.49 nlike 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. 222243:410:433
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TABLE 6.2
Hemolymph and Urine Osmolality and lon Concentrations in Selected Crustaceans

Maintained in Freshwater

Na+ Cl-
Osmolality Concentration Concentration
(mOsm/kg) (mEq/L) (mEq/L)
Hemo- Hemo- Hemo-
Species lymph  Urine lymph  Urine lymph  Urine Refs.
Gammarus duebeni 480 155 — — — — Lockwood,?* Sutcliffe,57*
Gammarus fasciatus 320 110 — — — — Werntz63!
Gammarus pulex 275 50 — — — — Lockwood,** Sutcliffe
and Shaw’”
Macrobrachium australiense 515 25 — — — — Denne!'s$
Austropotamobius pallipes 415 55 205 11 — — Riegel*
Pacifastacus leniusculus 445 35 200 14.2 195 38 Kerley and Pritchard, 34
Pritchard and K erley*®
Astacus leptodactylus 375 182 171 11.4 201 5.6 Khodabandeh et al.3%
Procambarus clarkii 400 50 — — — — Sarver et al.>1?
Potamon edulis 540 560 250 295 210 275 Harris and Micalef >4
Eriocheir sinensis 615 610 305 325 275 285 De Leersnyder!s?

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.

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, 2% but other mechanisms could be in volved, including
hormonal mediation.*? 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,'>® 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 seavater, most crustaceans, including the semiterrestrialUca mordax,3'¢
produce isotonic urine; ho wever, in tw o semiterrestrial crabs, Ocypode quadrata®® and Uca pug-
nax,”?! 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 crab¥? 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 h ypo-osmoregulating species remains to be further in vestigated.
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D. Gits AND BRANCHIAL CHAMBERS
1. Anatomy and Cellular Structure

Several reviews have considered the anatomy and structure of the gills, 183.382397.447:448.582 wwhich 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 devoted to this function. The fenestra dorsalis is an e xample;
it is located on the dorsal part of the cephalothorax of some freshwater syncarids.3?* 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.>! In amphipods, e xtrabranchial sites of osmore gulation ha ve been detected at
several locations as sternal and pereopodal disks 3!! and blood v essels of the coxal gills. 3! 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.!3#13¢ or in the primitive decapod Anaspides
tasmaniae.®’ Gills are differently located according to the groups. In branchiopods, each thoracic
limb bears a respiratory and osmoregulatory epipod.3® In isopods, the pleopods develop into gills5'®
Most amphipods possess coxal gills on four or more thoracic segments; epipodites and sternal gills
are also present in some species. 3! In decapods, each thoracic appendage can bear gills, with
variations being observ ed among species. 32 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.?

A decapod gill is structurally formed of an elongated axis bearing branchial lamellae (compre-
hensively reviewed in Taylor and Taylor®®?). The axis contains an af ferent and an ef ferent vessel
carrying hemolymph into and out of the gillThree main types of gills hare 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 seeral single filaments internally separated
into two longitudinal compartments where hemolymph flows. Dendrobranchs, a main feature of
Dendrobranchiata, are found in Penaeoidea and Segestoidea. 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 (elongted and flattened
exopodite of the second maxilla 3°3). On the inside part of the tw o-compartment system separated
by the gill te gument, hemolymph perfuses the gill epithelium through the circulatory system. 39337
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).224407

In addition to their respiratory function, gills are involved in ion regulation, and both functions
interact with acid—base balance. 23° 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,3!¢
this technique has been used in v  arious species of crustaceans, including Artemia salina '3 and
several decapods.*¥” Na* transport was demonstrated in isolated gills of Eriocheir sinensis 317318450
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- um) 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- um
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 different gills. The gill structure, seldom re viewed,*382 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 ionoc ytes 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 rgulation
as suggested in g ammarid amphipods. 337 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.3¢! 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.>®® and in the calcium-transporting sternal epithelium
of the terrestrial isopod Porcellio scaber.%’ 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 osmore gulate. 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 .3%%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¢'® and by
the increase in Na *,K*-ATPase activity at low salinity 462585

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 or ganization has been reported in  Callinectes sapidus 3143435239 Carcinus maenas ,'2%2543%
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FIGURE 6.3 Gills. (Top) Schematic drawings 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; mec, 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; B,
basal lamina; M, mitochondria; Ss, subcuticular space. Scale bar=1  um. (From Geno vese, G. et al., Mar.
Biol., 144, 111, 2004. With permission.)

Eriocheir sinensis, 12144859 Neohelice granulata, 20620732364 Dilocarcinus pagei,* and Pachygrap-
sus marmoratus.*¥7448:438,540.543 Exposure to low salinity usually results in an increase of the apical
infoldings'?7-133188 and of the subcuticular space of ionoc ytes.**® 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 cruentata®® and Uca uruguay-
ensis.>® 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.?%-3¢2 In addition, respiratory cells can be also associated with ionoc ytes on the same
posterior gill, as observed in Carcinus maenas,'?” Callinectes sapidus,"** and Gecarcinus lateralis.'>
In the freshwater crab Dilocarcinus pagei, structural and functional asymmetries hare 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.**?
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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 um. (From Martinez,
A.-S. et al., Tissue Cell, 37, 153,2005. With permission.)

In carid shrimps, the two types of epithelia also coexist in the gills with a predominance of the
respiratory function. The osmore gulatory epithelium, instead of laterally bordering the gill as in
brachyurans, is axial.!67441:442445 In Pglaemon adspersus®*® and Crangon crangon,'”? 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,'” 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 Nd,K*-ATPase (Figure 6.4)3%8

In the crayfish Procambarus clarkii”-'*! and Astacus leptodactylus 33%17033% both respiratory
and osmore gulatory epithelia ha ve been found on the same gills; some filaments are responsible
for respiration, and others bearing ionogytes 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.3132170.338 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.?40335336 In peneid shrimps such
as Penaeus aztecus'*>7 and P. japonicus,* 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.>

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
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example, the Na* K*-ATPase inhibitor ouabain has an inhibitory ef fect on active transepithelial
Na* flux only when applied in the internal (basolateral) perfusion medium; ouabain in the external
(apical) bathing medium has no ef fect,”® confirming earlier experiments measuring transport-
related potential dif ferences and sodium fluxes across posterior gills of Carcinus maenas .33
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 ¢ ytosol of the ionoc yte
outwardly across the basolateral infoldings into the hemolymph, in e xchange for K* or NH, .>%*
Because the stoichiometry of the sodium pump is considered to be 3 Na :2 K73 the outcome
of this transport is polarization of the basolateral membrane, with the ¢ 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%o 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.> Crustacean species in which a salinity effect on branchial Na*,K*-ATPase activity has been
noted include Callinectes sapidus,’¥3***>7 Callinectes similis,**' Carcinus maenas,***37>% Neohe-
lice gr anulata 820035 Cherax destructor % Eriocheir sinensis %% Homarus gammarus ,'°1-3%
Hemigrapsus spp.,°?3 Macrobrachium olfersii,*® Macrophthalmus spp.,°** Scylla paramamosain,®*
Uca spp.,'6:268620 Ucides cordatus,’®’ 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,’® Maja crispata,>® Dromia
personata,>® and the spiny lobster Palinurus elephas 3¢

Short-term changes in gill Na*,K"-ATPase activity could result from interaction between its o,
B, and 7y 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 systems3#%-38 The amino acid sequence of the Na", K™-ATPase
o-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, 119281367600 hroviding a tar get for re gulation by ¢ 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 o.-subunits, a binding site for 14-3—3 protein resides near the
N-terminus.?8! Because the 14-3—3 family of proteins re gulates the translocation of tar get proteins
between endoplasmic reticulum or ¢ ytoplasmic sites and the plasma membrane, 37° the presence of
this binding site on the o-subunit affords a mechanism for dif ferential recruitment to the plasma
membrane of gill epithelial cells. Longer term changes in Na  * K*-ATPase activity 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 a-subunit is closely correlated with the differentiation of tissues involved in hyper-
osmoregulation.32 In the brine shrimp Artemia franciscana, two transcripts encode different o.-sub-
units of the Na*,K*-ATPase.%3%7 During early larval development, mRNA encoding the o,-subunit
is highly expressed in salt gland, antennal gland, and midgut, while e xpression of the o.,-subunit
is restricted to the salt gland; 7 however, the expression of neither transcript appears to respond to
altered environmental salinity.3?
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In contrast, in gills of decapod crustaceans, Na  *,K*-ATPase o-subunit mRN A transcription
appears to be quite sensitie to salinity change. In the portunid crabCallinectes sapidus, quantitative
PCR analysis sho wed that o-subunit mRN A abundance in posterior gills increased by 2.5-fold
within 4 days following the transfer of crabs from 32%o to 10%o seawvater, in which the crab strongly
hyperosmoregulates.3> Despite sustained increases ina-subunit protein and Na",K*-ATPase specific
activity in lo w salinity, o-subunit mRN A returned to control le vels after 11 days. In the closely
related portunid Scylla par amamosain, o-subunit mRN A abundance in posterior gill increased
6-fold within 7 days after transfer from 25 5%o to 5%o salinity ~ , preceding a 4-fold increase in
Na*,K*-ATPase activity at 14 days.!" 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,
o-subunit mRNA expression was enhanced in 45%o salinity but curiously was not accompanied by
changes in enzymatic acti vity.!!”

In the strongly hyper—hypo-osmoregulating varunid crab Neohelice granulata, o--subunit mRNA
levels increased dramatically in posterior gills follo wing transfer from 30%o to either 2%o or 45%o
salinity.’®> During acclimation to 2%o, oO-subunit expression reached 35- to 55-fold higher le vels
after just 24 hours. 3 Following transfer from 30%o to 45%o salinity, a condition in which the crab
hypo-osmoregulates effectively, oi-subunit mRNA abundance increased by 25-fold but only after 4
days of acclimation. 3% 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 a-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%o to 10%o salinity . Gills 5 to 9 all sho wed increased le vels of o-subunit mRN A during
acclimation but with different time courses; gill 7 responded within 2 hours, whereas gill 9 sho wed
no response until 24 hours.?8! This pattern contrasted with the response following transfer from 36%o
to 45%o salinity , where this species h ypo-osmoregulates; little ef fect of acclimation on o.-subunit
expression was observed in any tested gill except for gill 7, in which a significant increase occurred
within 4 hours after transfer .28! 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,>* 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 mRN A and
presumably protein. A preliminary examination of the promoter structure upstream of the o-subunit
gene in P. marmoratus identified more than six putative binding sites for transcription fictors, perhaps
allowing the complex pattern of transcriptional responses observ ed following salinity change. 2!

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 uptak e from the aqueous
environment may be achie ved via apical Na */H* exchange, Cl /HCO; exchange, Na */K*/2CI~
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.5*® 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 cells37461° Evidence supporting an osmoregulatory role for an apical amiloride-sensitve
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 X 10 mol/L) reduced Na* influx rates by 97%, with little effect on Cl- influx.”¢ 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 some what more effective in salt-depleted animals.3!s In isolated
posterior gills of C. sapidus perfused with asymmetric salines, reflecting the transbranchial ion
gradient in brackish water, external amiloride (1 X 10 mol/L) inhibited net Na* uptake by 60%.7?
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.’**34" Subsequently,
inhibition of Na* fluxes or short-circuit current by amiloride or its dervatives has been demonstrated
in perfused gills of Ucides cordatus®® and in isolated split gill lamellae of Carcinus maenas*** and
Eriocheir sinensis.**%%% 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 one  xchange sites in the
acellular cuticle*$ 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 % Exchanger activity could
be separated from basolateral Na*,K*-ATPase activity by density gradient centrifugation, sediment-
ing with likely apical membrane mark ers. The K, 5 for Na* was estimated at 17 X 1073 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.*3¢ 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 lobsterHomarus americanus,
where it may also function as a Ca "2/H* exchanger.>”# On the basis of its sensiti vity to inhibition
by Ca?*, the electrogenic 2Na’/H" exchanger was implicated in whole-body Na' uptake by the water
flea Daphnia ma gna.®"’ 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. 3'3
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.”>33%41 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.>*

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.’®® 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. 7374 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. 3 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 finmarchicus>®® (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 N&/H" exchanger. In split gill lamellae ofEriocheir sinensis, amiloride
inhibited short-circuit current with half-maximal inhibition recorded at 6  x 107 mol/L,**¢ 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 effect on
transepithelial potential difference was achieved by 4 X 10~ mol/L amiloride.’*? 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. 43¢

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), but
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*/2CI- cotrans-
porter, one form of which mediates Na * uptake across the apical membrane of v ertebrate renal thick
ascending limb.>* Influx rates of Na* and Cl- measured isotopically across isolated gill lamellae of
Carcinus maenas occurred in a ratio of approximately 1:2.4? 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*/2CIl- cotransporter. Ho wever, kno wn 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.3>*42 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*/2CI- cotransporter is restricted to posterior gills. %4 The role of the Na */K*/2CI- 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 effective in adults. 4 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*/2CI- cotransporter has been amplified from gills of
Callinectes sapidus,>® Eriocheir sinensis,®*® and Neohelice granulata®® and has been identified in
expressed sequence tag libraries from Carcinus maenas (Accession No. DV467183 and others) 3%
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%o to 2%o and reaching a maximum at 48 hours. 3% When crabs were
transferred from 30%o to 45%o 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.?8! 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 wlume regulatory response
in the gill epithelial cells themselv es.

An apical C1 7HCO; exchanger may be important in mediating Cl -~ uptake in some species,
perhaps in addition to a Na */K*/2CI- cotransporter. The anion e xchange inhibitor 4-acetamido-4’-
isothiocyanostilbene-2,2’-disulfonate (SITS) reduced CI - uptake across perfused gills of Carcinus
maenas by 28 to 39%, whereas the augmentation of the perfusion media with HCO  ; enhanced
uptake.’>? 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 involving a
CI/HCOj; exchanger.?®® In Eriocheir sinensis acclimated to freshw ater, short-circuit current mea-
surements across split gill lamellae indicated that C1 -~ uptake proceeded by a Na *-independent
pathway, perhaps viaa ClI /HCO; exchanger ener gized by an outw ardly directed gradient of
HCO; #2435 Na'-independent uptak e of Cl ~ has been described in bicarbonate-loaded plasma
membrane vesicles prepared from posterior gills ofCallinectes sapidus.>?® Uptake could be inhibited
by SITS but not by furosemide or b umetanide, supporting the presence of a C1 /HCO; 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),°%° but no
information is available regarding its expression in relation to osmotic challenge.

Basolateral transport of CI 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.3? 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).5%° 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 gills'”” 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 CI influx and the short-circuit current due to CI- transport in gills of Eriocheir sinensis*3*4%3
as well as the transepithelial potential difference in gills of Neohelice granulata perfused with Na*-
free saline.?® A membrane vesicle preparation from FE. sinensis gills was shown to accumulate H*
via an ATP-dependent pathway that could be block ed by bafilomycin.*** 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.%?¢ 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 osmore gulation during early stages of de velopment.*®

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 3962662 Ttg 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.®?662° 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%o to 2%o salinity and by 96 hours in posterior gills after transfer from 30%o to 45%o
salinity, although sample-to-sample v ariation was quite high.3%

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.®?° Indeed, its distri-
bution appears to be punctate, reflective of localization in discrete vesicles (Lignot, Weihrauch, and
Towle, unpublished data). Because bafilomycin was without effect 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. %2° 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.? In Uca formosensis, specific activity of the apically located V-type H*-ATPase was higher
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in 5%o salinity than 35%o, with no dif ference observed in Na*,K*-ATPase activity.®* 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. *® 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 */NH, exchange across
crustacean gills has been of interest for man y decades.3!® At the subcellular le vel, it is clear that
NH, substitutes effectively for K*, not only in stimulating theATPase activity of the sodium pump*’
but also in its ability to mediate ATP-dependent Na* transport across inside-out plasma membrane
vesicles.?¢43% 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 NH,". 355:624627.630 Although earlier conclusions were based on the assumption that K * and NH,
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,  bind synergistically to dif ferent sites on the Na *,K*-ATPase
protein.?’13%1 Thus, even in the presence of ph ysiological levels of hemolymph K™, in contact with
the K*-binding aspect of the pump, NH,” may be pumped as well. Active excretion of NH," 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 microtutule inhibitors.*® A model of active NH," excretion
suggests basolateral NH," transport via Na*,K*-ATPase, sequestration of NH ; in vesicles acidified
by V-type H*-ATPase, vesicle transport via microtubules, and exocytosis at the apical membrane.5?’
The disco very of a Rhesus-related ammonium transporter in crab gills may af  ford an additional
component in such a model$?> A Rhesus-related protein has been implicated in ammonium transport
across both fish gills and mammalian nephron.!”>?> Demonstration of an inhibitory effect of apical
amiloride on Na*/NH, exchange across gills of Callinectes sapidus*®® and Petrolisthes cinctipes®’®
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.*¢

Although not a membrane transport protein, carbonic anh ydrase has been strongly implicated
in osmoregulatory processes in crustaceans. In addition to dcilitating CO, excretion by gills, carbonic
anhydrase catalyzes the formation of H and HCOj5, counterions for Na'/H* and CI/HCOj; 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 , excretion’>?° and a ¢ ytoplasmic form that is highly
sensitive to en vironmental salinity, increasing in acti vity as h yperosmoregulating crabs acclimate
to dilute media. 23232 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, '3 Callinectes similis,**' Carcinus maenas,>’** Neohelice granulata,?*3347
Eriocheir sinensis,**® Homarus gammarus,*® 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,**¢ corresponding with the distrib ution of Na *,K*-ATPase activity in
these tissues. 191336

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).53! Other cDNAs encoding putative carbonic anhy-
drase sequences ha ve been identified in cDNA libraries from Carcinus maenas (Accession Nos.
DN202505 and DV467246),5 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. > Transcriptional e xpression of carbonic anh ydrase-encoding
mRNA was induced in posterior gills ofC. maenas within 24 hours after transfer of 32%o-acclimated
crabs to 10%o salinity, preceding by 24 hours a significant increase in carbonic anhydrase activity.?>’
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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 ener gizes apical transport processes, including epithelial
Na* channels, Na*/H" exchangers, and Na*/K*/2Cl- cotransporters. Apical CI/HCO; exchangers may mediate
CI- uptake along with Na */K*/2CI- cotransporters, the HCO ; being pro vided 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 CI- channels; K* channels may be involved
in recycling K* across the basolateral membrane.Transporters represented by gray symbols hae 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.

By 7 days after the transfer , carbonic anh ydrase mRN A abundance had declined, b ut enzymatic
activity continued to increase. When crabs were transferred from 32%o to 20 or 25%o salinity
modest increases in carbonic anh ydrase mRN A occurred, b ut upon transfer to 15%o, a 10-fold
increase was noted,?’ 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 low
salinity, whereas the ¢ ytoplasmic form is induced about 100-fold. 33!

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 osmore gulatory
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.®* 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*/2CI- cotransporter, or epithelial Na * channels. Apical entry of CI -
may be achieved by the same Na */K*/2Cl- cotransporter or by a C1 /HCO; 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 HCOJ 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 .
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VI. EFFECT OF DIFFERENT FACTORS ON OSMOREGULATION
A. Mott CycLE

The variability of the hemolymph ionic composition and osmolality throughout a molt ¢ ycle has
been known for a long time. 3> These tw o parameters tend to increase in premolt, preceding an
uptake of w ater at ecdysis. 312382 The entry of w ater causes linear gro wth by stretching the ne w
tegument,!12168.428:49.602 The amount of absorbed w ater compared to pre-ecdysial weight ranges
from 6 to 48%. 421:480481 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 ¢ 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%o salinity.!9%-18 The mechanism of uptak e of water at ecdysis is still being discussed. Although
an osmotic process is probably part of it in some species, 32 others do not depend solely on it, as
osmolality does not al ways increase before molting. 23338249 In hypo-osmoregulating species, the
osmotic gradient is opposed to osmotic w ater uptak e, as sho wn in Penaeus vannamei ,'* which
might account for lower growth rates at high salinities. 2* One site of w ater entry is represented by
the gills and the entire body surfice, which are covered by the new thin cuticle, as shown on isolated
integument of Maia squinado.'*® A second major site of w ater entry is the gut. The drinking rate
increases just before ecdysis in Homarus americanus®*' and Panulirus longipes,'*° 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 , w ater uptak e through
the te gument is changed by the addition of hemolymph from a molting animal. ¥ In Carcinus
maenas''>11% and Homarus americanus % 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 osmore gulate varies
with seasons as reported in se veral branchiopods, amphipods, isopods, and decapods. 748382426447
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.'® In tropical species such as peneid shrimps, a decrease in osmore  gulation occurs only at
temperatures o ver 25°C, 111635 but the ef fect of temperature is v ariable between species. In the
coldwater Homarus americanus, for e xample, hyperosmoregulation at 1o w salinity increases from
2 to 11 and 25°C. '* No clear correlation e xists with salinity tolerance, which is maximum at 5 to
12°C.3* 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 3'° (e.g., 12°C for lactate deh ydrogenase in Homarus gammarus),*®! but
the optimum temperature for the acti vity of Na*,K*-ATPase is close to 37°C. 334 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 po-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 sea water where the crabs are close to isosmoticity ' but by a decrease in hemolymph
CI levels at lo w salinity in which the y hyperosmoregulate.?®3 Hypoxic stress also induces lo wer
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hemolymph Cl1- levels in Palaemon adsper sus**® and Crangon cr angon®’ at low salinity. The
consequences of hypoxic conditions are of particular importance in aquaculture, as shown in peneid
shrimps,'® for which the oxygen lethal concentration is close to 1 mg O , per L (oxygen tension,
PO,, of 2.7 kP a). At the minimum PO , of § 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 PO, levels.?’? The decrease in osmore gulatory ability origi-
nates from several factors, including interference with the respiratory physiology,”7%4? disturbance
in the hemolymph acid—base balance, 259 or reallocation of a vailable oxygen from acti ve osmo-
regulatory processes to other vital processes.

C. PoOLLUTANTS AND OTHER STRESSORS

Pollutants af fect salinity tolerance and osmore gulation.?14337447 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 osmore gu-
latory capacity is the diference between the osmolalities of the hemolymph and the xternal medium
at a given salinity.?3-337

The effects 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. >3’ Recent
evidence has accumulated that illustrates the generally ne gative impact of pollutants on osmore g-
ulation, particularly with re gard to atrazine, >*¢ benzene,’® ammonia,*’® cadmium,’*343:615638 cop-
per,% lead,'s and zinc, 493 although no change in osmore gulation w as reported in  Penaeus
duorarum exposed to silver in seawater.*> 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 493496611

Regarding other stressors, studies of the ef fect of pH on osmore gulation have been lar gely
triggered by the acidification of large bodies of freshwater due to acid rains.?* Few marine species
have thus f ar been in vestigated.!>* 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 CI-
concentrations, by 10 to 75% depending on the pH le ~ vel.!84185337 Ag 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%o. 3! High le vels of turbidity ha ve been sho wn to reduce OC in  Penaeus
Jjaponicus.>*! Pathogenic agents, such as fung al infections*> and ¢ yanobacteria mycroc ystin tox-
ins,®13614 can also decrease OC. Ultraviolet radiation (UVR) is an ecologically important parameter
in marine ecosystems that is susceptible to increase with global change 3*° and to affect planctonic
crustaceans including larv ae. Few studies on the impact of UVR ha ve been conducted in crusta-
ceans, 48160297 byt the impact on osmore gulation is w orth studying.

In the hydrothermal vent crab Bythograea thermydron, exposure to high pressure did not af fect
hemolymph osmolality at low salinity,*® 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**® and
Ca?* content in Eriocheir sinensis 3** 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, 3 perhaps as an adaptation that protects protein stability ag ainst pressure.*

Ion-transporting organs and cells are generally se verely affected by toxicant-induced stress. 337
Exposure to pollutants often results in a blackning of gills that are the site of necrosis and hemogtic
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 re gulation of water content??¢ 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. 4366337508 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 transte gumental 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 osmore gulate
was affected in 79% of the species re viewed in Lignot et al. 337 In cultured species, osmore gulation
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.''> The changes in iono-
and osmoregulation are induced by sublethal doses of stressors, and they are often detectable before
any mortality is noticeable in € 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.?***7 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.3#81444523 | ater, 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.8387:187.28 Other than a few studies showing the involve-
ment of endocrine antennal glands in the control of salt and w  ater balance in isopods, %8372 most
investigations have been conducted in decapods. ?%2°1:382448 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 2°1353447:448 or on the use
of split gill lamellae mounted in Ussing chambers. 4334374394994 Hormones with diuretic and antidi-
uretic effects have been detected in Gecarcinus lateralis.>* Various factors of re gulation, from the
thoracic ganglion to pericardial organs, have been shown to control water and ionic mo vements in
the gills.39290:291.533.606 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 activity>>3
and of Na * influx.1392°1.404438 n several species, especially in  Eriocheir sinensis, cCAMP appears
involved, probably as a second messenger, in the neuroendocrine control effected by the pericardial
organs on Na* uptake.*>4%* Additional evidence results from the increase in Na*,K*-ATPase activity
in posterior gills of Carcinus maenas incubated with dBcAMP,>33554 and the involvement of cAMP
in the upregulation of branchial ion pumping seems ubiquitous in aquatic brach yuran species;'3>4%
however, serotonergic stimulation of branchial ion uptak e, independent of cAMP, has been shown
in terrestrial crabs and seems unique to them. 08

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,’®#4 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?932%
and Uca pugilator'3%?% and in the slight h yper-regulator Homarus americanus .*3°11%111 Similar
surgical operations have also shown that the eyestalks positively control gill Na",K*-ATPase activity
in Procambatus clarkii , Metopograpsus messor > and Callinectes sapidus '3 In Pachygrapsus
marmoratus, sinus gland extracts perfused in isolated gills increase Nd influx** and Na*,K*-ATPase
activity in a dose-dependent way.'7* 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.**” Regarding the nature of the e yestalk factors, recent
accumulating evidence points to the ivolvement 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 de velopment,56:8485:87.102.151,178.299,300,322,507,558.610

An additional function of CHH in the control of osmorgulation 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 .!'° A similar ef fect was reported
in the crayfish Astacus leptodactylus injected with D-Phe3-CHH.>? 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, 7539391 Jeading to a wide functional diversity of CHH, with the p-enantiomer being involved
in the control of osmore gulation.32°32 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.’* 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.!”> Also noteworthy is the
fact that exposure of Homarus americanus to low salinity (15%o) results in an increase in circulating
CHH titer within 2 hours?® As a peptidic hormone, CHH probably acts through a second messenger
which could be cGMP , as sho wn in Orconectes limosus and Callinectes sapidus?*3-5% and in the
gills, hindgut, and midgut gland of Carcinus maenas.''®

In summary, a possible scenario of control of osmore gulation in decapods emerges as follows:
CHH produced by the e yestalk X or gans would 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.!'” 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. 8616 In Carcinus maenas , the e xpression of one of the CHH isoforms
isolated from the pericardial or gans'®? increased following exposure of the crabs to lo w salinity,
suggesting a role in the control of osmore  gulation.®® Similar changes ha ve been reported in
Pachygrapsus marmoratus.>>>% 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; tar get or gans, 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. 2526118368 Tn addition to the
molecular proximity between CHH and ITP %735 their physiological activities are also similar, as
ITP stimulates ileal Cl - transport followed by w ater reabsorption. #4457 Thus, CHH-lik e peptides
apparently occur widely in the arthropod phylum, with the control of osmore gulation 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.?!®

VII. ONTOGENY

Most studies of crustacean osmorgulation have been conducted in adults; hovever, natural selection
acts on all stages of de velopment,337%19 and salinity is one of the en vironmental factors yielding
a selective pressure on crustaceans during their entire life ¢ 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, Anger?! reported the
wide variety of de velopmental 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 en viron-
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, indviduals are submitted to various regimes of salinity.
Various techniques have been used to study osmoregulation, including embryonic and larval culture,
nanoosmometry, %4747 histology sensu lato, biochemistry, molecular biology, and developmental
ecology, all leading to increasing kno wledge regarding the ontogeny of osmore gulation.?%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 or gans develop during the embryogenesis,
sometimes as temporary neck or gans later replaced by epipodites, and the young cladocerans are
able to osmoregulate at hatch.'3 In Sphaeroma serratum, an isopod living in coastal or lagoon areas,
the e ggs develop in closed incubating pouches, isosmotic to the female hemolymph, where the y
acquire the ability to osmore gulate before hatching.® Through a comprehensive and ele gant set of
observations and experiments, similar adaptations have been described in the semiterrestrial amphi-
pod Orchestia gammarellus.*'3415417 The e ggs 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 ogans) leading to acquisition of a plysiological competency*!6417
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, 41 iso-
pods,?%%3 and mysids3® and through o visacs in freshw ater calanoid copepods. 4°

External de velopment is much more common among crustaceans.  The de veloping e ggs are
directly exposed to the e xternal medium, either k ept in open brood pouches or attached to the
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TABLE 6.3

Ontogeny of Osmoregulation During the Embryonic Phase

Development

Internal development: embryos

or eggs in female body

External development: eggs
exposed to external medium

Group

Branchiopoda:

Cladocera
Malacostraca:

Amphipoda

Isopoda

Branchiopoda:

Cladocera
Anostraca

Malacostraca:

Species

Several species

Orchestia gammarellus
Sphaeroma serratum

Several species
Artemia spp.

Refs.

Aladin and Potts '3

Morritt and Spicer#13-415417
Charmantier and
Charmantier-Daures®

Aladin and Potts 3
Conte!?®

Amphipoda  Gammarus duebeni Morritt and Spicer #2413
Isopoda Cyathura polita Kelley and Burbanck 3
Decapoda Callianassa jamaicense Felder et al. 18

Homarus americanus
Astacus leptodactylus
Hemigrapsus crenulatus

Hemigrapsus edwardsii
Hemigrapsus sexdentatus

Charmantier and Aiken®!
Susanto and Charmantier !
Seneviratna and Taylor,>?
Taylor and Sene viratna!
Taylor and Seneviratna®®!
Seneviratna and Taylor>?®

Source: Adapted from Charmantier, G. and Charmantier -Daures, M., Am. Zool., 41, 1078-1089, 2001.

pleopods of the female (in most decapods) or freely released in the ewironment. The egg envelopes,
formed by embryonic envelopes surrounded by an outer coat,?'> 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 osmore gulatory organs varies according to species.
In cladocerans, an embryonic nuchal or neck or gan is later replaced by epipodites. > In Artemia
spp., which have been particularly well studied given their remarkable hypo-osmoregulatory ability,
the embryo is first protected by the cyst envelope, 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. 12858 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. #1? 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 3%
or by temporary dorsolateral or gans.’” 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.'®? 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.®** 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,’! 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. 37 In contrast,
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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

ionocytes33®37! and of excretory antennal glands’®>-3% 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. 388! 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).>28

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, 2%’
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 Rttern 2 species, the adults are euryhaline, lve 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 lo w-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 osmore gulate. 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,'?
Eriocheir sinensis ,'*' Armases mier sii,'" Sesarma cur acaoense,”® Neohelice gr anulata (Figure
6.6),'% and Uca subcylindrica®*"> 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,’®” Penaeus
Jjaponicus,'¥73% and Homarus gammarus >

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 CI-, 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.,'?%'?° Callianassa jamai-
cense,"$> Homarus americanus,’®® Penaeus japonicus,”®>>* Macrobrachium rosenbergii,”’® and Hem-
igrapsus cr enulatus.>%*%! Carbonic anh ydrase has also been found in the larv  ae of some spe-
cies.'?>°% Jonocytes, 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 ¢ 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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Ontogeny of Osmoregulation during the Post-Embryonic Phase

TABLE 6.4
Group Species
Branchiopoda
Cladocera Several species
Anostraca Artemia spp.
Malacostraca
Amphipoda Gammarus duebeni
Orchestia gammarellus
Isopoda Cyathura polita
Sphaeroma serratum
Decapoda Penaeus japonicus
Macrobrachium petersi

Palaemonetes argentinus

Crangon crangon
Astacus leptodactylus
Homarus americanus
Homarus gammarus
Callianassa jamaicense
Clibanarius vittatus
Hepatus ephiliticus
Callinectes sapidus
Carcinus maenas
Cancer irroratus
Cancer borealis
Cancer magister

Rhithropanopeus harrisii

Chionoecetes opilio
Libinia emarginata
Cardisoma guanhumi
Eriocheir sinensis
Armases miersii
Sesarma reticulatum
Sesarma curacaoense
Neohelice granulata
Uca subcylindrica

Pattern

[\

LW LN W NN W N NN

[\8)
-~

W W W 0 W W D = = D 0 0 W WD = D

Refs.

Aladin and Potts '3
Conte, !¢ Conte et al., 129130

Morritt and Spicer*'?

Morritt and Spicer #5417

Kelley and Burbanck 301302

Charmantier and Charmantier -Daures®
Charmantier et al. 10!

Read*””

Charmantier and Anger®?

Cieluch et al. 122

Susanto and Charmantier 377!
Charmantier et al. °%:101,104

Charmantier et al., ' Thuet et al. 5%
Felder et al. 182

Young®!

Kalber?3¢

Kalber?3¢

Cieluch et al. 120

Charmantier and Charmantier -Daures®
Charmantier and Charmantier -Daures®*
Brown and Terwilliger®’

Kalber and Costlow?7

Charmantier and Charmantier -Daures®®
Kalber?8¢

Kalber and Costlo w288

Cieluch et al. 12!

Charmantier et al. 1%

Foskett!®?

Anger and Charmantier 2

Charmantier et al. '

Rabalais and Cameron*”

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 de velop-
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.

most of the embryonic development, before an increase induces an osmotic uptale of water favoring
hatching,?!:215:302505,506 hut 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. 2 The presence of
charged inorganic molecules could lead to the accumulation of ions according to a Donnan efect.*”
Alternatively, the tensile strength of the en  velopes*?® 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.).
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FIGURE 6.6 Relationship between ecology and osmore gulation in Neohelice granulata. (Top) Conceptual
model of e xport strate gy, 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 osmore gulation in
selected post-embryonic stages (From Charmantier , G. etal., Mar. Ecol. Progr. Ser.,229, 185,2002. With
permission.)

In species that become able to osmorgulate during the embryonic phase, ionogtes 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,' Artemia
spp.,'2® amphipods,*00412414-416 and Cyathura polita>®" 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,’73 correlating with peaks in mRN A expression of the
enzyme.** In several species of Hemigrapsus spp., mainly H. crenulatus, recent evidence has shown
that postgastrula embryos become able to hyperosmoregulate.’?® The hypothetical functional model
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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 embryo 3189387 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 magna"® and Artemia spp.'?®) and in later stages. '%133%7 Jonocytes may also dif fer-
entiate sequentially on successi ve or gans—on branchioste gites in larv ae then on epipodites and
gills in juv eniles and adults of peneid shrimps; 3°°77 on epipodites in larv ae then, in addition, on
the branchiostegites of juveniles in homarid lobsters;**3 and on branchiostegites in zoeal larvae then
on the posterior gills in the megalopa and first juvenile of Eriocheir sinensis.'?! 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.'?? 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. !0

In species such as Eriocheir sinensis and Crangon crangon, changes in the location of ionogytes
are related to the synchronous occurrence of h  ypo-osmoregulation following metamorphosis. In
several of these species ( Homarus gammarus 33 Carcinus maenas ,'** Crangon cr angon,'?* and
Eriocheir sinensis'?"), 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 lage increase in the expression and utilization
of the gill Na * K*-ATPase.*3! As in adults, the gut and e  xcretory or gans could be in volved in
osmoregulation during the early de velopment, but 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. 393308

A neuroendocrine positi ve control of osmore gulation has been demonstrated through sur gical
eyestalk remo val and reimplantation in larv ae of Rhithropanopeus harrisii >’ and in the early
juveniles of Homarus americanus.”® In Astacus leptodactylus embryos, both 1- and p-CHH enan-
tiomers are synthesized in the e yestalk X organ and stored in the sinus glands. The p-Phe3-CHH,
which has been sho wn to influence osmoregulation in adult crayfish,’2%32 occurs later than the
L-CHH, a fe w days before the onset of the ability to osmore gulate.”’! Thus, p-CHH would begin
controlling osmoregulation in late embryos. 33

C. EcoLrocicAL 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 rgulation, 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 Pattern 2 species use a limited export 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.*”’

Most Pattern 2 species have a refention strategy; that is, the'y spend their entire life ¢ 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,'3 Artemia spp.,'”® Gammarus duebeni and Orchestia gammar ellus,"'>*14417 Cyathura
polita,3913%2 Sphaeroma serr atum,’ Callianassa jamaicense ,'* Palaemonetes ar gentinus,” and
Astacus leptodactylus 37057

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 juv eniles.?®101.104239 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.’®3%19 In Carcinus
maenas, the osmoconforming zoeae are e xported offshore through several mechanisms, including
vertical migrations and tidal transport; 2! following metamorphosis, the increased ability to h yper-
osmoregulate allows for a rein vasion of areas with lo w salt concentrations such as estuaries. 2
Similar relationships between ecology and lydromineral metabolism have been reported inCrangon
crangon.'?? 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,?':?3 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.'® 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 allows for their progressi ve return to the estuary and the
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upstream migration.'?! In other species, much wider salinity variations are experienced early in the
life cycle, such as in Uca subcylindrica*” and Sesarma curacaoense,? which breed in landlock ed
habitats such as temporary w ater puddles, and in Armases miersii,'® 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). 1%

In conclusion, the ontogenetical changes in the ability to osmorgulate are related to the ecology
of the species during their de velopment. Several aspects of the ontogen y of osmore gulation, 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 physiological relationships, particularly in terrestrial and subterrestrial species. 202!
Among the effector organs, the de velopment of gills is relati vely well documented, b ut the e xtra-
branchial organs, temporary or not, should be further investigated, along with the excretory organs
and the digesti ve tract. The osmore gulatory functions of the incubating pouches and of thee 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 ontogeny and according
to environmental factors, natural or anthropic in origin.

VIIl. 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. 3! 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, 74526 a time during which the y are e xposed to salinities as lo w as
7%0.1243%8 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%o (5%o
and over 60%o for short-term periods) in adults and 10 to 70%o (5 to 90%o for short-term periods)
in larvae of Limulus polyphemus."743%! Optimal salinity for embryonic development is in the range
of 20 to 30%eo 282325527 or 30 to 40%o. 7

The osmoregulation of Limulus polyphemus has been studied. 125-139-202.398,501.59 Adylt 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%o tested by Robertson, 3% they slightly h yper-regulate from 5 to 21%o 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
lamellae®*® morphologically dif ferentiated into thin (peripheral) and thick (central) re ~ gions.’7
Although an ultrastructural study of the gills of Limulus polyphemus and Trachypleus tridentatus
showed no structure characteristic of a transport epithelium;” 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.?¢ High concentrations of Na ¥, K*-ATPase and
of carbonic anhydrase are found in the ionoc ytes,?%28 but exposure to low salinity is not followed
by an increase in the enzyme acti vity.23¢°% 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%% 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.®* Ionocytes are present in other parts of the glands, particularly in tubles
of the medulla, in the stolon, and in the epithelial lining of the end sac. 64256 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.?’628-5% Carbonic anhydrase is also
found in coxal glands.?® After exposure to low salinity, the glands produce urine that is h ypotonic
to hemolymph. 37°°% 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.!”>2382% Severe swelling of the articular membranes and of the gills has been observ ed
in Limulus polyphemus at low salinity before hemorrhage and death. 172379501 At the cellular le vel,
osmotic w ater uptak e and cell swelling occur , but intracellular v olume re gulation is slo w and
incomplete.®??> Compared to decapod crustaceans, the intracellular free amino acid content is lo wer
in horseshoe crabs, % and their contribution to intracellular isosmotic re gulation is less efficient.5??
In summary, the lower limit of chronic salinity tolerance (ca. 10%o) 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 different salinities, the peri vitelline fluid contained within
the outer membrane in embryos of Trachypleus tridentatus®* and Limulus polyphemus'™ 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. 327 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 ofh  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 far. 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 osmore gulation, 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 de velopmental 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 osmore gulation.
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