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Preface

The concept of this monograph began with the search for a comprehensive, focused
source of information on anesthetic mechanisms. Here, we have gathered a number
of contributions from researchers with diverse points of view, and have sought to
cover the most important areas of current interest concerning anesthetic mechanisms.
The focus of this monograph is squarely on neuroreceptors, with deliberate emphasis
on ion channels. This reflects the area of greatest current interest. Lipid interactions
with general anesthetics have not been covered separately, but information relevant
to this topic is covered in the introductory chapter. This bias is fully consistent with
arapidly accumulating body of evidence, including the recent identification of targets
for anesthetics on protein ion channels.

The field of anesthetic mechanisms is far different from what it was a decade
or two ago. The unique pharmacology and low potencies of general anesthetics
complicated the search for appropriate targets, and our meager understanding of the
basic foundations of consciousness led to myriad anesthetic theories. Likewise, basic
conceptual issues, such as whether lipids or proteins were the primary targets of
anesthetics, resulted in little common ground between these two groups of research-
ers. The seminal observation that the effects of anesthetics on lipids were very modest
and mimicked by other conditions (such as small changes in temperature) caused
many researchers to focus on proteins as targets of anesthetic action. At the same
time, the basic physiology and structure of receptors and ion channels were eluci-
dated. For example, insight into benzodiazepine actions at the GABA , receptors led
to studies with barbiturates, alcohols, and volatile anesthetics at this family of ligand-
gated ion channels. Simultaneously, studies were being conducted with anesthetics
at other potential loci of action.

The use of molecular biological techniques has also been applied to this study
of anesthetic mechanisms. As can be seen from many of the contributions to this
monograph, recombinant receptors have been very useful in elucidating anesthetic
actions. Several researchers have used mutagenesis techniques to identify crucial
segments of receptors involved in anesthetic action. Putative loci for volatile anes-
thetics and alcohols, as well as intravenous anesthetics have been described. These
are exciting findings providing a framework to evaluate theories of anesthesia and
allowing a better understanding of anesthetic actions at the molecular level. Substi-
tution of various amino acids at crucial loci on a receptor provide an opportunity to
determine the size of potential binding sites. Moreover, the use of transgenic animals
may provide the opportunity to determine if the in vitro effects of anesthetics cause
in vivo changes in anesthetic effects. Such experiments, if successful, may provide
a method for determining the pharmacological relevance of experimental observa-
tions and resolving discrepancies between opposing theories of anesthesia. Many of
the opposing concepts relating to anesthetic mechanisms are not fully resolved. It



is our hope that this volume will provide the information and framework for readers
to review and evaluate these issues. In addition, we trust that this book will be a
useful reference for those with an interest in anesthesiology, and will stimulate
further study.
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1.1 INTRODUCTION

What is (are) the site(s) of action of volatile anesthetics that produce general anes-
thesia? The answer to this fundamental question would constitute a great advance
toward determining the mechanisms by which anesthetics operate. Alas, the answer
has eluded anesthetic mechanicians since they started asking it in 1899. There are
two serious experimental obstacles that impede progress. One is that general anes-
thetics have a relatively low potency. The most potent volatile anesthetics are effec-
tive at a concentration of several hundred micromolar. Nonspecific binding of anes-
thetics in the central nervous system is widespread, making it difficult to clearly
separate specific and nonspecific binding. The second problem is that there is no
known compound that specifically antagonizes general anesthesia. If we had such

0-8493-8555-5/01/$0.00+$.50
© 2001 by CRC Press LLC 1



2 Molecular Bases of Anesthesia

a marvelous substance, we could use it to bait our hooks and go on a fishing
expedition for anesthetic binding sites in the brain.

In the absence of a potent, chemical antagonist for general anesthesia, we must
rely on alternative ways of assessing the suitability of putative anesthetic targets. A
number of different approaches have been and are being taken. We classify them
into three areas: chemistry, thermodynamics, and genetics. In this chapter, we discuss
and criticize the usefulness of these approaches. The goal is to determine which, if
any, of them might provide reliable information about anesthetic binding sites. In
addition, we suggest what additional experimental evidence is needed to strengthen
the approaches. The last section deals with hypotheses of anesthetic mechanisms.
We review the history and current status of these hypotheses.

These are controversial issues, not only in terms of basic science but also in
terms of politics. Funds for basic research are limited. It would be useful to have a
rational set of criteria to identify those research projects that propose to study only
the most promising putative anesthetic targets. Therefore, a second reason for ana-
lyzing the experimental approaches is to answer the question, “Is it appropriate for
the field of anesthetic mechanisms to adopt such criteria at this time?”” My conclusion
is that none of the available criteria are supported by enough experimental evidence
to justify their adoption at this time.

1.2 ANESTHETIC POTENCY

Minimum alveolar concentration (MAC) is the most widely used index for deter-
mining whether a patient or experimental animal is anesthetized.!> One MAC is
defined as the concentration of inhalational anesthetic required to blunt the muscular
response to surgical skin incision of 50% of a population of unparalyzed patients.
Figure 1.1a shows data for the determination of the MAC for halothane in humans,
plots the fraction of patients who did not move in response to surgical incision at
each halothane concentration. Thus, the figure is a quantal concentration—response
curve for halothane anesthesia.>? One MAC equals 0.20 mM halothane. Sixty-eight
percent of patients are anesthetized at halothane concentrations between 0.185 mM
and 0.215 mM (vertical lines in Figure 1.1a), so the standard deviation of MAC is
0.015 mM (7.5% of 1.0 MAC).

The numerical values of MAC for different anesthetics are indispensable to
anesthesiologists, but the concept of MAC is not so useful because surgical patients
are often paralyzed by muscle relaxants. The concept of MAC also has limited
usefulness to anesthetic mechanicians. MAC provides a single number, the EDs,
(1.0 MAC), to characterize the effects of anesthetics. Depth of anesthesia measured
in this way is a discrete or “all-or-none” measurement; the subject either moves or
remains still. The concept of MAC contains no information about the depth of
anesthesia for a subject exposed to 0.5 or 2.0 MAC.

Figures 1.1b and c illustrate how MAC is related to a hypothetical curve for
halothane binding to a site in the central nervous system (CNS). Figure 1.1b con-
siders the case where binding of a single molecule of halothane is sufficient to affect
some process; Figure 1.1c considers the case where the cooperative binding of five
molecules of halothane is needed. Anesthesia occurs when a binding threshold is
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FIGURE 1.1 (A) The quantal concentration-response curve for halothane anesthesia. Human
MAC of halothane is determined from the cumulative distribution of patients who did not
show a muscle response to surgical incision. One MAC is the concentration at which 50%
of the patients did not respond. The vertical lines indicate +1 standard deviation of MAC;
MAC = 0.20 = 0.015 mM halothane. (B, C) Hypothetical molecular binding curves for
anesthesia. These curves illustrate the origin of the quantal concentration—-response curve for
halothane anesthesia. The binding curves are calculated according to the Hill equation: fraction
bound = (c/K,)/1 + (c/K,)", where ¢ = anesthetic concentration, K, = anesthetic dissociation
constant, and n = Hill coefficient. For the three curves in B, K, = 0.0465, 0.05, and 0.0535
mM, n = 1. For the three curves in C, K; = 0.141, 0.152, and 0.163 mM, n = 5. The threshold,
the level of binding required to produce general anesthesia, is assumed to be 80%. A population
variability in K, of £7.5% leads to a population variability in MAC of +7.5%. This determines
the slope of the quantal concentration—response curve for anesthesia, as shown in A.
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reached (the safety margin is exceeded). Here, we use 80% as the binding threshold
but the argument is valid for any threshold level. The concentration of halothane at
which the binding curve crosses 80% would be 1.0 MAC. For the single binding
site model (Figure 1.1b), the affinity for halothane binding to the site (K;) would
have to be 0.05 mM in order to achieve 80% binding at 0.2 mM halothane. There
will be some variation in the binding affinity from subject to subject, say +7.5%.
This gives rise to a £7.5% variability in the concentration of halothane at which the
binding curve crosses 80% and, hence, a +7.5% variability in MAC. This variability
describes the entire quantal concentration—response curve for halothane anesthesia
(Figure 1.1a). The steepness of Figure 1.1a may simply reflect the population
variability in halothane sensitivity.

The steepness of Figure 1.1a is sometimes interpreted to imply that the site of
action of general anesthetics has a steep dependence on concentration or that anes-
thesia is a highly cooperative phenomenon. This is false. Figure 1.1c shows that if
the hypothetical binding curve for halothane anesthesia requires the binding of five
molecules of halothane, a variability in the binding affinity of +7.5% still gives rise
to a +7.5% variability in the concentration of halothane at which the binding curve
crosses 80%. There is no additional variability in MAC due to halothane binding
cooperativity. The quantal concentration-response curve for anesthesia provides no
information about the underlying mechanism of anesthetic action.* (See Ref. 5 for
another opinion regarding the significance of the steepness of the concentra-
tion—response curve.)

Some conceptual difficulties of MAC will be discussed in Section 1.3. There is,
so far, no viable alternative to MAC, so it remains as the benchmark for anesthetic
potency. We must ask, then, how measurements of MAC for other animals compare
to that for humans. For experimental animals, another noxious stimulus (e.g., tail
clamp, hot plate) may be used instead of surgical incision to assess anesthesia. The
type of stimulus may not be important* provided the intensity is supramaximal.>¢
The muscular response should be a “gross purposeful muscular movement”;> a
movement that clearly indicates that the subject is experiencing pain. The definition
of anesthesia has been extended to permit studies with animals that cannot easily
be administered a noxious stimulus, but undergo spontaneous movement. The revers-
ible cessation of that movement is taken to be an indication of anesthesia.

The EDy, for anesthesia varies among animals. Figure 1.2 shows that the EDj,
for halothane is within 0.18 to 0.26 mM (0.72 to 1.1% atm) for mammals. (A
previously published version of this data'® did not take into account the different
temperatures at which EDs, determinations were done.) Most nonmammalian species
are less sensitive to halothane than are mammals; the exceptions being fruit flies
and tadpoles, which are as sensitive as mammals. Nematodes are the least sensitive
of the animals that have been tested; nematodes require about 10 times more

* The importance of the stimulus intensity also can be seen by comparing halothane MAC awake (0.41%
atm),” where the stimulus is a verbal command, and MAC (0.75% atm), where the stimulus is surgery.
Animal studies show a similar effect. Fruit flies will stop flying when they are exposed to 0.15% atm
halothane, but they will still move when stimulated by heat until the concentration reaches 0.41% atm
halothane.®°
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FIGURE 1.2 MAC or EDy, of halothane for 19 animal species. Values from the literature
that were expressed as partial pressures (all except tadpoles), were converted to aqueous
concentrations (left-hand axis) using the halothane Bunsen gas:water partition coefficient for
the temperature of the experiment (0.62 at 37°C, 1.2 at 25°C, 1.4 at 20°C). The right-hand
axis shows the partial pressure of halothane at 37°C for the corresponding aqueous concen-
tration. The lines extending from the tops of the histogram bars for mouse, cat, rabbit, monkey,
and pig indicate the upper range of published MAC values for these animals. The narrow
horizontal lines at 0.18 and 0.26 mM halothane indicate the extent of MAC values of mammals.
(References: mouse,!°1% calf,'97 human,'? cat,’®!% rabbit,'>1% dog,'? horse,” monkey,!!%-!!!
pig,''2113 fruit fly,’ tadpole,''* guinea pig,”® rat,'> goldfish,*° toad,'"> brine shrimp,* pond
snail,''® water flea,'”® nematode.!**) (Adapted from Reference 10.)

halothane than humans. Nematodes are lower on the evolutionary scale than any
other animal in Figure 1.2. Their resistance to anesthetics may be due to the anes-
thetic end point (cessation of the spontaneous movement), to the simplicity of their
nervous system (302 neurons), or to evolutionary adaptation to a harsh environ-
ment.!! The trend in Figure 1.2 is that the more primitive and simpler organisms are
less sensitive to halothane. It could be argued, however, that environment plays the
biggest role in anesthetic sensitivity; consider the ecological niches occupied by
brine shrimp, snails, and nematodes!

Although the differences in halothane sensitivity among mammals are small, the
same relative differences are consistently seen with other anesthetics. The most
thorough comparative studies have been done with humans, dogs, and rats. For seven
volatile anesthetics, the MAC for both rats and dogs is consistently 1.2 to 2.0 times
greater than MAC for humans.!?

MAC values for 13 volatile anesthetics administered to humans are given in
Table 1.1. The anesthetics are ranked from highest to lowest potency as determined
by the MAC values. Among the most commonly used anesthetics, there is an
eightfold range of MAC values from halothane to sevoflurane.
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TABLE 1.1
MAC in Humans and Partition Coefficients for Some Volatile
General Anesthetics'295-97

MAC Partition Coefficients
Anesthetic (% atm) (mM) Water/Gas Oil/Gas Oil/Water

Methoxyflurane 0.16 0.26 4.2 850 200
Halothane 0.77 0.19 0.63 200 320
Isoflurane 1.2 0.24 0.54 91 170
Enflurane 1.7 0.52 0.78 97 120
Diethylether 1.9 8.22 11 57 5.2
Sevoflurane 2.0 0.29 0.37 47 130
Fluroxene 34 0.95 0.71 67 94
Desflurane 6.0 0.52 0.22 19 86
Cyclopropane 9.2 0.72 0.20 9.7 49
Butane 20 0.15 0.019 15 790
Ethylene 67 2.2 0.085 1.1 13
Xenon 71 2.1 0.075 1.8 24
Nitrous oxide 101 15 0.39 1.3 33

Source: Adapted from Reference 10.

Knowing the water/gas partition coefficient (PC,.,,s) fOr an anesthetic, we can
convert each of the MAC values (partial pressure, p, in % atm) to an aqueous
concentration (c,, in mM) using the following equation:*

_ 1000 . 273 . p(% atm) «PC

Caq (IIlM) - o, water/gas
224 273+ temp(°C) 100

(1.1)
at 37°C, ¢, (mM) = 0.39#p(% atm)*PC__ . o
After the conversion, the rank order of anesthetic potency changes to butane, hal-
othane, isoflurane, methoxyflurane, sevoflurane, enflurane, desflurane, cyclopropane,
fluroxene, xenon, ethylene, diethylether, nitrous oxide. There is no contradiction
here. It is simply a question of where the anesthetic concentration is measured.
Consider diethylether and sevoflurane, which both have MAC values of about 2%.
Diethylether vapor partitions 30 times more strongly into water than does sevoflurane
vapor. As a result, the aqueous concentration of 1 MAC diethylether will be 30 times
greater than that of 1 MAC sevoflurane. When expressed as aqueous concentrations,
the range of anesthetizing concentrations among the commonly used anesthetics is
only 2.7-fold from halothane to enflurane and desflurane. Potency is a confusing
concept if we neglect to specify how the anesthetic is measured. (Temperature
introduces a further complication. This will be discussed in Section 1.5.2.)

* The origins of the terms in Equation 1 are as follows: 1000 to convert M to mM; 22.4 mol/l for an
ideal gas; 273/(273 + T) corrects the Bunsen partition coefficient, which is based on the volume of 1
mol of gas at standard temperature and pressure (STP); 100 to convert % atm to atm.
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1.3 ASSESSING ANESTHETIC HYPOTHESES AND
CRITERIA

As we evaluate theories of anesthesia and the usefulness of experimental tools in
anesthetic research, it will be convenient to have a conceptual model to describe
consciousness and anesthesia. The model should be as simple and as general as
possible. We will consider two such models; the first model is shown in Figure 1.3.
Model I consists of a neuron, the “consciousness center’” that receives both excitatory
and inhibitory inputs. The brain exerts regulatory control over the level of activity
of this neuron by adjusting the degree of excitatory and inhibitory inputs (indicated
by EX and IN, respectively). We assume that consciousness is represented by a high
level of activity of the neuron (the level of activity is represented on a gray scale
with darker levels indicating higher activity) due to a high degree of excitatory input
and a low degree of inhibitory input (Figure 1.3a). We also assume that the action

Consciousness

Consciousness
Center

\

GA

[H

FIGURE 1.3 Model 1. A simple, general unitary model of consciousness and anesthesia. The
consciousness center neuron has both excitatory (EX) and inhibitory (IN) inputs. (A) In the
conscious subject, the neuron has a high level of activity. (B) Anesthetics are assumed to
increase the inhibitory input to the neuron, rendering it less active. Neuronal activity is
indicated by the gray scale, with the highest activity indicated by the darkest shade of gray.
The model can be used to test hypotheses and criteria of anesthetic action (see text). GA,
general anesthetic.
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of a general anesthetic (indicated by GA) is to increase the degree of inhibitory
input while leaving the excitatory input unchanged (Figure 1.3b). The net effect is
to decrease the level of activity of the neuron and, thereby, decrease consciousness.
Perhaps sleep and/or coma in the absence of anesthetics results from endogenous
factors acting to increase the degree of inhibitory input to the neuron.

Model I is quite general. It does not require specification of the location of
the anesthetic effect (e.g., lipid vs. protein, axonal vs. pre- or postsynaptic). The
action of an anesthetic could be to decrease the excitatory input rather than to
increase inhibitory input. Moreover, the model is not restricted to neurons and
synapses. For example, the consciousness center could be considered to be an
intracellular enzyme that can be phosphorylated (excitatory input) and dephos-
phorylated (inhibitory input). The important features are that the consciousness
center has positive and negative regulatory mechanisms and that anesthetics inter-
fere with one of these mechanisms.

We will use Model I as a first step in evaluating hypotheses of anesthetic action
and criteria for anesthetic relevance. We will ask the question, “Is there a unique
way to interpret an hypothesis or a criterion in terms of Model 1?” If the answer is
“Yes,” then the hypothesis or criterion will be considered “robust” at this level of
scrutiny. If the answer is “No,” then the hypothesis or criterion will be considered
“ambiguous.”

An implicit assumption of Model I is that MAC faithfully reports the status of
consciousness; Model I does not distinguish between loss of consciousness and lack
of purposeful movement due to painful stimuli. Several studies indicate that the
spinal cord processes painful sensory input and initiates a motor response indepen-
dent from the brain. For example, the MAC of isoflurane in rats is unchanged after
either acute decerebration!® or spinal cord transection.'* In addition, the MAC of
isoflurane is increased when the anesthetic (GA) is preferentially applied to the brain
of goats."> To incorporate this into our conceptual model of anesthesia, we consider
Model II (Figure 1.4). Model II consists of two neurons. The first neuron represents
the consciousness center and the second neuron, which may be in the spinal cord,
represents the movement center. If the two neurons are connected in series (Figure
1.4a), anesthetics acting on the consciousness center might transmit this information
to the movement center, decreasing its activity. A direct action of anesthetics on the
movement center would not be necessary. In this case, Model II is equivalent to
Model I. Alternatively, there may be no functional link between the consciousness
and movement centers (Figure 1.4b); the two neurons are in parallel. In order to
suppress movement, anesthetics would have to increase inhibitory input to the
movement center.

A criterion that is deemed robust in terms of Model I may be ambiguous in
terms of Model II. To remove this ambiguity, it is necessary to determine the direct
relationships of the criterion on the movement center. Thus, Model II might suggest
ways in which criteria can be strengthened experimentally. Alternatively, if MAC is
independent of the consciousness center (the parallel neuron version of Model II,
Figure 1.4b), then all of the criteria discussed below are actually probing the inter-
actions of anesthetics with the movement center rather than the consciousness center.



Basic Pharmacology of Volatile Anesthetics 9

A

Consciousness Mov t
Center Center
i %
GA
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Consciousness
Center
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FIGURE 1.4 Model II. An extension of Model I that distinguishes the consciousness and
movement components of anesthesia. The second neuron, the movement center, is also subject
to excitatory (EX) and inhibitory (IN) regulation. (A) Neurons in series. The movement center
neuron receives synaptic input from the consciousness center neuron. The effect of anesthetics
is transmitted via this synapse only. (B) Neurons in parallel. The movement center neuron
does not receive synaptic input from the consciousness center neuron. Anesthetics inhibit
movement by increasing the inhibitory input to the movement center. GA, general anesthetic.
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Both Models I and II are “unitary” in that all general anesthetics (at least the
volatile anesthetics under discussion here) are assumed to act at the same site (or
the same pair of consciousness and movement sites) and produce anesthesia in the
same way. There have been some recent challenges to the unitary viewpoint'® (see
also Section 1.6 in this chapter). These do not necessarily denounce all aspects of
unitarity. It may be possible to identify several “classes” of anesthetics (even among
the volatile anesthetics) such that anesthetics within each class have common sites
of action. Our bias is that our knowledge has too many gaps to permit us to
completely abandon unitary hypotheses. We should acknowledge the primitive nature
of our understanding of neuronal signaling. We still must identify all of the ion
channels and intracellular enzymes that participate, elucidate their kinetic mecha-
nisms, measure the time dependence of neurotransmitter concentrations at synapses,
and learn the wiring diagram for the nervous system. Some day the experimental
evidence may force us to abandon all unitary models, but until that time, we can
learn much by constructing, testing, and refining unitary models.

Another important factor to consider when evaluating anesthetic criteria is gen-
erality. A criterion that has been tested in only one or two animals, is not as robust
as one that shows consistent results in tests on many experimental animals. Homo
sapiens are, of course, the ultimate species of interest, but ethical considerations
limit experiments on humans. High priority should probably be given to mammals
whose MAC values most closely resemble humans.

The final factor we will consider is the discriminatory power of an anesthetic
criterion. Although a criterion may have a unique interpretation in terms of Models
I and II, and be generally valid for many animals, it will not be useful if it gives
many false positives. Thus, the criterion should be tested in systems that are unlikely
to be relevant to anesthesia as well as in systems that might be relevant. An example
of an irrelevant system is firefly luciferase.!” Although anesthetics interact specifi-
cally with this enzyme, it is found only in lightning bugs. So far, it has not been
detected in the CNS of any animal. Other examples of irrelevant systems are a
nonspecific protein such as bovine serum albumin and a pure, single-component
lipid bilayer. Most anesthetic mechanicians would agree that anesthetic effects on
the latter system are not significant enough to be relevant to anesthesia. However,
the inclusion of lipids here is not meant to dismiss all lipid systems from the list of
possible relevant sites of anesthetic action.

The four factors that we will use to evaluate anesthetic criteria are listed in
Table 1.2.

TABLE 1.2
The Four Factors Used in This Chapter to
Evaluate Anesthetic Criteria and Mechanisms

1. Is there a unique interpretation in terms of Model I?
2. Is there a unique interpretation in terms of Model II?
3. Is it generally valid among animals?
4. Does it have discriminatory power?
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1.4 CHEMISTRY
1.4.1 STRUCTURE OF ANESTHETICS

The most striking thing about the structure of general anesthetics is the variety of
chemical compounds that produce anesthesia. The inert gases xenon, argon, and
krypton are general anesthetics, as are diatomic gases such as hydrogen and nitrogen.
Simple organic compounds such as chloroform and cyclopropane have been used
to anesthetize both human patients and animal subjects. Then, there are the more
familiar clinical anesthetics: ether, six synthetic halogenated ethers (isoflurane,
enflurane, methoxyflurane, desflurane, sevoflurane, and fluroxene) and the polyha-
logenated alkane, halothane. Finally, there are a host of compounds that have been
used on animals including alkanes, alcohols, diols, acetone, sulfur hexafluoride,
hydrogen, nitrogen, argon, krypton, and thiomethoxyflurane. All of these com-
pounds are relatively small; their molecular weight is less than 200 Da and their
molar volumes range between 28 and 240 ml. However, they do not have any
chemical groups in common.

1.4.2 MEYER—OVERTON CORRELATION

The first chemical clue relating the structure of anesthetics to their potency was
discovered in 1899 by a pharmacologist, Hans Horst Meyer,!® and an anesthetist,
Charles Ernst Overton.!® Working independently, Meyer and Overton found a strong
correlation between the polarity of a compound and its potency as an anesthetic.
The polarity is expressed as the oil/gas partition coefficient, and anesthetic potency
is expressed as the partial pressure in atmospheres. Figure 1.5 is a Meyer—Overton
correlation for 18 anesthetics used on mice. The correlation is plotted on a log—log
scale to accommodate the large range of partition coefficients and anesthetic poten-
cies (more than 4 orders of magnitude). The slope of the regression line fit to the
data is —1.02, implying that MAC is inversely proportional to partition coefficient
or potency is directly proportional to partition coefficient. The Meyer—Overton
correlation also can be plotted with potency expressed as aqueous concentrations.
In this case, the abscissa of the graph must be the oil:water partition coefficient (see
Table 1.1).

Another way of expressing the Meyer—Overton correlation is to say that the
product of MAC (in atm) and the oil/gas partition coefficient (dimensionless) is a
constant. The constant for human anesthesia is 1.3 + 0.4 (mean =+ standard deviation)
atm.'? Alternatively, the product of the aqueous concentration equivalent of MAC
and the oil/water partition coefficient gives a constant value of 50 = 15 mM. This
can be interpreted as the concentration of anesthetic in olive oil corresponding to
anesthesia. If we can represent the site of anesthetic action as a bulk oil phase, the
concentration of any anesthetic at 1.0 MAC is 50 mM.

Meyer and Overton used olive oil in their partition coefficient measurements
and this has become the most commonly used reference solvent (the data in Figure
1.5 and Table 1.1 are based on olive oil). The partition coefficients of anesthetics
into hexadecane,? octanol,'>?° lipid bilayers,?! benzene,'? and lipids'? also have been
measured. Amphipathic solvents such as octanol and lecithin (phosphatidylcholine)
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FIGURE 1.5 Meyer—Overton correlation for volatile general anesthetics in mice.” The slope
of the regression line is —1.02 and the correlation coefficient, 1> = 0.997. CTF, carbon
tetrafluoride; NIT, nitrogen; ARG, argon; PFE, perfluoroethane; SHF, sulfur hexafluoride;
KRY, krypton; NO2, nitrous oxide; ETH, ethylene; XEN, xenon; DDM, dichlorodifluo-
romethane; CYC, cyclopropane; FLU, fluroxene; DEE, diethylether; ENF, enflurane; 1SO,
isoflurane; HAL, halothane; CHL, chloroform; MOF, methoxyflurane.

produce stronger Meyer—Overton correlations than olive oil. In fact, octanol and
lecithin are the only solvents that correctly predict that isoflurane is more potent
than enflurane.!> Purely hydrophobic solvents such as hexadecane and benzene
produce weaker correlations than olive oil.

The Meyer—Overton correlation suggests that the site at which anesthetics bind
is primarily a hydrophobic environment. The fact that the correlation is stronger
with amphipathic solvents than with nonpolar solvents indicates that the environment
is amphipathic. This provides a limited amount of information about the site of
anesthetic action. The lipid bilayer component of cell membranes is amphipathic.
Most proteins, both membrane proteins and water-soluble proteins are amphipathic.
It is clear that we need more clues to isolate the sites in the CNS that are relevant
to general anesthesia. The Meyer—Overton correlation provides the first criterion for
assessing a putative site of anesthetic action.

Criterion 1. The site of action of general anesthetics must obey the
Meyer—Overton correlation

We cannot evaluate Criterion 1 in terms of either Model I or II because the con-
sciousness and movement centers are defined in terms of MAC, which is our only
measure of anesthetic potency. The discriminatory power of Criterion 1 is weak.
The inhibition of firefly luciferase!” and the depression of the phase transition
temperature of phosphatidylcholine?> by anesthetics obey the Meyer—Overton
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TABLE 1.3
Comparison of MAC or ED;, Values for Enflurane and
Isoflurane in Various Animal Species

MAC Enflurane  MAC Isoflurane

Animal (% atm) (% atm) Enf/lso  Ref.
Guinea pig 2.2 1.2 1.9 98
Horse 2.1 1.3 1.6 99
Dog 2.2 14 1.6 12
Rat 2.2 1.5 1.5 12
Cat 24 1.6 1.5 100
Mouse 2.0 1.3 1.5 101
Human 1.7 1.2 1.4 12
Rabbit 2.9 2.1 14 102
Fruit fly 0.51 0.38 1.3 9
Water flea 1.4 1.2 1.2 103
Nematode 5.9 7.2 0.8 104

Note: Anesthetic potencies are given at the temperature of the experiment
(37°C for mammals and 20 to 22°C for nonmammals). If we assume that
the temperature dependence of the water/gas partition coefficient is the
same for both anesthetics, then the ratio of MAC values expressed as partial
pressures will be the same as those expressed in aqueous concentrations.

correlation. The binding of anesthetics to bovine serum albumin, however, follows
the Meyer—Overton correlation on a coarse scale only; a 100-fold range of partition
coefficients leads to a 100-fold range of albumin binding affinities, but the rank
order of binding affinities is not predicted by the partition coefficients.?> What about
the generality of Criterion 1? All animals appear to have the same rank order of
anesthetic potency, at least on a gross scale. Mammals can distinguish the subtle
difference between the isomers isoflurane and enflurane; mammals are less sensitive
to enflurane by a factor of 1.4 to 1.9 (Table 1.3). For insects, the ratio of MAC
values for enflurane and isoflurane is closer to unity (1.2 to 1.3). Nematodes,
however, exhibit the reverse pattern of sensitivity; they are more sensitive to enflurane
than to isoflurane. This suggests the following criterion.

Criterion 2. The site of action of general anesthetics should be about 1.5 times
more sensitive to isoflurane than to enflurane

A greater sensitivity for isoflurane than enflurane seems to be generally valid for
many mammals but not for insects or nematodes. The discriminatory power of
Criterion 2 has not been tested.

A second type of deviation from the Meyer—Overton correlation is also possible.
The rank order of potency might be correct, but the concentration of anesthetic
required to affect the test site differs from the concentration of anesthetic needed to
produce anesthesia.
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Criterion 3. The site of action of general anesthetics should have a sensitivity
to anesthetics close to MAC

This may appear to be an obvious requirement. However, the relationship between
the anesthetic dissociation constant (K;) and MAC depends strongly on the model
used to describe the anesthetic binding site. Figures 1.1b and ¢ show that MAC
represents the K, for anesthetic binding to this site only if the margin of safety is
50%. If the margin of safety is 80%, MAC overestimates K, for anesthetic binding
to this site: K, = 0.25 x MAC. If the margin of safety is 20%, MAC underestimates
binding: K; = 4 x MAC. The existence of multiple binding sites results in a closer
equivalence between K, and MAC (Figure 1.1c).

The actions of depolarizing and nondepolarizing muscle relaxants demonstrate
how the margin of safety helps determine the clinical potency of a drug. Nondepo-
larizers are competitive inhibitors of the acetylcholine receptor. Neuromuscular
transmission is said to have a high safety margin because there is an excess of
postsynaptic receptors. As a result, nondepolarizing muscle relaxants must bind to
(inhibit) 80% of the receptors before there is any diminution in the twitch response.
Thus, the concentration of muscle relaxant needed to block the twitch response by
50% may be 10 or more times the K, for drug binding to the receptors.?* In contrast,
depolarizing muscle relaxants exert their effect by opening acetylcholine receptor
channels and producing a prolonged depolarization of the muscle cell. They can
achieve this by binding to only 20% of the postsynaptic receptors.? These drugs are
clinically effective at concentrations much lower than their binding K. Clearly,
knowledge of the K, without some mechanistic information is insufficient to predict
the “MAC” of a drug.

So far, this analysis has assumed that anesthesia follows directly from the
binding of anesthetic to some site. If anesthetic binding is followed by a confor-
mational change in a protein and this is what produces anesthesia, then the
equilibrium between the inactive and active conformational states (L) also enters
into the determination of MAC. Experimentally, binding and/or effect may be the
measured variable. In a three-state model (unbound/inactive, bound/inactive,
bound/active) the fractional occupancy of the active conformational state, [AR*],
is

C
K,L

1+L(1+i)
K, L

where c is the concentration of anesthetic. If L = 0.1 (the active state is favored by
a factor of 10), then the K, necessary for an 80% occupancy of the active confor-
mation at ¢ = MAC is K, = 1.5 x MAC. If the active state is favored by a factor of
100, then K, = 32 x MAC. In the absence of a model, K, has no definite relationship
to MAC.

R 5 AR <5 AR *[AR*] = (1.2)
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FIGURE 1.6 Deviations from the Meyer—Overton correlation as determined in rats. The dark
line is the correlation found in Figure 1.5 for mice; the light lines correspond to the correlation
shifted twofold to higher and lower potency values. (The mouse data were used because there
are no published MAC values for rats with the less common anesthetics used in Figure 1.5.
For the commonly used anesthetics, the MAC values for rats and mice are within a factor of
1.5.) A, alkanes methane (least potent) through decane;?® O, fluorinated alkanes (1 to 4
carbons;*® O, polyhalogenated alkanes (1 to 4 carbons).’! See text for more information about
the compounds.

1.4.3 ExceprioNs TO THE MEYER—AOVERTON CORRELATION

Although a wide variety of compounds lie on the Meyer—Overton correlation line,
there are many compounds that do not. An early observation was that there was a
cut-off in the potency of n-alcohols. Alcohols longer than 12 or 13 carbons in length
are not anesthetics despite their high lipid solubility.??7 Figure 1.6 shows the rela-
tionship between anesthetic potency and the oil/gas partition coefficient for 51
volatile compounds: alkanes (1 to 10 carbons),?® fluorinated alkanes (1 to 4 carbons,
containing one or more F substitutions for H),?>* and polyhalogenated compounds
(1 to 4 carbons, in which all hydrogens are replaced by different combinations of
F, Cl, and Br).?! Of these compounds, 22 lie within a factor of 2 of the Meyer—Over-
ton correlation, 21 compounds are more than a factor of 2 less potent than predicted,
and 8 compounds are nonanesthetics (they have no anesthetic activity at all).
Experimentally, if a compound shows no anesthetic activity by itself, it is
administered to the rat along with a subanesthetizing dose of another, more potent,
anesthetic (usually desflurane). The ability of the compound to decrease the MAC
of desflurane is tested. It is assumed that the MAC level of two co-applied anesthetics
can be calculated by adding the MAC level of each anesthetic separately.?? In this
way, the MAC of an unknown compound can be determined from how much it
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lowers the MAC of desflurane. The eight nonanesthetics in Figure 1.6 did not lower
the MAC of desflurane.?3! The MAC of six polyhalogenated compounds was deter-
mined by their ability to decrease the MAC of desflurane, because they did not have
anesthetic activity by themselves.?! The MAC of perfluoromethane was determined
by its ability to decrease the MAC of desflurane, because the MAC value is very
close to a lethal concentration of perfluoromethane.?

Figure 1.6 shows that the Meyer—Overton correlation does not completely
describe all anesthetics. This means that the chemical properties of the anesthetic
site differ from those of olive oil. Looking at the exceptions, we can try to determine
the important differences. Most of the alkanes are less potent than would be expected
from their partition coefficient. Moderate fluorination increases potency but complete
fluorination is disastrous. Of the four perfluorinated alkanes (CF,, C,F,, C;F;, C,F,)),
only perfluoromethane is an anesthetic. Polyhalogenated compounds are generally
not very potent anesthetics.

The low potency of alkanes is not surprising considering the previous indications
that the site of anesthetic action is amphipathic rather than purely hydrophobic. Short
chain-length alkanes may bind to the anesthetic site in spite of their being nonpolar
because their small size may allow them to avoid the polar region of the binding
site. As chain length increases, the potency of alkanes deviates increasingly more
than predicted. A moderate amount of fluorination increases the polarity of the
compound and makes it a more potent anesthetic, but complete fluorination decreases
the polarity of the compound again. The fact that perfluorinated alkanes are always
less potent than the alkanes themselves supports the idea that hydrogen bonding at
the anesthetic binding site is important.>?

In the discussion above, we have assumed that the low (or absent) potency of
the Meyer—Overton exceptions is due to their having a lower binding affinity to the
anesthetic binding site than what is predicted from their oil:gas partition coefficient.
An alternative explanation also exists. Assume that the binding site is on a protein.
These compounds may have a normal binding affinity, but a low efficacy. They may
bind to the protein just as well as a potent anesthetic, but may not allow some critical
conformational change to occur. The potent anesthetic does promote this conforma-
tional change. Thus, nonanesthetics may actually be competitive antagonists (or
partial agonists) at the anesthetic binding site. (For an analogy, compare the actions
of acetylcholine and d-tubocurarine on the acetylcholine receptor. When acetylcho-
line is bound, the closed-to-open channel conformational change can take place.
When d-tubocurarine is bound, the conformational change does not occur and the
channel remains closed.) In this scenario, we could not deduce any information
about the structure of the anesthetic binding site from the low potency of some
compounds. The structural information they provide would be more subtle because
it would involve the transition rates of protein conformational changes rather than
equilibrium binding affinities.

The low (or absent) potency of the Meyer—Overton exceptions is complicated
by the fact that many of these compounds, including the nonanesthetics, cause
convulsions or other hyperactivity in rats.’! Our evaluation of the usefulness of these
compounds must account for this.
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Criterion 4. The site of action of general anesthetics should discriminate
between anesthetics and nonanesthetic compounds

Figure 1.7a illustrates one interpretation of the interaction of nonanesthetics with
Model I; they don’t interact act all. This would be true for the “ideal” nonanesthetic.
It does not adequately describe the available nonanesthetics because it does not
account for the convulsive and hyperactivity effects of these compounds. Figures
1.7b and c show two ways of accounting for hyperactivity by nonanesthetics within
Model I. Nonanesthetics may suppress the normal inhibitory input to the conscious-
ness center (Figure 1.7b). Alternatively, nonanesthetics may stimulate excitatory input
to the consciousness center (Figure 1.7¢). In both of these scenarios, it is possible
that nonanesthetics have two effects, anesthesia and hyperactivity, but the degree of
hyperactivity overwhelms the anesthetic effect. If this were so, nonanesthetics should
also decrease the ability of potent anesthetics to produce anesthesia.

Some of the nonanesthetics have been found to increase significantly the MAC
of desflurane,?3* isoflurane, and halothane® by as much as 50%. However, the
increases are not consistently seen with each potent anesthetic tested and are not
correlated with the concentration of the nonanesthetic. These results suggest that
nonanesthetics are neither agonists nor antagonists at the anesthetic binding site of
Model I; they do not interact with this site at all (Figure 1.7c). Thus, Criterion 4 is
robust in terms of Model I. The status of nonanesthetics in terms of Model II is
ambiguous. Nonanesthetics may decrease the activity of the consciousness neuron,
but this information may not be communicated to the movement center because
either (a) the coupling between the consciousness center and the movement center
is impaired by nonanesthetics (Figure 1.4a) or (b) the consciousness center and the
movement center are not physically coupled (Figure 1.4b).

The generality of Criterion 4 has not been tested. The rat is the only animal to
have been administered the nonanesthetic fluorinated alkanes and polyhalogenated
compounds. Testing these compounds for convulsant and anesthetic effects on other
animals is crucial for determining the suitability of Criterion 4 in assessing putative
sites of action of general anesthetics. The discriminatory power of nonanesthetics
has not yet been tested on luciferase, bovine serum albumin, or simple lipid bilayer
systems. However, the fact that these compounds act as convulsants indicates that
they can discriminate between the convulsant site of action and the anesthetic site
of action. Nonanesthetics also suppress learning and/or memory in rats®> and must,
therefore, bind to sites in the brain that involve these processes. Tests of the dis-
criminatory power of long-chain alcohols have produced mixed results. Luciferase
does show a cut-off in potency for long-chain-length alcohols.?¢ Alcohols up to 15
carbons in length do not exhibit a cut-off in partitioning into lipid vesicles containing
egg lecithin, cholesterol, and phosphatidic acid.?’

1.4.4 STEREOISOMERS OF GENERAL ANESTHETICS

Four clinically used volatile general anesthetics — isoflurane, enflurane, halothane,
and desflurane — possess a chiral carbon atom. These anesthetics are synthesized
as racemic mixtures of (+) and (-) stereoisomers. In the case of isoflurane and
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FIGURE 1.7 Possible ways in which nonanesthetics may affect the consciousness center in
Model I. (A) Nonanesthetics do not interact with any component of Model 1. (B) Nonanes-
thetics act to decrease inhibitory input (IN). (C) Nonanesthetics act to increase excitatory
input (EX). GA, general anesthetic.

halothane, the isomers have been separated and studied to a limited extent on whole
animals, isolated organs, and ion channel preparations. Rats are more than 50%
more sensitive to the (+) isomer than to the (-) isomer of isoflurane® (Figure 1.8).
This suggests a new criterion.
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FIGURE 1.8 The determination of MAC for the two stereoisomers of isoflurane, plotted
using data from Ref. 38.

Criterion 5. The site of action of general anesthetics should discriminate
between the optical isomers of chiral general anesthetics

Criterion 5 is robust in terms of Model I because the stereoisomers of an anesthetic
bind to the same anesthetic binding site in a unitary model. However, Criterion 5 is
ambiguous in terms of Model II. The movement center could receive information
about anesthetic binding either via input from the consciousness center or from
anesthetic effects on the inhibitory input of the movement center. It is not clear whether
the consciousness center or the movement center distinguishes the optical isomers.

The generality of Criterion 5 has not been tested on very many animals. A second
study on rats suggested a much smaller and nonsignificant difference between the
isoflurane enantiomers.?® Some strains of nematodes can distinguish optical isomers
of isoflurane; other strains cannot.!! Moreover, the ability of a strain to distinguish
optical isomers of isoflurane does not predict its ability to distinguish optical isomers
of halothane.!'** Tadpoles cannot distinguish optical isomers of isoflurane.*! Tad-
poles also cannot distinguish stereoisomers of the 2-alcohols: 2-butanol through 2-
octanol.*? These compounds have not been tested in other animals. Studies of the
potency of anesthetic stereoisomers in other animals are essential before Criterion
5 can be considered a suitable test for anesthetic relevance.

The discriminatory power of stereoisomers is mostly positive. Luciferase does
not distinguish the two isomers of isoflurane,” and the effects of (+) and (-)
isoflurane on the phase transition temperature of phosphatidylcholine are identical.*
The (-) isomer of isoflurane is 2.5-fold more potent than the (+) isomer in inhibiting
the decrease in adenosine triphosphate (ATP) concentration in anoxic rat hepato-
cytes,® an effect that is presumably unrelated to anesthesia. The equilibrium binding
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of isoflurane to bovine serum albumin is not stereoselective, but the association and
dissociation rates for (+) isoflurane binding are slower than those for (-) isoflurane.*¢

1.5 THERMODYNAMICS
1.5.1 PRESSURE

In 1950, Johnson and Flagler made the observation that tadpoles anesthetized with
ethanol resume swimming when the pressure is increased to 200 to 300 atm.*’ Pressure
reversal is often considered a critical test for relevance to anesthesia. A complicating
feature is that high pressure, by itself, usually has an excitatory effect on animals.
There is an excellent review of the effects of high pressure and anesthetics.*

Criterion 6. The site of action of general anesthetics should exhibit pressure
reversal of anesthetic effects

Figure 1.9 illustrates the two general ways in which high pressure might antagonize
the effects of anesthetics in terms of Model 1.3 Pressure could displace anesthetic
molecules from their site of action (Figure 1.9a). In this scheme, the excitatory effect
of pressure by itself might occur by displacement of endogenous factors from their sites
on the inhibitory input to the consciousness center. Alternatively, pressure could cause
an excitation that counteracts the effects of anesthetics (Figure 1.9b). In order to assess
the robustness of Criterion 6, we must first examine its generality. One difficulty is that
few studies have been performed with volatile anesthetics; we must consider ethanol,
barbiturates, and other agents as well. Among the animals that exhibit pressure reversal
are tadpoles,** newts,> mice,’! and rats.’? Pressure reversal is not observed in a marine
amphipod,>® freshwater shrimp,>* and nematodes.> Although it is tempting to ignore
the negative results seen with some nonmammalian species in favor of the positive
results seen with mammals, an additional observation makes this difficult. High pressure
applied by itself has an immobilizing effect in the three nonmammalian animals. This
could explain why high pressure does not reverse anesthesia in these animals.

Whether or not we place importance on the experiments showing the lack of
pressure reversal in some species, Criterion 6 is weak. If we disregard these exper-
iments, the criterion is ambiguous in terms of Model I. The two possible explanations
for pressure reversal are equally likely. If, on the other hand, we emphasize these
experiments, Criterion 6 is robust (Figure 1.9b), but it is not a useful indicator of
anesthetic relevance. Pressure would be acting at a site that does not participate in
general anesthesia. The site of action of general anesthetics would not be influenced
by high pressure. Although the question of the discriminatory power of Criterion 6
is probably moot, for completeness we mention that anesthetic inhibition of firefly
luciferase is not reversed by high pressure.>

1.5.2 TEMPERATURE

MAC, measured as a partial pressure, decreases as the temperature of the animal is
lower. This has been observed in dogs,”” rats,”® goats,” and fish.® For example,
halothane MAC in dogs is 0.86% at 37°C but only 0.47% at 28°C.%7
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FIGURE 1.9 Possible ways in which pressure may affect general anesthesia in Model I. (A)
Pressure displaces anesthetics (GA) so that they no longer act to increase inhibitory input
(IN) to the consciousness neuron. The activity of the neuron returns to unanesthetized levels.
(B) Pressure stimulates excitatory input (EX) to the consciousness neuron. This counteracts
the effects of anesthetics on the activity level of the neuron.

Criterion 7. The site of action of general anesthetics should be less sensitive
to anesthetics at lower temperatures

Several factors may contribute to the temperature dependence of MAC: (1) an
increase in the oil/gas and water/gas partition coefficients with decreasing temper-
ature, (2) changes in organ physiology and cell biochemistry with decreasing tem-
perature, and (3) a genuine change in efficacy of the anesthetic with decreasing
temperature. The first factor is, by far, the most important.®! For halothane, the oil:gas
and water:gas partition coefficients increase about 1.5-fold between 37 and 28°C
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TABLE 1.4
Temperature Dependences of Halothane MAC in
Dogs and of Halothane Partition Coefficients

Temp. MAC Oil/Gas  Water/Gas  [Hall,; [Hal]mq

(§(O) (% atm) PC PC (mM) (mM)
37 0.86 200 0.63 70 0.22
28 0.47 290 1.0 55 0.19

Note: The MAC values were obtained from Ref. 57.

(Table 1.4). These values are used to calculate the concentration of halothane in an
oil and an aqueous phase. The aqueous concentration of halothane needed for
anesthesia decreases only 15% between 37 and 28°C. This can be characterized by
an enthalpy of transfer from the aqueous phase to the animal of —10 to —20 kJ/mol.5?

To what can we ascribe this remaining temperature dependence of the anesthetic
requirement? The effects of temperature on animal physiology and biochemistry are
too numerous to reduce to a single factor. An extreme, but useful view is that
physiology and biochemistry do not contribute to the temperature dependence of
MAC. Rather, temperature dependence is a consequence of a temperature-dependent
binding affinity. The partitioning of anesthetics into lipid bilayers composed of
phosphatidylcholine, phosphatidic acid, and cholesterol is less at lower than at higher
temperatures?' and is characterized by a positive enthalpy of transfer.®> Most studies
on proteins have not included the important temperature range of 28 to 37°C.
Anesthetic binding to luciferase is stronger at 4 than at 25°C; the enthalpy of transfer
is about —20 kJ/mol.®* Over the same temperature range, anesthetic inhibition of a
neuronal acetylcholine receptor is characterized by an enthalpy of transfer of —20
to =30 kJ/mol.%? The temperature dependence of the potentiation of GABA , receptors
by anesthetics has been examined between 10 and 37°C.%* Anesthetics are more
potent at lower temperatures, but the enthalpy cannot be calculated because it is not
clear how to relate potentiation to a binding constant.

In summary, it is difficult to assess the validity of Criterion 7. Changes in
anesthetic potency with temperature are relatively small but anesthetic specific.%*
More studies will be needed to judge whether the criterion will be useful as a means
of evaluating putative sites of anesthetic action.

1.6 GENETICS

The application of genetics to the study of anesthetic mechanisms uses selective
breeding to produce mice,® fruit flies,*® and nematodes®” with altered sensitivities
to volatile anesthetics. The goal of such experiments is to use mutant animals to
help map the genetic locus of sites that govern an animal’s sensitivity to anesthetics.
This should point to the physical location of anesthetic targets in the nervous system.

An interesting finding in genetic studies is that animals selected for altered
sensitivity to one anesthetic do not exhibit altered sensitivity to all anesthetics. Table
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TABLE 1.5
Differential Sensitivity of Animal Strains to Volatile Anesthetics
MAC MAC

Animal Strain Anesthetic Ratio Anesthetic Ratio Ref.

Mouse Long—Evans vs. Isoflurane 0.77  Nitrous oxide 1.03 105
Sprague-Dawley
Mouse 129/Sv] vs. Spret/Ei Desflurane 0.77  Halothane 0.95 68
Isoflurane 0.79

Fruit fly har63 vs. wild-type Trichloroethylene 0.6 Methoxyflurane 1.3 9
Nematode unc-79 vs. N2 (wild type)  Halothane 0.31  Enflurane 1.06 69

1.5 shows some examples of this. Several other examples can be found in a recent
study® of five anesthetics and 11 mouse strains (including inbred, hybrid, outbred,
and knock-out mice). The largest deviation from a MAC ratio of 1.0 in Table 1.5 is
for the unc-79 mutant and the wild-type nematode.®® This mutant was selected for
its high sensitivity (for a nematode) to halothane; the EDj, values are 3.2% (wild
type) and 0.98% (unc-79). However, the unc-79 mutant is /ess sensitive to enflurane
anesthesia than is the wild-type nematode: 5.9% (wild type), 6.2% (unc-79). These
data may be interpreted as evidence that halothane and enflurane have different
molecular sites of action. This, of course, challenges the unitary hypothesis of
anesthetic action.

Examples for which the one animal strain lacks a protein that is expressed by
the other strain (e.g., unc-79 vs. wild-type nematodes and the PKCy knock-out
mouse®) constitute strong evidence that different anesthetics are acting at different
sites. Further studies of knock-out animals are needed to tell us whether these results
pass the generality criterion.

In other cases, it is possible for differential sensitivity of strains or mutants to
anesthetics to be interpreted in terms of unitary mechanisms of anesthetic action.
The only additional assumption needed is that the different anesthetics may bind at
different locations within a single molecular binding site. Figure 1.10 illustrates a
hypothetical anesthetic binding site modeled as an amphipathic pocket within a
protein. Enflurane and halothane both bind within the pocket but not at identical
locations. The oxygen atom of enflurane (gray circle in Figure 1.10) keeps it close
to the aqueous end of the pocket. In the wild-type binding site, halothane is prevented
from penetrating further into the pocket by a kink in the pocket. In the mutant binding
site, the kink is straightened, allowing halothane to bind more tightly by penetrating
further into the pocket. The binding of enflurane is unaffected by the mutation because
it is constrained by the requirement to remain close to the aqueous interface.

These two explanations for differential sensitivity to anesthetics — (1) two
anesthetic binding sites controlled by separate genes and (2) two anesthetic binding
locations on a single gene product (a protein, in this example) — both require one
additional assumption over and above our simple model of anesthetic action (Model
I). We conclude, then, that observations of differential sensitivity to anesthetics do
not force us to abandon unitary models of anesthetic action.
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FIGURE 1.10 A genetic change within an anesthetic binding pocket can explain the differ-
ential sensitivity of strains and mutants to anesthetics. The binding pocket is assumed to be
within a protein. The wild-type binding pocket has a kink but the mutant does not. Enflurane,
represented by three (black) carbon atoms and one (gray) oxygen atom, binds far enough
away from the kink so as to be unaffected by the mutation. Halothane, two (black) carbon
atoms, binds near the kink in the wild type, but can penetrate deeper into the pocket of the
mutant protein. Therefore, the mutation affects the binding of halothane more than the binding
of enflurane.

A variation of the model in Figure 1.10 was used to interpret the differential
sensitivity of two forms of firefly luciferase for anesthetics.” The affinity of the
ATP-luciferase complex for anesthetics is greater than the affinity of free luciferase
for anesthetics. In the homologous series of n-alcohols, the difference in affinity
between the two forms of luciferase increases as the chain length increases. The
interpretation is that the binding of ATP to luciferase causes a conformational change
that results in an increase in the length of an amphipathic pocket on luciferase. This
increases the pocket’s binding affinity for long alcohols more than for short alcohols.
ATP can be considered as a modulator of the anesthetic sensitivity of luciferase.”
Similarly, we can consider the idea that some mutations are not affecting the site
of action of anesthetics per se, but rather, are affecting some modulator of the
anesthetic site.

Are there other results from genetic studies of anesthetics that might support
the concept of multiple molecular sites of anesthetic action? There are some nem-
atode mutants (e.g., fc23) that differ from wild type in their sensitivity to enflurane
but not halothane.”" This mutation codes for a gene product that is distinct from that
of unc-79. Thus, two different protein (or lipid) molecules must be involved. One
possibility is that the fc23 mutation affects a modulator of the anesthetic binding
site. This explanation is just as valid as explanations involving multiple sites of
anesthetic action.
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1.7 HYPOTHESES
1.7.1  Lirip VERSUS PROTEIN

The lipid/protein controversy among anesthetic mechanicians has existed for many
years. But it is far from being an old and tired debate topic. The controversy has,
and continues to stimulate critical thinking about the interactions of general anes-
thetics with biological molecules. In addition, the controversy continues to evolve
as our understanding of the structure and function of lipids and proteins improves.
The center of the debate is whether lipids or proteins are the primary target for
general anesthetics. In the fluid mosaic model of the cell membrane, proteins have
active functions and lipids have passive, supporting functions. A reasonable hypoth-
esis is that during anesthesia the normal function of some critical membrane protein
(or proteins) is disrupted. This could be due to either a direct effect of anesthetics
on the protein or an effect of anesthetics on the lipids surrounding the protein which,
in turn, modifies the function of the protein.

Recent developments in cell physiology question a simple dichotomy of the
roles of lipids and proteins. Lipids such as the phosphoinositides actively participate
in membrane signaling. Proteins such as spectrin and agrin have primarily structural
roles. And intracellular enzymes such as kinases and phosphatases modulate infor-
mation processing. As a result, the divisions in the lipid/protein controversy have
become less clear.

Consider the impact of anesthetic molecules on lipids. At MAC, the concentra-
tion of anesthetic molecules in a hydrophobic phase is about 50 mM. If the anesthetic
molecules were distributed uniformly throughout the lipid bilayer of a 50 A thick
cell membrane, there would be only one anesthetic molecule for every 60 lipid
molecules (i.e., 1.5% of the molecules in the membrane’> and only 0.5% of the
membrane volume??). In this scenario, the anesthetic molecules would be distributed
too diffusely to have a significant effect on membrane properties. If, on the other
hand, anesthetic molecules partition preferentially to a certain region of lipid bilay-
ers, within the polar region or adjacent to a protein, then the anesthetic could
potentially have a significant effect on local properties of the membrane.

A similar argument can be made for anesthetic—protein interactions. Halothane
has a molecular weight of 197. The GABA , receptor channel has a molecular weight
of about 250,000 Da. Could the binding of a single molecule of halothane possibly
have a significant effect on the behavior of the protein? There are probably many
sites on the protein where halothane could bind and have no effect. (The function
of many proteins is unaffected by anesthetics, but it is not known if anesthetics bind
to these proteins.) But there may be some sites where the binding of a single
molecule of halothane could critically disrupt the function of the protein. Proteins
are designed to undergo global structural changes upon the binding of small substrate
molecules. y-Aminobutyric acid, the neurotransmitter that allows the GABA , recep-
tor channel to undergo the closed-to-open channel transition, has a molecular weight
of only 103 Da.

Whether anesthetics have their primary effect on lipids or on proteins, the key
features of the interaction must be specificity and selectivity. As discussed previously,
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only if anesthetics bind to a specific, localized region will they have a significant
effect. Furthermore, the fact that general anesthesia is relatively safe and readily
reversible supports the idea that anesthetics selectively interfere with a few important
groups of nerve cells and allow the rest of the animal to function normally.

1.7.2 Lirip HYPOTHESES

Lipid hypotheses of anesthetic action postulate that the physical chemistry of lipid
bilayers is modified by anesthetics. Some sensitive membrane proteins would react
to this change in their environment. Lipid hypotheses are usually stated as unitary
hypotheses; all general anesthetics have the same effect on the lipid bilayer mem-
brane when a critical concentration of about 50 mM is reached. The membrane
properties that have been considered to be important for anesthesia include thick-
ness,’* area per lipid molecule or volume,* curvature,” fluidity,’®”” dielectric prop-
erties,’®” phase transition temperature,*®! and ionic permeability.®?

Lipid hypotheses of anesthetic action flourished up until the mid-1970s mainly
because they provided conceptually simple explanations for the Meyer—Overton
correlation and the diversity of anesthetic structures. There was very little quantita-
tive experimental information that either supported or refuted the idea that the lipid
bilayer of cell membranes was the primary site of action of anesthetics. When data
of the effects of anesthetics on lipids began to accumulate and anesthetic mechani-
cians began to examine it critically,?*72738384 Jipid hypotheses became less tenable.
In the case of membrane thickness, volume, fluidity, permeability, and dielectric
constant the problem is that there are simply too few anesthetic molecules in a bulk
lipid phase to have an appreciable effect on these properties. (The effects of mem-
brane curvature on protein function have not been adequately investigated.) Although
one MAC of an anesthetic lowers the phase transition temperature of some lipids
by several degrees, there are no known examples of biological membranes that are
close to a thermal phase transition.?

It is possible that we have not yet identified the appropriate lipid property that
is relevant to anesthesia. It is also possible that there exists a particularly anesthetic-
sensitive combination of lipids somewhere in the nervous system. One relatively
new idea is that anesthetics disrupt lipid domains in biological membranes.® Lipid
domains can arise from the intrinsic properties of lipids, from electrostatic interac-
tions between lipids and calcium, and from long-range organization by proteins.?
Lipid domains are involved in vesicle formation®” and in the association of mem-
brane-bound substrates with intracellular enzymes such as myristoylated alanine-
rich C kinase substrate with protein kinase C.%

What kind of experimental evidence would be needed to support disruption of
lipid domains (using this as an example of a lipid hypothesis) as a possible anesthetic
mechanism? It is easy to see how lipid domains might be sensitive to disruption by
low concentrations of anesthetics because the adsorption of a small number of
anesthetic molecules might act as a “defect” that destroys the integrity of a lipid
domain. We would also expect that the effect would be a steep function of anesthetic
concentration due to cooperativity. It would be necessary to demonstrate that the
effect of the anesthetic was to disrupt the domain via interactions with the lipids
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rather than via interactions with proteins responsible for domain formation and
stability. This would be less of a problem if domain formation occurred spontane-
ously in the absence of proteins. Finally, we must consider the assay for domain
integrity. The best assay would be one that does not rely on the function of a protein,
such as the microscopy of fluorescently labeled lipids.®

1.7.3 AMPHIPATHIC Pocker PROTEIN BINDING SITE HYPOTHESIS

The finding that the water-soluble enzyme, luciferase, is inhibited by general
anesthetics!”% sparked an interest in considering direct interactions between anes-
thetics and proteins. General anesthetics act as competitive antagonists at the
luciferin binding site on luciferase. The number of anesthetic molecules that can
bind to this site depends on the size of the molecule. Thus, the binding site can
accommodate a single molecule of decanol or two molecules of halothane. These
results suggest a picture of the luciferin binding site of luciferase as an amphipathic
pocket (see Figure 1.10). In this model, the dimensions of the pocket on luciferase
are approximately the size of a molecule of decanol; the volume of the pocket is
250 ml/mol."”

The amphipathic pocket protein binding site hypothesis suggests a unitary mech-
anism of action. An amphipathic pocket could exist anywhere on a protein. For an
amphipathic pocket to be a good candidate as a site of action for general anesthetics,
it would either have some functional role (e.g., as a binding site for a natural
substrate) or have importance for the structural stability of the protein in one or
more of the protein’s conformational states. The pore of an ion channel protein is
an example of an amphipathic pocket. A pore contains hydrophobic residues that
help anchor it to the cell membrane. It also has polar residues that stabilize partially
hydrated ions as they pass through the pore. Moreover, there is an obvious functional
consequence if an anesthetic molecule binds within the pore — the normal flow of
ions through the pore is impeded.®®

What sort of experimental evidence might be used to support the idea that
anesthetics bind to an amphipathic pocket in a protein? First of all, the binding curve
should saturate and its steepness should correspond to binding by one or two
anesthetic molecules. The steepness of the binding curve for a small anesthetic
molecule might be greater than that for a large anesthetic molecule. The kinetics of
binding should indicate that the association rate is slower for larger anesthetic
molecules because diffusion of large molecules into a narrow amphipathic pocket
will be restricted. The dissociation rate should be slower for more hydrophobic
molecules because of the strong correlation of anesthetic potency and hydrophobic-
ity. If it is not possible to determine binding directly, then some information could
be obtained by performing a functional assay at different anesthetic concentrations
(the light reaction in the case of luciferase). A next step would be to use site-directed
mutagenesis to produce proteins that have mutations in a region that might constitute
part of the binding pocket. Changing the size and polarity of such regions should
change anesthetic binding in a predictable way. Labeling experiments may also help
identify anesthetic binding sites. Direct photoaffinity labeling of C'* halothane,
followed by protein digestion and sequencing, can be used to locate amino acids
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labeled by halothane.®' One difficulty is that there may be multiple halothane binding
sites on the protein and there is no way to determine the sites for which halothane
binding has a functional consequence. Combining photoaffinity labeling with
mutagenesis could potentially overcome this drawback.”

The strongest evidence would be to obtain atomic-resolution structural informa-
tion of the protein in the absence and presence of anesthetics. This is beginning to
be possible for membrane proteins such as ion channels. A voltage-gated potassium
channel has been imaged at 3.2 A resolution.®® The structure of the nicotinic ace-
tylcholine receptor channel® has been determined at 4.6 A. It may not be long before
such studies can be used to reveal the location of small anesthetic molecules.

1.8 SUMMARY

Consider the chemical tools for identifying the sites of action of general anesthetics:
Meyer—Overton correlation, nonanesthetics, stereoisomer anesthetics. Any realistic
candidate for an anesthetic site must show a strong correlation between the effects
of anesthetics on this site and the partition coefficient of the anesthetic. The poor
discriminatory power of this criteria means that its usefulness is limited. Both
nonanesthetics and stereoisomer anesthetics are potentially powerful tools, but they
have not been extensively tested for generality. These two tools are also limited by
their expense (although the enantiomers of the 2-alcohols are commercially avail-
able) or their special experimental requirements (pressure chamber for some of the
nonanesthetics). It will be interesting to see if the discriminatory power of comparing
sensitivity to isoflurane and enflurane is great enough to allow them to be considered
as an inexpensive alternative to the stereoisomers to isoflurane.

The main problem with using pressure reversal as a test for relevance to anes-
thesia is that high pressure, in the absence of anesthetics, causes excitation in most
animals. It is not easily determined, then, whether pressure reversal is due to the
actions of high pressure on the anesthetic site or to an increased level of excitation
elsewhere in the nervous system.

Many in vitro studies of the effects of anesthetics (especially those on ion
channels) are conducted at room temperature rather than body temperature. Although
temperature control can be implemented in many cases, higher temperatures can
introduce experimental problems. For example, temperature-dependent kinetic pro-
cesses may speed up to the point of being faster than the time resolution of the
recording device. Nevertheless, the validity of experiments performed at nonphysi-
ologic temperatures can be questioned. The question of choosing appropriate anes-
thetic concentrations is the easiest to answer: calculate aqueous concentrations rather
than partial pressures.®! Questions of physiologic relevance can be answered only
by performing experiments at body temperature. It is important to remember, though,
that temperature is only one of several parameters that must be considered to achieve
appropriate physiological conditions. The ideal preparation would consist of intact
neurons with functional synapses, exposed to normal ion concentrations and subject
to the proper time-dependent neurotransmitter and neuromodulator concentrations
— and, of course, at 37°C. Progress in understanding the actions of anesthetics can
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and will be made using less-than-ideal conditions. We cannot sit back and wait for
the ultimate recording device to become commercially available.

The determination of genetic control of anesthetic sensitivity is a potentially
powerful tool. However, even at this early stage of the application of these tools,
the complexity of genetic control is apparent. The results obtained so far do not
discount unitary theories of anesthetic action.

The lipid/protein controversy will probably continue for a long time. If con-
sciousness is dependent on a membrane protein, then it will require a combination
of structural and functional techniques to determine if the primary site for anesthetics
is the protein, the lipid, or the interface between lipid and protein.
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2.1 INTRODUCTION

Inhalational anesthetics provide unique experimental challenges because of their
volatility and the relatively weak energetics of their interactions with in vivo target
site(s), based upon their measured ECs, values of 0.2 to 1 mM. These weak energetics
translate into rapid target binding and dissociation rates, making traditional
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pharmacologic approaches to the study of ligand—-receptor interactions, such as
radioligand binding studies, impractical. Furthermore, the clinically used inhala-
tional anesthetics are chemically inert and contain few functional groups that lend
themselves readily to biochemical and biophysical analyses. These factors have made
it difficult to study anesthetic-macromolecule interactions, contributing to the slow
progress in our understanding of both the site(s) and the mechanism(s) of volatile
general anesthetic action.

Despite these experimental difficulties, it will be essential to define how these
drugs interact with biological macromolecules at the structural level, in order to
understand mechanisms of action. We focus on interactions with protein, because
current consensus favors proteins as a general target,'> and also because the molec-
ular interactions of anesthetics with proteins have been less studied than those with
lipid. This chapter reviews the experimental tools currently being used and will point
out their respective advantages and limitations. Although the focus of this chapter
is on methodology, the implications to anesthetic mechanisms will be discussed
where the data allow. Further, this is not intended to be an exhaustive review of each
method as it relates to anesthetics; rather, we intend to briefly describe each approach,
then present some examples of how it has been used to study the interactions of
anesthetics with proteins. Approaches useful for characterizing binding,*° such as
X-ray crystallography, '"F-NMR (nuclear magnetic resonance) spectroscopy, fluo-
rescence quenching, and photoaffinity labeling, will be preceded by a brief review
of the basic principles of anesthetic binding interactions. The methods for charac-
terizing the structural changes that occur in the protein target after anesthetic binding
will also be discussed, with the ultimate goal of laying the experimental framework
for an understanding of how anesthetics might alter protein function and thereby
cause the clinical state of anesthesia.

2.2 BASIC PRINCIPLES OF ANESTHETIC BINDING TO
PROTEIN

Binding of an anesthetic (A) to a protein target (P) can be described as

k, k,
A+P & A-P & A-P

-1 -2

where k, and k, are the on and off rate constants for anesthetic binding and
decomplexation, respectively, and k, and k, are the rate constants for any ensuing
structural change in the protein (P*), and its reversal, respectively, that leads to a
functional change in protein activity. This is, of course, the most simplified scheme,
because the path from A — P to A — P* may involve multiple discrete steps, each
with its own kinetic signature. Although limited, the kinetic data for volatile anes-
thetic binding and decomplexation are reviewed in Section 2.5, which deals with
YF-NMR spectroscopy.
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From a free energy standpoint,'® the transfer of a hydrophobic anesthetic mol-
ecule from water to a protein binding site can be broken down, for ease of analysis,
into the following four discrete steps: (1) transfer of anesthetic from water to vacuum;
(2) collapse of the water cavity; (3) creation of a cavity in the protein; and (4) transfer
of the anesthetic from vacuum to the protein cavity. In the case where a cavity
already exists in the protein, the third step (which is energetically unfavorable) is
not required, and the overall free energy of transfer from water to protein is more
favorable. Furthermore, if the protein cavity is filled with one or more water mole-
cules in the native state, the free energy of transfer of anesthetic from bulk water to
protein will be even more favorable, because of the entropic gain associated with
transfering bound water to the bulk phase.'"!> Thus, it is predicted, from an energetic
point of view, that cavities (or packing defects) in proteins, which occur in the vast
majority of proteins studied to date,'>!> are likely to be occupied by volatile anes-
thetic molecules, if they exhibit suitable volumes and shapes. Experimental support
for this is outlined in this chapter. However, it remains to be determined whether
occupancy of such widely available protein sites by anesthetics has any effect on
protein structure, dynamics, or function.

Finally, what is known about the nature of the in vivo inhalational anesthetic
binding site(s)? Because the target(s) for these agents is unknown, investigators have
historically approached this question by correlating in vivo potency data with sol-
vation into essentially homogeneous organic solvents. Because of improved corre-
lations with solvents such as n-octanol, these studies indicate that there is an impor-
tant polar component to the anesthetic site of action.!®!® One interpretation of this
finding has been that anesthetics are able to form hydrogen bonds with macromo-
lecular targets,'*-2* explaining not only binding energetics, but also the change in
protein function through the concept of competitive hydrogen bonding. The action
of the volatile anesthetics might then be related to their ability to compete with
native protein hydrogen bonds, causing conformational and functional changes. The
current structural understanding of anesthetic binding sites on proteins, determined
using a variety of experimental approaches, will be discussed in several of the
sections that follow.

2.3 X-RAY CRYSTALLOGRAPHY

X-ray diffraction analysis is a powerful method for determining the three-dimensional
structure of molecules. In the case of proteins, a suitable crystal is first obtained, then
irradiated with X-rays which are scattered in a characteristic pattern by the electrons
present. Because the protein molecules orient in the same manner in a crystal, the
diffraction pattern of each atom (or group) will add. Based upon the diffraction pattern
obtained, it is possible to reconstruct a model of the protein structure.

The ability to obtain high-resolution crystal structures of proteins in the presence
of various ligands allows direct determination of the role of specific side chains for
recognition and stability.”> Changes in the topology of the protein in the presence
of the complexed ligand provide structural data for how binding might lead to an
alteration in protein function. For example, X-ray diffraction analysis of hemoglobin
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crystals has helped our understanding of how the binding of one oxygen molecule
causes the structural changes that facilitate binding of additional oxygen molecules.?®
More recently, X-ray crystallography has shown how the binding of the inducer
(allolactose) to the lac repressor protein results in structural changes that prevent it
from binding to DNA.?” Thus, X-ray crystallography potentially can provide a precise
structural description of the anesthetic binding sites, and the underlying interactions,
and also how binding might alter protein conformation and therefore function.

X-ray crystallography was one of the first techniques used to probe the molecular
features of inhalational anesthetic—protein complexes. Thus, xenon (which is a gen-
eral anesthetic with a minimum alveolar concentration of 0.71 atm??) was shown to
bind to a discrete site (at 2.5 atm), equidistant from the proximal histidine and one
of the pyrrole rings of the heme moiety, in sperm whale myoglobin.?® Further studies
showed that both cyclopropane and dichloromethane bound to the same site in
metmyoglobin.**3! On raising the xenon pressure to 7 atm, as many as four distinct
binding sites for xenon, of varying affinity, were demonstrated in myoglobin.’> As
a model anesthetic target, myoglobin is unable to reproduce the clinical pharmacol-
ogy of a number of different anesthetic molecules,? but the importance of this work
lies in the demonstration that ligands may bind to hydrophobic regions of proteins,
through weak interactions, to aliphatic residues and aromatic rings (pyrrole, pheny-
lalanine, and tyrosine). Furthermore, as will become apparent from the remainder
of the work described in this Chapter, the side-chain composition of the binding
sites in myoglobin is a recurrent feature of such domains in other proteins. X-ray
diffraction analysis has also revealed that xenon binds to hemoglobin.?* Each o and
B chain of hemoglobin binds a single xenon molecule, but at sites that are not
analogous to the highest affinity site in myoglobin. However, the character of the
hemoglobin xenon binding domains, lined by valine, leucine, and phenylalanine
residues, is similar to that of the site in myoglobin.

The only X-ray diffraction study to incorporate a clinically relevant haloalkane
anesthetic is that describing halothane binding to adenylate kinase.>> Halothane
inhibits this enzyme with a K, (inhibition constant) of 2.5 mM, at low substrate
(adenosine 5’-monophosphate, AMP) concentration (100 uM), suggesting a com-
petitive interaction between halothane and AMP. Crystals of adenylate kinase soaked
in saturated solutions of halothane (= 18 mM anesthetic®*) showed localization of
the anesthetic molecule in a discrete interhelical niche, lined by the aliphatic residues
valine, leucine, and isoleucine, and also by the more polar residues tyrosine, arginine,
and glutamine.?” Such a site satisfies the suggestions made above that an anesthetic
binding site, although necessarily hydrophobic (aliphatic), should also have some
polar (a heading under which we include aromatic residues'?38-4!) character. Inter-
estingly, there was no indication of a structural consequence to adenylate kinase on
binding halothane, but this may be due to insufficient resolution (6 A).

Dichloroethane was one of the first haloalkane compounds to be shown to have
useful anesthetic properties.*? Binding of this halogenated alkane to crystals of
bacterial haloalkane dehalogenase,* and insulin,** has been analyzed with X-ray
diffraction. In the former protein, the dichloroethane is the native substrate that
Xanthobacter autotrophicus GJ10 uses to derive energy. The dihaloalkane binding
site is a predominantly hydrophobic pocket containing four phenylalanines, two
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FIGURE 2.1 Binding of the substrate 1,2-dichloroethane to the active site of haloalkane
dehalogenase from Xanthobacter autotrophicus GJ10. One of the chlorine atoms electrostat-
ically interacts with the indole ring nitrogen protons of Trp125 and Trp175, whereas the other
chlorine interacts with the aromatic ring protons of Phe128 and Phel72. Carbons are black,
nitrogens are white, and chlorines are gray. (Adapted from Ref. 43.)

tryptophans, two leucines, a valine, a proline, and an aspartate.*** Two of the
phenylalanines and two of the tryptophans make electrostatic contacts with the
dihaloalkane chlorines (Figure 2.1). The Michaelis constant (K,) for dichloroethane
dehalogenation by this enzyme is 0.7 to 1.1 mM. This site also binds and dehalo-
genates smaller haloalkanes such as methyl- and ethyl chloride,* but with higher
apparent K, values, suggesting the importance of the two additional electrostatic
contacts on the two-carbon halogen, or loss of favorable van der Waals contacts.
Site-directed mutagenesis studies involving the replacement of the two active site
tryptophan residues by glutamines or phenylalanines indicate the importance of
aromatic residues for substrate binding in this protein.*’ In contrast to this bacterial
protein, the cavity in insulin is lined by serine, valine, glutamate, and tyrosine
residues and binds only the cis conformation of 1,2-dichloroethane. This cavity is
apparently too small and sterically hindered to bind the trans conformation. All of
the current clinically used haloalkanes are too large to bind to this insulin cavity
due to steric constraints. Smaller haloalkanes, such as dichloromethane, also bind
poorly, presumably due to loss of stabilizing van der Waals contacts. Interestingly,
the insulin cavity contains structured water molecules, some of which are displaced
on haloalkane binding, suggesting an additional favorable entropic contribution to
complex formation. Because of the small size of water molecules, and the inability
to observe hydrogen atoms (because the single electron on hydrogen scatters X-rays
poorly), high-resolution crystal structures are required in order to allow the position
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of water molecules to be inferred. This level of resolution has not been achieved in
other protein—anesthetic systems to date, so it is unclear whether water displacement
is a general feature of anesthetic binding.

Of related interest are studies on benzene binding to a hydrophobic cavity (or
packing defect) engineered into T4 lysozyme.*® Although toxic, benzene is also a
volatile anesthetic with an ECy, of 1 to 2 mM in tadpoles.* Benzene does not bind
appreciably to the native T4 lysozyme. Replacement of a leucine by an alanine in
the hydrophobic core of the enzyme creates a cavity, lined by both aliphatic valine
and leucine residues, and an aromatic phenylalanine residue, allowing benzene to
bind with a K, of 0.4 to 1.1 mM. Again, the structural consequences to the protein
target are subtle in the presence of benzene, involving reorientation of some of the
side chains in direct contact with the bound ligand and a 0.4 A shift in the position
of a short o-helical portion of the protein. Binding of benzene to this T4 lysozyme
cavity mutant stabilizes the overall structure of the folded protein, as assessed by
circular dichroism thermal denaturation spectroscopy (see Section 2.9). Such
changes in side-chain orientation and global protein stability in the presence of
anesthetic represent potential mechanisms whereby protein function may be altered.

This section has so far dealt exclusively with the results of X-ray diffraction
studies on water-soluble proteins. Although X-ray diffraction studies of membrane
proteins have been technically difficult, because these proteins do not readily form
three-dimensional crystals, some progress has been made with novel crystallographic
approaches using short chain detergents or antibody fragments,’*>* or with highly
ordered natural membrane proteins, such as bacteriorhodopsin.?* In the latter case,
low-resolution difference analysis of electron density maps with and without the
haloalkane anesthetic diiodomethane showed preferential localization in the phos-
pholipid-filled center of the naturally occurring protein trimers, suggesting lipid—pro-
tein interfacial binding. However, the natural organization of this membrane protein
biases the interpretation, since the paucity of phospholipid molecules renders them
all essentially interfacial.

The advantage of using X-ray crystallography to study protein—ligand complexes
is that it provides a view of molecular interactions that is illuminating from both
structural and mechanistic points of view. The types of residues, and the noncovalent
forces involved in complexing the ligand, can be directly determined. The strength
of various interactions resulting in binding can be predicted from the measured
distances between individual atoms on ligand and protein. Finally, and perhaps most
importantly, changes in the structure of the protein suggest mechanistically how
protein function is altered following ligand binding. The principal drawback is the
technical difficulty associated with growing suitable crystals, particularly for the
membrane proteins. In addition, the unusual conditions necessary to grow crystals
may make the ligand concentration difficult to control. For example, studies on the
binding of inhaled anesthetics to protein crystals are typically performed with sat-
urated solutions of anesthetic3!33#* so that it will remain unclear whether the site
occupied by the anesthetic would also be filled at the concentrations of anesthetic
used clinically. This is clearly important as demonstrated in the case of xenon binding
to myoglobin, where additional sites are recruited as the anesthetic concentration is
increased. Furthermore, the assumptions and algorithms used to reduce the electron
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density map to a three-dimensional protein model have an inherent degree of sub-
jectivity, suggesting that several structures are equally plausible.>* Finally, given the
harsh conditions under which protein crystals are grown,’>-¢ it is perhaps not sur-
prising that the structure assumed by the protein in the solid state may not always
correspond to its native conformation in aqueous solution.”’

2.4 GAS CHROMATOGRAPHIC PARTITION ANALYSIS

In usual practice, gas chromatographic partition analysis measures the gas phase
concentration of an anesthetic in equilibrium with either a buffer or a protein solution.
Partitioning of anesthetic from the gas phase into a solution of protein or lipid, in
excess of that determined for buffer alone, is taken as evidence that a binding
interaction exists. By plotting this binding as a function of anesthetic concentration,
an estimate of both the dissociation constant(s) and the number of binding sites can
be made. This method has proven useful for the study of anesthetic binding to
macromolecular targets.

The method has been used to determine the apparent affinity (1.4 = 0.2 mM)
and the number of binding sites (4.2 = 0.3) on bovine serum albumin (BSA) for
isoflurane.® The measured dissociation constant using gas chromatographic partition
analysis is in good agreement with that obtained using '"F-NMR spectroscopy.
Wishnia and Pinder’®>? used partition analysis to determine the affinity of BSA and
B-lactoglobulin for the alkanes butane and pentane. Specific alkane binding sites
were noted on these proteins, whose affinity and number were conformation depen-
dent. For example, four butane molecules were shown to bind to BSA with an
average K, of 1 mM. More recently, this approach has been used to show that the
enantiomers of isoflurane solvate equally into phospholipid bilayers.*

Separation of specific and nonspecific binding can be a problem with this
approach. Nonspecific binding may be approximated in some cases by measuring
partitioning into denatured protein (by changing the pH or the temperature, or by
adding a chaotropic agent such as guanidinium chloride). To study nonspecific
binding of isoflurane to albumin, Dubois and Evers® measured anesthetic binding at
a low pH (which partially unfolds the protein). This assumes that the specific binding
domain is removed by the denaturant conditions, leaving only the nonspecific binding
sites unchanged. Although such conditions appear to remove specific anesthetic
binding domains, it is interesting that the secondary structure of albumin at low pH
is altered only to a minor degree compared to the native state.®' This suggests that
secondary structure (o-helix in the case of albumin) per se is not sufficient to allow
anesthetic binding.

Partition analysis has the disadvantage of requiring a high protein concentration,?
on the order of 0.4 to 1.5 mM, because of the low-affinity binding that is characteristic
of the volatile general anesthetics. In addition to the practical limitation of obtaining
this much protein, the use of high protein concentrations means that there is the risk
of aggregation, which might create intermolecular domains not present in more dilute
solutions. Finally, the method provides little information concerning the structural
nature of the anesthetic binding domains, although some insight can be gleaned
through the addition of competitors or by altering the environment of the protein.
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2.5 "F-NUCLEAR MAGNETIC RESONANCE
SPECTROSCOPY

NMR spectroscopy can be used to gain information about the structure, interactions,
and dynamics of biological systems.®? In NMR spectroscopy, an external magnetic
field is applied to a sample containing nuclei with nonzero spin (or angular momen-
tum), such as 'H, 13C, °F, or 3'P. The external magnetic field acts to split (and align)
the magnetic moment of the nuclei being studied. Transitions between these two
energy levels can then be induced by the absorption of electromagnetic radiation (in
the radiofrequency range), in the same way transitions between electronic levels are
induced during the more familiar ultraviolet/visible absorption spectroscopy. Each
chemically different nonzero spin nucleus in a molecule will have a unique NMR
absorption frequency. The chemical shift is the variation in the NMR absorption
frequency due to the variation in the chemical (i.e., electronic) environment of the
nucleus. Chemical shifts are affected by intermolecular interactions, allowing the
investigator to distinguish between molecules in different environments.

Modern clinical volatile anesthetics are heavily fluorinated to ensure minimal
(1) flammability, (2) metabolism, and (3) side effects, in particular cardiac arrhyth-
mias.% This characteristic is an advantage in the study of anesthetic interactions
with macromolecules, because fluorine occurs infrequently in biological materials.
The use of a method to monitor fluorine is therefore associated with an excellent
signal-to-noise ratio. Based on the measured fluorine chemical shift (the position of
resonance), NMR spectroscopy can be used to differentiate between distinct chem-
ical environments experienced by the '°F nucleus. This technique has been used to
determine the energetics and the kinetics of volatile general anesthetic binding to
BSA 342 These studies reveal that the fluorinated volatile anesthetics isoflurane,
halothane, methoxyflurane, and sevoflurane have discrete binding sites on albumin
with K, values of 1.4 + 0.2 mM, 1.3 + 0.2 mM, 2.6 + 0.3 mM, and 4.5 = 0.6 mM,
respectively.>* Inhibition of isoflurane binding by the other three volatile anesthetics
occurred with inhibition constants (K;) that approximated the measured K; values
for each individual anesthetic, suggesting that the same sites were being occupied
competitively by the different anesthetic molecules. In addition, the average bound
lifetime of isoflurane® was estimated to be 250 us from the measured off rate (k_,)
of 4000 s, a result confirmed by a more recent study.’ This implies that the average
residence time for a bound anesthetic molecule is less than 1 ms, directly pointing
out the difficulty of studying anesthetic binding by more conventional approaches.
For example, if radioactively labeled halothane were equilibrated with a target
protein, and the investigator wished to separate bound from free ligand (by filtration,
dialysis, or centrifugation), the allowable separation time® for an interaction with a
dissociation constant of 1 mM would be only 0.1 ms.

In addition to the experimental challenge, these kinetic data also suggest that
there are discrete binding sites for the general anesthetics on selected proteins. If
anesthetics bound to macromolecules only by nonspecific interfacial (surface) bind-
ing, as suggested by some investigators,® then the on rate, k;, should approach that
for a strictly diffusion-controlled event, because almost all collisions between anes-
thetic and protein would result in complex formation. A discrete site, on the other
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hand, would be expected to comprise only a small fraction of the protein surface,
significantly reducing the number of collisions resulting in binding.

Thus, using the measured K; and k_,, for isoflurane binding to BSA,3? it is
possible to calculate the on rate constant value, k,, for anesthetic binding to albumin
as k; =3 - 10 M~! s7!. This value is two to three orders of magnitude less than that
of a diffusion-controlled process, calculated to be = 10° M~! s7! for a protein and a
small ligand.%*¢7 In fact, the k, value for isoflurane binding to BSA is comparable
to the binding rate constants of 10* to 107 M~! s7!, observed experimentally with
other ligand-receptor interactions®®7° known to occur at discrete sites. Similar on
rate constants (10° to 107 M~! s7!) have been measured for benzene binding to a
variety of engineered hydrophobic cavities in T4 lysozyme.” Interestingly, no clear
pathway for benzene access to the cavity exists, indicating that transient protein
conformational fluctuations are required to create a path for ligand entry. The same
situation occurs in the case of myoglobin, where no obvious pathway for oxygen
entry to the heme pocket exists,”! and may also exist in BSA, although a higher
resolution structure of the albumin—anesthetic complex will be required before a
conclusion can be made.

Although a useful technique for monitoring binding energetics and kinetics for
fluorinated volatile general anesthetics, the "’F-NMR technique has the drawback of
requiring relatively large amounts of protein in a pure form (25 to 90 uM).>* It will
probably have limited utility in the study of anesthetic interactions with natural
membrane proteins, which are present in low relative concentrations in biological
specimens. The technique provides little information on the location and character-
istics of the anesthetic binding domains in the protein, although this may in some
cases be approached using additional biophysical tools such as nitroxide spin labels
in concert with ""F-NMR spectroscopy.’? As for partition analysis, more information
may be accessible with the use of competitors or altered buffer conditions.

2.6 FLUORESCENCE SPECTROSCOPY

Fluorescence spectroscopy can be used to monitor ligand—protein interactions,
providing information about equilibrium binding energetics, kinetics, and dynamic
changes in protein structure after complex formation. Fluorophores may be intrinsic
to the protein itself and may be incorporated via covalent attachment or simple
partitioning. Intrinsic protein fluorescence is principally due to tryptophan residues,
when present, but tyrosine’® and phenylalanine’ fluorescence can also be moni-
tored, in selected cases. Because tryptophan is the least common amino acid in
proteins, its study by fluorescence spectroscopy can provide structural information
about the protein, because it allows the investigator to probe specific protein
domains containing the tryptophan residues. Several features of the fluorescence
spectrum can provide valuable information on ligand binding, including the fluo-
rescence yield, the wavelength of emission, the fluorescence anisotropy, and the
fluorescence lifetime. Thus, in a protein such as BSA, which contains only two
tryptophan residues, changes in the fluorescence of the protein may reflect local
perturbations in the protein structure in the vicinity of these residues. One of these
tryptophan residues in BSA, the conserved Trp212, is located in the IIA binding
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FIGURE 2.2 Schematic of Jablonski energy level diagram, showing (1) absorption of photon
that promotes an electron from the ground state (S,) to the excited singlet state (S,). The
excited singlet state may then be deactivated via (2) fluorescence or (3) intersystem crossing
to the triplet excited state (T,), which in turn may relax (4) via intersystem crossing to the
ground state. Halothane quenching of tryptophan fluorescence is thought to occur by favoring
step 3 over step 2. This mode of fluorescence quenching arises from increased spin orbit
coupling resulting from the interaction of the excited electronic spin with the highly positively
charged nucleus of the heavy atom,’® which are the bromine and chlorine atoms in the case
of halothane.

domain of albumin, which is known to bind small aromatic molecules such as
warfarin and triiodobenzoic acid.”

An approach to determining the binding of halothane to water-soluble proteins
has been developed.®® This method relies on the ability of the heavier halogens,
bromine and chlorine (i.e., not fluorine), to directly quench the fluorescence of
selected tryptophan residues, or added fluorescent probes. In addition to providing
information on the affinity of the anesthetic—protein interaction, and therefore the
free energy of binding, the technique has the advantage that it reports the location
of the anesthetic in the protein matrix. This is because the probable quenching
mechanism is heavy atom (atoms of high atomic number) perturbation (Figure 2.2).
This mode of fluorescence quenching requires close contact (less than 3 to 5 A)
between anesthetic and fluorophore, as shown for other heavy-atom-containing
ligands and groups.””78 It is currently the only method available that provides direct
solution information about the location of an anesthetic in the protein matrix, assum-
ing that other quenching mechanisms (secondary to protein conformational changes)
are not operative.
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FIGURE 2.3 (a) Quenching of bovine serum albumin (BSA, 5 uM) fluorescence by halothane
at pH 7.0, in phosphate buffer. (b) Halothane quenching of BSA (5 uM) fluorescence at pH
3.0. (c) Effect of halothane on free L-tryptophan (10 uM) fluorescence. (d) Effect of halothane
on equine apomyoglobin (5 uM) fluorescence. (From Johansson, J. S., Eckenhoff, R. G., and
Dutton, P. L., Anesthesiology, 83, 316-324, 1995. With permission.)

Our initial studies were performed with BSA because this protein has been
shown to bind halothane using '"F-NMR spectroscopy* and direct photoaffinity
labeling.’ Figure 2.3a shows that coequilibration of halothane with BSA at pH 7.0
in phosphate buffer causes a concentration-dependent decrease in the intrinsic pro-
tein tryptophan fluorescence. The line through the data points in Figure 2.3a yields
a dissociation constant of 1.8 + 0.2 mM and a maximum fluorescence quenching
of 0.99 £ 0.04, indicating that the fluorescence of both of the tryptophan residues
(134 and 212) is quenched in BSA. The results of the fluorescence experiments®
agree well with the earlier studies and serve as a verification of the fluorescence
quenching technique.

Halothane (at concentrations up to 12 mM) has only a small quenching effect
on free L-tryptophan fluorescence, as shown in Figure 2.3c. However, at higher
concentrations (up to 170 mM), halothane quenches tryptophan fluorescence to
similar degrees as is observed in albumin, indicating that the presence of halothane
in the vicinity of the indole rings in the protein is sufficient to explain the protein
tryptophan fluorescence quenching, and that the albumin sites bind, and therefore
“concentrate,” the anesthetic.

To evaluate the importance of the native BSA conformation to halothane binding,
experiments were performed at pH 3.0. At this pH, BSA changes from an ellipsoid
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(normal) to a fully uncoiled (expanded) shape.®' Figure 2.3b shows that there is a
large decrease in the amount of quenching of BSA tryptophan fluorescence compared
to that at pH 7.0 (Figure 2.3a), and that there is apparent loss of saturable binding.
Because the expanded pH 3.0 form of BSA retains the vast majority of the secondary
structure present in the native pH 7.0 form,°' tertiary rather than secondary structure
must be the primary determinant producing suitable anesthetic binding domains in
proteins. This conclusion is supported by studies using synthetic peptides which
show that secondary structure per se is not sufficient to allow the formation of an
anesthetic binding site.®7% Rather, supersecondary structure,’' involving the com-
plex geometrical relationships characteristic of adjacent secondary structural ele-
ments (helices, sheets, and reverse turns), appears to be necessary.

Further support for the importance of protein tertiary structure to anesthetic
binding is emphasized in Figure 2.3d, which shows the effect of halothane on
apomyoglobin tryptophan fluorescence at pH 7.0. Apomyoglobin has two tryptophan
residues at positions 7 and 14.82 Addition of halothane causes only a small linear
decrease in the apomyoglobin tryptophan fluorescence, indicating that the presence
of tryptophan residues alone is not sufficient to produce a halothane binding site,
consistent with crystallographic data showing steric constraints.!33%83

Thus far, we have considered quenching only through direct contact. However,
fluorescence quenching might result from structural modifications of BSA upon
halothane binding at allosteric sites. To examine this possibility, we used far-ultra-
violet circular dichroism spectroscopy (see Section 2.9) to characterize the secondary
structure of BSA, and we failed to detect protein conformational changes in the
presence of halothane.® This suggests that anesthetic binding does not alter the
protein secondary structure, and that the observed fluorescence quenching is most
likely due to direct halothane interactions with the indole rings. In support of this,
recent direct photoaffinity labeling experiments with halothane and BSA have dem-
onstrated covalent labeling of these two tryptophan residues and adjacent amino
acids.®* Tt should be noted, however, that although these data suggest proximity as
the cause of fluorescence quenching in BSA, the approaches used may not be
sensitive to tertiary structural changes in the presence of halothane. For instance,
Lopez and Kosk-Kosicka® have interpreted changes in plasma membrane Ca?*-
ATPase intrinsic tryptophan fluorescence in terms of anesthetic-induced conforma-
tional changes in the enzyme.

Measurement of the dynamics of fluorophores can provide further insight into
the nature of anesthetic—protein interactions. For example, measuring fluorescence
lifetimes allows classification of quenching interactions as static versus colli-
sional.%%7 Collisional quenching results from the random diffusional encounters
between quencher and fluorophore as might occur between halothane and indole
(for example) in a suitable solvent. The measured lifetime of the fluorophore, under
these conditions, will be inversely proportional to the halothane concentration. On
the other hand, a static interaction occurs when a complex is formed between the
fluorophore and the quencher. Under these conditions, no change in the fluorescence
lifetime is observed as the quencher concentration is increased. This is because the
quencher molecule is already present in the vicinity of the fluorophore at the moment
of excitation, and therefore causes instantaneous fluorescence quenching. This latter
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behavior was observed for the quenching of the tryptophan fluorescence of a four-
a-helix bundle protein by halothane, demonstrating that binding to the protein in
the vicinity of the indole rings has occurred.”

Fluorescence anisotropy measurements describe the rotational mobility of the
entire protein and/or the local dynamics of individual fluorophores.®® A decrease in
anisotropy reflects an increase in probe mobility. The considerable mobility of
tryptophan residues in proteins about the C,-Csbond can be quantified using anisot-
ropy measurements and may have utility for studying anesthetic—protein interactions.
Using this technique, Vanderkooi and colleagues® showed that general anesthetics
decrease the fluorescence anisotropy of the hydrophobic probe 1-phenyl-6-phenyl-
hexatriene, suggesting an increase in the fluidity of the membrane. Similarly, hal-
othane has been shown to increase the mobility of skeletal muscle sarcoplasmic
reticulum Ca?*-ATPase labeled with a phosphorescent probe (erythrosin 5-isothio-
cyanate), also using anisotropy measurements.”® Of importance was the fact that
changes in enzyme mobility correlated with changes in Ca?*-ATPase activity. Inter-
estingly, halothane had the opposite effect on the phosphorescence anisotropy and
the activity of the Ca**-ATPase from cardiac muscle sarcoplasmic reticulum,’! indi-
cating that these structurally different enzymes can be affected by volatile anesthetics
in different ways. Therefore, changes in fluorescence or phosphorescence anisotropy
may provide information on local changes in protein structure, and perhaps provide
clues for how anesthetic binding alters protein function.

The principal advantages of fluorescence spectroscopy in characterizing anes-
thetic—protein interactions are that the instrumentation is readily available and that
low concentrations of protein (1 to 5 uM) are typically sufficient. Methods based
on fluorescence can be used to carry out thermodynamic and kinetic studies on
anesthetic binding to proteins in solution, providing similar information to that
obtained by "F-NMR spectroscopy, but also allowing the detection of changes in
protein structure and dynamics. The main limitations with fluorescence quenching
to study anesthetic—protein complex formation are that it fails to detect anesthetic
binding to proteins at sites not containing aromatic residues and that anesthetics
containing heavy atoms are required.

2.7 DIRECT PHOTOAFFINITY LABELING

The technique called photoaffinity labeling has been used extensively to study the
structural and functional characteristics that underlie the interactions of receptors
and enzymes with ligands and substrates.”>?* Photolabile groups on the ligand allow
reversible equilibrium binding to be converted to stable covalent linkages at target
sites on the protein. Structural biochemical approaches can subsequently be used to
narrow down the portion of the protein that comprises the binding site. The typical
photoaffinity ligand is an already characterized ligand of interest that has been altered
to include a highly photolabile group, such as an azido- or diazo group. Photolysis
of these groups at relatively long ultraviolet wavelengths (= 350 nm) leads to the
production of a highly reactive carbene radical and a stable nitrogen molecule. Direct
photoaffinity labeling, on the other hand, denotes the use of a chemically unmodified
ligand that already includes a photolabile bond, and generally requires shorter
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FIGURE 2.4 Probable mechanism for halothane photolabeling. Depicted is a protein cavity
with a target group designated —-HX. The X could be a carbon, nitrogen, oxygen, or sulfur
atom on an amino acid side chain. Although unlikely, it is also possible that halothane may
label main-chain atoms. The asterix on the 1-carbon (trifluoromethyl group) of halothane
indicates a label, such as '“C. Short UV light (<260 nm) causes homolytic cleavage of the
C-Br bond to produce the two free radicals as shown in the second frame. The free Br- radical
abstracts a hydrogen from the target group, leaving a target free radical, which then reacts
(terminates) quickly with the chlorotrifluoroethyl radical containing the reporter (radioactive)
label, while the HBr diffuses out of the presumably hydrophobic pocket. Alternatively, both
halothane-derived radicals may insert directly into target bonds within the cavity, as bromine
can be easily detected in irradiated proteins using X-ray fluorescence spectroscopy.”

wavelength ultraviolet light (= 250 nm) for photolysis. The use of photoaffinity
labeling to determine the binding character and the targets for the inhaled anesthetics
is particularly desirable because the rapid kinetics of these ligands preclude the use
of the more conventional radioligand equilibrium binding assays.’* Recently, direct
photoaffinity labeling has been applied to the widely used inhalational anesthetic,
halothane.>88495.9

Halothane includes a carbon-bromine bond that may be photolyzed at wave-
lengths shorter than about 260 nm (peak absorption = 210 nm). Photolysis of this
bond produces both bromine and chlorotrifluoroethyl (CTFE) radicals, which gen-
erally recombine to form the parent molecule in water.”’ This is likely the result of
(1) confinement of halothane within a clathrate shell of approximately 23 water
molecules,”® (2) the influence of the high dielectric environment, and (3) the inability
of the free radicals generated to insert into water. However, when a bound (immo-
bilized) halothane molecule is photolyzed in an appropriate environment, other results
may ensue (Figure 2.4). One possibility is that the reactive CTFE radical inserts
directly into various target bonds in a single-step process. Alternatively, the bromine
radical may abstract a hydrogen from the target site, producing a target radical with
which the CTFE radical may, in turn, react. In either case, the two-carbon halothane
backbone becomes rapidly incorporated into the target site, presumably in a distri-
bution reflective of reversible, equilibrium binding. This assumption depends, of
course, on the reactivity and lifetime of the CTFE radical. If the CTFE radical lifetime
is long with respect to the binding site residence time, diffusion of the photolysis
products will tend to spread the photolabeling distribution. Although nothing has
been published on CTFE radical lifetimes, preliminary experiments using transient
absorption spectroscopy of halothane in various solvents after ultraviolet laser pho-
tolysis have identified a transient species with a half-life of approximately 5 us
(Figure 2.5). Based on the known dissociation constants and ECs, values of approx-
imately 1 mM for volatile anesthetics, calculated target site residence time estimates>®
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FIGURE 2.5 Halothane photolysis product lifetime. After 266 nm laser flash photolysis of
0.1 M halothane solutions, a transient absorbing species with a maximal absorbance at =380
nm was noted. The decay of this absorbance was best fit to a single exponential with a half-
life of approximately 5 us, as shown. The same transient species was noted after photolysis
in hexane or ethanol, and also after gas phase photolysis in a nitrogen atmosphere. The
presence of oxygen had no significant effect on the measured lifetime.

on the order of 100 ps indicate that the photolabeling pattern will indeed reflect the
equilibrium distribution of the parent molecule. In addition, the CTFE radical should
ideally label different chemical groups on the target equally well (i.e., not show
significant chemical discrimination). Although most photoaffinity ligands show some
degree of selectivity, lack of chemical discrimination is difficult to establish unam-
biguously, because selectivity for a specific target group may also be present prior
to photolysis. Only by observing the labeling pattern in a wide variety of proteins,
under different conditions, can an estimate of selectivity be made. Finally, bound
photoaffinity ligand must be observable and measurable in some way. Typically this
is accomplished by incorporating a radioisotope such as '>’I, *C, or *H into the
molecule. Photoaffinity ligand binding may also be assessed by monitoring regional
protein molecular weight by mass spectrometry.!%0-102

The use of direct photoaffinity labeling should allow mapping of halothane
binding sites in soluble proteins, as recently demonstrated in serum albumin.>3* Two
specific binding sites (Figure 2.6) have been identified in BSA.3* These correspond
to the location of the two tryptophans at positions 134 and 212, in agreement with
the fluorescence quenching studies.® The anesthetic binds to several amino acids in
the IIA domain of BSA (Trp212-Leu217), suggesting (1) weak immobilization
within this site (consistent with the K, of approximately 1 mM) and (2) that the
CTEFE radical binds to several different types of chemical groups, including C-H
bonds. The second binding site in BSA also contains tryptophan (Trp134), is more
water exposed, and has a tighter interaction with halothane, as suggested by both
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FIGURE 2.6 Halothane-labeled sites in BSA. The two specifically labeled cyanogen bromide
fragments of BSA (see Ref. 84) were microsequenced, and the radioactive decay release
pattern shown was obtained. In both fragments, a peak is noted in the immediate vicinity of
the tryptophan (W) residues. Low release of cpm (=1%) as observed in this study is common
in photoaffinity labeling experiments,'®® and may reflect disruption of the Edman chemistry
by the modified (photolabeled) amino acids, or altered solubility of the cleaved phenylthio-
hydantoin amino acids. (From Eckenhoff, R. G., J. Biol. Chem., 271, 15521-15526, 1996.
With permission.)

the photoaffinity results and the fluorescence quenching studies. Of note is that
substituting a leucine in this 134 position, as occurs in the case of human serum
albumin, completely eliminates halothane binding, hinting at the importance of
aromatic residues in providing a favorable interaction for haloalkane anesthetics.
Despite competition between fatty acids and anesthetics for BSA binding,*> the
photolabeled residues are not part of the presumed long-chain fatty acid binding
domains,® indicating allosteric communication between the IIA and the fatty acid
binding sites.

Direct photoaffinity labeling has allowed halothane binding to be assigned to
general domains in a well-characterized membrane protein as well. The halothane
binding domains in a ligand-gated channel, the nicotinic acetylcholine receptor
(nAChR), was determined in membranes of Torpedo nobiliana.”® The inhaled anes-
thetics are known to have inhibitory effects on the function of the nAChR.!%+1%
Photoaffinity labeling with 0.5 mM buffer '“C-halothane concentration revealed that
each of the four different subunits of the receptor were specifically labeled to a similar
degree, in an agonist-insensitive fashion. After digestion of the o subunit (which is
the site of agonist binding) with V8 protease, greater than 90% of the label was
associated with the sequences containing the four putative transmembrane sequences.
Because three of these sequences were not separated, it remains unclear whether the
proposed channel lining helix M2!7 is labeled by halothane. If present, this could
indicate a form of inhibition similar to that of local anesthetics. A site-directed
mutagenesis study involving the channel-lining residues of the M2 domain'®indicated
that isoflurane may bind to the channel of the nAChR. Although the halothane binding
character in this membrane protein is similar to that of soluble proteins in that it is
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mostly specific (i.e., displaceable with cold halothane), it differs in that membrane
protein appears to contain multiple sites, and most seem to be found in the trans-
membrane region, presumably at the lipid—protein interface. Importantly, the hal-
othane labeling pattern, after digestion of the nAChR protein, differed substantially
from that obtained with photoactivating phospholipids,'® suggesting that the hal-
othane labeling is not the result of simple partitioning into bulk phospholipid. Such
data hints at the importance of these functionally crucial transmembrane regions
(lipid—protein or protein—protein interhelical interfaces) for anesthetic binding, and
possibly action. This is in agreement with other evidence that points toward the
lipid—protein interface as a favored binding site for anesthetic-like molecules.?+!%-111

The principal advantage of photoaffinity labeling is the potential to define bind-
ing sites at the amino acid level of resolution. It may also prove possible to orient
the anesthetic within protein binding domains, providing details of the underlying
bonding interactions. In addition, photoaffinity labeling is the only current approach
that allows separation of specific and nonspecific binding for this unique group of
low-affinity ligands. The disadvantages are that the short-wavelength ultraviolet light
required for halothane photolysis is relatively destructive to biological macromole-
cules, and sensitivity is limited due to the low affinity of the ligand. Finally, the
selection of photolabile inhaled anesthetics is limited, with halothane being the sole
example studied to date.

2.8 ELECTRON SPIN RESONANCE SPECTROSCOPY

Electron spin resonance (ESR), or electron paramagnetic resonance (EPR), is a type
of absorption spectroscopy that uses microwave frequency radiation to induce energy
level transitions between the spin states of unpaired electrons, in a manner analogous
to nuclear magnetic resonance spectroscopy.''>!!3 The presence of a static magnetic
field creates magnetic energy splitting. Unpaired electrons are infrequent in biolog-
ical specimens but are present in free radicals (such as nitric oxide), various transition
metal ions, and triplet electronic states (such as may occur in aromatic amino acids
after absorption of ultraviolet radiation).

Nitroxide spin labels are stable, organic free radical reporter groups available
in a variety of sizes that can be attached covalently to specific residues (typically
amino groups and cysteine thiols) in proteins, and also to phospholipids, via a variety
of functional groups. The nitroxide group (>N-O-) is part of a five- or six-member
heterocyclic ring, which is connected to a linker of variable size, rigidity, hydropho-
bicity, and specificity. The linker allows for covalent coupling of the nitroxide spin
label to the protein. The ESR spectra obtained are indicative of the environment of
the spin label. For example, the local topology, dynamics, solvent exposure, and
dielectric features experienced by the probe can be determined.'!!*

Spin-labeled phospholipids have been used to determine the distribution of anes-
thetic molecules in lipid bilayers. Trudell and Hubbell’?> used phospholipid vesicles
containing nitroxide spin labels at different positions along the acyl chains to probe
the location of halothane in the phospholipid bilayer, based on the broadening effect
of nitroxide free radicals on the '’F-NMR fluorine doublet, arising from the anesthetic
molecule. It was concluded that halothane is rapidly distributed across the entire
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thickness of the bilayer. This observation is supported by studies with diethylether on
the fluidity of sarcoplasmic reticulum membranes spin labeled at various positions
along the acyl chains,'” and by a more recent study that determined the location of
halothane and isoflurane in phospholipid bilayers using proton- and deuterium-NMR.!!5

Spin-labeled lipids have also been used to study the effects of alcohols, hal-
othane, methoxyflurane, diethylether, and fluroxene on lipid bilayer order in Torpedo
electroplaque.'® These experiments revealed that anesthetic-induced membrane dis-
ordering correlates with desensitization of the nAChR. However, whether these two
phenomena are directly related remains unclear.

The effect of general anesthetics on the properties of spin-labeled membrane
proteins has also received some attention. Thus, the extracellular domain of the anion
exchange protein in human erythrocytes was labeled with a nitroxide spin label
(bis(sulfo-N-succinimidyl)doxyl-2-spiro-5’-azelate) and the rotational mobility of
the probe was found to be reversibly increased by diethylether.!'® This was inter-
preted to represent a localized structural change in the protein secondary to dieth-
ylether-induced alterations in the surrounding membrane bilayer lipid order. In
addition, nitroxide spin labels have been used to examine the effects of general
anesthetics on the interaction of the nAChR with neighboring lipid molecules in the
bilayer.!!” Isoflurane and hexanol were unable to displace boundary lipids from their
association with the receptor. Enhancement of protein side-chain mobility by ethanol,
as detected by spectral changes in a maleimide spin label covalently attached to
selected cysteine residues on the nAChR has been reported,''® suggesting that this
general anesthetic acts by fluidizing the protein. Using spin labels attached to both
bilayer lipids and the skeletal muscle sarcoplasmic reticulum Ca?*-ATPase protein,
Bigelow and Thomas'® reported that diethylether increased the mobility of both the
Ca?*-ATPase and the phospholipids adjacent to the protein. Increased Ca**-ATPase
mobility correlated with increased Ca>* pumping activity, indicating that diethylether
facilitated the protein conformational changes required for Ca’* transport.

ESR is applicable to low micromolar concentrations of labeled protein and
requires only 5 to 10 pl of sample. The principal drawback to the technique is that
an extrinsic reporter group is being added to the macromolecule of interest, which
could significantly alter its native properties. Although nitroxide spin labels may
prove useful for studying the energetics of anesthetic binding to protein targets,
cautious interpretation of the results is required, because changes in ESR spectra
may result from allosteric effects consequent to anesthetic binding at distant sites,
rather than a direct local effect of anesthetic on the nitroxide spin label. Further
work with carefully positioned nitroxide spin labels should provide useful informa-
tion on how general anesthetics alter local protein dynamics, and may prove effective
for the study of the energetics of anesthetic binding to macromolecular targets.

2.9 CIRCULAR DICHROISM SPECTROSCOPY

2.9.1 PROTEIN SECONDARY STRUCTURE

Circular dichroism (CD) spectroscopy is a variant of absorption spectroscopy that
makes use of circularly polarized light to study the three-dimensional conformation
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of molecules.'!20 It is one of the basic biophysical tools used to analyze and define
protein secondary structure, because the random coil, o-helix, B-sheet, and 3,,-helix
all display unique CD spectra in the far ultraviolet (UV) region,'?*!2! and the
contribution of each to the overall spectrum can be quantified. Along with steady-
state measurements on the structure of biological molecules, it is also useful for
studying kinetic and thermodynamic processes.

Because this form of spectroscopy is sensitive to protein conformation, it is
reasonable to find it employed in the examination of the effects that anesthetics
might have on protein structure. Thus, Laasberg and Hedley-White!? reported that
halothane decreased the o-helical content of both the 3 chain of human hemoglobin
and high-pH poly(r-lysine) by a small amount. Similarly, Ueda and colleagues®
reported that anesthetics change o-helix into (3-sheet. Because secondary structure
is largely formed through intramolecular main-chain hydrogen bonds, these results
have been interpreted in terms of the potential hydrogen bond breaking activity of
anesthetics.!%?* More recently, studies on halothane binding to BSA,¢ and to different
chain length homopolymers of high-pH a-helical poly(rL-lysine),® have failed to
detect changes in protein secondary structure as monitored by CD spectroscopy,
even though anesthetic was shown to be binding to the proteins as assessed by other
techniques (fluorescence spectroscopy and direct photoaffinity labeling). Halothane
binding to the hydrophobic core of a four-o.-helix bundle also has no effect on protein
secondary structure.” Furthermore, binding of benzene to a three-o-helical coiled-
coil peptide does not alter the secondary structure.®® These recent CD studies there-
fore suggest that macromolecular hydrogen bond disruption is not a uniform, or
even likely, consequence of anesthetic complexation, emphasizing the important role
that structural measurements like CD can have in addressing fundamental mecha-
nistic issues.

These results do not mean that inhaled anesthetics are unable to interact with
proteins through hydrogen (or electrostatic) bonds. They do, however, suggest that
competition with main-chain hydrogen bond donors (amide) or acceptors (carbonyl),
sufficient to alter secondary structure, as reflected by CD spectroscopy, does not
occur. This is perhaps not surprising because the types of hydrogen bonds that
anesthetics are predicted to be capable of forming (Figure 2.7), such as C-H---O and
C-X--H (where X is a halogen atom), will be energetically weaker than the
C=0---H-N hydrogen bonds responsible for protein secondary structure.!>*!28 It is
therefore of interest that crystallographic data indicate that between 5 and 24% of
the potential hydrogen bonding donors and acceptors in proteins lack a suitable
partner.'?>130 Such unfulfilled hydrogen bonding donor or acceptor groups might
find suitable partners in an anesthetic molecule, without the need to compete with
native protein hydrogen bonding groups. Experimental support for this view is
provided by the hydrogen bonding of a water molecule to a backbone carbonyl
oxygen (capable of forming two hydrogen bonds) in a hydrophobic cavity containing
mutant (Ile76 — Ala) of barnase.'” The water molecule is, of course, a prototypical
hydrogen bond donor and acceptor, yet its interaction with the protein in this case
is not characterized by disruption of any main-chain hydrogen bonds.

From an energetic point of view, a protein C=0 group would prefer to hydrogen
bond with a main-chain N-H group or a neighboring O-H group (on a tyrosine or
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FIGURE 2.7 Selected potential hydrogen bonding interactions for volatile anesthetics and
protein groups. Panels a, b, and ¢ show the halogens fluorine, bromine, and chlorine, respec-
tively, acting as the hydrogen bond acceptor. Panel d shows the ether oxygen (on isoflurane,
for example) acting as a hydrogen bond acceptor. Panel e shows an anesthetic acting as a
hydrogen bond donor to a protein main-chain carbonyl group. Panel f shows an electrostatic
interaction between bromine and an aromatic ring hydrogen, and g shows an anesthetic acting
as a hydrogen bond donor to the © electrons of an aromatic ring.
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serine residue). However, if such groups are not available, the C=0 group will satisfy
its hydrogen bonding potential by complexing C-H groups,'>> which might exist,
for example, on a suitably positioned anesthetic molecule. Similarly, the C-X---H
hydrogen bonding potential of the halogen atoms on the inhalational anesthetics
may be satisfied by available uncomplexed hydrogen bond donors in proteins,
without necessarily disrupting existing protein bonds.

2.9.2 PROTEIN THERMODYNAMIC STABILITY

CD spectroscopy can also be used to estimate the thermodynamic stability of pro-
teins. Before describing some recent studies relevant to anesthetic mechanisms using
this approach, a brief review of stability is required. The folded, biologically active,
conformations of proteins are only marginally more stable (5 to 10 kcal/mol) than
their unfolded counterparts.!3! Proteins are maintained in their native conformation
by hydrogen bonds and the hydrophobic effect. Opposing these organizing forces
is the entropic loss associated with folding, which limits the rotational degrees of
freedom of the amino acid residues. By raising the temperature of the system, or by
adding a chaotropic agent such as guanidinium chloride, it is possible to shift the
fold—unfold equilibrium, so that the unfolded or denatured form of the protein is
favored. Protein unfolding may be measured by a variety of approaches, including
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FIGURE 2.8 Chemical denaturation of BSA (5 uM) in the (a) absence and (b) presence of
halothane (3.5 mM) in 10 mM potassium phosphate buffer, pH 7.0. Ellipticity monitored at 222
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nm. Curves were fit to the following equation: fraction folded = (eAG ° — m[denaturant]) /
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of denaturant (an estimate of the conformational stability of the protein), m is the cosolvation
term (a measure of the cooperativity of the transition), and [denaturant] is the guanidinium

chloride concentration. '3

ultraviolet difference, fluorescence and CD spectroscopies,'3? and differential scan-
ning calorimetry.'3313* Although there is some overlap, CD spectroscopy principally
detects changes in secondary structure (loss of the main-chain hydrogen bonds as
the temperature or the chaotropic agent concentration increases), whereas the other
techniques principally measure denaturation of protein tertiary structure.'’> The
relationship between the stability of secondary and tertiary structure is an area of
much interest currently, and probably is not uniform for proteins of differing size
and complexity.

Protein thermal or chemical denaturation as followed by CD
spectroscopy8®132136.137 can be used to estimate the binding energetics of the anes-
thetic—protein complex, and also the global thermodynamic consequences of anes-
thetic binding. Figure 2.8 shows a chemical denaturation CD spectroscopy experi-
ment for BSA, and the effect of adding halothane. An increase in the overall structural
stability of the protein is observed in the presence of the anesthetic, with the
guanidinium chloride concentration required to cause 50% unfolding of the protein
increasing approximately 0.5 M. This indicates that halothane binds preferentially
to the folded protein conformation and that binding of the anesthetic stabilizes the
protein, presumably by creating additional favorable van der Waals interactions in
the protein interior. The implication of alterations in protein stability may be impor-
tant for protein activity or function. Because structural flexibility is required for
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normal protein function,'3%140 this type of anesthetic-induced change in global protein
stability is expected to provide much needed quantitation of how anesthetics may
ultimately alter protein function. Benzene binding to a T4 lysozyme cavity mutant,*
and to the hydrophobic core of a three-o-helix coiled-coil protein,® likewise stabi-
lizes the overall structures of these folded proteins, as assessed by CD thermal
denaturation spectroscopy.

The advantages of far-UV CD spectroscopy (185 to 255 nm) are that it allows
a precise description of the relative types of secondary structure present in a protein.
In addition, only small quantities of protein are required (300 ul of a 5 to 10 uM
solution). Conformational changes in proteins can be detected in some cases fol-
lowing ligand binding or changes in the buffer conditions. The use of near-UV (above
255 nm) CD spectroscopy (requiring higher protein concentrations) to probe the
aromatic region of proteins can, in selected cases, provide information on changes
in protein tertiary structure.'””® CD spectroscopy can also be used to study the
thermodynamic stability of proteins in the absence and presence of ligands, and can
be used to estimate the binding energetics. The main disadvantage to using far-UV
CD spectroscopy to detect protein structural changes in the presence of anesthetics
is that a fairly substantial conformational change is required, involving the alteration
of at least 10% of the main-chain hydrogen bonds. More subtle structural changes
may be detected by near-UV CD spectroscopy in selected cases.

2.10 INFRARED SPECTROSCOPY
2.10.1 NitrRous OXIDE INFRARED SPECTRA

The infrared region of the electromagnetic spectrum includes radiation at wave-
lengths between 0.7 and 500 um, or, in wavenumbers (the number of waves in a
length of 1 cm), between 14,000 and 20 cm™'. Infrared radiation is absorbed by the
bending, stretching, and more complex motions of various functional groups in
molecules. The large number of vibrations occurring simultaneously in even a simple
molecule results in a complex absorption spectrum, which is characteristic of the
functional groups present. The low energy of the absorbed photons in the infrared
region is ideal for the detection of low-energy interactions, predicted to be of
importance for anesthetic binding to macromolecules.

This methodology has been applied to the study of the interaction of the inhaled
anesthetic nitrous oxide (N,0) with a number of different proteins, including the
membrane protein cytochrome ¢ oxidase. The linear N,O molecule exhibits three
fundamental absorbance bands in the infrared region. The frequency and bandwidth
of the v, antisymmetric stretch of N,O (Figure 2.9), which occurs near 2230 cm™!
in water, is highly dependent on the polarity of the solvent.'*!'42 Because of this,
the interaction of N,O with protein targets can be monitored, because the polarity
of the buffer environment will differ from that of protein domains. Extensive studies
on the behavior of this v; antisymmetric stretch band in a wide range of solvents of
differing dielectric properties have allowed further predictions concerning the
observed environments in proteins. Such studies suggest that N,O binds to several,
but not all, proteins, and that the binding domains have both aliphatic (valine,
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FIGURE 2.9 Antisymmetric stretch vibration, v,, of the linear nitrous oxide molecule,'*!
which is sensitive to the environment of the anesthetic. The arrows indicate the direction of
the atomic vibrations responsible for the antisymmetric stretch. Nitrous oxide resonates
between the two structures, a and b.

isoleucine, and leucine) and aromatic (phenylalanine and tyrosine) character. Based
on its structure (Figure 2.9), it is anticipated that N,O should be able to hydrogen
bond to suitable donor groups in proteins. However, there is currently no experi-
mental data supporting this prediction.

2.10.2 PROTEIN INFRARED SPECTRA

In an effort to define the structural consequences of binding, and perhaps the location
of the anesthetic molecule in the protein matrix, changes in distinct portions of the
protein infrared spectrum in the presence of N,O have been examined. For example,
the amide I band (arising from the carbonyl stretch of the main-chain amide groups
involved in peptide bond formation) in the region 1600 to 1700 cm™ is used to
monitor conformational changes in secondary structure after ligand binding.!4?
Accordingly, N,O binding to oxidized cytochrome c oxidase, human serum albumin,
cytochrome ¢, myoglobin, and hemoglobin was found to have no effect on the
secondary structure of these proteins as monitored by infrared spectroscopy, sug-
gesting that N,O-protein interactions do not cause major secondary structural
changes,'* as we have also concluded based on CD spectroscopy data for hal-
othane—protein interactions.®37

Similarly, the S—H vibration band (of cysteine thiols) infrared spectrum is sen-
sitive to its environment. The bandwidth is indicative of the mobility of the local
environment, and the frequency of the absorbance band reflects the strength of the
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S—H bond.!* Thus, although binding of N,O to human serum albumin was associated
with no change in the secondary structure, subtle changes in the S—H band of Cys34
(the only reduced cysteine residue in this protein) at 2563 cm™' suggest tertiary
structural changes resulting from anesthetic binding.!#

The principal advantage of infrared spectroscopy is that no external probe mol-
ecules are required, thereby avoiding one possible cause of artifact. The technique
provides a snapshot on the time scale of 10-'? s, much faster than the resolution of
NMR (10~ s). Because of the rapid kinetics displayed by anesthetic molecules, the
time scale of infrared spectroscopy avoids the potential for averaging of binding
environments. More work with infrared spectroscopy using other anesthetics is likely
to provide useful information on protein—anesthetic interactions. The principal dis-
advantages of infrared spectroscopy are that (1) relatively concentrated protein
solutions are required (on the order of 1 to 10 mM), (2) water absorbs strongly in
spectral regions that may be of interest, and (3) there are a great number of over-
lapping bands in protein spectra, making interpretation at the single bond level
impossible in many cases.

2.11 CONCLUSIONS

The search for mechanisms of general anesthetic action has been ongoing for
approximately 100 years. However, only within the past few years has it been
possible to study the initial binding step of clinically useful volatile anesthetic
molecules to solution protein targets. "F-NMR spectroscopy allows determination
of the energetics and kinetics of fluorinated volatile anesthetic binding, whereas
fluorescence spectroscopy and direct photoaffinity labeling permit the investigator
to begin to define the characteristics of the binding sites at the molecular level.
Site-directed mutagenesis studies on membrane proteins may provide clues as to
which parts of the protein are of functional relevance for anesthetic action, but not
necessarily the binding site.>!% High-resolution X-ray crystallographic or hetero-
nuclear multidimensional NMR studies®>'# of anesthetic—protein complexes are
anticipated to provide the detailed structural information required, and may yield
insight as to how anesthetics alter protein activity. Measurement of global and local
protein stability and dynamics using differential scanning calorimetry, CD spec-
troscopy, nitroxide spin labels, and fluorescence and phosphorescence anisotropy
is expected to reveal details of how anesthetics alter protein function. Currently,
almost nothing is known about how anesthetic binding translates into a change in
protein activity, which ultimately must underlie the anesthetic state. Some workers
have suggested that anesthetics might disrupt native hydrogen bond networks and
cause macromolecular unfolding.!®20226 However, the majority of the data pre-
sented in this chapter indicate that there are only minor protein structural changes
following anesthetic binding. Much more work using the varied, and complemen-
tary, approaches outlined in this chapter will be needed before an appreciation of
the molecular features of anesthetic—protein complexes is achieved. A molecular
description of these features will be necessary before it is possible to understand
anesthetic mechanisms of action.
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3.1 INTRODUCTION

Reversible effects of high pressure were first described in marine animals in 1891
by Regnard,! who observed deficits in motor activity at pressure. Sporadic reports
of experiments on animals continued but the first human experiences of the effects
of pressure were not reported until the experiments of Zaltsman? in 1961 and the
pioneering 1000-ft (3.15-MPa) dive by Keller?in 1962. In these reports and in later
simulated dives in the laboratory,*° the principal symptoms were dizziness, nausea
(with vomiting), and a marked tremor of the hands, arms, and torso, initially known
as “helium tremors.” These manifestations were originally believed to be the result
of a narcotic effect of helium.

That these effects arose as a pure pressure effect was established by an experi-
ment in which (1) identical effects were produced, on Italian great crested newts,
by purely hydrostatic compression and by compression using helium-oxygen;’ (2)
liquid-breathing mice, pressurized hydrostatically, exhibited the characteristic trem-
ors at 3 MPa, and at higher pressures (up to 6.7 MPa) a slowly developing generalized
contraction of flexor muscles and cessation of breathing;® and (3) a subanesthetic
concentration of nitrous oxide (0.15 MPa) in mice was not made anesthetic by the
addition of 12.25 MPa of helium, as would have been expected if the effects produced
by high pressures of helium were essentially narcotic.’

The effects of pressure have now been well characterized in both man® and
animals'® and are referred to, collectively, as high-pressure neurological syndrome
(HPNS). In man the classic signs and symptoms are tremor (especially in the fingers
and hands), dizziness, nausea, psychomotor impairment, EEG changes (especially
increases in theta activity), and occasional myoclonus. Humans have been exposed
to pressures up to 6.61 MPa using an oxygen-helium breathing mixture'' and
breathing a “trimx” of oxygen—helium—hydrogen, utilizing the fact that, under
pressure, hydrogen has an anesthetic effect, and anesthetics can ameliorate the
effects of pressure (Section 3.1.1.3), to 7.2 MPa.!? In animals breathing oxy-
gen—helium, tremor is observed, beginning between 3 and 4 MPa at the head and
forequarters, and becoming increasingly severe with increasing pressure, until frank
convulsions occur between 8 and 9 Mpa. Convulsions are followed by respiratory
depression and death, at still higher pressure.!? In both humans and animals, the
signs and symptoms of HPNS appear at lower pressures and are more severe as the
rate of compression is increased, but they also remit with time if the pressure is
held constant.!!!

3.1.1 PRessURE REVERSAL OF GENERAL ANESTHESIA

Although the changes in central nervous system (CNS) function brought about by
general anesthetics (reduced perception of sensations and unconsciousness) are quite
different from those arising from exposure to high pressure, there is nevertheless a
remarkable connection, namely the ability of high pressure to reverse general
anesthesia!* and the concomitant amelioration of the effects of pressure by general
anesthetics.'> Early reports of the pressure reversal of general anesthesia followed
experiments by Johnson and Flagler,'® who showed that tadpoles anesthetised using
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FIGURE 3.1 The rolling response of newts as a function of (a) hydrostatic pressure in water,
(b) helium pressure in the presence of 101 kPa oxygen, and (c) helium pressure in the presence
of 3.4 MPa nitrogen and 101 kPa oxygen. (Data taken from Lever et al.3?)

ethanol had their swimming ability restored by the application of 10 MPa hydrostatic
pressure. This observation languished until it was established that helium acts as a
pure transmitter of pressure and the equivalent phenomenon was demonstrated in
mammals.'* A classic example of the pressure reversal of anesthesia is shown in
Figure 3.1. It should be noted that Figure 3.1 also shows that the incapacitating
effect of pressure is postponed until higher pressures in the presence of anesthetic
(3.4 MPa nitrogen).

The spectacular interaction between general anesthetics and pressure leads to
speculation as to the nature of the interaction, whether it represents opposing effects
at a single site of action or a summation of separate physiologic effects, and whether
understanding the interaction will lead to a clearer understanding of the mechanism
of action of both general anesthetics and high pressure.
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3.1.1.1 Physiochemical Theories

An understanding of the mechanism of action of general anesthetics in a most
general sense was sought by applying physicochemical arguments and the interac-
tion between pressure and general anesthetics should, in principal, clarify this
analysis.

The most fundamental physicochemical approach was that adopted by Fergu-
son,'” who suggested that anesthetic potency was correlated with thermodynamic
activity, defined on a Raoult’s law basis.!” This proved to be incorrect, as demon-
strated by a number of fluorinated gaseous anesthetics (e.g., SF,, CF,) whose ther-
modynamic activities, at the anesthetic EDs, pressure, are approximately 10 times
greater than those of other, more conventional, anesthetic gases. This failure has
proven vital for the investigation of anesthetic interactions, because otherwise the
anesthetic potency of a substance would depend only on the properties of the pure
substance and not on any interaction between the substance and its surroundings.

A second hypothesis put forward to explain anesthetic potency was the ability
of an anesthetic to order, or otherwise disturb, the aqueous phase of the central
nervous system.'®!° This theory also fails when tested with fluorinated compounds,
which do not fit on a correlation between anesthetic potency and hydrate dissociation
pressure.?’ Furthermore, many anesthetics, including ether and halothane, do not
form hydrates. Finally, this theory cannot account for the simple additivity in potency
observed with mixtures of gaseous and volatile anesthetics.?!

Meyer?? and Overton?} observed that anesthetic potency correlates with solu-
bility in fatty substances and suggested that anesthetic potency was related to
hydrophobicity. This has been tested using a great many anesthetics and a range
of different solvents (including olive oil, octanol, and benzoic acid) and has been
found to hold, to within 20%, more than a 10,000-fold range of potency.?* Variants
on the simple hydrophobic theory have been proposed based on the idea that
anesthetics, by dissolving at their site of action, lower the chemical potential at
that site.? This general hypothesis includes those invoking increases in membrane
fluidity,?¢ although changes in membrane fluidity at clinical concentrations of anes-
thetic are unlikely.?’

An alternative theory, developed in part to account for the interaction of high
pressure with anaesthesia and the lack of anesthetic effect of helium, sought to relate
anesthetic potency to the expansion caused by the incorporation of the anesthetic
molecules.'* Although it was frequently assumed that the anesthetic site of action
was the cell membrane, this was not specified and is not a prerequisite.

Finally, a simple binding model (to a hydrophobic site) to explain anesthetic
potency has been proposed.?® In this model anesthetics bind to a site (a neuroactive
protein) and inactivate it. This model has much to commend it in preference to the
notation that the expansion of the lipid bilayer is causal; namely an explanation for
the cut-off in anesthetic potency observed in homologous series of alkanes and
alcohols,?” the observation of stereoselective effects of isoflurane,*® and NMR spec-
troscopic measurements showing that in a halothane-anaesthetized rat the halothane
was bound, in a saturable manner, and immobile when bound.?!
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3.1.1.2 The Effect of Pressure

The experimentally observed interaction between anesthetics and high pressure can
be exploited to resolve which of these hydrophobic theories best fits the available
data.

3.1.1.2.1  Meyer-Overton

The Meyer—Overton theory implies that it is the number and density of anesthetic
molecules that is important. This in turn suggests that pressure acts by “squeezing
out” the dissolved molecules. This is described by the thermodynamic equation

dln(x/ P A4
nx/F)__V, 3.0
oP RT
where x is the mole fraction solubility, P, the anesthetic partial pressure, V, the
partial molar volume of the gas, R the gas constant, and 7 the absolute temperature.
The Meyer—Overton hypothesis gives

P x Px (3.2)

50%s0 = Lty

where Py, is the anesthetic partial pressure at the EDs, and xs, is the solubility at
this pressure; P, is the EDy, partial pressure at a total pressure P, and x, is the
solubility at this pressure. Integration of Equation 3.1 between P, and Ps,, eliminat-
ing xsy/x,, gives

ar

1 P 1
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Thus a graph of the left-hand side of Equation 3.3 against [P, — Ps,] should give a
straight line. It is clear from Figure 3.2a that, using data from both newts* and
mice,?? this is not the case.

3.1.1.2.2 Chemical Potential

In the case of theories of anesthesia based on a lowering of the chemical potential,
L,, at the site of action by the presence of anesthetic at a mole fraction x,, then the
action of pressure must be to increase the chemical potential. The thermodynamic
relationship describing the process is

Aw, = RTInx, +V AP (3.4)

where x, is the mole fraction of site material and V| is its molar volume. In dilute
solution x, << x,, thus:
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FIGURE 3.2 (a) Test for the Meyer—overton model for pressure reversal of anesthesia. Solid
data points, and solid line, are for newts: ll, N,O; ¥, N,; A, CF,; and @, SF,. Open data
points, and dashed line, are for mice: [, N,O; V, N,; A, CF,; O, SF; ¥, Ar. (b) Test for
the critical volume model. (Data taken from Miller et al.’> and Miller et al.?)

Au = RTx, +V AP (3.5)
If the applied pressure abolishes anesthesia, then Ap= 0 and
AP=RTx, IV, (3.6)

Available data suggest that the appropriate anesthetic concentration (x,/V,) is 50
mM. This implies that pressure reversal of anesthesia would occur with a pressure
increase of merely 0.1 MPa, two orders of magnitude less than the experimental
value of approximately 10 MPa.
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3.1.1.2.3  Volume Expansion (Critical Volume)

The critical volume hypothesis suggests that the volume expansion caused by incor-
poration of the anesthetic molecules at the site of action is opposed by the application
of pressure. Thus the fractional expansion is given by

VY x P Vv x
AV=—424_fBp =| —LL_f|P 3.7
L
where V| is the molar volume of the site and [ is the isothermal compressibility.
The first term is the expansion due to solution of the anesthetic and the second the
compression due to pressure on the site of solution. If the system is compressed
using helium, then the fractional compression is given by

AV=_|:Vflv€,xHe_l3:|[PT_Pa] (3.8)

a

Thus at the EDy, for the anesthetic, at any pressure, Equation 3.7 must equal
Equation 3.8, and with rearrangement:

P v
Fu_ [B _ netne ][PT ~P1+1 (3.9)
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Figure 3.2b shows a plot of P /Ps, against (P, — P,) using data from both newts?
and mice.® In both cases an excellent correlation is obtained. The different slopes
are assumed due to the different sites of action for anesthetics in newts and mice.
These sites would be expected to have different compressibilities and molar volumes.

3.1.1.2.4  Protein Binding Model

In a simple formulation of this model, assuming that anesthetics are acting at the
same site as pressure, the equilibrium constant for binding is given as

L (3.10)

[S1[A]
where [SA] represents the concentration of bound anesthetic, [S] the concentration
of sites, and [A] the concentration of free anesthetic. The effect of pressure on the
equilibrium constant is given by the thermodynamic relation

(aan) _-AY 3.11)
P )i RT

If anesthesia is administered at some critical concentration of anesthetic-bound sites,
then application of Equation 3.11 leads to
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F\Z(AV p _
ln(P )—(RT)[PT P] (3.12)
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A plot of In(P/P5,) against [P, — P ] resembles Figure 3.2b, with an equally good
fit of the experimental data to the predicted values. In contrast to the critical volume
hypothesis, the slope of the relationship gives the overall volume change accompa-
nying the reaction. In the case of the newt data, the calculated volume change is
195 cm? and for mice it is 72 cm?. Interpretation of this volume change is difficult
because it is compounded from the solvation of the anesthetic and conformational
changes in the protein following binding (Section 3.2.2.2.2). However, a simple
binding model does account for the data and does not conflict with the evidence that
the site of action of anesthetics is hydrophobic in nature.

3.1.1.3 Interaction Between Pressure and a Variety of
Anesthetics

Although pressure reversal of anesthesia was originally thought to be a universal
phenomenon, as implied by the critical volume theory and all other so-called unitary
hypotheses, it is now known that this is not the case.

All simple gaseous anesthetics tested in small mammals (Ar, H,, N,, N,O, CF,,
SF,, and C,F,) have been shown to be pressure reversed and to show the symmetric
action of ameliorating the effects of pressure.'>3%3 Furthermore, their pressure
protection is in line with their anesthetic potency, although the degree to which they
protect against the different components of HPNS (tremor, convulsions, etc.) varies.*

In contrast, whereas the volatile anesthetics (halothane, isoflurane) are readily
pressure reversed;*>* halothane is ineffective against pressure.*> Such discrepancies
are even more marked with the intravenous anesthetics. Thus methohexitone, thio-
pentone, ketamine, propanidid, and althesin all show pressure reversal, to varying
degrees;’’ but whereas ketamine and althesin ameliorate the effects of pressure,
thiopentone, methohexitone, and propanidid are ineffective.®® An inability to ame-
liorate the effects of pressure is not a universal feature of barbiturates. Pentobarbitone
and phenobarbitone are both pressure reversed and both also protect against pres-
sure.* Of the steroid anesthetics, 3o-hydroxy-alphaxalone, the major active constit-
uent of althesin, also demonstrates remarkable stereospecificity; it is readily pressure,
reversed and very effective against pressure, yet its simple structural analogues, 3[3-
hydroxy-alphaxalone and A-16-alphaxalone, are not anesthetic but are effective
against pressure.’’

These findings indicate that the interaction between anesthetics and pressure is
not the simple one envisaged in the physicochemical models, in particular the
reciprocity of the interaction is not universal and the degree of pressure reversal for
the intravenous anesthetics is not in line with their anesthetic potency. Nor does it
seem sensible to take a simple hypothesis, such as the critical volume theory, and
elaborate by postulating different sites for anesthetic action and pressure protection
and then subdividing those on the basis of the general type of anesthetic agent.*04!
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Rather, it is more sensible to consider how pressure might be acting before attempting
to interpret the interaction between pressure and anesthetics.

3.1.1.4 Species Variation in Pressure Reversal of Anesthesia

Pressure reversal of anesthesia has been demonstrated in many species, including
luminous bacteria,*>* tadpoles,'® newts,* mice,33* rats,’” guinea pigs,* and
humans.*® The end point by which pressure reversal of anesthesia is, typically, judged
in animals is the restoration of motor response®>3? or response to a painful stimu-
lus.'®37 In humans, the dose of althesin required to abolish a response to an auditory
stimulus was determined at atmospheric pressure and at 3 MPa. It was found that
at 3 MPa the dose of althesin had to be increased by approximately 30%. It has also
been shown, using rats, that anesthetic-induced changes in cortical-evoked potentials
were reversed by 10 MPa pressure, as was the depression of motor responses to tail
stimulation.*’ It does appear therefore that, in mammals, pressure will reverse not
only the depression of motor response induced by anesthesia but also the sensory
response, suggesting that pressure would restore consciousness in humans, and not
just the motor component of anesthesia.

There are, however, notable exceptions to species in which pressure reversal of
anesthesia can be demonstrated. The pleopod beat frequency of the marine shrimp,
Marinogammarus marinus, is depressed by halothane and this depression is further
enhanced by pressure.®® Furthermore, the locomotor activity of the brine shrimp,*
Artemia salina, and the freshwater shrimp,® Gammarus pulex, was depressed by
anesthetics and was further depressed by pressure. In all these arthropods the
response to anesthetics was similar to that of other species, but they showed no
increase in motor activity at pressure, unlike tadpoles or mammals. One difference
observed between the arthropods and mammals is that the arthropods do not have
the inhibitory, strychnine-sensitive glycine receptor. This may contribute to their
failure to show pressure enhancement of activity and pressure reversal of anesthesia.
The role of this receptor in the expression of HPNS will be discussed later.

3.2 MECHANISM OF ACTION OF PRESSURE

The effects of increasing pressure, described earlier, may be regarded as increasing
hyperexcitability and might be thought analogous to other forms of excitability, such
as epilepsy. However, classic antiepileptics, including phenytoin, carbamazepine,
and diazepam (in nonsedative doses), are ineffective against pressure.3$31.32

Before considering the effects of pressure in detail it is instructive to analyze
the site of action of pressure within the CNS. Early experiments showed that mass
discharges from subcortical structures were found to precede those from the cortex>?
and that immature animals, in which the cortex is not fully functional, are susceptible
to pressure.’ Classic ablation experiments employing chronically decerebrate and
decorticate animals indicated that tremor and convulsions arise subcortically,
although a degree of cortical inhibition was apparent.> In animals spinally transected
(between T, and T;), seizure activity was observed caudal to the transection, but in
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cases where the spinal nerves L, to L, were also sectioned, the limb remained
flaccid.>® Thus four or five segments of cord provide a sufficient neuronal organiza-
tion to sustain seizure activity, but the isolated nerve and muscle do not show
discharge activity until pressures in excess of 30 MPa are reached.*

3.2.1 PHARMACOLOGY OF PRESSURE EFFECTS

The range of different interactions observed between general anesthetics and pressure
may be taken as an indication that the action of pressure might not be mediated by
anonspecific action on a bulk phase (e.g., compression of a neuronal cell membrane),
but may instead arise from a specific action on some aspect of neurotransmission.

3.2.1.1 The Role of Biogenic Amines

A possible role for the biogenic amine group of neurotransmitters was suggested
following experiments demonstrating that reserpine-treated mice were very much
more susceptible to the effects of pressure than untreated mice.”” Treatment with
reserpine reduces the pressure at which mice exhibit convulsions by approximately
40%, but more dramatically, it removes all compression rate dependence. Normally
the pressure at which convulsions occur in CD1 mice is reduced from approximately
10 MPa to 6 MPa by an increase in compression rate from 0.001 to 100 Mpa - h™'.
Mice treated with reserpine show convulsions at 6 MPa irrespective of the rate of
compression. L-Tryptophan (5-HT precursor), tranylcypromine (nonspecific monoam-
ine oxidase inhibitor), and amphetamine (cytosolic catecholamine release) all produce
a partial (40 to 60%) reversal of the effect of reserpine.’’ Studies with more selective
agents, such as a-methyl-p-tyrosine (tyrosine hydroxylase inhibitor), p-chloropheny-
lalanine (tryptophan hydroxylase inhibitor), and FLA-63 (dopamine-f-hydroxylase
inhibitor), failed to elucidate which of the catecholamine transmitters was causal in
mediating the inhibitory control removed by treatment with reserpine.>®>

However, intracerebral injection of the neurotoxins 6-hydroxydopamine and 5,6-
and 5,7-dihydroxytryptamine (DHT), which physically destroy monoaminergic neu-
rons, substantially reduces the onset pressure for tremor and convulsions in mice,
suggesting that it is noradrenergic transmission that is the key factor.> This conclu-
sion was reinforced by the finding that desmethylimpramine, which prevents the
neurotoxic action of 5,7-DHT on noradrenergic neurons, also abolishes the effect
of 5,7-DHT on the onset pressure for tremor and convulsions.>

The reduction in the onset pressure for convulsions, caused by reserpine treat-
ment, to one equivalent to that caused by very rapid compression but not to a lower
pressure, is similar to the effect of decerebration. This suggests that cortical and
midbrain noradrenergic processes act to inhibit the onset of tremor and convulsions
without being responsible for originating the seizure activity, in a manner analogous
to that in other induced seizure states.®® This inhibition, however, is clearly limited.
In addition to a dependence on compression rate for the appearance of signs and
symptoms of HPNS, it is well documented in humans that once HPNS has occurred,
if the pressure is kept constant then HPNS remits over the course of hours.'¢! Tt is
possible that this “adaptation” occurs as noradrenergic processes are upregulated in
response to the excitatory stimulus.
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3.2.1.2 The Role of Cholinergic Mechanisms

A possible role for cholinergic mechanisms in the expression of HPNS was inves-
tigated because of the well-established role of cholinergic processes in arousal and
motor control.®? The effects of atropine (centrally acting competitive antagonist at
muscarinic acetylcholine [Ach] receptors), methylatropine (competitive antagonist
at mACh receptors that does not cross blood-brain barrier), and mecamylamine
(centrally acting nicotinic receptor channel blocker) have been examined at high
pressure.®® None of these drugs altered the pressure at which tremors or convulsions
occurred, with the exception of mecamylamine, which slightly reduced the pressure
at which tremors appeared. These results appear to rule out any role for cholinergic
processes in the genesis of HPNS, especially given that mecamylamine exacerbated
rather than ameliorated tremors.

3.2.1.3 GABA-Mediated Inhibitory Processes

GABA (y-aminobutyric acid) is the principal inhibitory neurotransmitter in the CNS,
and both competitive antagonists (e.g., bicuculline) and drugs that block the chloride
channel associated with the GABA receptor (e.g., picrotoxin) are convulsant in
action. The GABA,, receptor also possesses a recognition site for benzodiazepines
(e.g., diazepam, clonazepam), which are powerful sedatives and anticonvulsants for
a range of seizure states (e.g., epilepsy). This leads to the idea that GABAergic
neurotransmission may have a role in the etiology of HPNS.

The benzodiazepines clonazepam and diazepam have been found to provide
some protection against the effects of pressure,’ although at sedative doses. Fur-
thermore, the protective effect of flurazepam is abolished by the selective benzodi-
azepine antagonist Ro15-1788,% indicating that the protective action of flurazepam
arises via a specific interaction at its receptor, which leads to a potentiation of
GABAergic inhibition.

Other drugs that act to potentiate the action of GABA — aminooxyacetic acid
(a GABA transaminase inhibitor) and 2,4-diaminobutyric acid (a GABA reuptake
blocker) — postpone the onset of both tremors and convulsions by approximately
25%. However, at the doses necessary to produce this degree of protection against
pressure the convulsions caused by the GABA antagonist bicuculline are completely
abolished.®> Sodium valproate, a weak inhibitor of both GABA transaminase and
succinic semialdehyde, has a more pronounced protective effect, increasing the
pressure for the onset of tremors and convulsions by 75%, similar to the increase
by flurazepam.® However, the action of sodium valproate cannot be ascribed simply
to its effect on the metabolism of GABA, because it has a number of other actions
that may be more important with respect to its anticonvulsive properties; namely, a
reduction in membrane excitability by blocking Na* and Ca** channels.%

Muscimol, a GABA agonist at GABA, receptors, is without effect when given
systemically intraperitoneal [IP] or intracerebroventricularly. Similarly, baclofen, a
GABA agonist at GABA receptors, is without effect. The converse to testing the
effect of GABA agonists is to test the additivity of action of the GABA antagonists
with pressure. The actions of both picrotoxin®” and bicuculline®® have been tested
in combination with pressure by establishing dose—response curves for both at fixed
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FIGURE 3.3 EDj, values for strychnine (), NMDA (@), bicuculline (L), and picrotoxin
(O), normalized relative to their respective EDs, values at atmospheric pressure, plotted
against the pressure at which they were determined, and normalized to the EDj, for pressure
seizures in the absence of drug. The line of unit slope represents simple additivity. (Data
taken from Bowser-Riley et al.,” strychnine and picrotoxin; Bowser-Riley et al.%® bicuculline;
unpublished data, NMDA.)

pressures: atmospheric pressure and pressures equivalent to 25, 50, and 75% of the
pressure that elicits convulsions in the absence of convulsant drug. The convulsant
ED;, values, normalized with respect to the EDs, at atmospheric pressure, are shown
in Figure 3.3 plotted against the pressure at which they were determined and nor-
malized with respect to the pressure that elicits convulsions in the absence of drug.
Bicuculline and picrotoxin show marked divergence from the additivity of action
expected if the pressure effect was through some action on the GABA, receptor.

Pressure up to 13 MPa had no effect on the response of the rat superior cervical
ganglion to exogenous GABA, as recorded extracellularly, nor did this pressure
reverse the potentiation of the GABA response produced by either ketamine or
pentobarbitone.®® Furthermore, pressure up to 10 MPa had no effect on either spon-
taneous or electrically evoked release of GABA from the frog hemisected spinal
cord unless the cord was electrically stimulated prior to pressurization, in which
case an increase in GABA release was observed.% An effect of pressure on GABA
release cannot, therefore, be postulated to underlie the observed increase in excit-
ability seen at high pressure.



Pressure and Anesthesia 81

3.2.1.4 Glycine-Mediated Inhibitory Processes

Glycine is now recognized as one of the principal inhibitory neurotransmitters, par-
ticularly in subcortical structures.® A possible link between glycine-mediated inhib-
itory neurotransmission and the mechanism of action of pressure arose from studies
into the interaction between pressure and a group of centrally acting muscle relaxants
based on mephenesin.>> These compounds, although not normally regarded as anti-
convulsant, reveal crucial differences in action. The aromatic compounds, mephenesin
and methocarbamol, are effective anticonvulsants against strychnine, but not against
bicuculline or picrotoxin (see Structure 1). In contrast, the aliphatic compounds,
meprobamate, carisoprodol, and the related compound orphenadrine (see Structure
2), which are much more potent centrally acting muscle relaxants, are effective
anticonvulsants against bicuculline and picrotoxin but not against strychnine.

This distinction in the action of these two groups of compounds suggests that
there may be a link between the mechanism of action of strychnine (the classic
competitive antagonist for glycine) and that of pressure. Strong support for this
hypothesis comes from experiments in which the EDy, values for strychnine were
determined at fixed pressures (Figure 3.3). Strict additivity of action, in eliciting
seizures, between strychnine and pressure is observed.®’

Protect against Pressure
mephenesin HC methocarbamol
"'3 Anticomvulsant against strychnine
No effect against bicuculline,
0"" picrotoxin
HZN‘&

Structure 1

o NH, %
cHy o ( CH, 0_<0 'N—CH;
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d H,,\; Anticonvulsant against bicuculline,
CH, Hsy Hy ' ' ﬂ!_{.‘f'{)l’t‘b\'} n
HC No effect against strvchnine
meprobamate carisoprodol orphenadrine

Structure 2

That the pressure protection afforded by mephenesin and related aromatic pro-
pandiols does not arise simply from their muscle relaxant action is emphasized by
experiments with a series of closely related compounds. The mephenesin analogue,
3[2-methylphenoxy]propan-2-ol is six times more potent than mephenesin, 3[2-
methylphenoxy] propan-1,2-diol, as a muscle relaxant, yet it is half as potent against
pressure (or strychnine).” These experiments also revealed that mephenesin was the
most potent of this range of propandiols against both pressure and strychnine.

It was also shown that if the terminal hydroxy group was exchanged for an amine
group, then the activity of the compound changed from a pressure-protecting com-
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pound to a proconvulsant that acts additively with pressure (see Structure 3). Molec-
ular modeling of these compounds, and of strychnine, suggested that the lowest
energy form placed the terminal nitrogen at a point in space similar, relative to the
aromatic ring, to that occupied by the amino nitrogen in strychnine (see Structure
4). Confirmation of the importance of this aspect of the structure was provided by
experiments with a series of compounds with structures based on strychnine.”

Gramine, like strychnine, acts in an additive manner with pressure. However, as
predicted, the compound 3-methoxymethylindole protected against pressure, with a
potency approximately 50% that of mephenesin, and the compound 3-methylindole-
2-butyrolactam was without effect against pressure; it acted as a competitive antag-
onist to strychnine.”

Finally, a separate group of compounds, related to benzimidazole, that are also
centrally acting muscle relaxants and anticonvulsants against strychnine but not
against bicuculline or picrotoxin are also effective against pressure.”! The struc-
ture—activity relationship of this group of compounds against pressure matched that
against strychnine, and their potency against pressure (or strychnine) was unrelated
to their muscle relaxant potency.

Taken together, these findings provide a compelling body of evidence in support
of a role for glycine-mediated inhibitory neurotransmission in the etiology of HPNS.
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3.2.1.5 Glutamate-Mediated Excitatory Processes

A role for glutamate-mediated excitatory neurotransmission was postulated following
experiments that showed effective protection against pressure was provided by the N-
methyl-p-aspartate (NMDA) antagonist 2-amino-7-phosphonoheptanoic acid (AP7).7?

It has recently become clear that competitive antagonists at the NMDA-type
glutamate receptor generally provide protection against both tremor and seizure
phases of HPNS, although there is considerable variation in potency. Thus, p-AP7
is the most potent competitive NMDA antagonist tested to date, with 3-((+/-)-2-
carboxypiperazine-4-yl)-propyl- 1-phosphonate (CCP), pL-(E)-2-amino-4-methyl-5-
phosphono-3-pentanoic ethylester (CGP 39551), and B-p-aspartylaminomethyl
phosphonate being progressively less potent.”>76

In the case of noncompetitive NMDA antagonists, widely different effects have
been observed. In the rat, ketamine is effective against all aspects of HPNS”” but MK801
((+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine) has no effect.”®
However, in the baboon MKS801 gives protection.”” Whether this discrepancy arises
because different ionotropic NMDA receptor subtypes exist in the rat compared with
baboon is not known. Finally, (+/-)-cis-2,3-piperidinedicarboxylic acid, a partial ago-
nist at NMDA receptors, provides moderate protection against both phases of HPNS.”

The action of pressure at non-NMDA-type glutamate receptors is even less clear.
The kainate/AMPA selective antagonist y-pD-glutamylaminomethylsulfonic acid
(GAMY) is effective in the rat against the tremor phase of HPNS but not against the
seizures,’® whereas LY 293558 is effective against both phases.® The noncompetitive
amino-3-hydroxy-5-methyl-4-isoxazole proprionic acid (AMPA) antagonist
L-glutamic acid diethyl ester (GDEE) has no effect on HPNS in the rat.”> However, in
the baboon the noncompetitive AMPA antagonist 1-(4-aminophenyl)-4-methyl-7,8-
methylenedioxy-5H-2,3-benzodiazepine (GYKI-52466) is, like GAMS in the rat,
effective against the tremor phase.®
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NMDA acts additively with pressure in mice (Figure 3.3), suggesting, by analogy
with the additivity observed between pressure and strychnine, that pressure may
have a direct effect on glutamate as well as glycine receptors. However, the finding
that NMDA and strychnine also are additive (unpublished results) suggests, despite
the lack of additivity observed between pressure and bicuculline or picrotoxin or
between strychnine and bicuculline, the alternative possibility that the actions of
NMDA, strychnine, and pressure might be mechanistically independent but interact
via a physiologic summation.

3.2.2 CELLULAR AND MOLECULAR EFFECTS OF PRESSURE

Experimental evidence from in vitro studies using both invertebrate- and vertebrate-
derived preparations indicates that pressure prolongs action potential duration but
has little effect on either amplitude or conduction velocity.?! In addition, a propensity
for repetitive firing is induced.®! The effects of pressure on axonal conduction are
relatively small and frequently are manifested only at pressures above 20 MPa, twice
that at which substantial effects (seizures) are seen in vivo. These findings suggest
that the hyperexcitability observed at pressure must arise from some effect on
synaptic transmission.

3.2.2.1 Effect of Pressure on Peripheral Synaptic Transmission

Pressure has a pronounced, although paradoxical, effect on excitatory synaptic
transmission. Pressures as low as 3.5 MPa depress excitatory synaptic transmission
in rat superior cervical ganglia.®? Such a depression has also been observed in a
variety of invertebrate preparations.!

3.2.2.1.1  Presynaptic Effects

Evidence suggests that this decrease in fast excitatory synaptic transmission arises
from a presynaptic action of pressure that leads to a reduction in the spontaneous
release of transmitter. Thus at the frog neuromuscular junction the frequency of
miniature end-plate currents (MEPC) was reduced by as much as 75% at 10 MPa.®
An explanation for the reduction in transmitter release is suggested by experiments
using a lobster abdominal muscle preparation. These studies indicate that high
pressure (6 to 10 MPa) decreases Ca?* influx into presynaptic nerve terminals.3486

3.2.2.1.2  Postsynaptic Effects

The effects of pressure on postsynaptic events are less marked than the presynaptic
effects. Pressures of 10 MPa did not alter the response to iontophoretically applied
ACh of Aplysia neurons,?’ although it has been reported that pressures of 15 MPa
reduce the amplitude and slow the decay phase of MEPC.33 These latter changes
might reflect an increase in channel open time. The binding of ACh to its receptor
is reduced by approximately 25% at 30 Mpa.®

3.2.2.2 Effect of Pressure on Central Synaptic Transmission

The effects of pressure on peripheral synaptic transmission are generally associated
with a decrease in excitability, and they are observed at somewhat higher pressures
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than those that will stimulate hyperexcitability in vivo. The effects of pressure on
peripheral cholinergic synapses may be responsible for the motor paralysis observed
in vivo at high pressures and which precedes death at pressure, but are not important
at the lower pressures (below 10 MPa) at which hyperexcitability is observed.
Evidence that central synaptic transmission is affected differently by pressure than
that described for peripheral and invertebrate synapses was provided by experiments
showing that, in isolated neonatal rat spinal cord, monosynaptic reflexes were unaf-
fected by 10 MPa pressure but polysynaptic reflexes were potentiated.®

3.2.2.2.1 Presynaptic Effects

Pressure (8 MPa) has been reported to decrease depolarization-induced Ca** uptake
into brain synaptosomes,” and for both chromaffin and mast cells, exocytosis is
more sensitive to pressure than the voltage-gated Na* and K* channels.’!%?

In vivo voltametry has revealed that extracellular dopamine concentrations in
the nucleus accumbens and striatum were increased by pressures of 8 Mpa.?3%4
Moreover, although drugs that affect dopaminergic transmission produce little effect
when given systemically,’® selective dopamine antagonists given intracerebroven-
tricularly (D,, e.g., 7-chloro-2,3,4,5-tetrahydro-3-methyl-5-phenyl-1H-3-benza-
zepine-7-ol; D,, e.g., sulpiride, haloperidol) ameliorate the effects of pressure. The
D, antagonists are effective against all aspects of HPNS and the D, antagonists are
effective only against the early tremor.” It is possible that the observed increase in
dopamine release could be brought about by stimulation of 5-HT1b receptors® or
by pressure on membrane Na*/Ca* exchange processes, possibly an inhibition of
the activity of membrane-bound Na*,K+-ATPase,”” or a combination of both effects.
Activation of dopaminergic transmission in the nigrostriatum is associated with
stereotypical motor activity and in the mesolimbic system with a general increase
in motor activity. Potentiation by pressure of dopaminergic transmission through an
effect of pressure on presynaptic processes may well contribute to the general
hyperexcitability observed at high pressure.

3.2.2.2.2  Effects of Pressure on Isolated Postsynaptic Receptors

That neurons do exhibit excitability at pressure was demonstrated by Fagni and
colleagues,”® who showed that the postsynaptic excitability of hippocampal CA,
cells was increased at 8 MPa, even though afferent input was reduced. Intracellular
recordings at pressure from CA, cells revealed bursts of transient depolarizations
accompanied by repetitive action potentials and increased excitability.”

The possibility that pressure might have a selective action on postsynaptic
receptors has been investigated by isolating mammalian receptors using heterologous
expression in Xenopus oocytes.!?1% The effects of pressure on the dose-response
relationships for kainate, NMDA, GABA, and glycine of oocytes microinjected with
mRNA extracted from rat brain are shown in Figure 3.4. The effects of pressure on
these ionotropic receptors show an interesting symmetry. For the receptors mediating
excitatory transmission, NMDA-sensitive glutamate receptors show a marked poten-
tiation (128%) at 10 Mpa,'® whereas kainate-sensitive receptors are relatively unaf-
fected, showing little potentiation of the maximum response (<14%) and no change
in the ECs,.'91192 For the receptors mediating inhibitory transmission, glycine
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FIGURE 3.4 Dose-response curves representing the normalized current, relative to the max-
imum current, elicited from Xenopus oocytes injected with mRNA extracted from rat brain
by NMDA, kainate, glycine, and GABA. In all cases the control dose—response data are given
by @ and data at 10 MPa are given by A. The curves, with the exception of that for NMDA
at 10 MPa which is drawn by eye, represent the best fit to a model of the general form I/I°,
= 1/[1 + (x/x5,)*], where x is the agonist concentration, Xy, is the ECs, value, and k is the
Hill coefficient. The bars represent individual standard errors. (Data taken from Williams et
al.,' NMDA; Shelton et al.,'%? kainate and glycine; Shelton et al.,' GABA.)

receptors show no change in the maximum response but a significant increase in the
ECs, (60%) at 10 MPa,'0219 whereas pressure has no effect on the GABA, recep-
tor.!% The effects of pressure on both the NMDA and glycine receptor become
progressively greater at higher pressures.

Pressure affects the two receptors that possess glycine binding sites. At the
glycine receptor, glycine binding activates the ion channel (Cl-), whereas at the
NMDA receptor, glycine acts as a modulator, not activating the ion channel (Na*,
K*, Ca?*) but promoting the binding of NMDA, which does act as a modulator.'%6-107

In the case of the simpler glycine receptor, a classic interpretation of the
dose-response data would be that pressure is acting, pharmacologically, as a simple
noncompetitive antagonist. This action could be manifested either as a reduction in
the efficacy of glycine binding or in the transduction of binding to channel opening.
A direct effect on channel opening or lifetime seems unlikely because the closely
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related GABA, receptor is unaffected. The apparent volume change in glycine
binding was estimated as 110 cm?® - mol~!, which is very large for simple chemical
equilibria and indicates that considerable conformational changes occur when gly-
cine binds.!”? The effect of pressure may therefore be envisaged as opposing the
conformational change that follows glycine binding, thereby reducing the effective
inhibitory transmission available. Although the effect is not as large as that on the
NMDA receptor, if inhibitory synapses in vivo operate at submaximal agonist con-
centrations then a profound effect in vivo would be observed.

The picture with the NMDA receptor is not as simple. In this case the apparent
volume change associated with glycine binding must be negative so that the inter-
action would be augmented by pressure. Pressure must favor the existence of the
glycine-bound form of the receptor. In both cases a more detailed understanding of
the effect of pressure on glycine binding at these two receptors must await experi-
ments on single channels.

3.3 SUMMARY

Despite the early success of the generalized physicochemical theories in providing
a framework within which the mechanism of action of both general anesthetics and
high pressure could be understood, it is now clear that both exert their effects through
more specific actions. Although neither mechanisms are understood in detail at a
molecular or cellular level, there is consensus that both exert their effects primarily
on central synaptic transmission.

In this context the major actions of pressure appear to be to enhance excitatory
transmission mediated by the NMDA subtype of the glutamate receptor and to
diminish postsynaptic inhibition mediated by glycine. In addition, a generalized
increase in excitability in CNS motor areas may arise through presynaptic actions
that increase the availability of dopamine.

The question, therefore, is how pressure and general anesthetics might interact.
There is little direct evidence of anesthetic—pressure interactions at a molecular or
cellular level. The lack of pressure reversal of anesthesia in invertebrate species that
do not use glycine as an inhibitory transmitter is suggestive but as yet is not confirmed
by any direct study, and it may be a reflection of an atypical response to anesthetics
rather than to pressure. The increase in extracellular dopamine reported at pressure
(Section 3.2.2.2.1) has a corollary in that increased nitrogen partial pressures pro-
duces a fall in extracellular dopamine.'® However, there is also no evidence to link
these effects directly, and although dopaminergic mechanisms may be involved in
motor disorders there is little reason to believe that they are implicated in the loss
of consciousness. Finally, there is no evidence for a direct link between GABAergic
or non-NMDA glutaminergic mechanisms and pressure reversal in that 9 MPa
pressure did not reverse the pentobarbitone-induced inhibition of the kainate-sensi-
tive receptor!®! or the potentiation of the GABA, response.'*

Although there are as yet no direct studies on the interaction between anesthetics
and pressure at either the glycine or the NMDA receptor, it appears that the most
likely explanation of the interaction is that in vivo there is a physiologic summation
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between the overall excitatory effects of pressure and the depressant effects of
general anesthetics.
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4.1 INTRODUCTION

Volatile agents have been used in operating rooms for nearly 150 years, with little
understanding of how they produce their effects. Each clinically used agent carries
with it a low margin of safety and unwanted side effects. Despite a great deal of
research, no studies have yielded a molecular picture of the site of action of volatile
anesthetics. A genetic approach can identify the components of an anesthetic site of
action, because it can connect changes in behavior to changes in molecular structure.
For example, recent articles have described the cloning of genes responsible for
cystic fibrosis, malignant hyperthermia, and premature aging. These studies used
sophisticated techniques of molecular biology in addition to the traditional methods
of classical genetics to characterize the molecular basis of these clinical entities. We
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will outline the use of molecular genetics, along with basic techniques of classical
genetics, to study the molecular nature of the site of action of volatile anesthetics.

Over the years, a great number of sophisticated techniques have been recruited
to solve the mystery of how volatile anesthetics work. Why then the current interest
in the use of genetics to understand the mechanism of volatile anesthetic action?
There is a two-part answer to this question. First, our genes contain the blueprint
for every molecular component of the anesthetic site of action. Therefore, regardless
of the exact chemical nature of an anesthetic site (i.e., lipid or protein or both), its
structure is dictated by an invariant material contained within virtually all our cells.
Second, a genetic approach is capable of tracing behavior back to a discreet set of
molecular changes. Reducing a behavior such as reversible loss of consciousness to
the molecules that interact to cause the behavior is the key step in any genetic
approach. Both of these aspects of a genetic approach avoid presuppositions about
the molecular nature of an anesthetic site. Other experimental designs make a “best
guess” as to the nature of molecules that directly interact with volatile anesthetics,
and then measure the effect of these agents on the suspect molecule. Even though
these “guesses” are the end product of well-researched data, the results of such
studies often leave doubts as to whether the effects represent phenomena superfluous
or incidental to the state of anesthesia. That so many systems can be perturbed by
these highly lipid-soluble compounds has certainly contributed to the current lack
of useful information as to how volatile anesthetics work at a molecular level. In
contrast, if one can identify genes that code for molecules that directly control an
animal’s response to volatile anesthetics, it is possible to understand the molecular
nature of these molecules and their function. Thus, at its best, genetics can give
information about molecules that are indisputably part of an anesthetic site.

Clearly, finding genes that control the whole animal response to volatile anes-
thetics is the crucial first step in a genetic approach. Generally, in order to understand
a gene’s function, one has to first change a gene (i.e., make a mutation in that gene)
to see the effect on the system. Thus, in the case of volatile anesthetics, one tries to
change aspects of an animal’s behavior by mutating the animal. Classical genetics
pinpoints that change to a single mutation within a gene. Molecular genetics then
analyzes the nature of the mutation, relating it to the normal function of the normal
gene product.

4.2 BACKGROUND

Anesthesiologists are quite comfortable with research in which a condition is
changed and the resultant effect on an experimental animal or system is measured.
However, genetics uses what may seem to most of us like a backward approach to
answering a question. In classical genetics one changes the experimental animal,
then looks for the altered condition (a mutated gene). Although one does not nec-
essarily know what molecules caused that trait to change, it is clear a permanent
change has occurred in the gene that controls that trait. As previously mentioned,
the beauty of this approach is its lack of preconceptions as to the molecular nature
of a given trait. On the other hand, if a complicated pathway or cascade of events
leads to the ultimate expression of a given trait, one may have mutated any of a
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FIGURE 4.1 Genetic control of anesthetic sensitivity can occur at a number of possible
positions in a cascade of events synthesizing components of a site of action. Changes can
occur in the transcription or translation of genes that primarily affect anesthetic response.
Mutations in protein products of various types could directly affect the site of action. These
include ion channels or other membrane proteins that interact with anesthetics or affect nearby
ion channels. In addition, enzymes that modify channels or membrane proteins or are involved
in synthesizing other components of the membrane (i.e., lipids) could be affected. Finally,
gene products that affect uptake or metabolism of anesthetics could be altered.

great number of processes that culminates in that particular trait. For example,
mutations that change sensitivity to volatile anesthetics could arise from changes in
molecules at the anesthetic site of action, from elimination of enzymes that make
these molecules, or from molecules that change elimination or availability of the
anesthetic itself (Figure 4.1). The possibilities are many. Data are sorted out in part
by collecting multiple mutations that affect anesthetic sensitivity and studying their
interactions and relative importance. Finally, one must usually identify, using molec-
ular techniques, the protein products of these genes.

Classical genetics can define the specific chromosomal region in which a gene
is located. These techniques can also position genes relative to each other, but cannot
place genes on specific physical regions of DNA. Molecular biology, however, can
be used to pinpoint a gene to a specific physical fragment of DNA.!23 It is also
possible to manipulate pieces of DNA such that that they can be moved into novel
environments. For example, a normal gene can be introduced into a defective or
mutant animal, giving rise to a normal animal. This is the first step in treating genetic
diseases (i.e., the beginning of genetic therapeutics). A second use is to introduce a
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defective gene into a previously normal organism. This can “genetically engineer”
desired mutations into organisms to study a gene’s function. Often it is referred to
as generating a “targeted mutation.” However, perhaps the most current common
application of genetic engineering is to introduce eukaryotic genes (e.g., genes from
mammals) into bacteria. These genes can be grown in large quantities in such
systems, leading to isolation of large amounts of a gene. This technique has led to
large-scale production of human insulin or interferon.

4.3 THE CENTRAL DOGMA

In all eukaryotes, the genetic material contained in the chromosomes is deoxyribo-
nucleic acid (DNA). (In some viruses the genetic material is ribonucleic acid
[RNA].)* The blueprint for making an organism comes entirely from the information
contained in certain regions, termed genes, of this DNA. DNA consists of a phos-
phate—sugar backbone (deoxyribose) bonded to a series of purines and pyrimidines,
either adenine, thymine, guanine, or cystine. These four molecules are termed bases
and are abbreviated as A, T, G, and C. Genes encode information because they
contain a particular order of As, Ts, Gs, and Cs that is unique to that gene. These
stretches of coding information can go on for many thousands of bases; the order
is termed the DNA sequence of a gene. The unique sequence of a gene is copied
(transcribed) to another species of nucleic acid, known as RNA. RNA is comprised
of the ribose sugars (not deoxyribose) of A, G, C, and uracil, a pyrimidine that
replaces thymine. When a gene is copied into RNA, the new form is termed mes-
senger RNA (mRNA). It carries the information from the chromosomes to the part
of a cell that constructs protein.

Once mRNA leaves the nucleus of a cell, the information is used by two other
types of RNA to sequentially piece together amino acids into a protein. These RNAs
are ribosomal RNA (rRNA) and transfer RNA (tRNA).® They convert consecutive
sequences of three bases each into amino acids. This is termed translation. It is as
if each of the bases represents a letter in the genetic code, forming a series of three-
letter words.” These groups of three bases are called codons. For example, CUG
specifies the amino acid leucine, and UGA specifies serine. Certain codons signal
a stop and start to the translation of mRNA into protein.” Thus, reading the sequence
of an mRNA is analogous to looking for a capital letter to start a sentence, and a
period to stop it, with a series of words, comprised of three letters each, in between.?
Although this may sound too simple to generate the complexity and diversity of life,
keep in mind that each sentence can be thousands of words long, and that there are
many thousands of sentences in most organisms.

A change in a single base in a gene can change an amino acid within its encoded
protein. This is termed a point mutation. For example, when GAG is changed to
GUG, valine is inserted into a protein instead of glutamic acid. If this happens in
the sixth amino acid of the (3 chain of the hemoglobin molecule, the result is HgS,
the basis of sickle cell disease.” The deletion or insertion of a base can have more
global effects on a protein by shifting the alignment, the “frame” of all subsequent
codons. Such a mutation is termed a frame shift mutation and can give rise to severe
alterations. Obviously many complicated types of mutations can occur, with
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consequences of varying severity. The important point to remember is, whether it is
a structural protein such as hemoglobin or an enzyme such as pseudocholinesterase,'®
the sequence of DNA within the gene dictates the particular amino acids within that
molecule. The structures of other molecules that are not proteins, such as lipids or
sugars, are likewise determined by the ability of proteins (enzymes, the original gene
products) to correctly synthesize a myriad of compounds. All aspects of our physi-
ology are ultimately dependent on this genetic material, and can be perturbed by
changes in it. These molecular mechanisms are essentially identical (i.e., conserved)
across the animal and plant kingdoms. In many ways different-appearing organisms
are very similar at the DNA level, and simple organisms often can be good initial
models for molecular processes of more complex ones. This is particularly true if
the physiologic process being studied appears to be conserved across species. In fact,
most of our detailed knowledge of the functioning of mammalian cellular machinery
is derived directly from the brilliant studies of bacteria and viruses during the past
40 years.”®!112 During an era of intense study of the human genome, it is important
to remember that much useful information can still come from simple model systems.

4.4 CLASSICAL GENETICS

Traditionally, geneticists have tackled questions of inheritance by observing the
passage of clearly identifiable traits from one generation to the next.'?> As described
above, an organism’s observed features, its phenotype, must arise from the content
of its genetic material, its genotype. Classical genetics relies on differences in
phenotype (e.g., blue eyes vs. brown eyes) as the probes for identifying different
genes and locating their relative positions. These differences are ascribed to indi-
vidual genes and positioned in the genome (all the DNA of an organism) only after
genetic manipulations, usually matings, have been carried out.

In classic genetic animals such as fruit flies, one can usually mate an animal with
a new mutation to an animal that carries strategically placed genetic markers. These
markers are characteristics that are easy to see (such as eye color or wing configu-
ration) that are known to be coded by DNA of specific regions of specific chromo-
somes. These markers are already “mapped.” The number of offspring that show the
new mutation in combination with these mapped genes eventually pinpoints the
mutation to a specific region of a specific chromosome. If two mutations are in the
same chromosome, the distance between them is specified in terms of “map units.”
The further apart two mutations are, the greater the number of map units between
them. Two mutations that are one map unit apart are genetically very close to each
other; they have about one chance in 100 of separating from each other in meiosis.

A second, equally important aspect of classical genetics is to determine the
interaction between genes. One may determine the effect of one mutation (A) on a
second mutation (B) by constructing an animal containing both mutations. If such an
animal has elements of both phenotypes, then A and B may function independently.
If such an animal has the phenotype of only one mutation, that mutation is said to be
epistatic to the other."* Such information is useful in determining functional pathways
involving many gene products (Figure 4.2). In general, the mutation that is epistatic
(controls the phenotype of an animal containing more than one mutation) is
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A—> B——> C—— Anesthetic Sensitivity (AS)
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I. Mutation in A II. Mutation in B
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FIGURE 4.2 (a) A simplified genetic pathway involving two genes, A and B, controlling
sensitivity to anesthetics. In this pathway genes A and B have opposite effects on sensitivity.
However, without knowing the effects of mutations in A and B on each other, it is not possible
to order them in a pathway. (b) A model pathway similar to that in (a). AS(+) refers to
increased anesthetic sensitivity, whereas AS(-) refers to decreased sensitivity (resistance).
Because the product of gene A works through the product of gene B, mutations in B will
override mutations in A. Thus an animal with mutations in both A and B will look like B.
This is known as epistasis. If the pathway is expanded to include gene C, it follows that
mutations in C will override mutations in both A and B. By constructing double and triple
mutants and observing the resulting phenotypes, one can determine the structure of a genetic
pathway. In turn, this identifies crucial elements of control of anesthetic response.
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downstream of the other mutation. By “downstream” we mean that one gene product
(say A) exerts its effects by functioning through a second one (in this case B) (see
legend for Figure 4.2). In such a case, when an animal has the B phenotype, it does
not matter what the state of A is because A’s effects are dependent on a functioning
B product. A mutation resulting in loss of the B product will always produce the B
phenotype.'*!5 As described in Figure 4.2, other types of interaction are also possible.

4.5 MOLECULAR GENETICS

Molecular biology has been applied with great success to classical genetic systems.
This has led to the emergence of a new field, molecular genetics, which can identify
the molecular basis of macroscopic changes characterized in classical genetics.
Genes and their protein products are routinely characterized, as well as the molecular
changes associated with mutations and disease states. The most important discoveries
that led to the development of molecular genetics are discussed below.

Several groups of researchers independently discovered a class of enzymes
(restriction endonucleases) that cut DNA at very specific spots, called restriction
sites.!¢ For example, one enzyme, EcoR I, cuts between the G and A in the sequence
GAATTC," and another enzyme, Bgl I1, cuts between the first A and G in AGATCT."”
In any one animal the DNA is identical in all cells. If that animal’s DNA is cut by
a specific endonuclease, a reproducible array of DNA fragments is generated. Muta-
tions often lead to very clear differences between the digests of DNA of different
individuals if the correct endonucleases are used to digest the DNA.!® These are
detected by digesting an individual’s DNA with specific enzymes and running the
resulting array of fragments on an electrophoretic gel which separates the fragments
by size. Mutant DNA is compared to an identical treatment of nonmutated (i.e.,
normal) DNA. The resulting differences in restriction fragments are known as restric-
tion fragment length polymorphisms (RFLPs).

To study a DNA fragment, usually one needs to generate large amounts of these
pieces of DNA generated by restriction endonucleases. This is done by incorporating
them into naturally occurring viruses or synthetic molecules that can accommodate
foreign DNA. These carrier DNA molecules often are called vectors.!¢ Such vectors
have been engineered to contain series of DNA sequences that can be cut by a variety
of restriction enzymes. If the vector is cut by the same endonuclease that generated
the foreign fragment, this new DNA can be inserted into the carrier and the insertion
patched into the vector by another enzyme. Thus, one physically cuts an RFLP out of
a gel, mixes it with vectors and appropriate enzymes, and creates a new molecule of
DNA that is a chimera for the original vector and the DNA of interest to the investigator.
This new molecule then infects a bacterial culture, where it uses the bacterium’s cellular
machinery to reproduce itself every 20 min or so. For example, in the case of the gene
for human factor VIII, one can commercially grow this gene in huge amounts, relatively
inexpensively and free from other human cell contaminants. This isolation of a gene
and its introduction into a bacterial cell is called cloning, and is used to generate
enough copies of a gene to study the DNA in detail. These cloned fragments can then
be used for sorting out the order of its bases (sequencing the DNA), for introducing
new mutations in a gene, or for synthesis of the protein product of a gene.



102 Molecular Bases of Anesthesia

Once the coding sequence of a gene is known one can begin to understand the
function of the protein product. Genes coding for similar proteins in different
organisms often have a similar order of bases (i.e., of As, Ts, Gs, and Cs). Proteins
with similar functions usually have regions of similar amino acids. By comparing
these similarities, called homologies, one can often assign a function to a newly
identified protein. A truly immense amount of sequence data has accumulated over
the past 10 years.'>?! These data include sequences from organisms as simple as
viruses and as complex as humans. By comparing newly identified sequences with
other known genes, one can often identify homologies. If no such homology exists,
all is not lost. Certain aspects of a protein’s structure and function (such as a
membrane spanning region) give characteristic recognizable patterns of amino acids.
Thus much information can be gained from the sequence even in the absence of
known homologies. The structures of proteins can lead to conclusions about protein
function. In addition, the cloned gene often allows one to synthesize the protein
product and study it directly in a variety of other surroundings. Thus, we have gone
from a gross change in the whole animal to a specific gene and protein product,
which can be isolated and studied independently of the organism.

This very powerful approach is now being applied to the question of how volatile
anesthetics work. The basic plan is to find mutants in which the site of action of
volatile anesthetics is changed. These mutants can then be analyzed at the level of
the DNA of the animals. The changed region then serves as a probe to isolate, clone,
and sequence the normal gene. One then knows the amino acid sequence of that
gene’s protein and can attempt to deduce its function. Whether this protein is a
structural subunit of the GABA, receptor or an enzyme in a pathway of lipid
biosynthesis, one has identified a molecule that has changed the whole animal
response to volatile anesthetics. Eventually one can determine all the molecular
components of the anesthetic site of action by studying a collection of specific
mutants and/or the interaction of various mutants with one another.

Clearly, a tractable model system is necessary to implement these techniques to
their maximum effect.?> What should the characteristics of such a model be? It should
have a simple genetic system that is amenable to manipulation. It should be inex-
pensive to study and easy and quick to grow. The organism must have behaviors
that can be easily identified and disrupted by anesthetics. These behaviors should
correspond to behaviors in more complex organisms. Finally, tools of molecular
biology should be easy to apply to the model system. When picking a model system,
one clearly trades off simplicity for evolutionary similarity to humans. Currently the
genetic determinants of volatile anesthetics are being studied in four very different
organisms: the yeast, Saccharomyces cerevisiae; the nematode, Caenorhabditis ele-
gans; the fruit fly, Drosophila melanogaster; and the mouse, Mus musculus. Below,
we detail these studies, from most simple to most complex animal model.

4.5.1 SACCHAROMYCES CEREVISIAE

Keil and colleagues? have studied the effects of volatile anesthetics on the yeast, S.
cerevisiae. As the authors note, yeast has both advantages and disadvantages com-
pared with more complex eukaryotes. Yeast offers superb, extremely powerful
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genetics that control a complicated life cycle. It possesses a very short generation
time and a great number of mapped genes. In addition, it recently became the first
eukaryote to have its entire genome sequenced. Thus, for a molecular genetic
approach to many questions of interest, it is unparalleled in its advantages.

Clearly to its disadvantage for our purposes, yeast does not have a nervous
system. The precise mechanism of action of volatile anesthetics will certainly differ
between yeast and higher eukaryotes. However, as Keil and colleagues state, any
mutations isolated must “reflect molecular effects of the anesthetics.” Fundamental
interactions between volatile anesthetics and target molecules can be relatively easily
sorted out. Such an approach has been useful in determining the mechanism of action
of other drugs in mammals. The authors found that all volatile anesthetics inhibit
growth in yeast, although at quite high concentrations. However, the inhibiting
concentrations followed the Meyer—Overton relationship as noted for inhibition of
the nervous system in more complex organisms. In addition, this inhibition was
reversible even after 24 h of exposure to the anesthetic.

The authors screened for mutations conferring resistant to the inhibitory effect
of volatile anesthetics. They isolated a single mutation, termed zzz4, which conferred
resistance to 13% isoflurane (EC50 for isoflurane is 12% for wild type) (Figure 4.3).

Number of viable cells

12

FIGURE 4.3 Effect of isoflurane on growth of wild-type and zzz4 cells in liquid culture.
Wild-type cells and zzz4 mutants were grown in the presence and absence of 13% isoflurane.
Circles, wild type; squares, zzz4-1 (a mutation conferring partial loss of gene function);
triangles, zzz4::LEU2 (a null or complete loss of gene function mutation); open symbols, 0%
isoflurane; closed symbols, 13% isoflurane. (Reproduced with permission of authors.)
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zzz4 was cloned using transposon mutagenesis (see unc-80 discussion in Caenorhab-
ditis elegans section for a description of transposon mutagenesis). Keil and col-
leagues have identified this gene as a membrane protein whose amino acid structure
is similar (homologous) to a rodent phospholipase A2-activating protein (PLAP).
PLAP itself is homologous to G proteins, and so falls into one class of candidates
proposed to be affected by volatile anesthetics.?* It remains to be seen whether
homologues of this class of protein also affect anesthetic sensitivities in organisms
with nervous systems. Keil notes that one such homologue has been found in the
genome of C. elegans, although no mutation has yet been isolated. The authors
isolated mutations in six other genes that also confer resistance to isoflurane, and
mutations in another two genes that suppress the isoflurane resistance of zzz4
mutations. The molecular nature of these other genes and the genetic pathway
governing their interactions await further study.

4.5.2 CAENORHABDITIS ELEGANS

Although not as simple as yeast, the nematode, C. elegans is also a very simple
genetic model. In addition, it possesses a well-defined nervous system. Thus, one
can use behavioral changes as anesthetic end points. The adult is about 1 mm long
and consists basically of a cuticle, nerves, muscles, gut, and gonad.?> The nonmutated
worm, called N2, always consists of exactly 959 somatic cells in the hermaphrodite.
The embryonic ancestry of every adult cell is known back to the first cell division
of the fertilized egg.?0?” Of these 959 adult cells, 302 (in the hermaphrodite) are
neurons. Furthermore, this animal has been serially sectioned, from head to tail, and
examined via electron microscopy, such that every synapse of these 302 neurons is
known.?® Although very simple, the animal has complex behaviors and shares at
least four neurotransmitters with more complex animals (acetylcholine [Ach],
GABA, serotonin, and dopamine).? Its total DNA content (genome) is 100,000,000
bases, only about 20 times that of Escherichia coli.?® The C. elegans genome
currently is being physically mapped. This, simply speaking, means that the DNA
of the organism has been enzymatically digested to yield small fragments and these
fragments ordered relative to each other and to the genetic map of each chromo-
some.? This is the first step in spelling out the DNA sequence of the entire organism
and is instrumental in cloning genes of interest. In addition, the C. elegans genome
is being sequenced (recently it was announced the first 50,000,000 were finished)
and should be finished in approximately 2 to 3 years. In these ways C. elegans is
similar to yeast, the fruit fly, and the mouse, because similar genome projects are
being undertaken in all four organisms.

C. elegans is in many ways an ideal organism for classical genetic studies. It
has a short generation time and exists as a self-fertilizing hermaphrodite. Males do
exist and can be used for genetic crosses. More than 100 mutants that have known
defects in neuromuscular function have already been isolated and genetically
mapped.? It is relatively easy to identify new mutations in C. elegans and to study
already identified mutations under new conditions (i.e., exposure to anesthetics).

It may appear at first glance that C. elegans is a far-fetched model for anything
of clinical relevance to anesthesiologists. It is interesting to note that when first
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introduced by Sydney Brenner some 20 years ago,” C. elegans was proposed as the
animal in which to make inroads on the question of genetic control of behavior. It
is simple enough to yield to a detailed molecular study, but complicated enough to
possess fundamental behavioral responses. Important for a study of volatile anes-
thetics, C. elegans responds to anesthetics in a manner similar to all other animals.??
The “normal worm,” N2, usually moves in a constant sinuous motion across an agar
plate. Upon placement in a volatile anesthetic, N2 increases its motion, as if avoiding
a noxious stimulus. This progresses to an increasingly uncoordinated pattern of
movement, until the animal is finally immobilized in a state of flaccid paralysis. In
addition, it no longer moves backward when tapped on the snout. These animals
quickly become mobile again when removed from the anesthetic, with no apparent
residual effect. This reversible immobility can be used as the end point for “anes-
thesia” and the construction of dose-response curves. However, other end points for
anesthetics have also been used in C. elegans. Crowder®® and others have argued
that alternative behaviors better reflect loss of consciousness in mammals than does
immobility. These studies are discussed later in this section.

A log-log plot of ECs, values for N2 (the effective dose at which 50% of worms
are immobilized) versus oil/gas partition coefficient yields a straight line (R? = .99),
with a slope of —.96. Because this behavior follows the Meyer—Overton relation-
ship,’132 C. elegans represents a reasonable model in which to use genetics to study
the site of action of volatile anesthetics. The first step is to isolate animals that have
mutations at the anesthetic site of action. Recognition of an interesting mutant animal
is obviously of key importance.

The first interesting mutant was identified because it is very sensitive to hal-
othane, with an ECs, approximately one third that of N2.2233 This animal, when not
in an anesthetic, moves in a motion described as “fainting” — that is, bursts of
normal motion of a few body lengths are followed by several seconds of no motion
at all. This worm, by classic genetic mapping, was found to be a new form, a new
allele, of a gene already identified in C. elegans called unc-79. It was suggested that
another fainter mutant animal, unc-80, be examined for similar changes (Jim Lewis,
personal communication). unc-80 is also more sensitive to halothane, but its ECs,
is between that of unc-79 and N2.3* Although very similar in appearance and behavior
in anesthetics, unc-79 and unc-80 have different mutations that lie on completely
different chromosomes. An animal containing both mutations, written
unc-79;unc-80, behaves largely like unc-79 in volatile anesthetics, suggesting that
unc-79 functions closer to final control of normal anesthetic sensitivity than
unc-80.3+3%

Although very sensitive to halothane, it was clearly possible that these two
similar mutants were simply sluggish animals that were somehow paralyzed more
easily by halothane for some trivial reason, unrelated to the anesthetic site of action.
However, unc-79 and unc-80 were not sensitive to all anesthetics, but extremely
sensitive only to the most lipid-soluble anesthetics (e.g., methoxyflurane and hal-
othane)* and slightly resistant or unchanged to others (e.g., enflurane and isoflurane,
Figure 4.4). If these mutants were simply sluggish, we would expect them to show
an increased sensitivity to all the anesthetics. We were also concerned that these
changes in sensitivity may reflect altered uptake or metabolism of the anesthetics.
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Altered EC50s of unc-79 and unc-80
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FIGURE 4.4 Changes in the EC50 values of unc-79 and unc-80 compared to those of N2
(the wild-type strain) in four anesthetics. The EC50 values of N2 are represented as the zero
(0) line, and the EC50 values of the mutants are represented as % changes from the EC50
values of N2. A negative change indicates an increase in sensitivity; a positive change indicates
a decrease in sensitivity (or resistance). Anesthetics are indicated on the horizontal axis.
Percentage changes are indicated on the vertical axis.

However, such changes would change the time course of an anesthetic’s effect, but
not the steady state data response as represented here.

Obviously, unc-79 and unc-80 appeared quite interesting for an immediate
molecular analysis of their function. They seemed fairly unique, in that a screen of
about 100 other uncoordinated-type mutant animals in high and low doses of both
halothane and enflurane yielded no other mutants with an altered anesthetic
response.® However, in addition to beginning a molecular analysis of these two
genes, we screened animals for mutations changing sensitivities to other anesthetics.
To identify genes that may produce other components of the anesthetic site of action,
we sought mutations that altered sensitivity to enflurane, isoflurane, or diethylether.
The interactions between isolated genes were then analyzed. These studies have led
to the characterization of a pathway involving several genes controlling sensitivity
to volatile anesthetics in C. elegans (Figure 4.5).%

unc-79 and unc-80 represent the first step in this pathway; unc-1, unc-7, and
unc-9 are of interest since the normal genes are necessary for the increase in
sensitivity to halothane in unc-79 animals. unc-1 is unique in that its function is
required continuously throughout the life of the nematode; thus it is a candidate as
a target for halothane. The molecular cloning of these three genes (unc-79, unc-80,
and unc-1) is currently underway, and described below.

What conclusions can be drawn from this accumulation of data based on classical
genetic techniques? The simplest explanation of the data is that, in C. elegans,
multiple sites of action of volatile anesthetics exist. Previous neurophysiologic
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Pathway Controlling Sensitivity to Volatile
Anesthetics in C. elegans
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FIGURE 4.5 A genetic pathway controlling sensitivity to volatile anesthetics in C. elegans.
The genes unc-79, unc-80, unc-1, unc-7, and unc-9 are discussed in text. The mutations fc20,
fc21, and fc34 not discussed in Ref. 59. They are mutations that change sensitivity to all
volatile anesthetics and are epistatic to the previously discussed mutations. The presence of
normal copies of all these genes is necessary for normal sensitivity to volatile anesthetics in
C. elegans.

studies in mammalian systems by Maclver and colleagues®*¥” have independently
supported multiple sites of action of anesthetics. They found different neurophysi-
ologic effects in rat hippocampus by different volatile anesthetics, a finding incon-
sistent with a unitary mechanism of action.

4.5.2.1 Molecular Characterization of unc-80

unc-80 is particularly suited to a method of gene cloning that begins with transposon
tagging. Transposons are special small pieces of DNA, studied in depth in many
organisms, that can hop in or out of the genes of an organism.3¥In C. elegans, special
strains of worm exist in which these transposons are unusually mobile (“high hop-
pers”). Thus for unc-80 one begins with the normal gene, as present in N2, denoted
unc-80*. One screens the “high hopper” strains for a mutant unc-80 animal. Such
an animal presumably has the special piece of DNA, the transposon, somewhere
within the gene. The transposon insertion disrupts the normal unc-80 function,
producing a mutant unc-80. One grows the offspring of this particular animal in
very large quantities and extracts its DNA. The DNA is cut with a restriction
endonuclease, as is a separate sample of DNA from a wild-type animal. Running
each digest in an electrophoretic gel gives a spread of various sized pieces of DNA
that collectively represent the entire genome of the animal. The fragment from the
spontaneous mutant will have a transposon in it and will be larger than its counterpart
from the wild-type animal.
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The above approach was used to identify a 10-kb fragment containing most of
the unc-80 gene. This gene contains a 55% homology at the amino acid level to a
lysomal o-1,4-glucosidase in humans. This homology extends over the entire length
of the gene. The human homologue for the glucosidase has been localized to the
17q.23 region. Mutations in this gene give rise to Pompe’s disease.® Limited clinical
experience with this disease indicates that these patients are extremely sensitive to
halothane; normal doses of halothane have led to intraoperative death.*’ Interesting,
at least one variant of a human disease, malignant hyperthermia (MH), has also been
localized to this general region, from 17q.2 to 17q.24.#! It would be interesting if
dominant mutations in an o-glucosidase conferred the hypermetabolic response to
volatile anesthetics seen in some variants of MH.

4.5.2.2 Molecular Characterization of unc-79

unc-79 is the gene that when mutated causes C. elegans to be hypersensitive to the
most liquid-soluble volatile anesthetic. The approach to cloning unc-79 was first to
localize the approximate position of the gene on the physical map. unc-79 was
mapped to a narrow region of chromosome III and then mapped relative to RFLPs
between the unc-79 genome and the genome of a related strain of C. elegans,
Bergerac. These data place unc-79 in the region of one cloned piece of C. elegans
DNA, E03A3. Injections of the DNA of EO3A3 into unc-79 animals can restore the
offspring of the mutant animal to normal. Using this technique, called mutant rescue,
the position of unc-79 is now narrowed to one gene, E03A3.6.

The theoretical gene product EO3A3.6 is a protein with homology to several
transmembrane proteins. These include the gene pecanex (a neurogenic protein from
Drosophila),*** the o-1 subunit of calcium channels, the CD1D glycoprotein from
humans,* and the protein period in Drosophila.® All of these gene products are
glycoproteins and most function in the nervous system. Although they are diverse
in exact function, it is exciting that unc-79 falls within a set of genes with nervous
system activity. They are all transmembrane proteins and thus may be available to
interact with gaseous anesthetics. Because they are glycoproteins, it is possible the
function of unc-79 may be affected by changes in glycosylation. This could explain
the effects of unc-80 on sensitivity to volatile anesthetics.

Eckenhoff*® has taken a unique approach with the mutants unc-79 and unc-80 to
understand how the volatile anesthetics work. He can anatomically localize the dis-
tribution of halothane at the subcellular level. Using a technique called EPMA (elec-
tron probe microanalysis), he can detect binding of halothane to various fractions of
cells (e.g., cell membranes, mitochondria, cell nuclei, etc.). After an animal’s exposure
to halothane, it is rapidly frozen to —160°C, fixing the halothane in place. The sample
is then exposed to a high-voltage electron beam, which lyses halothane but leaves a
fragment containing the bromine atom in place. This bromine represents the original
distribution of halothane molecules. Unexpectedly, bromine concentrations were
decreased in the mitochondria and plasma membrane of unc-79 and unc-80. (For
example, in mitochondria, unc-79 had 75% of normal binding, whereas unc-80 had
58% compared to N2.) These data are consistent with decreased halothane binding
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in certain subcellular fractions of halothane-sensitive animals and may indicate that
unc-79 and unc-80 are directly related to halothane binding in C. elegans.

4.5.2.3 Molecular Characterization of the Suppressor Genes

unc-1 is a gene that restores to normal the behavior of an unc-79 or unc-80 animal.
For example, the animal that carries mutations in both unc-79 and unc-1 is like N2
in sensitivity to halothane or enflurane. unc-7 and unc-9 are very similar to unc-1
in their effects, whereas unc-24 is a partial suppressor of unc-79 and unc-80. unc-
I has been localized to a region of the genome containing a neurocalcin gene.*’*8
Neurocalcins are thought to function as a ball valve, inhibiting the flow of calcium
through transmembrane channels. Loss of such a protein would therefore increase
intracellular calcium. Neurocalcins are also tethered to the membrane, presumably
to keep the protein in correct proximity to calcium channels. The nature of the
tethering sites in the membrane is not known. In addition, neurocalcin associates
with other proteins that presumably modulate its action.*’

Starich and colleagues™ have cloned and identified the unc-7 gene. They find it
to be a member of a group of transmembrane proteins, with unknown functions.
Homologous proteins are found in flies and mice and are candidates for parts of gap
junctions between neurons.’' In addition, Barnes and colleagues® have molecularly
characterized unc-24. This gene codes for a stomatin-like protein and probably serves
as part of a transmembrane cation channel.

Taken together, these data can be used to construct a model. unc-I may be
necessary to maintain calcium homeostasis, a factor thought to be important in the
effects of volatile anesthetics.” unc-79 may be involved in the correct tethering (i.e.,
it is a modulator of neurocalcin). Loss of unc-79 led to increased blocking of
transmembrane calcium flux. This would lower intracellular calcium and may lead
to the fainting phenotype as well as increased sensitivity to some anesthetics. In
turn, because unc-79 is homologous to a variety of membrane-associated glycopro-
teins, unc-80 may be necessary for the correct glycosylation of unc-79. It must be
remembered that these results are preliminary, and further proof of their identity is
necessary. The roles of unc-7 and unc-24 are also unclear, but they may function
with unc-1 in determining calcium flux or be part of the downstream functions
affected by the changes in intracellular calcium. However, it is clear that a genetic
approach can be used to determine the molecular nature of pathways affected by
volatile anesthetics.

4.5.2.4 Other End Points for Anesthesia in Nematodes

Crowder® and colleagues have argued that the high ECs, values for immobility in
nematodes raises the question of the appropriateness of this end point as a model
for loss of consciousness in mammals. They have identified several other behaviors
in nematodes that are altered at concentrations of 0.5 to 2% halothane. These end
points include normal motion, mating, chemotaxis, and egg laying. In general, these
behaviors also follow the Meyer—Overton relationship and are quickly reversible.
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Two Different Genotypes with Normal Sensitivities
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FIGURE 4.6 The general plan for obtaining alterations in sensitivity to anesthetics using
recombinant inbred strains. Two genetically different strains, both with normal phenotypes,
are mated to produce hybrid offspring. Because the normal phenotypes in the parents are the
result of interaction of many genes, all of which may have undergone small genetic changes,
the mixing of the gene products may lead to wide variation in function of the pathway
involving the genes. As a result, one may get a pathway with multiple changes in it and
observe large changes in sensitivity. Such changes may not be seen in animals with single
mutations. The problem then is to determine which changes are most important in determining
the phenotype (i.e., anesthetic sensitivity).

At present, no single mutations have been isolated that specifically alter sensitivities
to volatile anesthetics using these end points.

Crowder, et al. has taken a different approach to isolating genes affecting these
more sensitive endpoints. They have mated worms from two different wild-type
strains of C. elegans (Bristol and Bergerac) and isolated hybrid strains from the
offspring. These hybrid lines are inbred and termed recombinant inbred strains. Some
of the resulting strains are significantly altered in their sensitivity to anesthetics
(Figure 4.6). As an example they have identified strains varying by a factor of 5 in
sensitivity to halothane when using normal mating as an end point. In addition, they
have isolated strains resistant to 5% halothane using mobility as an end point, an
isolation that was not possible in screens of single mutations by Morgan and Sedensky
(Crowder, personal communication). These strains are interesting in that they contain
combinations of entirely normal sets of genes, some from one strain and some from
the other. In theory no genes have been mutated. Rather, it is the interaction of, and
changes between, groups of genes (and not one specific gene) that causes the varied
response. By examining a large number of hybrid strains with altered sensitivities
they are now mapping the regions of the genome responsible for the changes. It will
be of great interest to correlate these two approaches as the characterizations progress.

In an evolutionary sense, C. elegans is far removed from Homo sapiens. The
phenomenon of “anesthesia,” however, appears to be a highly conserved phenomenon
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shared by very disparate phyla. The excellent adherence of so many different species,
including C. elegans, to the Meyer—Overton relationship, speaks to this point.
Clearly, volatile anesthetics disrupt some of the most fundamental processes of
neuronal function, ones that exist in many species. As in C. elegans, there must
exist in humans a group of genes that specifies the molecular components of the
anesthetic site of action. It is likely that these genes may bear some degree of
resemblance to those of C. elegans (certainly other C. elegans genes have their
counterpart in mammalian species). Many genes of basic importance to neuronal
function, such as the GABA, or ACh receptor, are very similar throughout much
of their sequences across very different species, attesting to phylogenetic conserva-
tion of some basic neuronal components.” Genes isolated from C. elegans can be
used to probe other species for DNA of similar structure in hopes of finding genes
of similar function.

4.5.3 DROSOPHILA MELANOGASTER

A similar approach to that used in C. elegans is being undertaken in the fruit fly,
Drosophila melanogaster, which has many well-studied mutants with easily seen
morphologies. However, Drosophila is more complicated than C. elegans.>* For
example, it contains 100 times as many neurons with C. elegans. This complexity
can certainly be viewed as an advantage compared with C. elegans, in that the
nervous system may more closely model that of mammals.>> Although more
complex than C. elegans it is very amenable to techniques of cloning and sequencing
genes.’>% As noted by Nash and colleagues, the ECs, values for immobility in
Drosophila more closely match those of mammals than do those of the nematode.
(These difference have been discussed in Refs. 56 and 59.)

More than 15 years ago, Gamo et al.*%! isolated a variant of the normal fruit
fly, D. melanogaster, that was resistant to certain anesthetics. This variant, termed
Eth-29, was a spontaneously arising mutant, derived from a strain that carried several
other mutations, with an unknown number of changes from the wild type. Eth-29
was resistant to anesthetizing doses of diethylether, chloroform, and halothane,
compared with the strain from which it was derived.®' These strains differed from
each other by approximately 50 to 100% in their respective ECs, values. However,
each characteristic resistance was not controlled by the same gene. For example, the
mutation that conferred halothane resistance was genetically mapped as an X-linked
recessive mutation (a mutation on the X or sex chromosome), whereas the resistance
to chloroform was an incompletely dominant gene on an autosome (not on the sex
chromosome). Thus, although both are among the most lipid-soluble volatile anes-
thetics, and both are halogenated hydrocarbons, at least two different genes control
their function separately in Drosophila.

Whole flies of the Eth-29 strain were analyzed for changes in lipid composition
compared with the sensitive strain. No difference was found in total lipids or
phosphorylation of certain lipids between the two strains. However, a difference was
found in the number of various molecular forms of phosphatidylethanolamine (PE);
the resistant strain contained a relative decrease of unsaturated fatty acids.®' This
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particular property of the resistant strain was related to genes on both the X and the
third chromosome.

In addition, Eth-29 has many other interesting properties. It is also resistant to
killing doses of diethylether, chloroform, and halothane, although very sensitive to
X-rays at both lethal and nonlethal (“knock-down,” a dyskinetic result of X-rays felt
to be related to neuronal damage) doses.®> All of these properties map to different
chromosomes, with major and minor effects from different genes. Clearly, Eth-29
is complicated, containing multiple mutations that affect many different processes,
which may interact with one another in complex and as yet undefined ways. It is
illustrative of the importance of isolating single gene changes that control anesthetic
response. More recent work by Gamo et al.®* describes attempts to identify the
molecular changes in the ether-resistant mutants.

Krishnan and Nash> have isolated mutants of D. melanogaster that have altered
responses to halothane. These authors mutagenized flies and performed column
fractionation of the flies in an “inebriometer.” Individuals sensitive to halothane fell
out of the column while those that were resistant settled on baffles within the column.
Flies not falling out of the column were collected and used to establish mutant
strains. The authors mapped these mutations to the X chromosome. Four halothane-
resistant mutants were isolated in this fashion. They were termed har (halothane
resistant) 38, har 56, har 63, and har 85. Dose-response curves of these strains
exposed to halothane are shown in Figure 4.7.

Genetic characterization of these mutants shows that har 38 and har 85 are
recessive mutations, and har 63 is dominant. The authors then mapped the two
recessive mutations to a narrow region on the X chromosome, so close to each other
that they may be mutations in the same gene. To test whether har 38 and har 85 are
two alleles of the same gene, the authors constructed females carrying one X
chromosome for each strain. These animals, called heterozygotes, behaved similarly
to an animal with both X chromosomes from either har 38 or har 85. This is called
partial complementation and suggests that har 38 and har 85 are alleles of the same
gene, or somehow interact with each other to produce resistance to anesthetics.

The behavior of unanesthetized har 38 and har 85 is also quite interesting.
Krishnan and Nash describe their motion as walking by fits and starts, taking a few
steps and then stopping before starting again. This phenotype is very reminiscent
of the “fainting” phenotype of the unc-79 and unc-80 mutants in C. elegans, which
show altered sensitivity to halothane. In addition, Campbell and Nash®* have found
that har 38 and har 85 exhibit altered large changes in sensitivities to methoxyflurane,
chloroform, and halothane, but less striking changes in sensitivities to enflurane,
isoflurane, and diethylether. Nash and colleagues have concluded that multiple sites
of action exist for volatile anesthetics in Drosophila. A similar pattern is seen in the
C. elegans mutants unc-79 and unc-80. It is fascinating that these phenotypic changes
are similar across a wide phylogenetic gap. A highly conserved neurophysiologic
function may be common to these very different species. It is clear that these mutants
in Drosophila offer an exciting opportunity to learn more about an anesthetic site
of action. As was discussed earlier, these mutations offer a mechanism to exploit
molecular genetics to determine the protein product of these genes.
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FIGURE 4.7 Change in anesthetic response in Drosophila melanogaster as described by
Nash and colleagues.®* The figure shows the responses of four mutants isolated by this group
when exposed to a variety of volatile anesthetics. Note that for har38 and har85, there are
large changes in sensitivity to halothane, methoxyflurane, and chloroform, but smaller changes
to ether, enflurane, and isoflurane. These results are reminiscent of the changes seen in unc-
79 and unc-80 in Caenorhabditis elegans, although the changes are in the opposite direction.
The authors also noted that the pattern of sensitivities was dependent on the end point used
to determine anesthesia. (Reproduced with the permission of the authors.)

Nash and colleagues® have also studied specific mutations, isolated in other
screens, that alter known ion channels. They have found that these mutations also
alter sensitivity to volatile anesthetics. They conclude that, in the complicated picture
emerging from these genetic studies, ion channels have roles in the pathways gov-
erning sensitivity to volatile anesthetics. A separate approach has been used by
Dapkus et al.® These authors studied halothane sensitivity in two different wild-type
strains of Drosophila known as 91R and Canton-S. They found that the ECy, of 91R
was 69% greater than that for Canton-S in females. (The difference was 48% in
males.) By measuring the sensitivities of offspring between these strains they showed
that this difference mapped to the second chromosome and acted as a dominant gene.

In summary, multiple studies have identified genetic components of sensitivity
to volatile anesthetics in D. melanogaster. In addition, multiple genes are clearly
involved; altered sensitivity to one volatile anesthetic does not imply alterations in
sensitivities to all. Again, as in the nematode (and mouse, see below), multiple sites
of action seems to be the simplest explanation.
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4.5.4 Mus muscuLus

In studies involving the mouse, Mus musculus, one deals with the same tradeoffs
described for flies and nematodes. One sacrifices ease of genetics and a simple
nervous system in mice, but one gains a nervous system that more closely approx-
imates that of man.%’ In addition, the advancement of molecular genetics has
extended to this organism as well, such that many genes have been cloned in mice.®
Eventually many of the advantages of the more simple organisms will be present in
the mouse as well.

Whereas Eth-29 was a spontaneous mutant in flies, Koblin and colleagues®
purposely bred mice to generate differences in sensitivity to N,O. Mice were picked
that were either resistant or sensitive to N,O. By mating these mice to each other
over several generations, strains were developed that, at the extremes of behavior,
were different from each other in sensitivity to N,O by nearly a factor of 2. Pre-
sumably Koblin et al. isolated naturally occurring variants of multiple genes con-
trolling sensitivity to N,O. Membranes from neural synapses were extracted from
the brains of these mouse strains. No difference was found in fatty acid composition
of any of the five phospholipids analyzed in the study.

Other genetic studies of anesthetic action in mice center on the susceptibility of
certain strains of mice to alcohol. (For excellent reviews, see Phillips et al.”® and
Harris and Allan”'.) Like the volatile anesthetics, the straight-chain alcohols and
alkanes follow the Meyer—Overton relationship, using the oil/water partition coeffi-
cient of these aqueous solutions plotted against EDs,. This fact led to the assumption
(now under question) that these agents worked at the same site of action as did the
volatile anesthetics. One candidate for a site of ethanol action in the mouse has been
the GABA, receptor, a transmembrane channel that mediates flow of CI- ions.”™ In
general, ethanol seems to increase chloride flux through such channels. However,
these studies were initially in vitro experiments. A genetic approach was necessary
to extrapolate these results to the in vivo situation.

These genetic studies take advantage of selected genetic lines, lines started from
breeding pairs with large differences in sensitivity to certain drugs (similar to Kob-
lin’s approach described previously).”>7? It is crucial to remember that these lines
probably differ in multiple genes. In this case most studies have centered on strains
with an increased sensitivity (called long sleep [LS]) or decreased sensitivity (called
short sleep [SS]) to ethanol.”*77 However, other lines have also been developed with
differences in sensitivity to diazepam (diazepam sensitive [DS] or diazepam resistant
[DR]),” or differences in acute sensitivity to ethanol (high acute sensitivity [HAS]
or low acute sensitivity [LAS]).” The sensitivities of each of these lines is then
forced to deviate further from normal by constant selection and breeding of those
individuals with the greatest differences in sensitivities. These strains are then ana-
lyzed for molecular changes that may account for these differences. Ideally, once
this selection has been carried out for many generations, only those genetic differ-
ences that lead to the phenotypic differences in question (altered sensitivity to
ethanol) should persist. The real world is seldom ideal, and these studies are no
exception. For example, LS and SS mice have been shown to differ in a number of
responses other than sensitivity to ethanol.
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In general the strains with increased sensitivity to ethanol (LS) have increased
sensitivity to GABA agonists and drugs that potentiate GABA.763083 All of the
ethanol-sensitive strains show increased ethanol enhancement of GABA ,-stimulated
CI- flux. These studies and others strongly implicate the flux of chloride through
GABA , channels as a site of action for ethanol intoxication. However, as was pointed
out by Dudek and Abbott, 8 the LS and SS strains differ in at least nine genes related
to ethanol sensitivity. Therefore, multiple molecular changes may be affecting eth-
anol sensitivity in these mice. The effect of ethanol on other sites (voltage-gated
calcium channels, sodium channels, potassium channels) is unclear at present. Thus,
these lines of mice present the additional problem of sorting out which molecular
changes are of importance. Mice, although clearly more similar to humans, also
possess enough complexity that the molecular analysis of genetic changes is still
equivocal. Such a problem necessitates a multifactorial analysis of the altered sen-
sitivity. However, any results will probably be easily applied to a polygenic control
of anesthetic response in humans.

The relationship of sites of action for ethanol with those for volatile anesthetics
is unclear. Erwin et al.® showed that sensitivity to diethylether did not increase in
LS mice. Baker et al.3¢ found that LS mice did not have an increased sensitivity to
halothane. These studies led to the conclusion that volatile anesthetics probably did
not work at the same sites of action as ethanol. However, in 1981, Koblin and Deady®’
showed that LS mice did have increased sensitivities to the chemical isomers enflu-
rane and isoflurane. These studies may have indicated as early as 1981 that not all
volatile anesthetics work by identical mechanisms. In addition, it was the first
indication that sensitivity to ethanol may be similar in mechanism to that of enflurane
or isoflurane. Related studies in rats, however, indicate that some genetic changes
can simultaneously alter sensitivity to ethanol, isoflurane, and halothane.®® It is quite
possible that ethanol and enflurane may preferentially affect the same site, whereas
halothane and diethylether may affect other targets (a result observed also in nem-
atodes and flies).

4.5.5 HoMO SAPIENS

If genetic differences in sensitivities exist in various model organisms, why do we
not see them in man? The answer is that it is very difficult to look for them. The
initial determinations of minimum alveolar concentration (MAC) for the various
anesthetics were done in healthy individuals and in a small sample size (by genetic
standards). Thus, although these studies determine the mean for a population quite
well, they are not intended to identify outlying groups of responders. To do so one
would have to look at a much larger sample size and, of course, be able to study
patients with other neurologic changes.

One could expect that such individuals, with abnormal responses to volatile
anesthetics, would appear in the operating room occasionally. Their altered sensi-
tivity should be noted and appear as a case report. The problem is almost none of
our patients receive just one volatile anesthetic for their anesthetic technique. The
addition of sedatives, opiates, and muscle relaxants makes it very difficult, if not
impossible, to determine an altered sensitivity to volatile anesthetics. If one adds
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to this the complication of possible altered sensitivity to one volatile anesthetic and
not others, recognition becomes very difficult indeed. Probably all of us in practice
have cared for patients who seemed very sensitive to our anesthetics as a whole.
The usual response in the clinical world is to modify our usual techniques, changing
doses of several medications. It becomes impossible to identify one causative
critical component.

However, the studies in model organisms should eventually aid us in identifying
populations of humans at risk for altered sensitivities. A great number of mutations
in these animals have corresponding diseases in humans (see, for example, Pompe’s
disease). In the end it may be of great value to be forewarned about potential
increased sensitivities to specific volatile anesthetics in specific inherited conditions.

4.5.6 Future WoRK

It is clear that molecular genetics is poised to make great contributions to the
understanding of how volatile anesthetics work. This will initially require cloning
and molecular identification of the genes that control anesthetic responses. In C.
elegans and S. cerevisiae some of the involved genes have been identified, and their
interactions with volatile anesthetics are now being characterized. Work is underway
to characterize the genes involved in D. melanogaster. It will be of interest to
determine whether similar changes in more complicated organisms (i.e., mammals)
also confer altered sensitivities to volatile anesthetics.

In mice (and flies) the ability exists to obtain targeted mutations, a technique in
which one introduces a mutation in a specific gene in order to observe the resulting
effect on the whole organism. An initial possibility will be to determine if genes
exist in mice that are homologous to those isolated in yeast or worms or flies. If so,
these genes (or their homologous parts) can be cloned into plasmids. These sequences
can then be altered in desired ways while in the plasmid, and the altered sequences
can be reintroduced into mouse embryos. At a low rate these sequences may be
taken up into the homologous gene in the mouse, thus introducing a mutation into
a targeted position. This allows one to return to the more usual approach of altering
a specific condition (in this case a gene) and observing the effect on the entire animal
(see the first paragraph in Section 4.2). Such a technique can then be used to identify
if mutations in similar genes alter sensitivities in mice.

The use of targeted mutations can be used in other experiments as well. First,
one can make educated guesses as to what might be an anesthetic target (say a
GABA channel subunit). Mutations may be targeted in this gene and the resulting
mutant animals studied for altered sensitivity to anesthetics. Once a particular gene
is implicated small mutations can be introduced in specific regions of the protein to
identify important structure—function relationships (i.e., to analyze which part of the
protein is important for the action of volatile anesthetics).

In yeast, nematodes, and flies, one can also collect multiple alleles of genes
affecting sensitivity to volatile anesthetics and directly sequence the alleles. By
determining where in the protein the changes occur, one can find out which regions
of a protein are important in determining anesthetic sensitivities. This approach
attempts to gather data similar to those discussed above via targeted mutations.
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Obviously, one must be able to collect many alleles of a gene to make this approach
work. Thus, this approach is most useful in yeast, nematodes, and flies, but not as
useful in mice.

4.6 SUMMARY

The genetic data from these model organisms can be grouped to form an interesting
picture. For example, in each organism genetic control of sensitivity to halothane
differs from that of enflurane, indicating that the volatile anesthetics may disrupt
different specific sites. These separate sites may be highly conserved across species
as are, for example, the family of chemically gated cation channels.” If so, one
should be able to use the organisms described here to probe the human response
to volatile anesthetics. It is difficult to predict exactly how this work may affect
clinical practice. Certainly synthesis of a “perfect” anesthetic, or induction of
endogenous anesthetics, awaits some basic knowledge of the mechanism of action
of volatile anesthetics.

To date, no studies have yielded a molecular picture of the site of action of
volatile anesthetics. However, a genetic approach to understanding how the volatile
anesthetics work is becoming increasingly attractive as it becomes increasingly easy
to understand at the molecular level how a gene works. This rapidly evolving field
offers the exciting possibility that in the very near future we will know something
of the molecular nature of the site of action of volatile anesthetics, and thus some-
thing of their mechanism of action.
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5.1 INTRODUCTION — A DEFINITION OF
ANESTHESIA

From the title of this chapter, the reader is expected to understand what is meant by
the “activity” of an inhaled “anesthetic,” yet the terms activity and anesthesia are
difficult to define. When an anesthetic is described as being “active,” it is implied
that varying degrees of activity may exist and that anesthetics can also be “inactive.”
One situation in which inhaled anesthetics are considered to be inactive is when
they are administered at relatively low concentrations (partial pressures) such that
they have no obvious behavioral or physiologic effects. An example of an inactive
agent might be breathing 0.79 atm nitrogen in room air at atmospheric pressure.
However, when air is breathed at hyperbaric pressures greater than 3 atm, the
presence of nitrogen in air produces behavioral changes in humans that include
euphoria, a slowing of mental activity, and impaired neuromuscular coordination.
Should nitrogen be labeled an anesthetic, and if so, at what partial pressure does
nitrogen change from being inactive to active?

The dictionary? provides a starting point for the definition of general anesthesia:
“loss of ability to perceive pain associated with loss of consciousness.” However,
the loss of ability to perceive pain (analgesia) is considered by some investigators
as a desirable supplement to and not a component of general anesthesia,* and others
would include in the definition of clinical anesthesia the capacity to provide immo-
bility in response to surgical incision (in the absence of muscle relaxants) and the
production of amnesia.>*

Also lacking from the dictionary definition of general anesthesia is the important
component of reversibility. From a clinical viewpoint, it would be a worried group
of patients and anesthesiologists if the loss of consciousness produced by inhaled
agents was not predictably reversible. From a research viewpoint, the demonstration
of reversibility is necessary to distinguish the toxic side effects of experimental
agents from their anesthetic properties.

From the above discussion, it is clear that complete agreement does not exist as
to what constitutes general anesthesia. Nevertheless, properties associated with the
administration of inhaled anesthetics, such as immobility, amnesia, and analgesia
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can be measured and quantitated as a function of the partial pressure of the anesthetic.
The analysis of structure—activity relationships may depend on which behavioral
end point is used to measure anesthetic activity. In the present chapter, the discussion
of activity will be limited to the potency of inhaled anesthetics in whole organisms.

5.2 MEASUREMENT OF ANESTHETIC ACTIVITY

5.2.1 DETERMINATION IN ANIMALS

5.2.1.1 MAC (Minimum Alveolar Concentration)

Most measurements of inhaled anesthetic potencies involve the abolishment of
movement (either induced or reflexive/spontaneous) as an anesthetic end point. The
most often employed measurement of anesthetic potency is MAC, the minimum
alveolar concentration, (at 1 atm) of an agent that produces immobility in 50% of
animals administered a supramaximal noxious stimulus.’ In mammals, the noxious
stimulus is usually produced by clamping the tail or by passing electrical current
through subcutaneous electrodes. The standard is to apply the stimulus for 60 s if
no movement occurs (negative response). A “gross purposeful muscular movement,”
typically of the head or extremities, occuring within the 60-s stimulation period
constitutes a positive response.’ Tail clamp and electrical stimulation give equivalent
values for MAC provided care is taken to apply a voltage that is high enough to
give a supramaximal electrical stimulus, and yet a voltage low enough to avoid tissue
damage and desensitization.® For a given inhaled anesthetic, MAC is approximately
constant across species, although differences of 30 to 50% in anesthetic potencies
within species are not unusual®>’ (Table 5.1).

An advantage of using the alveolar concentration (estimated by sampling the
end-tidal [i.e., end-expiratory] gas) as a measure of anesthetic activity is that this
concentration directly represents the partial pressure of anesthetic achieved in the
central nervous system and (provided adequate time is allowed for equilibration) is
independent of the uptake and distribution of the agent to other tissues.® Often,
anesthetic potencies are determined (especially in small animals) using inspired
rather than alveolar concentrations. However, it must be recognized that this over-
estimates the “true” MAC and applies best to rapidly equilibrating (poorly blood-
soluble) agents. In rats, even after a 3-h equilibration period, inspired concentrations
were 9% greater for halothane and 3% greater for isoflurane than alveolar (end-
tidal) concentrations.’

The standard deviations associated with MAC determinations are typically on
the order of 10 to 20% of the mean value (see Table 5.1). Thus, it may be difficult
to discern differences in MAC values that are separated by approximately 20% (e.g.,
MAC differences among strains of the same species!?). Nearly twofold differences
in MAC in the same species can occur over the extremes of age!' or over a 10°C
change in body temperature for a potent volatile agent.!>!?

From the above discussion, it is clear that several parameters need to be con-
trolled for accurate MAC determinations. The species and age of the animal need
to be known. Temperatures should be monitored and maintained at normal body
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TABLE 5.1

Anesthetic Requirements (Mean + SD) for an
Alkane (Halothane, CF,CBrCIH) and an Ether
(Isoflurane, CF,HOCCIHCF,) in Various Adult
Species as Meaured by Minimum Alveolar
Concentration (MAC)

Halothane MAC  Isoflurane MAC

Species (% atm) (% atm) Ref.
Human 0.74 £ 0.23 1.23 +£0.23 87,91
Monkey 1.15 £ 0.20 1.28 £ 0.18 85
Pig 0.90 + 0.15 1.49 + 0.09 86
Horse 0.88 + 0.09 1.31 £ 0.21 94
Sheep 0.97 + 0.09 1.58 + 0.16 93
Goat 1.3 +0.1 1.5+0.3 92
Dog 0.87 £ 0.12 1.41 £0.18 46, 78
Cat 1.19 £ 0.15 1.61 £ 0.10 79
Rabbit 1.39 £ 0.23 2.05 +0.18 79
Ferret 1.01 £ 0.10 1.52 + 0.10 89
Guinea pig 1.01 + 0.08 1.15+0.13 90
Rat 1.03 + 0.04 1.46 + 0.06 9
Mouse 0.95 + 0.07 1.34 £ 0.10 22
Crane ND 1.34 £ 0.14 88

levels. Equilibration with the test anesthetic needs to be assured, and end-tidal or
inspired concentrations need to be measured by quantitative techniques (e.g., gas
chromatography). The noxious stimulus provided for testing must not produce tissue
injury to the extent that the animal is desensitized to the stimulus. Adequate oxy-
genation needs to be provided and documented, especially with the use of closed-
circuit systems. Excess carbon dioxide accumulation in the anesthetic circuit needs
to be avoided either by performing the experiments at a high flow rate or by
circulating gases in a closed anesthetic system through a carbon dioxide absorbant
(e.g., soda lime). Finally, reversibility of anesthesia must be demonstrated.

5.2.1.1.1  Central Nervous System Determinants

Traditionally, most investigators have assumed that surgical anesthesia results from
an interaction of anesthetics with certain brain structures. Although this is probably
true for the production of amnesia, recent experiments indicate that for the end point
measured by MAC (i.e., motor response to noxious peripheral stimulation), the site
of anesthetic action resides in the spinal cord, not the brain.

Isoflurane MAC in rats is not altered by decerebration (including removal of
thalamus and hippocampus).'* Furthermore, high thoracic spinal cord transection
and functional separation of the rat brain from the spinal cord does not alter isoflurane
MAC." These two studies in rats suggest the spinal cord as the site of anesthetic
inhibition of motor response.
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The goat, which has a cerebral blood supply that allows for the preferential
anesthetization of the intact brain, provides an additional model for examining the
relative importance of anesthetics in brain versus spinal cord.'® When isoflurane is
isolated to the head and brain, MAC in the goat is more than twice the value found
when anesthetic is administered via the native circulation.'® This finding in a second
species confirms the importance of extracranial structures in anesthesia as defined
by MAC, although it remains possible that the brain modulates MAC by neurotrans-
mission through descending pathways to the spinal cord.!”

5.2.1.2 Righting Reflex (Rolling Response)

With small animals (e.g., mice), a commonly used end point of anesthetic require-
ment is the righting reflex EDs, the anesthetic concentration that abolishes the
righting reflex in 50% of animals. For inhaled anesthetics, animals are typically
placed in individual cages that can be rotated in a given gaseous environment and
are defined to be anesthetized when they meet specific criteria (e.g., mice rolling
over twice during five complete turns of a rotator set at 4 rpm'8). (Strictly speaking,
a righting reflex [animal regaining an “all fours” position within a given time once
rocked off its feet] may be distinguished from a rolling response tested with a rotating
cage. For present purposes, the term “righting reflex” typically refers to assessment
of righting ability using a rotating cage.) This method is most applicable to rapidly
equilibrating (poorly blood-soluble) agents because only inspired concentrations can
be measured as the animals are too small to obtain alveolar samples. Only with
adequate equilibration can it be assumed that the partial pressure of the inspired gas
is representative of the anesthetic partial pressure at the site of action. The use of
small animals and measurement of inspired concentrations facilitates work with
agents at extreme environmental conditions (e.g., high pressures). Righting reflex
EDj, values for inhaled anesthetics can also be quantitated in nonmammalian species
in aqueous environments (e.g., newts'” and tadpoles?).

For any given inhaled anesthetic, the righting reflex ED, is less than MAC. For
example, righting reflex EDs, values in mice for isoflurane and enflurane are approx-
imately 0.7 and 1.2% atm, respectively, values that are about one half the MACs
for these anesthetics?'2* (Table 5.1).

5.2.1.3 Anesthetic Potencies in Very Small Organisms

Investigators of anesthetic mechanisms have employed small, nonmammalian,
organisms because of their relative ease in genetic manipulations and well-defined
nervous systems. Anesthetic requirements in these organisms have been estimated
using a variety of end points, including withdrawal response of snails to gentle
mechanical stimulation;>* swimming activity in the freshwater shrimp initiated by
an electrical stimulus;> movement of the water flea to a strong light;?® loss of
locomotion in nematodes?’ (Chapter 4), and for the fruit fly Drosophila melanogaster,
an ability to respond after stimulation with a paint brush? or disruption of negative
geotaxis (the normal ability of flies to climb upward).? The meaningfulness of these
various anesthetic end points in small organisms to surgical anesthesia in humans
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remains to be established. It seems reasonable to assume, however, that for the model
to have clinical relevance, the end points in these small organisms should be affected
by anesthetic concentrations that are similar to MAC in humans.

5.2.2 DETERMINATION IN HUMANS
5.2.2.1 Surgical Incision and Other End Points

Determination of MAC in humans usually involves observation of movement versus
no movement in response to surgical incision. These patient studies are more difficult
to control than measurements in animals. The patients cannot be taking other drugs
and cannot receive preoperative medications or intravenous drugs used for “smooth-
ing” anesthetic induction because such adjuvants may alter the anesthetic require-
ment (e.g., narcotics can decrease isoflurane MAC by ~50 to 90%3°). For MAC
studies in humans the surgeon must also delay incision until adequate equilibration
has been achieved, as documented by the measurement of end-tidal gas samples.
Alternatively, MAC can be measured in volunteers using electrical stimulation to
the ulnar nerve,’! but this may provide less than a supramaximal stimulus.??

Aside from the six inhaled agents (nitrous oxide, halothane, enflurane, isoflurane,
desflurane, and sevoflurane) in current clinical use, MAC in humans has been deter-
mined for only six additional anesthetics (Table 5.2). MACs of these agents in humans
vary ~500-fold, from a low of 0.16% atm for methoxyflurane to a high of 1.04 atm
for nitrous oxide (measured in volunteers in a hyperbaric chamber) (Table 5.2).

Other clinical end points besides response to skin incision have been utilized as
measures of anesthetic potency. The partial pressure of isoflurane required to supress

TABLE 5.2
Minimum Alveolar Concentrations (MACs) in
Humans

MAC?

Anesthetic (% atm) Chemical Structure  Ref.
Nitrous oxide 104 N,O 31
Halothane 0.74 CF;CBrCIH 87
Enflurane 1.68 CF,HOCF,CCIFH 5
Isoflurane 1.23 CF,HOCCIHCF; 91
Desflurane 7.25 CF,HOCFHCF; 32
Sevoflurane 2.05 CFH,0CH(CF;), 95
Methoxyflurane 0.16 CH;0CF,CCl,H 5
Cyclopropane 9.2 c(C3Hg) 5
Fluroxene 3.4 CF;CH,0CH=CH, 5
Ethylene 67 CH,=CH, 5
Diethylether 1.92 CH;CH,0CH,CH;4 5
Xenon 71 Xe 97

2 Typical values for adults, ~30 to 40 years old.
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eye opening to verbal command is less than (~40% of) isoflurane MAC, whereas
the isoflurane concentration needed to prevent movement in response to tracheal
intubation is greater than (~150% of) isoflurane MAC for skin incision.*

5.2.2.2 Amnesia

A major clinical goal with the use of inhaled anesthetics is to make the patient
oblivious to the surgical procedure. This goal is often not achieved with patients
requiring emergency surgery for trauma when only limited amounts of inhaled
anesthetics can be administered because of hemodynamic instability, and there is a
high incidence (up to 43%) of recall of surgery.>* The abilities of inhaled agents to
produce amnesia can be tested under more controlled conditions in volunteers.®
Learning tasks used as a measure of memory can be quantitated and are disrupted
at inhaled anesthetic concentrations that are lower than those of MAC required to
prevent response to surgical incision (e.g., ~0.3 MAC for isoflurane and desflurane
and ~0.6 MAC for nitrous oxide).3>3¢

5.3 STRUCTURAL VARIATIONS — IMPLICATIONS
FOR LIMITED VERSUS MULTIPLE SITES AND
MECHANISMS OF ANESTHETIC ACTION

The chemical structures (see Table 5.2) and physical properties of inhaled agents
that produce anesthesia vary considerably. They range from an inert element (xenon),
to explosive/flammable compounds (cyclopropane, diethylether), to compounds that
undergo extensive biotransformation (e.g., methoxyflurane metabolism results in
nephrotoxic levels of fluoride ion).

Given the structural diversity of the inhaled anesthetics, it is difficult to imagine
how all of these agents could act on a single site via a single mechanism of action.
Exactly how many sites/mechanisms might be involved is an ongoing debate.’”-3
Correlations of anesthetic activities (e.g., MAC) with physicochemical properties of
anesthetics have been used to search for common sites and mechanisms of general
anesthetic action (Chapter 1). One approach in trying to relate the activity of an
anesthetic to its structure and physical properties is to examine anesthetic activities
(potencies) in a homologous series of compounds (e.g., n-alkanes). Because of safety
and practical limitations, only a limited number of compounds can be administered
to humans (Table 5.2), and thus most structure—activity relationships in a homolo-
gous series of anesthetics need to be quantitated in animals.

5.4 GASES — INERT AND OTHERWISE

Many beginning investigators are simultaneously excited and confused upon first
learning that xenon is an excellent anesthetic, because it is difficult to conceive how
such an “inert” element could produce such a profound physiologic effect. Indeed,
this phenomenon of “inert gas anesthesia” has even stimulated (and baffled) Nobel
Prize-winning chemists.?*#0 Of the noble gases, the most potent anesthetic is xenon,
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and potency progressively decreases with decreasing atomic weight (Table 5.3).
Helium and neon have no detectable anesthetic effect at high pressures (~100 atm),
and administration of these high pressures may actually antagonize the effects of
conventional inhaled anesthetics and initiate convulsions (Chapter 4). Nevertheless,
examinations of differences in anesthetic depth in tadpoles between hydrostatic
versus helium and neon pressures are consistent with small inherent anesthetic
properties of these noble gases.*!

Nitrous oxide potency (as determined by MAC) varies more among species than
most other anesthetics, and more than a twofold difference in nitrous oxide require-
ment exists between humans and rodents?!3424 (see Table 5.3). Although MACs
in humans for gases other than nitrous oxide and xenon have not been measured,
sulfur hexafluoride and nitrogen impair psychomotor, perceptual, and cognitive
abilities in humans at relative potencies that are similar to the anesthetic potencies
in animals.®

TABLE 5.3
Potencies of Anesthetic Gases (Noncarbon Containing)
in Mammals

Potency Anesthetic
Gas (atm) End Point Species Ref.

Xenon (Xe) 0.71 MAC* Human 97
0.95 MAC Monkey 98
1.19 MAC Dog 46
0.95 Righting reflex® ~ Mouse 48
Krypton (Kr) 4.5 Righting reflex Mouse 48
Argon (Ar) 15.2 Righting reflex Mouse 48
Neon (Ne) >110 Righting reflex Mouse 96
Helium (He) >120 Righting reflex Mouse 96
Nitrous oxide (N,O) 1.04 MAC Human 31
1.88 MAC Dog 46

1.55-2.35 MAC Rat 42-44
>2.75 MAC Mouse 21

1.5 Righting reflex Mouse 18, 48
Sulfur hexafluoride 4.9 MAC Dog 47

(SFy) 14.6 MAC Rat ¢

6.9 Righting reflex Mouse 96
Nitrogen (N,) >43 MAC Dog 47
325 Righting reflex Mouse 96
Hydrogen (H,) ~2004 Righting reflex Mouse 99

4 Minimum alveolar concentration.

b Righting reflex is equated here to the rolling response, typically measured
by placing animals in a rotating cage.

¢ Unpublished; value for SF, (14.6 = 1.3; n = 10, + SD) based on additivity
experiments with desflurane.

4 Estimated by additivity studies with nitrous oxide.
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Because noble gases may constitute the centers of crystallized structures of water
molecules (hydrates), it was once proposed that hydrates were important in the
production of anesthesia.***° However, such crystal water formations cannot explain
the anesthetic properties of all of these gases.***® In general, these gases do obey
the Meyer—Overton hypothesis (i.e., the lipid solubilities of these gases correlate
with their anesthetic potencies) (Chapter 1).4348

5.5 ALKANES
5.5.1 HYDROCARBONS
5.5.1.1 Normal Alkanes

The normal alkanes constitute a series of compounds for which simple and progres-
sive changes in structure (i.e., increase in carbon chain length) can be related to
anesthetic potencies. Early (in the 1920s) qualitative observations defined anesthetic
properties of the alkanes methane (CH,) through octane [CH,(CH,),CH;], and a
tendency was found for increasing chain length to be associated with increased
anesthetic potency.*® In contrast, in 1971 Mullins®® reported that n-decane
[CH;(CH,);CH;] had no anesthetic effect. This observation was of considerable
theoretical importance because it opposes the “lipid theories” of anesthesia (Chapter
1) (as decane is a very lipid-soluble agent), and led to a proposal in which a critical
“molecular size” was deemed important in anesthetic action.’® However, these initial
studies with n-decane did not include details concerning the determination of anes-
thetic requirement nor the difficult measurement of n-decane concentrations.

Recent experiments have reexamined the anesthetic properties of ten consecutive
n-alkanes (methane through decane) in rats by measuring the inspired concentrations
of n-alkanes required to abolish response to electrical stimulation of the tail.*>>! Eight
compounds (methane through octane) provided anesthesia when administered alone
at partial pressures ranging from 9.9 to 0.017 atm.* Neither nonane nor decane were
anesthetic when administered alone, but they did have an anesthetic effect as demon-
strated by an ability to lower isoflurane MAC, and the anesthetizing partial pressures
of these compounds were estimated from additivity studies to be 0.0113 and 0.0142
atm, respectively.* With the exception of n-decane, anesthetic potencies increased
with increasing chain length.*-3! However, because of the considerable tissue solubil-
ities of the long-chain alkanes there is a large difference in the inspired-to-arterial
blood partial pressures, and the inspired partial pressures overestimate the alkane
partial pressures at the central nervous system site of action.’> When end-tidal samples
are obtained in tracheotomized rats, the anesthetic requirement (MAC) for n-decane
is 0.0024 atm, or about one sixth of the anesthetizing inspired partial pressure.>

Potencies of a series of n-alkanes have also been determined in the fruit fly using
geotactic behavior as the anesthetic end point.? As was found in the studies with
rats,*-152 alkane anesthetic potency in the fruit fly increased with increasing chain
length but the increase in potency was less than that predicted by the Meyer—Overton
rule.?® Anesthetic effects were also found for undecane [CH;(CH,),CH,] and dode-
cane [CH;(CH,),,CH;] but were small, variable, and slow to develop.?



132 Molecular Bases of Anesthesia

5.5.1.1.1  “Cut-Off Effect”

The “cut-off effect” describes the phenomenon where there exists in a homologous
series of compounds (e.g., the n-alkanes) a progressive increase in anesthetic potency
with successive homologues in the series (e.g., sequential addition of methylene
groups for the n-alkanes) until a point is reached where there is loss of anesthetic
activity. There are two possible reasons for this cut-off phenomenon for inhaled
agents.>® The first possibility relates to physicochemical properties of the inhaled
agent that may limit its delivery. This may occur either because of a limitation of
volatility (low vapor pressure), a limited aqueous solubility, or conversely because
the inhaled compound is so soluble in blood that an unduly long equilibration time
would be required for adequate amounts of the inhaled agent to reach its site of
anesthetic action (central nervous system).?*4932-54 The second possibility relates to
efficacy. It may be that the compound is able to reach the anesthetic site of action
but is unable to induce the perturbation required to produce anesthesia.>® For n-
decane, the lack of anesthetic potency when administered alone is at least in part
related to its limited delivery to the site of action, because of both its low vapor
pressure and its high solubility in blood.?%4%-32

5.5.1.2 Cycloalkanes

Cyclic hydrocarbons are more potent anesthetics than their n-alkane analogs of equal
carbon numbers. For example, the MAC of cyclopropane in rats (~0.2 atm)’ is about
one fifth the MAC for n-propane (0.94 atm),* and the MAC of cyclopentane (0.053
atm) is less than one half the MAC for n-pentane (0.127 atm).** As with the n-
alkanes,* the anesthetic potencies of the cycloalkanes tend to increase with increas-
ing carbon chain length until a cut-off phenomenon is observed, with cyclooctane
having no anesthetic effect in the rat> (although cyclooctane did produce anesthesia
in the fruit fly as assessed by geotactic behavior?).

5.5.1.3 Unsaturated Compounds

Hydrocarbons containing double bonds appear to have a relatively greater anesthetic
potency, although only limited information is available. For example, ethylene MAC
is 0.67 atm’ in humans and 1.32 atm?’ in rats, whereas the MAC for ethane in rats
is 1.59 atm.* Benzene (MAC = 0.0101 atm in rats) is approximately four times as
potent as cyclohexane (MAC = 0.042 atm).>

5.5.2 HALOGENATED ALKANES

The unsuitability of inhaled hydrocarbons for clinical anesthesia provided the impe-
tus to search for hydrocarbon alkane derivatives that might be more clinically useful.
Although cyclopropane and ethylene were at one time routinely administered to
patients and did have some favorable properties (e.g., rapid induction of and emer-
gence from anesthesia), there were distinct disadvantages (e.g., explosiveness/flam-
mability, cardiac arrhythmias). The approach taken to find a safer and more stable
inhaled anesthetic was to develop fluorinated compounds, because it was known
that the strong chemical bond between fluorine and carbon was nonreactive. In
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particular, the knowledge that the CF; moiety not only was very stable itself but
also reduced the reactivity of halogens on an adjacent carbon atom led to the
development of halothane.*®

5.5.2.1 Partially Fluorinated Alkanes

The influence of hydrogenation versus fluorination on anesthetic potency (MAC)
was systematically examined for methanes, ethanes, propanes, and butanes in rats.>’
For the methanes, CF,H, is the most potent, with a MAC of 0.72 atm (the MAC of
CH, [9.9 atm] being approximately tenfold greater). Of the ethanes, CF,HCF,H was
the most potent (MAC = 0.115 atm). The most potent propanes were CF;,CFHCFH,
(MAC =0.115 atm) and CF,HCF,CF,H (MAC = 0.146 atm), and CF,H(CFH),CF,H
was the most potent butane.”” Thus, for the partially fluorinated ethanes, propanes,
and butanes, there is a tendency to maximize anesthetic potency when the number
of hydrogen atoms equals the number of carbon atoms and when the hydrogen atoms
are distributed among the various carbon atoms of the molecules. Most partially
fluorinated pentanes, hexanes, and heptanes did not produce anesthesia when admin-
istered alone at their vapor pressures.’’

5.5.2.2 Perfluorinated Alkanes

Anesthetic properties of a series of completely fluorinated (perfluorinated) alkanes
from perfluoromethane (CF,) to perfluorohexane [CF;(CF,),CF;] were assessed by
MAC determinations in rats.”® Of the perfluoroalkanes, only CF, had anesthetic
properties when administered alone and its MAC was only slightly above the lethal
pressure.’® By performing additivity studies with a conventional inhaled anesthetic
(desflurane), the MAC of CF, was estimated at ~66 atm. In contrast, none of the
other alkanes [pefluoroethane through perfluorohexane, as well as CF(CF;);], when
administered at partial pressures near their vapor pressures, produced anesthesia
when administered alone nor did any of these agents lower the anesthetic require-
ments (MACS) for desflurane, isoflurane, or halothane.

The finding that perfluoroethane and perfluoropropane are ‘“nonanesthetic” in
the rat>® differs from previous results in mice where the potencies of these compounds
were estimated by righting reflex measurements to be ~18 atm.*® The reasons for
these differences are not entirely clear, although as was noted above, anesthetic
requirements as assessed by righting reflex are lower than those determined by
noxious stimulation (MAC) measurements. In addition, perfluoroalkanes at high
pressures cause respiratory depression, which may be associated with arterial carbon
dioxide elevation and relative hypoxia. The sustained coordinated activity of the
righting reflex in mice (having a greater metabolic rate than rats) may be more
susceptible to carbon dioxide elevation and hypoxia than the brief and minimally
coordinated movement required to respond to a noxious stimulus.>®

5.5.2.2.1 Definition of “Nonanesthetics”

The perfluoroalkanes exhibit a cut-off effect in potency, with perfluoroethane and
higher derivatives not producing anesthesia (as defined by MAC) when administered
alone at near their vapor pressures.”® However, the reason for the lack of anesthetic
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potency of the perfluoroalkanes differs from the reason for the cut-off effect of
n-decane® described above. Although n-decane does not produce anesthesia when
administered alone, n-decane does lower MAC for conventional anesthetics, dem-
onstrating that n-decane does have anesthetic properties.*” In contrast, the perfluo-
roalkanes perfluoroethane through perfluorohexane do not lower MAC for conven-
tional anesthetics even when administered at partial pressures near their vapor
pressure, partial pressures high enough so that they should have an anesthetic effect
as predicted by the Meyer—Overton hypothesis.’® The lack of anesthetic properties
of these perfluoroalkanes is not simply related to pharmacokinetics, because com-
pounds such as perfluoropropane and perfluoropentane do quickly reach the brain,
and the arterial and brain partial pressures of these “nonanesthetic” perfluoroalkanes
rapidly equilibrate with the inspired partial pressures of these agents.*

Thus, for a compound to be called a “nonanesthetic,”>%% it must (1) not
produce anesthesia when administered alone (as defined by MAC); (2) not decrease
anesthetic requirement (MAC) of conventional anesthetics; (3) be soluble in blood
and tissues and capable of reaching and equilibrating with the central nervous
system; and (4) be able to be administered at adequate partial pressures, such that
the inhaled partial pressures are sufficient to have an anesthetic effect as predicted
by the solubility of the agent in oil (lipid) according to the Meyer—Overton hypoth-
esis. Because MAC is used as the anesthetic end point in this definition, some may
argue that it might be more appropriate to call these compounds “nonimmobilizers”
rather than “nonanesthetics.” It is possible that such nonanesthetics fail to produce
immobility in response to a noxious stimulus but do cause amnesia.®' It is also
possible that compounds labeled as “nonanesthetic” have anesthetic properties but
that the effects are too small to be measured given the standard deviations associated
with the MAC measurements.

Examples of nonanesthetics, their homologues with anesthetic properties, and
solubilities in saline and olive oil are given in Table 5.4. Of note is the observation
that some of the nonanesthetics have considerable solubility in oil and provide
marked exceptions to the Meyer—Overton hypothesis (Chapter 1). Nonanesthetics
tend to have relatively low saline/gas partition coefficients, but there is no distinct
value of saline/gas partition coefficient that separates nonanesthetics from their
homologues with anesthetic properties (Table 5.4).

5.5.2.3 Chlorine and Bromine Substitutions

Initial screening studies performed in mice (using the righting reflex under nonequi-
librium conditions) demonstrated that the substitution of a chlorine or bromine into
a fluorohydrocarbon resulted in a more potent anesthetic, and that bromine was
several times more potent than chlorine in enhancing anesthetic potency.5>¢* For
example, the righting reflex EDs, values for CF,CCIH,, CF,CCLH, CF,CBrH,, and
CF,CBr,H, were 8.0, 2.7, 2.8, and 0.4% atm, respectively.®> However, it was also
recognized that increased substitution of hydrogen atoms by either fluorine, chlorine,
or bromine atoms was associated with excitory (convulsive) properties and that
completely halogenated alkanes were poor anesthetics.®> Indeed, most of the
nonanesthetic alkanes listed in Table 5.4 are completely halogenated, and the



TABLE 5.4

Examples of Inhaled Nonanesthetic Alkanes and Their Homologues with Anesthetic Properties

Saline/Gas Oil/Gas
Part. Coeff.2  Part. Coeff.

Nonanesthetics (37°C) (37°C)
CF,CF, 0.00135 0.146
CF,CF,CF, 0.000674 0.208
CF,CCIFCF, 0.0012 2.08
CF,CF,CF,CF; 0.000136 0.437
CF,CCIFCCIFCF, 0.0019 25.0
c(CF,), 0.0016 1.01
¢(CCIFCCIFCF,CF,)  0.0119 43.5
Cyclooctane 0.054 7010
1,3,5-(CF,;);C¢H, 0.013 264

Note: Part. Coeff., partition coefficient; c¢(CE,),,

Compounds with
Anesthetic Properties

CF,HCF,
CCIF,CF,
CBrF,CF;
CF;CFHCF;
CF,CBrFCF;
CB1F,CF,CF,CF;
CF,HCF,CF,CF,H
¢(CCIFCF,CH,CH,)
¢(CCIFCCIFCF,)
Cycloheptane

C¢Fq

perfluorocylclobutane;

Oil/Gas
Part. Coeff.
37°0)

Saline/Gas
Part. Coeff.
(37°0)
0.055 1.52
0.0027 1.03
0.0077 3.48
0.0215 2.77
0.0028 6.71
0.00102 10.4
0.158 30.4
1.58 248
0.0646 49.7
0.075 2780
0.40 251
¢(CCIFCCIFCF,CF,),

Rat MAC?
(atm)

1.51
7.8
2.2
0.95
3.7
2.0
0.058
0.014
0.222
0.014
0.0161

Ref.

57,58
60

60

57, 58
60

57, 100
58, 60
60

b, 60
55

55

1,2-dichloroperfluorocyclobutane;

¢(CCIFCF,CH,CH,), 1-chloro-1,2,2-trifluorocyclobutane; ¢(CCIFCCIFCF,), 1,2-dichloroperfluorocyclopropane; 1,3,5-(CF;),C¢H;, 1,3,5-

tris(trifluoromethyl)benzene; CF,, hexafluorobenzene.

2 Most compounds listed here did not produce anesthesia when administered alone (but commonly induce excitatory behavior), and the MAC
for these agents is estimated by additivity studies with desflurane.

® Unpublished results.
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completely halogenated alkanes that do have anesthetic properties (defined by their
ability to lower desflurane requirement, Table 5.4) have MACs that are higher than
those predicted by the Meyer—Overton hypothesis and commonly produce excitatory
behavior when administered alone.

Iodinated alkanes have also been synthesized and tested for their anesthetic
potencies, but these iodinated agents tend to be chemically unstable and promote
cardiac arrhythmias.%

5.5.2.3.1 Influence of Deuteration

Substitution of deuterium for hydrogen tends to decrease the reactivity of com-
pounds, and the anesthetic properties of chloroform versus deuterated chloroform®
and of halothane versus deuterated halothane® have been examined in mice using
the righting reflex. Deuteration did not influence anesthetic potency, a finding that
needs to be addressed in theories of anesthetic action that speculate on the importance
of hydrogen bonding (Chapter 1).

5.5.2.4 Halogenated Cycloalkanes

It was recognized early that completely halogenated cycloalkanes were poor anes-
thetics and that these compounds were often convulsants.®® Several completely
halogenated cyclobutane derivatives have been reexamined recently for their anes-
thetic properties (MAC measurements in rats) and have been classified as
nonanesthetics® (Table 5.4). An example is 1,2-dichloroperfluorocyclobutane
[c(CCIFCCIFCF,CF,)], which produces convulsions at about 5.5% atm and does
not lower the requirement for conventional anesthetics.®® Hydrogen substitutions
into halogenated cyclobutane derivatives may result in an anesthetic; for example,
1-chloro-1,2,2-trifluorocyclobutane [c(CCIFCF,CH,CH,)] produces anesthesia
when administered alone and is slightly less potent than halothane® (Table 5.4).
However, many cyclic halogenated compounds are unstable and difficult to study.
For instance, 2,2,3-trichloro-3,4,4-trifluorocyclobutane [¢(CH,CCl,CCIFCF,)] reacts
with soda lime in the anesthesia circuit to produce a toxic compound and 1,2-
dibromoperfluorocyclobutane [c(CBrFCBrFCF,CF,)] is lethal at very low concen-
trations (unpublished observations).

One notable exception among the perhalogenated cyclic compounds is hexaflu-
orobenzene. This compound does not produce convulsions when administered alone
and is anesthetic in mice® and rats> at ~1.6% atm (Table 5.4).

5.6 ETHERS

The introduction of halothane into clinical practice in the 1950s made apparent the
advantages of a nonflammable inhaled anesthetic. Nevertheless, halothane was also
recognized to be imperfect because of its requirement for additives for stability in
storage, its ability to react with soda lime and undergo metabolic breakdown, and
the propensity of alkanes to cause cardiac arrhythmias. The search for a superior
inhaled agent involved a systematic examination of halogenated ethers.®3%8
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5.6.1 INFLUENCE OF CARBON CHAIN LENGTH AND BRANCHING
5.6.1.1 Diethyl Ethers

Because diethylether had been in clinical use since the 1840s, it was reasonable to
expect that halogenated derivatives of diethylether might provide safer and non-
flammable inhaled anesthetics. However, when sufficient halogenation of diethyl-
ethers was achieved to limit nonflammability, the halogenated diethylethers were
found to be poor anesthetics (as assessed by qualitative screening studies of the
righting reflex in mice) and tended to produce convulsive activity.®® Unsaturated
derivatives (vinyl ethers) enhanced anesthetic potency but were also associated with
irritation and instability.%> For example, fluroxene (CF;CH,OCH=CH,; see Table
5.2) was banned from clinical use because of toxic components produced from
metabolic breakdown and its strong emetic properties.

5.6.1.2 Methyl Ethyl Ethers

Examination of a large series of halogenated methyl ethyl ethers in the 1960s and
1970s led to the conclusion that the compounds having the most favorable anesthetic
properties contain either (1) one hydrogen with two halogens other than fluorine or
(2) two or more hydrogens with at least one bromine or one chlorine.®-”° This
generalization was consistent with the favorable anesthetic properties of isoflurane
(CF,HOCCIHCF;) and enflurane (CF,HOCF,CCIFH), two agents that were devel-
oped from these investigations®’? and remain in current clinical use. The conclusion
also fit methoxyflurane (CH;OCF,CCl,H), now banned from clinical practice
because of its nephrotoxic effects. However, the generalization from these earlier
studies did not predict the favorable anesthetic properties of desflurane
(CF,HOCFHCEF,), in clinical use since 1992.

5.6.1.3 Isopropyl Methyl Ethers

Screening studies for the anesthetic properties of a series of halogenated isopropyl
methylethylethers demonstrated that compounds containing a chlorine atom on the
methyl group were relatively unstable, whereas substitution of chlorine for fluorine
or hydrogen on the isopropyl group enhanced anesthetic effect but also resulted in
irritating and toxic side effects.”! Sevoflurane [CFH,OCH(CF,),], containing no
chlorine atoms, is the only isopropyl methyl ether in current clinical use.”

5.6.1.4 “Cyclic” Ethers

Although certain cyclic ethers might be expected to be potent anesthetics and be
reasonably stable, none have been in clinical use and only limited quantitative
information is available on anesthetic potencies. Dioxychlorane [4,5-dichloro-2,2-
difluoro-1,3-dioxylane, c(OCF,OCCIHCCIH)], which contains two ether linkages
in a five-member cyclic ring, is an order of magnitude more potent than isoflurane
in dogs and has a MAC of 0.11% atm.”® Aliflurane [1-chloro-2-methoxy-1,2,3,3-
tetrafluorocyclopropane, c¢(CCIFCF,CF,)-O-CH;)] contains an ether linkage that
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connects a perhalogenated cyclopropane ring to a methyl group. It has a potency
between that of isoflurane and enflurane (MAC = 1.84% atm in dogs).”

5.6.2 INFLUENCE OF CHEMICAL SUBSTITUTIONS
5.6.2.1 Thioethers

Qualitative screening studies in mice showed that thioethers tended to be more potent
than their oxygen analogues, but would probably not be clinically useful compounds
because of their unpleasant odor, greater toxicity, and limited volatility.®* The anes-
thetic requirement (MAC) for thiomethoxyflurane (CH;SCF,CCLH) in dogs was
0.035% atm, about seven times more potent than methoxyflurane (CH,OCF,CCL,H).”
Because thiomethoxyflurane was about seven times more soluble in oil than meth-
oxyflurane, the anesthetic potency of this thioether was consistent with the predicted
value from the Meyer—Overton rule.”

5.6.2.2 Chlorine and Bromine Substitutions

Initial screening studies in mice revealed that chlorine or bromine substitution into
ethers enhances anesthetic potency and that insertion of bromine is more potent than
chlorine.®3%70 Quantitation of this effect is seen by comparing the MAC values in
rats for desflurane (CF,HOCFHCEF,), isoflurane (CF,HOCCIHCF;), and an investi-
gational agent I-537 (CF,HOCBrHCF;), which only differ by F, Cl, and Br placement
at a single molecular position. Replacement of fluorine (desflurane) for chlorine
(isoflurane) increases anesthetic potency more than fourfold, and potency is
enhanced nearly threefold further by bromine (I-537) replacement of CI1.7

5.6.2.3 Deuteration

As with anesthetic alkanes,**% replacement of hydrogen by deuterium does not
appear to change the anesthetic requirement of ethers. The MAC for enflurane in
dogs (2.3% atm) does not differ from MAC for p-enflurane (2.2% atm).”’

5.6.3 ISOMERs
5.6.3.1 Structural

The best-known pair of anesthetic ether structural isomers is isoflurane
(CF,HOCCIHCF;) and enflurane (CF,HOCF,CCIFH), empirical formula
C,CIF;H,0, because these agents are in routine clinical use. In mammals (e.g.,
humans,’> dogs,® rabbits,” and rats?®), the MAC for enflurane is consistently greater
than (40 to 89% higher) the MAC of isoflurane. Because isoflurane and enflurane
have similar solubilities in oil (as well as in octanol and lipids),* these two structural
isomers represent a minor deviation from the Meyer—Overton rule.

The anesthetic properties of two additional structural isomers of isoflurane and
enflurane have been quantitated in dogs. The MAC of chlorofluoromethyl-1,2,2,2-
fluoroethyl ethyl (CCIFHOCFHCEF;) is 2.24% atm and is similar to isoflurane,
whereas the MAC of chlorodifluoromethyl-2,2,2-fluoroethyl ethyl (CCIF,OCH,CF;)
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is 12.5% atm and is five to ten times greater than values for the other three isomers.”
This finding agrees with earlier qualitative screening studies in mice in which it was
shown that methylethyl ethers with completely halogenated end-methyl groups
tended to be relatively poor anesthetics.®-"

5.6.3.2 Optical (Stereoisomers)

Because optical isomers of volatile anesthetics can be isolated only in limited
quantities at great expense, most experiments with these agents have involved in
vitro systems (Chapter 12). However, limited data are available concerning the
potencies of isoflurane isomers in whole organisms. In tadpoles, (+) and (-) isomers
of isoflurane are equipotent, as evaluated by loss of righting reflex at the anesthetic
end point.}! Mice injected intraperitoneally with liquid agent demonstrated a modest
increase in sleep time with the (+) isomer compared to the (—) isomer of isoflurane,
but insufficient amounts of the isomers precluded an accurate determination of
anesthetic potencies under equilibrium conditions.?? In the rat, complete MAC deter-
minations have been performed after obtaining adequate quantities of the isoflurane
stereoisomers, and the (+) isomer (MAC = 1.06% atm) is 53% more potent than the
(-) isomer (MAC = 1.62% atm).%?

5.6.4 CoONVULSANT ETHERS

As noted previously, ethers containing end-methyl groups that are completely halo-
genated often are poor anesthetics and are commonly associated with convulsive
activity.®®7%78 The prototype of convulsant ethers is flurothyl (hexafluorodiethylether,
CF,CH,OCH,CF;), which has been used clinically to produce convulsions and
employed as a substitute for electroconvulsive therapy. Also, as noted for the com-
pletely halogenated alkanes,% certain agents with convulsive activity may also have
anesthetic properties as demonstrated by an ability to decrease the anesthetic require-
ment of a conventional anesthetic. However, for flurothyl (which produces convul-
sions at ~0.1% atm),%* end-tidal concentrations of 3 to 4% atm are associated with
only a marginal and variable decrease of isoflurane MAC in the dog (a decrease to
81 + 35% of the background isoflurane MAC).** In contrast, Iso-Indoklon
[(CF;),CHOCH;], an isopropyl methylether structural isomer of flurothyl, was
devoid of convulsant properties and was an excellent anesthetic in dogs.%*

5.7 CONCLUSION

Knowledge of the structure—activity relationships of inhaled anesthetics provides
bases for the theoretical study of anesthetic mechanisms and for the practical devel-
opment of an ideal clinical anesthetic. The most common method of determining
anesthetic potency is by measurement of the MAC, the partial pressure of anesthetic
at which 50% of subjects do not respond to a supramaximal noxious stimulus. MAC
is an equilibrium measurement that primarily involves the spinal cord as the site of
anesthetic inhibition of the motor response. Clinically useful (nonflammable, stable,
potent) inhaled alkanes and ethers have two to four carbon atoms and are partially
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but not completely halogenated. Substitution of chlorine or bromine for fluorine or
hydrogen on anesthetic alkanes or ethers enhances anesthetic potency, with bromine
being more potent than chlorine. Complete halogenation of an alkane or ether results
in a compound that is a poor anesthetic and typically has convulsive properties.
“Nonanesthetics” do not produce anesthesia when administered alone and do not
decrease the anesthetic requirement of conventional anesthetics, in spite of being
soluble in blood and tissues and capable of reaching and equilibrating with the
central nervous system. Such nonanesthetics may be useful tools in testing theories
and mechanisms of anesthetic action.
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Changes in intracellular Ca®* regulate multiple cellular functions including stimu-
lus—secretion coupling, excitation—contraction coupling, neuronal plasticity, gene
expression, and cell death. In most cell types the concentration of intracellular Ca?*
is maintained at extremely low levels (e.g., <0.1 uM in neurons). Specific physiologic
stimuli can lead to rapid and marked increases in cytosolic Ca** through multiple
routes of entry. Ca’* then acts as an intracellular second messenger ion that mediates
cellular responses via interactions with Ca?* binding proteins such as calmodulin to
regulate enzyme and protein function. Intracellular Ca** concentration is tightly
controlled by several complex systems, including influx through voltage-dependent
Ca?* channels and ligand-gated Ca®* channels, release from intracellular stores,
extrusion by membrane Ca?*-ATPase and Na*/K?* exchange, uptake into intracellular
organelles, and binding to high-affinity and high-capacity Ca?" binding proteins.
Each of these processes is a potential target for volatile anesthetic effects. This
chapter reviews the effects of volatile anesthetics on voltage-dependent Ca* channels
and intracellular Ca?* release, which have been investigated in detail. Volatile
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anesthetic effects on Ca>*-ATPase and ligand-gated Ca?" channels are discussed in
Chapters 8 and 10, respectively.

6.1 PHYSIOLOGIC AND PHARMACOLOGIC
CLASSIFICATION OF Ca?* CHANNELS

Voltage-dependent Ca?* channels are multimeric integral membrane proteins that
play important roles in excitable cells, including membrane excitability, excita-
tion—contraction coupling, neurotransmitter release, and gene expression. Ca?* chan-
nels open in response to membrane depolarization and allow the rapid entry of Ca?*
(~10% ions per second per channel), an important intracellular second messenger.
Biophysical and pharmacologic properties such as single-channel conductance, volt-
age- and time-dependent kinetics, and sensitivity to inhibitors have been used to
identify the diversity of Ca?* channel types present in vertebrates. This classification
has distinguished four classes of Ca>* channels, termed T-, N-, L-, and P-type Ca**
channels.!? Low-threshold or low-voltage-activated (LVA) Ca** channels (T-type,
for transient or tiny) are transiently activated (i.e., decay rapidly) by relatively small
depolarizations (i.e., at more negative membrane potentials) from hyperpolarized
holding potentials, are inactivated at positive potentials, and have a small ion con-
ductance. These channels mediate a transient Ca?* current that is important in
determining action potential generation in neurons and cardiac myocytes. The other
three Ca”* channel classes require larger depolarizations for activation (high-thresh-
old or high-voltage-activated [HVA]) and have distinguishing electrophysiologic
features. L-type channels (for long lasting or large), which have large ion conduc-
tances and decay slowly during maintained depolarization, are the best characterized.
These channels are sensitive to 1,4-dihydropyridine (DHP) compounds and are
expressed primarily in muscle, but are found in virtually all excitable cells and in
many nonexcitable cells. They mediate the Ca?* influx necessary for excitation—con-
traction coupling in cardiac and smooth muscle cells and the potential change
coupled to contraction in skeletal muscle cells. N-type channels (for neuronal or
neither) have intermediate ion conductances and incompletely inactivate, and P-type
channels (for Purkinje cell) have intermediate conductances and do not inactivate
(Table 6.1). N- and P-type Ca?* channels are expressed primarily in neurons, where
they regulate neurotransmitter release and gene expression.

Differential sensitivity to a variety of pharmacologic probes has been used to
further distinguish HVA Ca?* channels.’> L-type channels are sensitive to DHP
agonists and antagonists; N-type channels are irreversibly blocked by m-conotoxin
GVIA (0-CTx GVIA), a peptide toxin from the cone shell mollusk Conus geogra-
phus; and P-type channels are blocked by m-agatoxin IVA (m-Aga IVA), a peptide
toxin from the venom of the funnel web spider Agelenopsis aperta. The toxin ®-
conotoxin MVIIC from Conus magus blocks N- and P-type channels, as well as an
additional channel termed the Q-type channel, which is also blocked by high con-
centrations of m-Aga IVA. Many neurons possess a Ca** current that is resistant to
all these blockers, known as the R-type channel.



TABLE 6.1
Properties of Calcium Currents and Channels

Steady-State

Voltage-Dependent Inactivation
Name Type Inactivation V;, (mV)
L HVA None (Ca?* dependent) -20
(T > 500 ms)
P HVA Very slow =5
Q HVA Intermediate -45
N HVA Intermediate =50
(T = 50-80 ms)
R H/LVA  Fast (T = 20-30 ms) -15
T LVA Fast (T = 2040 ms) -70

Note: 7, time constant of inactivation; DHP, dihydropyridines; PAA, phenylalkylamines; BTZ, benzothiazepine.

Source: Modified from Dolphin, A. C., Exp Physiol 80, 1, 1995.

Single-Channel
Conductance
(pS)

22-27

10-18

13-20

-8

Pharmacology:
Selective Blockers

DHP
DHP, PAA, BTZ
DHP

®-Aga IVA (<10 nM)

No specific blockers

w-Aga IVA (210 nM)

®-CTx MVIIC (=100 nM;
also blocks N,P)

o-CTx GVIA (<100 nM)

®-CTx MVIIC (>100 nM)

No specific blockers

Ni* (<30 uM)

No specific blockers

Ni?*, octanol, amiloride,
carbamazepine, phenytoin

Distribution

Skeletal muscle

Cardiac muscle, brain,
aorta, lung fibroblast
Neuroendocrine,
kidney, brain
Neurons, kidney
Neurons, kidney

Neurons

Neurons, heart

Muscle, neurons,
neuroendocrine

o, Subunit
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6.2 STRUCTURE

The functional and pharmacologic classification of Ca** channels has been supple-
mented with structural information provided by molecular cloning.*¢ This was made
possible by the purification and extensive biochemical characterization of the skeletal
muscle L-type Ca** channel.” This channel in skeletal and cardiac muscle consists
of five subunits: o, o, B, v, and 3. The o, subunit contains receptor sites for Ca’*
channel-blocking drugs. The o, and 8 subunits, which are linked by a disulfide bond,
are encoded by a single gene and are formed by posttranslational processing. The
B subunit has an intracellular location, and the hydrophobic Y subunit appears to
reside in the membrane (Figure 6.1). Diversity of L-type channels arises by multiple
genes and alternative splicing, which can be developmentally regulated. For other
Ca?* channel types, the subunit composition is less clear.

Molecular cloning has revealed at least six Ca** channel o, genes, which form
a multigene family (Table 6.1). The o, subunit of several cloned Ca?* channels has
been shown to function as the Ca?* ion pore and the voltage sensor for channels
with properties consistent with L-, N-, P/Q-, and R-type channels. The deduced
amino acid sequences of the Ca?* channel o, subunits indicate an overall conserved
structure and evolutionary similarities to voltage-dependent Na* and K* channels.
The generalized secondary structure consists of four repeated motifs (I through IV),
each comprised of six hydrophobic a-helical transmembrane segments (S1 through
S6). Transmembrane segment S4, which contains a positively charged amino acid
every three to four residues, is the voltage sensor in Na* and K* channels, and
probably in Ca?* channels as well. The connecting loop between S5 and S6 forms
a hairpin “P” loop that bends back into the membrane to form the lining of the
channel pore, and imparts Ca** selectivity. A number of factors modify o, subunit’s
function including alternative splicing, auxiliary subunits, G proteins, Ca* itself,
and protein phosphorylation.?

Photoaffinity labeling, peptide mapping, and chimeric Ca?* channels have been
used to identify the binding sites for the three major classes of L-type Ca** channel
blockers on the pore-forming o, subunit.>!? The functional properties of L-type Ca?*
channels are modulated by several distinct classes of clinically useful Ca** channel
antagonists. The DHPs (e.g., nifedipine, nitrendipine, isradipine), phenylalkylamines
(e.g., verapamil), and benzothiazepines (e.g., diltiazem) have separate, but alloster-
ically linked, binding sites in close proximity to the high-affinity Ca®* binding site
in the S5 to S6 connecting loop and part of S6 in domain IV (Figure 6.1). Recent
studies show that the S5 segments of domains III and IV also contribute to the DHP
binding site.!! The common, but not identical, molecular determinants of these three
drug classes in segment S6 of domain IV'>*!* provide a molecular basis for their
noncompetitive interactions. Drug binding influences Ca?* channel function by inter-
acting with the pore-lining region of the channel. The Ca?* channel antagonists exert
distinct pharmacologic effects. Blockade by the phenylalkylamines is enhanced by
repetitive stimulation, which is consistent with increased access to an intracellular
receptor site through the open channel pore. The DHPs, which can act as either
inhibitors (nifedipine) or activators (Bay K 8644) of L-type Ca?" channels, modulate
voltage-dependent gating. Inhibition is enhanced by prolonged depolarization due
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FIGURE 6.1 Proposed structure of the skeletal muscle Ca?* channel. The putative transmem-
brane configuration of individual subunits is taken from the hydropathicity analysis of the
primary sequences. The suggested structure of the o, subunit is shown at the top. I, I, III,
and IV are proposed repeats of the Ca** channel o, subunit, each composed of six transmem-
brane segments (S1 to S6, from left to right, shown as the long barrels) and a linker between
S5 and S6 (the SS1 to SS2 region or “P” loop, suggested to be a part of the channel pore,
shown as the short barrels). +, transmembrane amphipathic o-helix, which is the proposed
voltage sensing helix of the channel; P, sites phosphorylated in vitro by cAMP-dependent
protein kinase; DHP and PAA, dihydropyridine and phenylalkylamine binding sites in segment
IVS6 and the SS1 to SS2 region (benzothiazepines also bind in this region); e-c coupling,
domain involved in excitation—contraction coupling. The brackets indicate parts of the protein
that are responsible for the skeletal (o5) or cardiac (0.,.) properties of the channel. The dash
at the C terminus indicates the site where the o, subunit is processed posttranslationally. The
suggested structures of the 7, 8, and o,/ subunits are also shown. S, disulfide bridge between
the transmembrane & and the extracellular o, subunit. The quaternary structure of the multi-
meric channel showing the central ion pore is modeled in the center of the figure. The
extracellular space is above the horizontal lines. (From Hofmann, F., Biel, M. and Flockerzi,
V., Annu Rev Neurosci 17, 399, 1994. With permission.)
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to selective (state-dependent) binding to the inactivated state of the channel, which
occurs in a hydrophobic region of the extracellular surface. Evidence suggests that
the structure of T-type channels is distinct from L-type channels; further elucidation
of the molecular properties of T-type channels awaits further purification, molecular
cloning, and expression.

6.3 LOCALIZATION AND FUNCTION

L-type Ca’ channels are essential for excitation—contraction coupling in skeletal,
cardiac, and smooth muscle. In skeletal muscle, L-type Ca?* channels are located in
the T tubule sarcolemma and are closely apposed to oligomeric ryanodine receptor
complexes, which are located in the sarcoplasmic reticulum membrane.'> Channel
activation is indirectly coupled to excitation—contraction coupling in skeletal muscle.
After channel activation, a voltage potential change rather than Ca** influx mediates
ryanodine receptor opening by a poorly understood mechanism, which releases Ca>*
from intracellular stores, resulting in myofibril contraction. In cardiac tissues, L-
and T-type channels are present in atrial and ventricular myocytes, sinoatrial nodal
cells, and Purkinje cells. Influx of extracellular Ca?* through Ca?* channels contrib-
utes to contraction while also activating intracellular Ca?* release in cardiac muscle
(see below). L-type channels contribute to the slow inward current in ventricular
myocytes and play a major role in allowing the influx of external Ca** coupled to
contraction. The role of T-type channels is less clear, but they appear to be important
for pacemaking and impulse conduction. In smooth muscle, influx of extracellular
Ca?* through Ca?* channels is directly coupled to contraction.

Neuronal Ca? channel subtypes exhibit heterogeneous cellular and subcellular
localizations within the brain as revealed by immunocytochemistry. Class C and D
L-type Ca?" channels are preferentially located in neuronal cell bodies and proximal
dendrites, where they are involved in regulating Ca?*-dependent protein phosphory-
lation, enzyme activity, and gene expression.'® Class D channels are distributed fairly
evenly, whereas class C channels are concentrated in clusters. N-type Ca** channels
have a largely complementary distribution in neurons. They are concentrated in
dendrites, where they mediate Ca®*-dependent membrane potential changes and
conduction, and in certain nerve terminals, where they contribute to the rapid Ca>*
influx coupled to neurotransmitter release.!” P/Q-type Ca** channels are highly
expressed in the cerebellum along the length of Purkinje cell dendrites, where the
P channel is responsible for dendritic currents.'® Different Ca?* channel types can
coexist in the same neuron, as demonstrated by the elegant pharmacologic dissection
of Ca? currents in rat cerebellar granule cells by Randall and Tsien'® (Figure 6.2).

The expression of different Ca?* channel types varies between different species,
tissues, brain regions, neuron types, and neuronal processes. This differential distri-
bution has led to the concept that different Ca’* types are associated with specific
functions. For example, the Ca?* channels involved in excitation—contraction cou-
pling in muscle are distinct from those involved in excitation—secretion coupling in
nerve terminals.2’ These associations are not universal, however, because different
Ca?* channels are coupled to Ca** influx into presynaptic nerve terminals and neu-
rotransmitter release depending on the neuron type, brain region, species, and
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FIGURE 6.2 Comparison of pharmacologically dissected Ca®* current components in rat
cerebellar granule cell neurons. (A) Pharmacologically defined Ca?* current components from
individual cells were normalized to peak current (measured with Ba**), averaged, then scaled
by their mean peak current density. L-type currents were dissected with 10 M nimodipine;
N-type currents with 1 uM ®-CTx GVIA; and P- and Q-type currents with 1 to 2 uM w-Aga
IVA after blockade of N- and L-type currents. R-type current is estimated as the current that
remains unblocked in the combined presence of 10 uM nimodipine, 1 uM w-CTx GVIA, and
3 UM o-Aga IVA. (B) Pooled results for mean current density of the four Ca* current
components shown in A. The number above for each bar denotes the percentage contribution
the current makes to the global Ca’* current. The bar denoting m-Aga IVA sensitivity is
divided into fractions corresponding to the amount of P-type (shaded) and Q-type (unshaded)
current. The asterisk in A marks the time course and estimated magnitude of the corresponding
P-type current (waveform determined by application of 1.5 nM ®-Aga IVA). (From Randall,
A. and Tsien, R. W., J Neurosci 15, 2995, 1995. With permission.)
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neurotransmitter.”! L-type Ca?* channels do not appear to be involved in neurotrans-
mitter release in the central nervous system (CNS). However, they are coupled to
hormone secretion in a variety of neuroendocrine cells. N-type Ca?* channels are
involved in exocytosis from CNS nerve terminals, because the release of a variety
of transmitters can be inhibited by ®w-CTx GVIA. Only 20 to 30% of the release
can be inhibited by this antagonist, which implies that other Ca’** channels are also
involved. ®-Aga IVA, which blocks P-type Ca?* channels, also results in incomplete
inhibition of neurotransmitter release (50 to 70%), which is additive with @-CTx
GVIA. However, ®-CTx GVIA and w-Aga IVA together do not block Ca**-depen-
dent neurotransmitter release completely, suggesting the existence of unidentified
toxin “resistant” exocytotic Ca?* channels. A consensus view is that multiple Ca*
channel types coexist in nerve terminals to regulate exocytosis jointly, with both
cell-specific and transmitter-specific differences.

6.4 REGULATION

Modulation of Ca* channel function can have profound effects on physiologic
function, as in the ionotropic effect of catecholamines due to B-adrenoceptor—medi-
ated enhancement of Ca?* currents. Cyclic AMP (cAMP) increases cardiac Ca”
currents following B-adrenoceptor activation by increasing channel open probability
(P,) as well as mean open time.?>?* Both the o, and B subunits, which can associate
to form a functional Ca?* channel when coexpressed, are phosphorylated. Evidence
suggests that Ca?* channels must be phosphorylated to respond to membrane depo-
larization,” and the Ca?* flux of purified channels is enhanced by phosphoryla-
tion.?027 Cardiac and skeletal muscle and neurons express homologous but noniden-
tical o, subunits that exist in two size forms. The truncated form, which is present
at high levels in muscle, is formed by proteolytic cleavage of the C terminal tail.
Only the full-length form is phosphorylated by cAMP-dependent protein kinase on
the longer C terminal tail?®3° (Figure 6.1). Thus channels containing the two size
forms can undergo differential regulation. In hippocampal neurons, N-methyl-p-
aspartate (NMDA)-receptor—induced proteolytic processing of class C L-type Ca
channels (by the Ca**-dependent protease calpain) converts the long form to the
short form,3!' which exhibits about fivefold greater ion conductance.’? The evidence
for the regulation of neuronal Ca’* channels by cAMP is less consistent, possibly
due to higher basal adenylyl cyclase activity in neurons.®

Ca?* channels are phosphorylated by protein kinases in addition to cAMP-
dependent protein kinase.® Activators of protein kinase C facilitate Ca®* currents in
cardiac myocytes and sympathetic neurons. The o, subunit can be phosphorylated
by protein kinase C, cAMP-dependent protein kinase, Ca?*/calmodulin-dependent
protein kinase II, and cGMP-dependent protein kinase, a component of the nitric
oxide (NO) signal transduction pathway.? Recent evidence suggests that Ca* chan-
nels can also be regulated by phosphorylation of tyrosine residues. The effects of
these and possibly other posttranslational modifications on Ca?* channel function
remain to be clarified, but it is clear that Ca** channels are subject to complex
regulation by multiple messengers acting via phosphorylation.
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Regulation of Ca?* channels is also mediated by heterotrimeric G proteins.? In
addition to the role of G, in activating adenylyl cyclase, this G protein also directly
enhances cardiac L-type Ca?* currents, which may be responsible for the beat-to-
beat regulation of Ca?* currents by sympathetic stimulation. Ca* currents can also
be inhibited by a number of neurotransmitters acting through the G protein G,
including norepinephrine acting at o, adrenoceptors, opioids acting at |, ¥, and &
receptors, GABA acting at GABAj receptors, adenosine acting at A, receptors, and
acetylcholine acting at M, or M, muscarinic receptors.’* This form of regulation has
been demonstrated for N-, P-, and Q-type channels in neurons, and for L-type
channels in nonneuronal secretory cells. These effects appear to be mediated by a
direct interaction of the o subunit of G, with the Ca?* channel, although a role for
By subunits is emerging. There is less consistent evidence for modulation of T-type
channel currents by neurotransmitters by these mechanisms.

Ca?* currents can be modulated by membrane potential in a reversible manner™.
Current is facilitated by depolarizing prepulses, which involves the appearance of
an L-type channel current that is normally silent and requires phosphorylation for
activation. Voltage-dependent facilitation apparently involves the phosphorylation of
a site that is exposed during the prepulse depolarization. This site is slowly dephos-
phorylated at the holding potential, such that the interval between the prepulse and
test pulse is insufficient for complete dephosphorylation.®

6.5 INTRACELLULAR CA%?* CHANNELS

Ca?* homeostasis is regulated not only by voltage-dependent Ca?* channels in the
plasma membrane, but also by release from internal Ca?* stores.’®3” Intracellular
Ca?* is stored within specialized zones of the endoplasmic reticulum (and sarcoplas-
mic reticulum in muscle) and is rapidly released and taken up in response to
appropriate stimuli. Intracellular Ca** concentration is maintained at extremely low
levels by the action of membrane-associated Ca?*-adenosine triphosphatases (Ca?*
pumps), which pump Ca* against a large concentration gradient into the two major
Ca?* sinks, the extracellular space and the endoplasmic reticulum. There are appar-
ently at least two pools of Ca?* stores in the endoplasmic reticulum; release from
each one is mediated by distinct mechanisms involving two distinct classes of Ca?*
channels (Figure 6.3). Inositol 1,4,5-trisphosphate (InsP5) is an intracellular second
messenger generated along with diacylglycerol by G protein—coupled receptor acti-
vation of phospholipase C. InsP; binds to a receptor on a component of the endo-
plasmic reticulum or a more specialized structure (“calciosome”) to mobilize Ca?*
from intracellular stores, whereas diacylglycerol activates protein kinase C. InsP,
receptors are InsP;-gated Ca?* channels that are widely distributed in both excitable
and nonexcitable tissues, reflecting the ubiquitous nature of the InsP,/diacylglycerol
signaling pathway.* Intracellular Ca?* can also be released by a second mechanism
mediated by ryanodine receptors (named after a specific plant alkaloid agonist),
which have been extensively studied in muscle, where they play a critical role in
excitation—contraction coupling.’® Ryanodine receptors are highly expressed in elec-
trically excitable tissues and have recently been identified in nonexcitable cells.
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FIGURE 6.3 Control of Ca** release by intracellular Ca?* channels. (a) Ca?* release from the
sarcoplasmic reticulum. Ryanodine receptors located in the sarcoplasmic reticulum of skeletal
muscle contribute to the T tubule foot structure responsible for excitation—contraction cou-
pling. The L-type channel (dihydropyridine receptor) in the plasma membrane senses a change
in voltage (AV) and undergoes a conformational change, which is transmitted through the
bulbous head of ryanodine receptors to open the Ca>* channel in the sarcoplasmic reticulum.
Calsequestrin, a Ca?* binding protein, serves as a Ca** sink. (b) Ca?>*-induced calcium release
in cardiac muscle and neurons. A voltage-operated channel (VOC) responds to AV by gating
a small amount of trigger Ca?*, which then activates the ryanodine receptor to release stored
Ca?*. (c) Agonist-induced Ca** release. Signal transduction at the cell surface generates inositol
trisphosphate (InsP;), which diffuses into the cell to release Ca’** by binding to inositol
trisphosphate receptors. (From Berridge, M. J., Nature 361, 315, 1993. With permission.)

The InsP; and ryanodine receptors share considerable structural and functional
similarities. Ryanodine receptors are sarcolemmal Ca?* release channels involved in
regulating excitation—contraction coupling in both skeletal and cardiac muscle. The
ryanodine receptor comprises the microscopic foot proteins observed between the
sarcoplasmic reticulum and the T tubules at the triadic junction.*® The skeletal and
cardiac ryanodine receptors are distinct but homologous proteins with specialized
modes of regulation. In skeletal muscle, the ryanodine receptor undergoes voltage-
sensitive activation involving the L-type Ca** channel as a voltage sensor for sar-
colemmal depolarization; Ca?* influx through the L-channel is unnecessary. In car-
diac muscle, trans-sarcolemmal Ca?* influx through L-channels, which is itself
insufficient to activate myofilament contraction, activates further Ca?* release from
the sarcoplasmic reticulum (known as Ca?*-induced Ca?* release). Although the InsP,
receptors are the major intracellular release channels in neurons, evidence also
indicates the presence of both the skeletal and cardiac muscle ryanodine receptor
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isoforms. A third ryanodine receptor isoform has been identified that is present in
the endoplasmic reticulum of many tissues, including neurons. The cardiac isoform
appears to be the most abundant in brain, where it may regulate Ca?*-induced Ca”
release. Recent evidence suggests that cyclic ADP-ribose acts as an intracellular
messenger to release Ca?* from InsP;-insensitive and ryanodine-sensitive intracellu-
lar Ca?* stores in a number of tissues, probably by an action on ryanodine receptors.*!

6.6 VOLATILE ANESTHETIC EFFECTS
6.6.1 CarpIAC CAZ* CHANNELS

The effects of volatile anesthetics on cardiac Ca** channels have been analyzed
extensively. The critical role of Ca?* channels in cardiac muscle excitation—contrac-
tion coupling and impulse conduction suggested that they may be an important target
for the negative inotropic and negative chronotropic effects of volatile anesthetics
observed clinically.*> For example, anesthetics inhibit sinoatrial node automaticity,*
prolong conduction time through the AV node and the His-Purkinje pathway,* and
depress myocardial contractility.*¢ Early reports demonstrated reductions by hal-
othane and enflurane of action potential overshoot, plateau phase peak and duration,
and the slow inward Ca?* current without a change in resting potential in guinea pig
ventricular muscle.*’-° Direct evidence for an inhibitory effect of volatile anesthetics
on L-type Ca® channels was obtained by whole-cell voltage-clamp recording. Hal-
othane, isoflurane, and enflurane were found to reduce Ca”* currents in single isolated
canine,’' rat,’? and guinea pig>>-® ventricular myocytes. This was evident in reduced
amplitude and increased inactivation of inward Ca?* currents produced by
isoflurane® or enflurane, but not isoflurane or halothane.’! Using isolated bullfrog
atrial myocytes, which lack sarcoplasmic reticulum (SR), isoflurane and sevoflurane
reduced both peak whole-cell Ca** current amplitude and the inactivation time
constant (T,). At lower anesthetic concentrations, the reduction in T, was sufficient
to explain the reduction in amplitude.>® Similar results were obtained for isoflurane
in guinea pig myocytes.’® Reductions in cAMP at higher anesthetic concentrations®
were hypothesized as a mechanism for additional reductions in Ca?* current. Single-
channel measurements made using the cell-attached patch-clamp technique in guinea
pig ventricular myocytes indicated that high concentrations of enflurane, propofol,°!
halothane, and isoflurane® inhibited L-type channels by stabilizing the closed inac-
tive state of the channel and decreasing open probability without reducing the single
channel conductance. This was associated with an increase in the apparent rate of
the slow component of inactivation.>%62

The electrophysiologic effects of volatile anesthetics on L-type Ca** channel
function are paralleled by their dose-dependent and reversible inhibition of DHP
and phenylalkylamine binding to cardiac sarcolemmal membranes.®*¢7 Halothane
inhibited nitrendipine®** and gallopamil®® (D600; a phenylalkylamine) binding to
purified bovine sarcolemmal membranes by reducing the number of ligand binding
sites (B,,,,) Without affecting their affinity (K,). Of interest, the effects of volatile
anesthetics on myocardial function are reproduced and potentiated by the L-type
Ca?* channel blocker nifedipine.®® Inhibition of isradipine binding has also been
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demonstrated for halothane, enflurane, and isoflurane in both cardiac and skeletal
muscle membranes.®7° This phenomenon has been confirmed for halothane in the
intact Langendorff-perfused rat heart preparation, in which halothane protected
isradipine binding to L-type Ca?* channels in sifu.”' The observation that the “pro-
tected” channels had a reduced affinity for isradipine suggested that halothane led
to an unidentified channel modification, possibly phosphorylation.

Halothane, isoflurane, and enflurane depressed Ca?* current amplitude similarly
at equianesthetic concentrations in canine ventricular myocytes’' and cardiac
Purkinje cells’ by whole-cell voltage-clamp analysis (~30% inhibition at 1 MAC).
These three volatile anesthetics also inhibited verapamil-sensitive **Mn?** uptake
during electrical stimulation (an index of Ca>* channel activity) into rat cardiomy-
ocytes with similar potencies relative to their MAC values.” In contrast, a recent
study by Pancrazio®® demonstrated greater potency for halothane than isoflurane in
the inhibition of whole-cell Ca?* currents (apparently due to an agent-specific kinetic
effect of halothane), which supports earlier single microelectrode studies.**>3>* How-
ever, there are important quantitative differences in the depressant effects of specific
volatile anesthetics on myocardial contractility,*® because halothane and enflurane
depress cardiac function more than isoflurane at equianesthetic concentrations.’7
These differences are most likely due to differences in their actions at other cellular
targets (e.g., sarcoplasmic reticulum Ca?* release and sequestration or Ca?* pumps).

At relevant clinical concentrations, volatile anesthetics have modest effects on
myofibrillar actomyosin function and Ca?* sensitivity.”*%? The weaker negative ino-
tropic effect of isoflurane compared to halothane was associated with less depression
of peak intracellular free Ca?* measured by aequorin luminescence in guinea pig
ventricular papillary myocytes® (Figure 6.4) and in canine cardiac Purkinje fibers,
probably due to a more potent effect of halothane and enflurane in depressing
sarcoplasmic Ca?* uptake and release.?*3> Depression of myofibrillar Ca** sensitivity
did not appear to play a major role in the negative inotropic effects of halothane or
enflurane. A small inhibitory effect of isoflurane on myofibrillar Ca?* sensitivity,
which was apparently compensated for by its reduced effect on intracellular Ca?+,3°
was not observed in a separate study from the same laboratory.$?

The quantitative and qualitative effects of sevoflurane on myocardial contractility
are similar to those of isoflurane.®>%” Sevoflurane inhibited sarcolemmal Ca?* chan-
nels in isolated guinea pig ventricular myocytes (25% inhibition of peak Ca* current
at 3.4 vol%) and increased the apparent rate of inactivation.®’” A similar study in
canine ventricular myocytes® reported greater inhibition (27% inhibition of peak
Ca?* current at 2 vol%), possibly due to differences in holding potentials used, which
would lead to greater channel inactivation. Sevoflurane did not have significant
effects on Na* currents or intracellular cAMP levels,® although a delayed outward
K* current was markedly depressed.®’

In contrast to the 1,4-dihydropyridines, volatile anesthetics are not selective
blockers of L-type channels. Halothane (Figure 6.5), isoflurane, and enflurane pro-
duced similar depression of both L- and T-type Ca?* channel currents at equianes-
thetic concentrations by whole-cell voltage-clamp analysis in canine cardiac Purkinje
cells,”” with similar potency to their effects on ventricular myocyte L-type Ca?*
channels.”! Similarly, sevoflurane was equally effective in blocking L- and T-type
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FIGURE 6.4 Volatile anesthetic effects on cardiac cell Ca** and contractility. Effects of
halothane (1.1 vol%), enflurane (2.2 vol%), and isoflurane (1.6 vol%) on aequorin signal
(Ca? signal) and isometric contractions were determined on a single isolated guinea pig
papillary muscle fiber. Anesthetic depression of contractile force was accompanied by depres-
sion of the intracellular Ca** signal. Depression of the Ca* transients in the presence of the
isoflurane was less than that produced in the presence of halothane or enflurane (p < 0.05).
Pacing rate, 1 Hz (at the arrowhead), 30°C. (From Bosnjak et al.® With permission.)

Ca?* channel currents in guinea pig ventricular myocytes.’” In contrast, isoflurane
and enflurane, but not halothane, inhibited KCI depolarization-induced increases in
intracellular [Ca?t] ([Ca?*],) in rat cardiac cell suspensions, which may indicate
different effects on peak Ca?* current (usually measured by voltage-clamp analysis)
versus sustained Ca?* current (measured by prolonged KCl depolarization) mediated
by different Ca?* channel types.3®

The differential effects of volatile anesthetics on myocardial contractility are not
explained completely by their effects on Ca?* channels, which appear to be compa-
rable at equianesthetic concentrations.”'-*® Rather, these differences are likely due to
different actions on Ca?* release from the sarcoplasmic reticulum (SR). Considerable
evidence supports volatile anesthetic alterations of myocardial contractility by effects
on SR Ca?" uptake and release.?+88-1 Volatile anesthetics also increase the rate of
Ca?* release from skeletal muscle SR.%>* Halothane and enflurane reduced the Ca?*
loading capacity of SR in chemically skinned rabbit myocardial fiber bundles more
than did isoflurane.””’® The observation that the depression by halothane of caffeine-
induced tension generation in skinned myocardial fibers was blocked by ruthenium
red, an antagonist of SR Ca”* release channels, provided indirect evidence that
halothane stimulates SR Ca* release.®” This would lead to depletion of SR Ca** and
consequently reduced Ca?*-induced Ca?* release and a smaller [Ca?*]; transient upon
excitation. This mechanism of myocardial depression is supported by an analysis of
anesthetic effects on sarcoplasmic [Ca?*] using Ca?*-sensitive fluorescent dyes in
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FIGURE 6.5 Effects of halothane on whole-cell L- and T-type Ca?* channel currents in a
single canine cardiac Purkinje cell. L-type current was elicited by depolarizing the cell from
—40 to 0 mV (left). T-type currents were elicited by depolarizing the cell from —80 to —40
mV (right). Exposure of the cell to 0.7 vol% (low) and 1.5 vol% (high) halothane similarly
depressed both L- and T-type currents in a concentration-dependent and reversible manner.
(From Eskinder et al.”> With permission.)

which halothane and enflurane caused greater depression of caffeine-induced [Ca?*]
transients than did isoflurane.?

A direct interaction between volatile anesthetics and the Ca?* release channel
was first suggested by the ability of halothane and enflurane, but not isoflurane, to
increase the binding of ryanodine, which binds to the open state of the channel, to
porcine”” and canine®® SR vesicles. These results are consistent with an effect of
halothane and enflurane to open the Ca** release channel. Anesthetic concentrations
of halothane and enflurane, but not isoflurane, were subsequently found to reduce
SR Ca>* content®®% and to activate porcine cardiac Ca** release channels without
affecting channel conductance using single-channel recordings in artificial lipid
bilayers.” The greater negative inotropic effects of halothane and enflurane thus
appear to be due both to activation of SR Ca?* channels with depletion of SR Ca?*
stores available for excitation—contraction coupling and to sarcolemmal Ca?* channel
inhibition. This depletion would be enhanced and maintained by the depression of
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Ca?* influx. The reduced contractile depression of isoflurane results from inhibition
of Ca?* influx through sarcolemmal Ca?* channels only.

Some of the vascular effects of volatile anesthetics are also mediated by actions
on Ca?* channels. The contractile force of arterial smooth muscle, which determines
peripheral vascular resistance, is regulated by cytoplasmic [Ca?*]. Halothane and
isoflurane have been shown to inhibit macroscopic Ca?* channel currents in voltage-
clamped canine coronary artery,'”! canine middle cerebral artery,'%> and guinea pig!®
and rabbit'™ portal vein smooth muscle cells. These effects were demonstrated at
relatively high anesthetic concentrations (1.5% halothane and 2.6 to 3.0% isoflurane)
and may underlie the direct vasodilatory effects of volatile anesthetics on these
vessels. Some of the vascular effects of volatile anesthetics may also be mediated
by actions on Ca?* release from intracellular stores (see below). For example, enflu-
rane has been shown to constrict canine mesenteric artery'® and rat'% or rabbit!%’
thoracic aorta, possibly due to transient increases in intracellular Ca?* from intra-
cellular stores.

Inhibition of Ca** channels by volatile anesthetics may also mediate their direct
relaxant effect on airway smooth muscle. Halothane, isoflurane, and sevoflurane
inhibited the macroscopic voltage-activated Ca?* current in isolated porcine tracheal
smooth muscle cells analyzed by whole-cell patch-clamp recording.!® This current
was sensitive to nifedipine, which suggests that it is mediated by L-type channels.

6.6.2 NEURONAL CAZ* CHANNELS

The important role of neuronal Ca?* channels in the regulation of neuronal excit-
ability, neurotransmitter release, and intracellular signaling suggests these channels
are potential target sites for general anesthetic effects. Inhibition of neuronal Ca?*
channels could explain the inhibition of synaptic transmission produced by general
anesthetics in a number of systems.'® The effects of volatile anesthetics on Ca?*
channels have been analyzed in various neuronal preparations, including cell lines,
isolated neurons, brain subcellular fractions, and brain slices. Each preparation has
particular advantages and limitations that must be considered in the interpretation
of the resulting data. Despite their many similar properties, the evidence for volatile
anesthetic effects on Ca?* channels in neuronal systems is less consistent than the
convincing evidence that inhibition of Ca?* channels is involved in the myocardial
depressant properties of volatile anesthetics.

Krnjevic and Puil'® demonstrated that halothane (1 to 3 vol%) reversibly inhib-
ited both HVA and LVA Ca?* currents in hippocampal brain slice pyramidal neurons
in a dose-dependent manner. Peak current was reduced with no change in the
threshold voltage for activation, and inactivation was accelerated. The specific Ca**
channel types involved could not be determined at that time. Subsequent studies
confirmed that neuronal Ca?* currents are sensitive to volatile anesthetics at clinically
relevant concentrations. Ca?* currents in unclamped presynaptic axons from rat
olfactory cortex were inhibited by halothane (IC5,= 1 mM).!'° Halothane reversibly
inhibited LVA (T-type) Ca?* currents analyzed by whole-cell patch-clamp recording
in neonatal rat dorsal root ganglion neurons (ICs, = 0.1 mM) and HVA Ca?* currents
(ICsy = 1.5 mM).""" A more detailed analysis of anesthetic effects in adult rat sensory
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neurons revealed that isoflurane (ICs, = 0.30 mM) and halothane (ICy, = 0.66 mM)
reversibly and completely inhibited T-type Ca** channels.!'? The different sensitivity
of T-type Ca** channels in neonatal compared to adult rat dorsal root ganglion
neurons may be methodologic or due to developmental differences. The difference
in the anesthetic sensitivities of LVA and HVA Ca?* currents in neurons contrasts
with their similar sensitivities to isoflurane, enflurane, and halothane in cardiac
Purkinje cells”? (Figure 6.5). Halothane, isoflurane, and enflurane partially inhibited
the transient increase in [Ca®*]; in cultured rat hippocampal neurons measured flu-
orimetrically with fura 2 evoked by 50 mM KCl, which activates Ca’** channels by
depolarization. This is consistent with inhibition of Ca** channels.''?

The observation that L-type Ca’* channel blockers (i.e., DHPs, phenylalky-
lamines, and benzothiazepines) lack general anesthetic properties suggests that
blockade of this Ca** channel type does not contribute to the anesthetic properties
of volatile anesthetics. This is perhaps not surprising, because L-type channels, which
have major roles in cardiovascular physiology, are not principally involved in neu-
rotransmitter release.?’ A small anesthetic-sparing effect for L-type Ca?* channel
blockers has been reported, however.'!'4115 Ca?* currents in the CNS are carried out
by multiple Ca?* channel types, which appear to have specialized functions. In
contrast, nonneuronal excitable cells have one or two types of Ca** channel: L-type
channels, which mediate slow inward currents, and T-type channels, which mediate
small transient currents (see above; Table 6.1).

Analysis of the sensitivities of specific neuronal Ca** channel types to volatile
anesthetics was first reported by Study''® in isolated rat hippocampal pyramidal
neurons. Using the whole-cell patch-clamp technique, Study identified macroscopic
Ca?* currents mediated by T-, L-, N-type, and other (probably P-type) channels
(Figure 6.6). Isoflurane reversibly inhibited all LVA (T-type) and sustained HVA (L-,
N-, and other type) Ca?* currents with similar potencies at clinically relevant con-
centrations; the ICy, values were ~2 vol% (0.78 mM) for peak current and 1 vol%
(0.39 mM) for sustained current at 22°C. Decay of both the transient and sustained
components of the HVA current was accelerated. T-type channels were readily
distinguished by their biophysical properties. N- and L-type channels were identified
pharmacologically using ®-CTx GVIA and nitrendipine, respectively. The small
current resistant to these two blockers was also inhibited by isoflurane; the contri-
bution of P-type channels to this current could not be confirmed because m-Aga IVA
was not available. An accompanying study by Hall et al.''® employed ®-Aga IVA
to identify P-type channels (and possibly Q-type as well) in dissociated rat cerebellar
Purkinje cells, which contain significantly more P-type channels than hippocampal
neurons (91% inhibition of Ca>* current by w-Aga IVA). In these neurons, halothane
inhibited peak P-type channel currents with modest potency (ICs, = 1.2 mM);
isoflurane was similar in potency. These data suggest that P-type channels are
relatively insensitive to volatile anesthetics, although the P-type channels present in
cerebellar neurons may not be identical to those present in other neurons. The
residual isoflurane-sensitive current described by Study'!® may reflect a different P-
type channel variant or another Ca?* channel type, such as Q- or R-type, that is
resistant to both ®-CTx VIA and m-Aga IVA. The effects of volatile anesthetics on
single neuronal Ca?* channels and on Ca?* currents carried by Q- and R-type channels
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FIGURE 6.6 Inhibition of neuronal Ca?* channels by isoflurane. (A) Isoflurane (2.5 vol%)
inhibits the LVA transient Ca?* current (T-type) during a voltage step of —90 to —40 mV, where
the HVA currents are not significantly activated. (B-D) Isoflurane (2.5 vol%) inhibition of
Ca?* currents in the presence and absence of nitrendipine and w-conotoxin GVIA. Isoflurane
(2.5 vol%) was applied by puffer pipette. (B) Isoflurane inhibits the HVA current resulting
from a depolarization from —90 to —10 mV. (C) The same cell before and after a supramaximal
concentration of 10 uM nitrendipine was added to block L-type channels, leaving N- and P-
type (as well as other undefined) Ca?* channels. (D) The same cell with 0.5 UM ®-conotoxin
GVIA added to nitrendipine, to eliminate N- and L-type channels. This cell had no T current.

(Modified from Study.!'® With permission.)
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remain to be studied. Electrophysiologic analysis of anesthetic effects on single
cloned Ca?* channel types should help clarify this issue. Single channel analysis of
L-type Ca?* channels in human SH-SYSY neuroblastoma cells showed that halothane
inhibited peak (IC5, = 0.80 mM) and sustained (ICs, = 0.69 mM) Ba?** current by
reducing open probability and enhancing inactivation.'"” Halothane also inhibited
Ca?* channel (N- and/or L-type) dependent [*H]norepinephrine release from SH-
5YS5Y cells evoked by elevated KCI (IC5, = 0.35 mM).'"”

A number of studies have used neuroendocrine cell lines or isolated adrenal
chromaffin cells as model systems to study anesthetic effects on Ca?* channels. The
effects of halothane on whole-cell Ca?* currents'?® and peptide secretion'?! in a
transformed pituitary neuroendocrine cell line (GH; cells) have been reported.
Halothane (0.5 to 5 mM) inhibited both transient LVA Ca?* current (IC5y= 1.3 mM
for peak current) and HVA Ca?* current (IC5,= 0.8 mM for peak current); there
was little effect on the voltage dependence of activation or inactivation of either
current. Ca*-mediated inactivation of HVA Ca?* channels did not appear to be a
factor because Ca?* chelators did not prevent halothane inhibition. Inhibition by
halothane of Ca?" currents correlated with inhibition of the sustained phase (extra-
cellular Ca?* dependent) of thyrotropin-releasing hormone (TRH)-induced prolactin
secretion (IC5,= 0.4 mM) and [Ca?]; increase (IC5,= 0.4 mM). The early InsP;-
mediated phase of secretion and [Ca?"]; increase was less sensitive. Halothane (0.5
mM) also inhibited KCl-induced (10 mM) prolactin secretion and the corresponding
rise in [Ca*],. L-type Ca’* channels were involved in the effect of halothane,
because the TRH-induced [Ca?*]; rise was blocked by nimodipine. These findings
may not be comparable to anesthetic effects on fast synaptic transmission in the
CNS, because the Ca?* sensitivity and specific Ca** channel types coupled to peptide
release may differ.?!

A similar study carried out in rat pheochromocytoma (PC12) cells showed that
methoxyflurane, halothane, isoflurane, and enflurane dose dependently inhibited
dopamine and norepinephrine secretion evoked by nicotinic cholinergic receptor
stimulation or by high KCI (56 mM), with ICs, values in the clinical range (<1 mM),
but not secretion evoked by muscarinic cholinergic receptor stimulation.'?? Inhibition
of KCl-evoked secretion involved L-type channels, because nifedipine completely
blocked both secretion and the rise in [Ca?*],. Inhibition of nicotinic cholinergic
receptor-evoked release resulted from blockade of nifedipine-insensitive receptor-
mediated Ca?* influx, probably through the receptor itself. Whole-cell patch-clamp
recording in rat medullary thyroid C cells, a neuroendocrine cell line with both LVA
and HVA Ca?" channels, showed that isoflurane and enflurane reversibly inhibited
LVA currents (T-type channels; ~20% inhibition at 1 MAC [minimum alveolar
concentration]) with greater potency than HVA currents (L- and N-type channels,
as indicated by their DHP and ®-CTx GVIA sensitivities), whereas halothane was
equipotent against both LVA and HVA currents.!?? Furthermore, L- and N-type Ca?*
channels were equally sensitive to isoflurane, and channel activation and inactivation
kinetics were not affected. The different sensitivities of LVA currents to anesthetics
in these studies may reflect differences between neuroendocrine and neuronal Ca?*
channels, a consideration that hampers the generalization of such results to neuronal
Ca?* channels.
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Isolated bovine adrenal chromaffin cells have been used by several groups as a
model system for correlating anesthetic effects on Ca?* signaling and catecholamine
secretion.!?* Chromaffin cells are neural crest derivatives homologous to sympathetic
postganglionic neurons that express both L- and N-type Ca?* channels.'? Halothane
inhibited catecholamine release evoked by nicotinic cholinergic stimulation in iso-
lated perfused dog adrenals (IC5, = 0.8 vol%); inhibition of Ca** channels was
postulated as a mechanism.'?® Clinically relevant concentrations of halothane, meth-
oxyflurane, isoflurane, and enflurane all inhibited catecholamine secretion evoked
by nicotinic cholinergic stimulation or by depolarization with high KCl1 (77 mM).!?
Although catecholamine release evoked by cholinergic stimulation was more sensi-
tive to methoxyflurane (0.2 mM) than that evoked by high KCI (0.4 mM), inhi-
bition of release in both cases correlated with inhibition of 4*Ca?* influx.!?” This
suggested that, in addition to a less potent direct inhibition of Ca?* channels, volatile
anesthetics inhibited the action of cholinergic agonists at their receptor. An effect
on Ca? exocytosis coupling was ruled out by the absence of anesthetic effects on
secretion from electropermeabilized cells. Although the interpretation of these data
is not straightforward given the multiple mechanisms of Ca?* entry involved, recep-
tor-mediated secretion is apparently more sensitive to anesthetics than secretion
evoked by direct Ca** channel activation. A similar study in bovine adrenal chro-
maffin cells demonstrated that KCl-evoked (56 mM) catecholamine secretion and
#Ca? influx were insensitive to 2 vol% halothane, but that nicotinic cholinergic
agonist-evoked catecholamine release and *Ca* influx were inhibited by halothane
(0.5 to 2 vol%).128

Further analysis of the effects of methoxyflurane (0.2 to 1.6 mM) and halothane
(0.5 to 2 mM) on Ca?* currents in bovine adrenal chromaffin cells by whole-cell
patch-clamp analysis revealed concentration-dependent and reversible inhibition of
peak HVA currents (ICs,= 1.3 mM and 2.5 mM, respectively) and an increase in
the rate of decay (inactivation), with no change in the voltage—current relationship.!?
Both L- and N-type channels were present because Ca** current was blocked by
nicardipine (67%) and ®-CTx GVIA (44%). The specific Ca®* channel type(s)
inhibited by the anesthetics could not be determined, however, because >50% inhi-
bition of current was not demonstrated for either anesthetic. In a similar study,
halothane (0.9 mM) or isoflurane (0.78 mM) had minimal effects on chromaffin cell
Ca?* currents,'* whereas enflurane (1.7 mM) inhibited peak inward Ca?* current by
60%.'> These results are in contrast to the greater sensitivity of Ca?* channels to
anesthetics reported in GH, pituitary cells'?! and PC12 cells,'?? in which equipotent
anesthetic effects on inhibition of KCI- or receptor-evoked secretion were reported
also. The reasons for these discrepancies are unknown, but they highlight the com-
plexity of the role of Ca?* channels in neurosecretion. In summary, studies in
neurosecretory cells have revealed relatively low sensitivity of Ca>* channels to
volatile anesthetics in bovine adrenal chromaffin cells, and somewhat greater anes-
thetic sensitivity of LVA and HVA Ca?* channels in PC12 or GH; cells. These studies
provided early evidence that Ca** channels coupled to transmitter release may be
an important target for volatile anesthetic effects on synaptic transmission.

Additional evidence for interactions between volatile anesthetics and neuronal
L-type channels has been obtained by ligand binding studies. Halothane inhibited
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the binding of isradipine to crude rat brain cerebrocortical membranes by reducing
B, without affecting K,;'3? isoflurane and enflurane had inconsistent effects, as
reported previously for cardiac membranes.®® Halothane (1.9 vol%) was associated
with a maximal reduction in B, of 48%. Significant but nonstereoselective effects
of (+) and (-) isoflurane on isradipine binding to crude rat brain cerebrocortical
membranes (ICs, = 0.4 vol%) were demonstrated subsequently.'®* This effect was
due to a reduction in B, and an increase in K. These studies suggest an interesting
noncompetitive interaction of volatile anesthetics and DHP binding to neuronal L-
type Ca?* channels.

6.7 NEUROTRANSMITTER RELEASE

A critical role of Ca?* channels in the CNS is their regulation of neurotransmitter
release.'3* Thus, the effects of anesthetics on neurotransmitter release may indirectly
reflect their effects on Ca** channels. Nerve terminal depolarization is coupled to
Ca? entry and neurotransmitter release by a highly organized supramolecular com-
plex (synaptic core complex) consisting of synaptic vesicles and multiple vesicular
and presynaptic proteins clustered at specialized zones of the presynaptic mem-
brane.!® Both synaptotagmin, the putative Ca?* sensor, and syntaxin, a plasma
membrane docking protein for fusion-competent vesicles, interact with N-type Ca>*
channels, a Ca?* channel type that is coupled to neurotransmitter release in a number
of neuronal systems.?!

Considerable evidence supports a presynaptic locus for the inhibitory effects of
general anesthetics on synaptic transmission in the CNS. Quantal analysis of elec-
trophysiologic data revealed inhibition of excitatory neurotransmitter release in the
spinal cord by ether!3¢ and halothane.!3”:13 Halothane inhibited glutamate-mediated
postsynaptic currents (IC5, = 0.6 mM), probably by inhibition of glutamate release
presynaptically, determined by whole-cell recordings from CA1 pyramidal cells in
the mouse hippocampal slice.'3* Indirect support for inhibition of glutamate release
by a presynaptic mechanism by halothane (ICs, = 1.3 vol%) or isoflurane (ICs, =
1.0 vol%) was also obtained using extracellular recordings in the rat hippocampal
slice.' Inhibition of Ca?* channels was proposed as a possible mechanism for the
anesthetic effects in both studies.

The effects of volatile anesthetics on Ca**-dependent neurotransmitter release
have also been examined directly. Isoflurane inhibited the KCl-evoked release of
glutamate, the predominant excitatory neurotransmitter in the CNS, from rat cerebral
cortex slices (IC5, = 3 vol% at 32°C).'*! The use of brain slices for this analysis is
complicated by the possibility of glutamate release from nonneuronal cells and
anesthetic effects on intact neuronal circuits and glutamate reuptake, as well as very
high background rates of release. Subsequent studies employed the synaptosome
preparation, an isolated subcellular nerve terminal fraction, which is less encumbered
by these limitations.'*? Halothane, isoflurane, and enflurane inhibited glutamate
release from rat cerebrocortical synaptosomes stimulated with 4-aminopyridine or
veratridine, but not with ionomycin or elevated KCI1.'* These data suggested that
volatile anesthetics were acting via a presynaptic mechanism involving Na* channels,
because 4-aminopyridine- and veratridine-evoked release, which is tetrodotoxin sen-
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sitive, was inhibited, whereas KCI- and ionomycin-evoked release, which is tetro-
dotoxin insensitive, was not. Halothane did inhibit the KCl-evoked increase in
intrasynaptosomal [Ca?*], which indicated inhibition of Ca?* channels, but apparently
not of those closely coupled to glutamate release. A similar study employing guinea
pig cerebrocortical synaptosomes reported that halothane, isoflurane, and enflurane
inhibited both KCl-evoked glutamate release and [Ca?*]; increase, consistent with
blockade of Ca?* channels; other secretogogues were not analyzed.'® It is unclear
why halothane did not inhibit KCl-evoked glutamate release in the prior study.
Possibilities include a species difference or a difference in the analysis techniques
that may have preferentially detected different pools of glutamate released.'4

6.8 INTRACELLULAR CAZ?* RELEASE

The recognition of the important role of intracellular Ca?* regulation in normal and
pathologic cell function has led to a number of studies of the effects of anesthetics
on intracellular Ca?* channels and [Ca?*],. The role of Ca?* release from myocardial
SR in determining the negative inotropic potency of various volatile anesthetics was
discussed above. Anesthetic effects on intracellular Ca** release have also been
demonstrated in noncardiac cells. Volatile anesthetics also augment Ca?* release
from the SR in vascular smooth muscle.!%!43 There is good evidence that the
pathogenesis of malignant hyperthermia involves anesthetic effects on skeletal mus-
cle Ca?*-induced Ca’* release mediated by the ryanodine receptor.'#” A single muta-
tion in the skeletal muscle ryanodine receptor has been identified as the cause of
malignant hyperthermia in pigs'*® and in some human lineages, although there is
genetic heterogeneity in the human disease. Halothane increases the open probability
and conductance of ryanodine-sensitive Ca?* release channels in tissue from humans
susceptible to malignant hyperthermia but not of those from control subjects.'*
Halothane and caffeine potentiate, whereas dantrolene may inhibit, SR Ca?* release,
probably through direct effects on the ryanodine receptor. In contrast, there appears
to be no difference in the sensitivities of malignant hyperthermia-susceptible and
normal pig skeletal muscle L-type Ca?* channels to volatile anesthetic inhibition of
DHP binding, which correlates with channel activity.”” Halothane, enflurane, and
isoflurane inhibited Ca?* mobilization in stimulated neutrophils in the absence or
presence of extracellular Ca?*, which suggested an inhibitory effect on intracellular
Ca?* release.* However, a high concentration of halothane (5.7 mM) produced a
rapid increase in [Ca?*]; in peripheral blood mononuclear cells from normal or
malignant hyperthermia-susceptible humans or pigs.'>! In bovine aortic endothelial
cells, halothane and enflurane, but not isoflurane, inhibited agonist-induced [Ca®*];
transients, including the initial peak that is due to intracellular Ca** mobiliza-
tion,'315% although another study'> found that halothane did not affect the agonist-
induced increase in cytoplasmic Ca?". In permeabilized rat hepatocytes, however,
halothane, enflurane, and to a lesser extent isoflurane (at concentrations equivalent
to or less than 1 MAC) stimulated “*Ca?* release from intracellular stores;'>* a similar
effect of sevoflurane was observed in permeabilized hepatocytes, but no increase in
[Ca?*]; was observed in aequorin-loaded intact hepatocytes.'>> Halothane, enflurane,
and isoflurane produced immediate transient increases in [Ca?*],, measured using
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fura-2 fluorescence or aequorin (a Ca’*-sensitive photoprotein) luminescence in
cultured rat hepatocytes.!3’ Using the L skeletal muscle cell line, a high concentra-
tion of halothane (5.7 mM) increased [Ca”*];, measured by indo-1 spectrofluorime-
try.1>® This effect was observed both in the presence and absence of external Ca?,
indicating a partial dependence on intracellular Ca?* release. The effect of halothane
on spontaneous and InsP;-induced +Ca?* release and [Ca?*]; measured by aequorin
luminescence was enhanced in permeabilized hepatocytes prepared from malignant
hyperthermia-susceptible versus normal animals.'” Although these studies are con-
sistent with a direct effect on intracellular Ca?* channels, the precise molecular target
for these effects remains to be identified. Evidence for a direct interaction is an
important consideration because volatile anesthetics have been suggested to have
both stimulatory'® and inhibitory!®"!62 effects on agonist-stimulated InsP; formation
in nonneuronal cells. In contrast, halothane (<4 mM) had no significant effects on
Ca?* signaling in pancreatic acinar cells, although it inhibited cholecystokinin-
induced InsP; production and [Ca’!]; oscillations, but not InsP;-induced Ca?*
release.!®* Nor do clinical concentrations of halothane appear to affect the phosphati-
dylinositol phosphate signaling pathway or IP,-induced Ca?** mobilization in bovine
aortic endothelial cells!*® or in neuronal cells.!2!122 However, the effects of volatile
anesthetics on cellular IP; levels have not been measured directly.

Anesthetic effects on intracellular Ca>* mobilization have also been investigated
in neuroendocrine and neuronal cells. Halothane and isoflurane, at clinically relevant
concentrations, accelerated Ca?* release from intracellular stores in the GH, pituitary
cell line, which produced an initial increase in [Ca?*];, followed by a time-dependent
inhibition of agonist-induced Ca?* release due to depletion of intracellular Ca*
stores.!%* Although the InsP; receptor was not directly identified as the anesthetic
target, this possibility was favored in view of the significant sequence similarity
between the InsP; receptor and ryanodine receptors, which are stimulated by volatile
anesthetics.” Halothane (1 to 4 vol%), methoxyflurane (0.5 to 2 vol%), isoflurane
(1.5 vol%), and enflurane (2.2 vol%) potentiated phorbol ester-evoked [*H]norepi-
nephrine release from PC12 cells (by ~80% at 1 MAC).'® This was apparently due
to an increase in basal [Ca?*]; by an undefined mechanism, although a direct effect
on protein kinase C cannot be ruled out.'*® Halothane does not appear to affect InsP,
formation in GH, cells'?! or rat brain slices.'” An early report described an increase
in resting [Ca?*], in mouse whole brain synaptosomes induced by high concentrations
of halothane (3 to 6 mM) and diethylether, ' but subsequent studies using rat cortical
synaptosomes did not reproduce this finding using clinically relevant anesthetic
concentrations.'#*!4> Halothane, isoflurane, and enflurane also failed to affect basal
[Ca?]; in cultured rat hippocampal neurons, even above clinically relevant concen-
trations.!'3 In contrast, Mody et al.'® presented indirect evidence that halothane
tonically increases [Ca?], using whole-cell patch-clamp recordings of rat hippocam-
pal neurons in brain slices. This interpretation was based on the ability of the Ca?*
chelator BAPTA or the Ca?" release inhibitor dantrolene to inhibit the halothane-
induced (1.2 vol%) increase in the decay time constant (t,) of GABA ,-recep-
tor—mediated IPSCs. However, a similar study using cultured rat hippocampal neu-
rons found that intracellular BAPTA did not affect volatile anesthetic prolongation
of GABA ,-receptor—mediated IPSCs.!"° Likewise, the effect of GABA on GABA,,



Volatile Anesthetic Effects on Calcium Channels 169

receptors expressed in Xenopus oocytes was potentiated by various anesthetics even
in the presence of the Ca?* chelator EGTA.!7! Thus, anesthetic effects on [Ca?*]; are
apparently not involved in their actions on GABA, receptors. Further studies will
be required to clarify the actions of volatile anesthetics on neuronal InsP; and
ryanodine receptors and their influence on resting [Ca?*],.

6.9 CONCLUSIONS

Considerable evidence indicates significant effects of volatile anesthetics on both
voltage-dependent Ca?* channels and intracellular Ca?* channels in muscle. Studies
of anesthetic effects on Ca?* channels in other tissues, and neurons in particular, are
just beginning to unravel the complex interactions of anesthetics with the multiple
Ca?* channel types and their possible sites of interaction with the channels. The
evidence for volatile anesthetic inhibition of neuronal T-type, L-type, and N-type
Ca?* channels is convincing, whereas the evidence for effects on other Ca?* types
or on intracellular Ca?* channels is either inconsistent or unavailable. Further work
is clearly indicated to determine the relative sensitivities of different Ca** channel
types to volatile anesthetics, and the role of these effects in anesthetic-sensitive cell
functions such as synaptic transmission.

ACKNOWLEDGMENTS

I am grateful to Dr. Thomas J. J. Blanck for his critical reading of this manuscript,
and to Lisa Cabrera and Christina Kim for expert secretarial assistance.

REFERENCES

1. Bean, B. P, Classes of calcium channels in vertebrate cells, Annu Rev Physiol 51,
367, 1989.

2. Hess, P., Calcium channels in vertebrate cells, Annu Rev Neurosci 13, 337, 1990.

3. Spedding, M. and Paoletti, R., Classification of calcium channels and the sites of
action of drugs modifying channel function, Pharmacol Rev 44, 363, 1992.

4. Zhang, J. F, Randall, A. D., Ellinor, P. T., Horne, W. A., Sather, W. A_, Tanabe, T,
Schwarz, T. L. and Tsien, R. W., Distinctive pharmacology and kinetics of cloned
neuronal Ca?* channels and their possible counterparts in mammalian CNS neurons,
Neuropharmacology 32, 1075, 1993.

5. Birnbaumer, L., Campbell, K. P., Catterall, W. A., Harpold, M. M., Hofmann, F.,
Horne, W. A., Mori, Y., Schwartz, A., Snutch, T. P., Tanabe, T. and Tsien, R. W., The
naming of voltage-gated calcium channels, Neuron 13, 505, 1994.

6. Hofmann, F., Biel, M. and Flockerzi, V., Molecular basis for Ca?* channel diversity,
Annu Rev Neurosci 17, 399, 1994.

7. Catterall, W. A., Structure and function of voltage-sensitive ion channels, Science
242, 50, 1988.

8. Dolphin, A. C., Voltage-dependent calcium channels and their modulation by neu-
rotransmitters and G proteins, Exp Physiol 80, 1, 1995.

9. Catterall, W. A. and Striessnig, J., Receptor sites for Ca** channel antagonists, Trends
Pharmacol Sci 13, 256, 1992.



170

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Molecular Bases of Anesthesia

Varadi, G., Mori, Y., Mikala, G. and Schwartz, A., Molecular determinants of Ca?*
channel function and drug action, Trends Pharmacol Sci 16, 43, 1995.

Grabner, M., Wang, Z., Hering, S., Striessnig, J. and Glossmann, H., Transfer of 1,4-
dihydropyridine sensitivity from L-type to Class A (BI) calcium channels, Neuron
16, 207, 1996.

Hockerman, G. H., Johnson, B. D., Scheuer, T. and Catterall. W. A., Molecular
determinants of high affinity phenylalkylamine block of L-type calcium channels, J
Biol Chem 270, 22119, 1995.

Peterson, B. Z., Tanada, T. N. and Catterall, W. A., Molecular determinants of high affinity
dihydropyridine binding in L-type calcium channels, J Biol Chem 271, 5293, 1996.
Hering, S., Aczél, S., Grabner, M., Doring, F., Berjukow, S., Mitterdorfer, J., Sinneg-
ger, M. J., Striessnig, J., Degtiar, V. E., Wang, Z. and Glossmann, H., Transfer of
high sensitivity for benzothiazepines from L-type to class A (BI) calcium channels,
J Biol Chem 271, 24471, 1996.

Striessing, J., Berger, W. and Glossmann, H., Molecular properties of voltage-depen-
dent Ca?" channels in excitable tissues, Cell Physiol Biochem 3, 295, 1993.

Hell, J. W., Westernbroek, R. E., Warner, C., Ahlijanian, M. K., Prystay, W., Gilbert,
M. M., Snutch, T. P. and Catterall, W. A., Identification and differential subcellular
localization of the neuronal class C and class D L-type calcium channel ol subunits,
J Cell Biol 123, 949, 1993.

Westenbroek, R. E., Hell, J. W., Warner, C., Dubel, S. J., Snutch, T. P. and Catterall,
W. A., Biochemical properties and subcellular distribution of an N-type calcium
channel o1 subunit, Neuron 9, 1099, 1992.

Westenbroek, R. E., Sakurai, T., Elliott, E. M., Hell, J. W., Starr, T. V. B., Snutch,
T. P. and Catterall, W. A., Immunochemical identification and subcellular distribution
of the o, subunits of brain calcium channels, J Neurosci 15, 6403, 1995.

Randall, A. and Tsien, R. W., Pharmacological dissection of multiple types of Ca*
channel currents in rat cerebellar granule neurons, J Neurosci 15, 2995, 1995.
Tsien, R. W., Ellinor, P. T. and Horne, W. A., Molecular diversity of voltage-dependent
Ca?* channels, Trends Pharmacol. Sci 12(9), 349, 1991.

Dunlap, K., Luebke, J. I. and Turner, T. J., Exocytotic Ca?* channels in mammalian
central neurons, Trends Neurosci 18, 89, 1995.

Cachelin, A. B., De Peyer, J. E., Kokubun, S. and Reuter, H., Ca** channel modulation
by 8-bromocyclic AMP in cultured heart cells, Nature 304, 462, 1983.

Bean, B. P., Nowycky, M. C. and Tsien R. W., B-Adrenergic modulation of calcium
channels in frog ventricular heart cells, Nature 307, 371, 1984.

Yue, D. T, Herzig, S. and Marban, E., B-Adrenergic stimulation of calcium channels
occurs by potentiation of high-activity gating modes, Proc Natl Acad Sci USA 87,
753, 1990.

Armstrong, D. L. and Eckert, R., Voltage-activated calcium channels that must be
phosphorylated to respond to membrane depolarization, Proc Natl Acad Sci USA 84,
2518, 1987.

Hymel, L., Striessing, J., Glossmann, H. and Schindler, H., Purified skeletal muscle
1,4-dihydropyridine receptor forms phosphorylation-dependent oligomeric calcium
channels in planar bilayers, Proc Natl Acad Sci USA 85, 4290, 1988.

Nunoki, K., Florio, V. and Catterall, W. A., Activation of purified calcium channels
by stoichiometric protein phosphorylation, Proc Natl Acad Sci USA 86, 6816, 1989.
Hell, J. W., Yokoyama, C. T., Wong, S. T., Warner, C., Snutch, T. P. and Catterall,
W. A., Differential phosphorylation of two size forms of the neuronal class C L-type
calcium channel ol subunit, J Biol Chem 268, 19451, 1993.



Volatile Anesthetic Effects on Calcium Channels 171

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Hell, J. W., Appleyard, S. M., Yokoyama, C. T., Warner, C. and Catterall, W. A.,
Differential phosphorylation of two size forms of the N-type calcium channel ol
subunit which have different COOH termini, J Biol Chem 269, 7390, 1994.
Rotman, E. L., De Jongh, K. S., Florio, V., Lai, Y. and Catterall, W. A., Specific
phosphorylation of a COOH-terminal site on the full-length form of the alpha 1
subunit of the skeletal muscle calcium channel by cAMP-dependent protein kinase,
J Biol Chem 267, 16100, 1992.

Hell, J. W., Westenbroek, R. E., Breeze, L. J., Wang, K. K. W., Chavkin, C. and
Catterall, W. A., N-Methyl-D-aspartate receptor-induced proteolytic conversion of
postsynaptic class C L-type calcium channels in hippocampal neurons, Proc Natl
Acad Sci USA 93, 3362, 1996.

Wei, X., Neely, A., Lacerda, A. E., Olcese, R., Stefani, E., Perez-Reyes, E. and
Birnbaumer, L., Modification of Ca* channel activity by deletions at the carboxyl
terminus of the cardiac alpha 1 subunit, J Biol Chem 269, 1635, 1994.

Dolphin, A. C., Facilitation of Ca?* current in excitable cells, TINS 19, 35, 1996.
Schneider, T., Ingelmund, P., Hescheler, J., G protein interaction with K* and Ca?*
channels, Trends Pharmacol Sci (England), 18(1), 8, 1997.

Artalejo, C. R., Rossie, S., Perlman, R. L. and Fox, A. P., Voltage-dependent phospho-
rylation may recruit Ca?* current facilitation in chromaffin cells, Nature 358, 63, 1992.
Clapham, D. E., Calcium signaling, Cell 80, 259, 1995.

Ghosh, A. and Greenberg, M. E., Calcium signaling in neurons: Molecular mecha-
nisms and cellular consequences, Science 268, 239, 1995.

Berridge, M. J., Inositol trisphosphate and calcium signalling, Nature 361, 315, 1993.
McPherson, P. S. and Campbell, K. P., The ryanodine receptor/Ca’* release channel,
J Biol Chem 268, 13765, 1993.

Lai, F. A., Erickson, L. P., Rousseau, E., Liu, Q.-Y. and Meissner, G., Purification
and reconstitution of the calcium release channel from skeletal muscle, Nature 331,
315, 1988.

Sitsapesan, R., McGarry, S. J. and Williams, A. J., Cyclic ADP-ribose, the ryanodine
receptor and Ca’* release, Trends Pharmacol Sci 16, 386, 1995.

Delaney, T. J., Kistner, J. R., Lake, C. L. and Miller, E. D., Jr, Myocardial function
during halothane and enflurane anesthesia in patients with coronary artery disease,
Anesth Analg 59, 240, 1980.

Bosnjak, Z. L. and Kampine, J. P., Effects of halothane, enflurane and isoflurane on
the SA node, Anesthesiology 58, 314, 1983.

Atlee, J. L. and Alexander, S. C., Halothane effects on conductivity of the AV node
and His-Purkinje system, Anesth Analg 56, 378, 1977.

Brown, R. B., Jr., and Crout J. R., A comparative study of five general anesthetics
on myocardial contractility, Anesthesiology 34, 236, 1971.

Rusy, B. F. and Komai, H., Anesthetic depression of myocardial contractility: A
review of possible mechanisms, Anesthesiology 67, 745, 1987.

Hauswirth, O., Effects of halothane on single atrial, ventricular, and Purkinje fibers,
Circ Res 24, 745, 1969.

Lynch, C., Vogel, S. and Sperelakis, N., Halothane depression of myocardial slow
action potentials, Anesthesiology 55, 360, 1981.

Lynch, C., Vogel, S., Pratila, M. and Sperelakis, N., Enflurane depression of myo-
cardial slow action potentials, J Pharmacol Exp Ther 222, 405, 1982.

Hirota, K., Ito, Y., Masuda, A. and Momose, Y., Effects of halothane on membrane
ionic currents in guinea pig atrial and ventricular myocytes, Acta Anaesthesiol Scand
33, 239, 1989.



172

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Molecular Bases of Anesthesia

Bosnjak, Z. J., Supan, F. D. and Rusch, N. J., The effects of halothane and isoflurane
on calcium current in isolated canine ventricular cells, Anesthesiology 74, 340, 1991.
Ikemoto, Y., Yatani, A., Arimura, H. and Yoshitake, J., Reduction of the slow inward
current of isolated rat ventricular cells by thiamylal and halothane, Acta Anaesthesiol
Scand 29, 583, 1985.

Terrar, D. A. and Victory, J. G. G., Influence of halothane on membrane currents
associated with contraction in single myocytes isolated from guinea-pig ventricle, Br
J Pharmacol 94, 500, 1988.

Terrar, D. A. and Victory, J. G. G., Isoflurane depresses membrane currents associated
with contraction in myocytes isolated from guinea-pig ventricle, Anesthesiology 69,
742, 1988.

Niggli, E., Riidisiili, A., Maurer, P. and Weingart, R., Effects of general anesthetics
on current flow across membranes in guinea pig myocytes, Am J Physiol 256, C273,
1989.

Puttick, R. M. and Terrar, D. A., Effects of propofol and enflurane on action potentials,
membrane currents and contraction of guinea-pig isolated ventricular myocytes, Br
J Pharmacol 107, 559, 1992.

Baum, V. C., Wetzel, G. T. and Klitzner, T. S., Effects of halothane and ketamine on
activation and inactivation of myocardial calcium current, J Cardiovasc Pharmacol
23,799, 1994.

Pancrazio, J. J., Halothane and isoflurane preferentially depress a slowly inactivating
component of Ca?* channel current in guinea-pig myocytes, J Physiol 494, 91, 1996.
Hirota, K., Fujimura, J., Wakasugi, M. and Ito, Y., Isoflurane and sevoflurane modulate
inactivation kinetics of Ca?* currents in single bullfrog atrial myocytes, Anesthesiology
84, 377, 1996.

Hatakeyama, N., Momose, Y. and Ito, Y., Effects of sevoflurane on contractile
responses and electrophysiologic properties in canine single cardiac myocytes, Anes-
thesiology 82, 559, 1995.

Takahashi, H., Puttick, R. M. and Terrar, D. A., The effects of propofol and enflurane
on single calcium channel currents of guinea-pig isolated ventricular myocytes, Br J
Pharmacol 111, 1147, 1994.

Hirota, K. and Lambert, D. G., Voltage-sensitive Ca?* channels and anaesthesia, Br
J Anaesth 76, 344, 1996.

Blanck, T. J. J., Runge, S. and Steveson, R.L., Halothane decreases calcium channel
antagonist binding to cardiac membranes, Anesth Analg 67, 1032, 1988.

Drenger, B., Quigg, M. and Blanck, T. J. J., Volatile anesthetics depress calcium
channel blocker binding to bovine cardiac sarcolemma, Anesthesiology 74, 155, 1991.
Nakao, S., Hirata, H. and Kagawa, Y., Effects of volatile anesthetics on cardiac
calcium channels, Acta Anaesthesiol Scand 33, 326, 1989.

Hoehner, P. J., Quigg, M. C. and Blanck, T. J. J., Halothane depresses D600 binding
to bovine heart sarcolemma, Anesthesiology 75, 1019, 1991.

Schmidt, U., Schwinger, R. H. G., Béhm, S., Uberfuhr, P, Kreuzer, E., Reichart, B.,
Meyer, L. V., Erdmann, E. and B6hm, M., Evidence for an interaction of halothane
with the L-type Ca** channel in human myocardium, Anesthesiology 79, 332, 1993.
Chung, O. Y., Blanck, T. J. J. and Berman, M. R., Depression of myocardial force
and stiffness without change in crossbridge kinetics: Effects of volatile anesthetics
reproduced by nifedipine, Anesthesiology 71, 444, 1989.

Blanck, T. J. J., Lee, D. L., Yasukochi, S., Hollmann, C. and Zhang, J., The role of
L-type voltage-depenent calcium channels in anesthetic depression of contractility,
Adv Pharmacol 31, 207, 1994.



Volatile Anesthetic Effects on Calcium Channels 173

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Louis, C. F., Roghair, T. and Mickelson, J. R., Volatile anesthetics inhibit dihydro-
pyridine binding to malignant hyperthermia-susceptible and normal pig skeletal mus-
cle membranes, Anesthesiology 80, 618, 1994.

Lee, D. L., Zhang, J. and Blanck, T. J. J., The effects of halothane on voltage-
dependent calcium channels in isolated Langendorft-perfused rat heart, Anesthesiol-
ogy 81, 1212, 1994.

Eskinder, H., Rusch, N. J., Supan, F. D., Kampine, J. P. and Bosnjak, Z. J., The effects
of volatile anesthetics on L- and T-type calcium channel currents in canine cardiac
Purkinje cells, Anesthesiology 74, 919, 1991.

Haworth, R. A. and Goknur, A. B., Inhibition of sodium/calcium exchange and
calcium channels of heart cells by volatile anesthetics, Anesthesiology 82, 1255, 1995.
Housmans, P. R. and Murat, 1., Comparative effects of halothane, enflurane, and
isoflurane at equipotent anesthetic concentrations on isolated ventricular myocardium
of the ferret. I. Contractility, Anesthesiology 69, 451, 1988.

Stowe, D. F., Monroe, S. M., Marijic, J., Bosnjak, Z. J. and Kampine, J. P., Compar-
ison of halothane, enflurane, and isoflurane with nitrous oxide on contractility and
oxygen supply and demand in isolated hearts, Anesthesiology 75, 1062, 1991.

Su, J. Y. and Kerrick, W. G. L., Effects of halothane on caffeine-induced tension
transients in functionally skinned myocardial fibers, Pflugers Arch 380, 29, 1979.
Su, J. Y. and Kerrick, W. G. L., Effects of enflurane on functionally skinned myocardial
fibers from rabbits, Anesthesiology 52, 385, 1980.

Su, J. Y. and Bell, J., Intracellular mechanism of action of isoflurane and halothane
on striated muscle of rabbit, Anesth Analg 65, 457, 1986.

Blanck, T. J. J., Chiancone, E., Salviati, G., Heitmiller, E. S., Verzilli, D. and Luciani,
G., Halothane does not alter Ca?* affinity of troponin C, Anesthesiology 76, 100, 1992.
Bosnjak, Z. J., Aggarwal, A., Turner, L. A., Kampine, J. M. and Kampine, J. P,
Differential effects of halothane, enflurane, and isoflurane on Ca?* transients and
papillary muscle tension in guinea pigs, Anesthesiology 76, 123, 1992.

Murat, 1., Veksler, V. L. and Ventura-Clapier, R., Effects of halothane on contractile
properties of skinned fibers from cardiomyopathic animals, J Mol Cell Cardiol 21,
1293, 1989.

Herland, J. S., Julian, F. J. and Stephenson, D. G., Effects of halothane, enflurane, and
isoflurane on skinned rat myocardium activated by Ca>*, Am J Physiol 264, H224, 1993.
Stowe, D. E,, Sprung, J., Turner, L. A., Kampine, J. P. and Bosnjak, Z. J., Differential
effects of halothane and isoflurane on contractile force and calcium transients in
cardiac Purkinje fibers, Anesthesiology 80, 1360, 1994.

De Traglia, M. C., Komai, H. and Rusy, B. F, Differential effects of inhalation
anesthetics on myocardial potentiated-state contractions in vitro, Anesthesiology 68,
534, 1988.

Lynch, C., III, Differential depression of myocardial contractility by volatile anes-
thetics in vitro: Comparison with uncouplers of excitation-contraction coupling, J
Cardiovasc Pharmacol 15, 655, 1990.

Bernard, J. M., Wouters, P. F., Doursout, M. E., Florence, B., Chelly, J. E. and Merin,
R. G., Effects of sevoflurane and isoflurane on cardiac and coronary dynamics in
chronically instrumented dogs, Anesthesiology 72, 659, 1990.

Park, W. K., Pancrazio, J. J., Suh, C. K. and Lynch C., III, Myocardial depressant
effects of sevoflurane, Anesthesiology 84, 1166, 1996.

Wheeler, D. M., Katz, A., Rice, T. and Hansford, R. G., Volatile anesthetic effects
on sarcoplasmic reticulum Ca content and sarcolemmal Ca flux in isolated rat cardiac
cell suspensions, Anesthesiology 80, 372, 1994.



174

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Molecular Bases of Anesthesia

Blanck, T. J. J. and Thompson, M., Calcium transport by cardiac sarcoplasmic
reticulum: Modulation of halothane action by substrate concentration and pH, Anesth
Analg 60, 390, 1981.

Blanck, T. J. J. and Thompson, M., Enflurane and isoflurane stimulate calcium
transport by cardiac sarcoplasmic reticulum, Anesth Analg 61, 142, 1982.

Frazer, M. J. and Lynch III, C., Halothane and isoflurane effects on Ca*" fluxes of
isolated myocardial sarcoplasmic reticulum, Anesthesiology 77, 316, 1992.

Blanck, T. J. J., Peterson, C. V., Baroody, B., Tegazzin, V. and Lou, J., Halothane,
enflurane, and isoflurane stimulate calcium leakage from rabbit sarcoplasmic reticu-
lum, Anesthesiology 76, 813, 1992.

Nelson, T. E. and Sweo, T., Ca** uptake and Ca’* release by skeletal muscle sarco-
plasmic reticulum: Differing sensitivity to inhalational anesthetics, Anesthesiology
69, 571, 1988.

Andoh, T., Blanck, T. J. J., Nikinorov, I. and Recio-Pinto, E., Volatile anaesthetics
effects on calcium conductance of planar lipid bilayers formed with synthetic lipids
or extracted lipids from sarcoplasmic reticulum, J Anaesth 78, 66, 1997.

Herland, J. S., Julian, E. J. and Stephenson, D. G., Halothane increases Ca** efflux
via Ca?* channels of sarcoplasmic reticulum in chemically skinned rat myocardium,
J Physiol 426, 1, 1990.

Wilde, D. W., Davidson, B. A., Smith, M. D. and Knight, P. R., Effects of isoflurane
and enflurane on intracellular Ca?* mobilization in isolated cardiac myocytes, Anes-
thesiology 79, 73, 1993.

Connelly, T. J., El-Hayek, R., Rusy, B. F. and Coronado, R., Volatile anesthetics
selectively alter [*H]ryanodine binding to skeletal and cardiac ryanodine receptors,
Biochem Biophys Res Commun 186, 595, 1992.

Lynch, C., IlII and Frazer, M. J., Anesthetic alteration of ryanodine binding by cardiac
calcium release channels, Biochim Biophys Acta 1194, 109, 1994.

Connelly, T. J. and Coronado, R., Activation of the Ca?" release channel of cardiac
sarcoplasmic reticulum by volatile anesthetics, Anesthesiology 81, 459, 1994.
Yamazaki, M., Kamitani, Y., Ito, Y. and Momose, Y., Effects of halothane and dilt-
iazem on L-type calcium currents in single smooth muscle cells from rabbit portal
veins, Br J Anaesth 73, 209, 1994.

Buljubasic, N., Rusch, N. J., Marijic, J., Kampine, J. P. and Bosnjak, Z. J., Effects
of halothane and isoflurane on calcium and potassium channel currents in canine
coronary arterial cells, Anesthesiology 76, 990, 1992b.

Buljubasic, N., Flynn, N. M., Marijic, J., Rusch, N. J., Kampine, J. P. and Bosnjak,
Z. J., Effects of isoflurane on K* and Ca?* conductance in isolated smooth muscle
cells of canine cerebral arteries, Anesth Analg 75, 590, 1992a.

Wilde, D. W., Isoflurane reduces Ca** channel current and accelerates current decay
in guinea pig portal vein smooth muscle cells, J Pharmacol Exp Ther 271, 1159, 1994.
Yamakage, M., Hirshman, C. A. and Croxton, T. L., Volatile anesthetics inhibit
voltage-dependent Ca?* channels in porcine tracheal smooth muscle cells, Am J
Physiol 268, L187, 1995.

Kakuyama, M., Hatano, Y., Nakamura, K., Toda, H., Terasako, K., Nishiwada, M.
and Mori, K., Halothane and enflurane constrict canine mesenteric arteries by releas-
ing Ca?* from intracellular Ca** stores, Anesthesiology 80, 1120, 1994.

Namba, H. and Tsuchida, H., Effect of volatile anesthetics with and without verapamil
on intracellular activity in vascular smooth muscle, Anesthesiology 84, 1465, 1996.
Su, J. Y., Chang, Y. I. and Tang, L. J., Mechanisms of action of enflurane on vascular
smooth muscle, Anesthesiology 81, 700, 1994.



Volatile Anesthetic Effects on Calcium Channels 175

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Richards, C. D., Actions of general anesthetics on synaptic transmission in the CNS,
Br J Anaesth 55, 201, 1983.

Krnjevic, K. and Puil, E., Halothane suppresses slow inward currents in hippocampal
slices, Can J Physiol Pharmacol 66, 1570, 1988.

McGivern, J. and Scholfield, C. N., Action of general anaesthetics on unclamped
Ca?*-mediated currents in unmyelinated axons of rat olfactory cortex, Eur J Phar-
macol 203, 59, 1991.

Takenoshita, M. and Steinbach, J. H., Halothane blocks low-voltage-activated calcium
current in rat sensory neurons, J Neurosci 11, 1404, 1991.

Todorovic, S. M. and Lingle, C., Pharmacological properties of T-type Ca?* current
in adult rat sensory neurons: Effects of anticonvulsant and anesthetic agents, J Neu-
rophysiol 79, 240, 1997.

Bleakman, D., Jones, M. V. and Harrison, N. L., The effects of four general anesthetics
on intracellular [Ca?*] in cultured rat hippocampal neurons, Neuropharmacology 34,
541, 1995.

Maze, M., Mason, D. M. and Kates, R. E., Verapamil decreases MAC for halothane
in dogs, Anesthesiology 59, 327, 1983.

Dolin, S.J. and Little, H. J., Augmentation by calcium channel antagonists of general
anaesthetic potency in mice, Br J Pharmacol 88, 909, 1986.

Study, R. E., Isoflurane inhibits multiple voltage-gated calcium currents in hippo-
campal pyramidal neurons, Anesthesiology 81, 104, 1994.

Atcheson, R., Bjornstrom, K., Hirst, R. A., Rowbotham, D. J. and Lambert, D. G.,
Effect of halothane on K* and carbachol stimulated [*H]noradrenaline release and
increased [Ca*"]; in SH-SY5Y human neuroblastoma cells, Br J Anaesth 79,78, 1997.
Hall, A. C., Lieb, W. R. and Franks, N. P, Insensitivity of P-type calcium channels
to inhalational and intravenous general anesthetics, Anesthesiology 81, 117, 1994.
Nikonorov, I. M., Blanck, T. J. J. and Recio-Pinto, E., The effects of halothane on
single human neuronal L-type calcium channels, Anesth Analg 86, 885, 1998.
Herrington, J., Stern, R. C., Evers, A. S. and Lingle, C. J., Halothane inhibits two
components of calcium current in clonal (GH,) pituitary cells, J Neurosci 11, 2226,
1991.

Stern, R. C., Herrington, J., Lingle, C. J. and Evers, A. S., The action of halothane
on stimulus-secretion coupling in clonal (GH;) pituitary cells, J Neurosci 11, 2217,
1991.

Kress, H. G., Miiller, J., Eisert, A., Gilge, U., Tas, P. W. and Koschel, K., Effects of
volatile anesthetics on cytoplasmic Ca?* signaling and transmitter release in a neural
cell line, Anesthesiology 74, 309, 1991.

McDowell, T. S., Pancrazio, J. J. and Lynch, C., 111, Volatile anesthetics reduce low-
voltage-activated calcium currents in a thyroid C-cell line, Anesthesiology 85, 1167,
1996.

Richards, C. D., The synaptic basis of general anaesthesia, Eur J Anaesthesiol 12, 5,
1995.

Bossu, J. L., De Waard, M. and Feltz, A., Two types of calcium channels are expressed
in adult bovine chromaffin cells, J Physiol 437, 621, 1991.

Sumikawa, K., Matsumoto, T., Ishizaka, N., Nagai, H., Amenomori, Y. and Amakata,
Y., Mechanism of the differential effects of halothane on nicotinic- and muscarinic-
receptor-mediated responses of the dog adrenal medulla, Anesthesiology 57, 444,
1982.

Pocock, G. and Richards, C. D., The action of volatile anaesthetics on stimulus-
secretion coupling in bovine adrenal chromaffin cells, Br J Pharmacol 95, 209, 1988.



176

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.
143.

144.

145.

Molecular Bases of Anesthesia

Yashima, N., Wada, A. and Izumi, F., Halothane inhibits the cholinergic-receptor-
mediated influx of calcium in primary culture of bovine adrenal medulla cells,
Anesthesiology 64, 466, 1986.

Charlesworth, P., Pocock, G. and Richards, C. D., Calcium channel currents in bovine
adrenal chromaffin cells and their modulation by anaesthetic agents, J Physiol 481,
543, 1994.

Pancrazio, J. J., Park, W. K. and Lynch, C., III, Inhalational anesthetic actions on
voltage-gated ion currents of bovine adrenal chromaffin cells, Mol Pharmacol 43,
783, 1993.

Pancrazio, J. J., Park, W. K. and Lynch, C., III, Effects of enflurane on the voltage-
gated membrane currents of bovine adrenal chromaffin cells, Neurosci Lett 146, 147,
1992.

Drenger, B., Heitmiller, E. S., Quigg, M. and Blanck, T. J. J., Depression of calcium
channel blocker binding to rat brain membranes by halothane, Anesth Analg 74, 758,
1992.

Moody, E. J., Harris, B., Hoehner, P. and Skolnick, P., Inhibition of [*H]isradipine
binding to L-type calcium channels by the optical isomers of isoflurane, Anesthesi-
ology 81, 124, 1994.

Smith, S. J. and Augustine, G. J., Calcium ions, active zones and synaptic transmitter
release, Trends Neurosci 11, 458, 1988.

Bajjalieh, S. M. and Scheller, R. H., The biochemistry of neurotransmitter secretion,
J Biol Chem 270, 1971, 1995.

Zorychta, E. and Capek, R., Depression of spinal monosynaptic transmission by
diethyl ether: Quantal analysis of unitary synaptic potentials J Pharmacol Exp Ther
207, 825, 1978.

Takenoshita, M. and Takahashi, T., Mechanisms of halothane action on synaptic
transmission in motoneurons of the newborn rat spinal cord in vitro, Brain Res 402,
303, 1987.

Kullmann, D. M., Martin, R. L. and Redman, S. J., Reduction by general anaesthetics
of group Ia excitatory postsynaptic potentials and currents in the cat spinal cord, J
Physiol 412, 277, 1989.

Perouansky, M., Baranov, D., Salman, M. and Yaari, Y., Effects of halothane on
glutamate receptor-mediated excitatory postsynaptic currents, Anesthesiology 83, 109,
1995.

Maclver, M. B., Mikulec, A. A., Amagasu, S. M. and Monroe, F. A., Volatile anes-
thetics depress glutamate transmission via presynaptic actions, Anesthesiology 85,
823, 1996.

Larsen, M., Grondahl, T. O., Haugstad, T. S. and Langmoen, I. A., The effect of the
volatile anesthetic isoflurane on Ca**-dependent glutamate release from rat cerebral
cortex, Brain Res 663, 335, 1994.

Nicholls, D. G., The glutamatergic nerve terminal, Eur J Biochem 212, 613, 1993.
Tsuchida, H., Namba, H., Seki, S., Fujita, S., Tanaka, S. and Namiki, A., Role of
intracellular Ca?* pools in the effects of halothane and isoflurane on vascular smooth
muscle contraction, Anesth Analg 78, 1067, 1994.

Schlame, M. and Hemmings, H. C., Jr., Inhibition by volatile anesthetics of endog-
enous glutamate release from synaptosomes by a presynaptic mechanism Anesthesi-
ology 82, 1406, 1995.

Miao, N., Frazer, M. J. and Lynch, C., III, Volatile anesthetics depress Ca?* transients
and glutamate release in isolated cerebral synaptosomes, Anesthesiology 83, 593,
1995.



Volatile Anesthetic Effects on Calcium Channels 177

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Herrero, 1., Castro, E., Miras-Portugal, M. T. and Sdnchez-Prieto, J., Two components
of glutamate exocytosis differentially affected by presynaptic modulation, J Neuro-
chem 67, 2346, 1996.

Louis, C. F.,, Zualkernan, K., Roghair, T. and Mickelson, J. R., The effects of volatile
anesthetics on calcium regulation by malignant hyperthermia-susceptible sarcoplas-
mic reticulum, Anesthesiology 77, 114, 1992.

Fujii, J., Otsu, K., Zorzato, F., De Leon, S., Khanna, V. K., Weiler, J. E., O’Brien,
P. J. and MacLennan, D. H., Identification of a mutation in porcine ryanodine receptor
associated with malignant hyperthermia, Science 253, 448, 1991.

Nelson, T. E., Halothane effects on human malignant hyperthermia skeletal muscle
single calcium-release channels in planar lipid bilayers, Anesthesiology 76, 588, 1992.
Nakagawara, M., Takeshige, K., Takamatsu, J., Takahashi, S., Yoshitake, J. and
Minakami, S., Inhibition of superoxide production and Ca** mobilization in human
neutrophils by halothane, enflurane, and isoflurane, Anesthesiology 64, 4, 1986.
Klip, A., Mills, G. B., Britt, B. A. and Elliott, M. E., Halothane-dependent release
of intracellular Ca** in blood cells in malignant hyperthermia, Am J Physiol 258,
C495, 1990a.

Loeb, A. L., Longnecker, D. L. and Williamson, J. R., Alteration of calcium mobili-
zation in endothelial cells by volatile anesthetics, Biochem Pharmacol 45, 1137, 1993.
Loeb, A. L., O’Brien, D. K. and Longnecker, D. L., Halothane inhibits bradykinin-
stimulated prostacyclin production in endothelial cells, Anesthesiology 81,931, 1994.
Pajewski, T. N., Miao, N., Lynch, C., Il and Johns, R. A., Volatile anesthetics affect
calcium mobilization in bovine endothelial cells, Anesthesiology 85, 1147, 1996.
laizzo, P. A., Seewald, M. J., Powis, G. and Van Dyke, R. A., The effects of sevoflurane
on intracellular Ca** regulation in rat hepatocytes, Toxicol Lett 66, 81, 1993.
Simoneau, C., Thuringer, D., Cai, S., Garneau, L., Blaise, G. and Sauvé, R., Effects
of halothane and isoflurane on bradykinin-evoked Ca?* influx in bovine aortic endot-
helial cells, Anesthesiology, 85, 366, 1996.

laizzo, P. A., Olsen, R. A., Seewald, M. J., Powis, G., Stier, A. and Van Dyke, R. A.,
Transient increases of intracellular Ca** induced by volatile anesthetics in rat hepa-
tocytes, Cell Calcium 11, 515, 1990.

Klip, A., Hill, M. and Ramlal, T., Halothane increases cytosolic Ca** and inhibits
Na*/H* exchange in L6 muscle cells, J Pharmacol Exp Ther 254, 552, 1990b.
laizzo, P. A., Seewald, M. J., Olsen, R., Wedel, D. J., Chapman, D. E., Berggren, M.,
Eichinger, H. M. and Powis, G., Enhanced mobilization of intracellular Ca** induced
by halothane in hepatocytes isolated from swine susceptible to malignant hyperther-
mia, Anesthesiology 74, 531, 1991.

Smart, D., Smith, G. and Lambert D. G., Halothane and isoflurane enhance basal and
carbachol-stimulated inositol (1,4,5)triphosphate formation in SH-SY5Y human neu-
roblastoma cells, Biochem Pharmacol 47, 939, 1994.

Sill, J. C., Uhl, C., Eskuri, S., Dyke, R. V. and Tarara, J., Halothane inhibits agonist-
induced inositol phosphate and Ca®* signaling in A7r5 cultured vascular smooth
muscle cells, Mol Pharmacol 40, 1006, 1991.

Kohro, S. and Yamakage, M., Direct inhibitory mechanisms of halothane on human
platelet aggregation, Anesthesiology 85, 96, 1996.

Deutsch, D. E., Williams, J. A. and Yule, D. 1., Halothane and octanol block Ca*
oscillations in pancreatic acini by multiple mechanisms, Am J Physiol 269, G779,
1995.

Hossain, M. D. and Evers, A. S., Volatile anesthetic-induced efflux of calcium from
IP;-gated stores in clonal (GH;) pituitary cells, Anesthesiology 80, 1379, 1994.



178

165.

166.

167.

168.

169.

170.

171.

Molecular Bases of Anesthesia

Tas, P. W. L. and Koschel, K., Volatile anesthetics stimulate the phorbol ester evoked
neurotransmitter release from PC12 cells through an increase of the cytoplasmic Ca?*
ion concentration, Biochim Biophys Acta 1091, 401, 1991.

Hemmings, H. C., Jr. and Adamo, A. 1. B., Activation of endogenous protein kinase
C by halothane in synaptosomes, Anesthesiology 84, 652, 1996.

Bazil, C. W. and Minneman, K. P., Effects of clinically effective concentrations of
halothane on adrenergic and cholinergic synapses in rat brain in vitro, J Pharmacol
Exp Ther 248, 143, 1989.

Daniell, L. C. and Harris, R. A., Neuronal intracellular calcium concentrations are
altered by anesthetics: Relationship to membrane fluidization, J Pharmacol Exp Ther
245, 1, 1987.

Mody, I., Tanelian, D. L. and Maclver, M. B., Halothane enhances tonic neuronal
inhibition by elevating intracellular calcium, Brain Res 538, 319, 1991.

Jones, M. V. and Harrison, N. L., Effects of volatile anesthetics on the kinetics of
inhibitory postsynaptic currents in cultured rat hippocampal neurons, J Neurophysiol
70, 1339, 1993.

Lin, L.-H., Chen, L. L., Zirrolli, J. A. and Harris, R. A., General anesthetics potentiate
Y-aminobutyric acid actions on y-aminobutyric acid, receptors expressed by Xenopus
oocytes: Lack of involvement of intracellular calcium, J Pharmacol Exp Ther 263,
569, 1992.



7 Inhalation Anesthetic
Effects on Neuronal

Plasma Membrane
Ca?*-ATPase

Piotr K. Janicki

CONTENTS
7.1 Role of Ca?* in NeurotranSmiSSion ...........ecvevveeveieieeeeeeereseereesessessessessens 180
7.2 PMCA as the Principal Ca?* Removal Mechanism in Neurons.................. 180
7.3 Interactions Between PMCA and Phospholipid N-Methylation.................. 185
7.4 Localization and Function of PMCA in the Central Nervous
SYSEIM ..ttt ettt ettt ettt ettt ettt e e st ebeesat e e bt e s abeenbeesabeenaeeas 186
7.4.1  In Situ HyDridiZation .......coceeieeeniieniieiieeieesieeee et 186
7.4.2 PMCA Immunolocalization..........cccceevierieenieniieniiienieeicesieeieeee 186
7.4.3 Histochemical Assay of PMCA Activity in Brain Sections............ 188
7.4.4 Immunolocalization of PMCA in Neurons.........ccccceevveeveerueenueennne. 189
7.5 Inhibition of PMCA by Inhalation Anesthetics In Vitro..........ccccoeuveueennee. 190
7.5.1 Inhalation Anesthetic Effects on Isolated Brain Synaptic
PMCA ACHVILY ettt 190
7.5.2  Stable Inhibition of Brain Synaptic PMCA in Rats Anesthetized
with Halothane...........cc.coceiiiiiiniiiiniiiccc e 190
7.5.3 Inhalation Anesthetic Effects on PMCA Function in Tissue
and Culture CellS......co.eoveririiniiiinieicnieeeeeeeee e 191
7.6 Changes in Anesthetic Requirements in Animal Models with Altered
PMOCA ACHVILY c.eviiiiiitieterie sttt sttt 191

7.6.1 Diminished PMCA Pumping and Increased PLM in Brain
SPM Vesicles from Rats with Streptozocin-Induced Diabetes:
Association with Reduced Anesthetic Requirements ...................... 191
7.6.2 Effect of Insulin Treatment on Altered Brain Synaptic
PMCA/PLM and Anesthetic Requirements in Streptozocin-Induced
DIADELES ..ottt 192
7.6.3 Diminished Brain Synaptic PMCA Activity in Spontaneously
Hypertensive Rats Associated with Reduced Anesthetic
REQUITEMENLS ....eonieiiieiieeiieeiteeee ettt 192

0-8493-8555-5/01/50.00+$.50
© 2001 by CRC Press LLC 179



180 Molecular Bases of Anesthesia

7.6.4 The Zucker Rat — A Paradigm of Increased Anesthetic

REQUITEMENLS ..c.veeniiiiiniieiiciieitetceeseee ettt 192
7.6.5 Diminished Brain Synaptic PMCA Activity in Aged Rats:
Association with Reduced Anesthetic Requirements ...........c...c...... 194
7.6.6 Studies with Eosin, Putatively Specific Inhibitor of PMCA ........... 194
7.6.6.1 Isolated Rat Brain SPM......cc..ccceviiiininiiininiinicicneeiee 195
7.6.6.2  INtact RAtS ...cc.cociiviiiiiniiiinieeicneeceecetceet e 195
7.7 Effect of Inhalation Anesthetics on PMCA: Electrophysiologic and
Microfluorometric Studies of Isolated Neuronal Cell Cultures................... 196
7.8 Future Directions of Research.........ccceceeverviiniiiiniincniiicnieieniciceeeiene 196
ACKNOWIEAZMENES.......onviiiiiiiiiiiiieteeitetetee ettt 198
RETEIEINCES ...ttt 198

7.1 ROLE OF Ca?* IN NEUROTRANSMISSION

It is a fundamental tenet of modern biology that small diffusible second messengers
act within the cell to provide a link between stimulus and output. Second messenger
functions for Ca?* are well established, and the role of intracellular Ca?* in coupling
neuronal excitation to the release of neurotransmitters into the synaptic space makes
anesthetic modulation of calcium homeostasis an attractive, although disputed,
potential mechanism for anesthetic action.!*

Regulation of cytosolic Ca?* concentration ([Ca?*],) is essential for maintaining
a balance between rapid Ca** signaling and Ca**-dependent toxicity and must be
done against a 10,000:1 gradient of extracellular to intracellular Ca?*. Ca** channels
in the plasma membrane and intracellular release channels in the endoplasmic
reticulum are capable of increasing [Ca®']; rapidly with appropriate stimulation.
Three main systems serve to reduce or maintain [Ca?*]; at low levels: a plasma
membrane Na/Ca exchanger, a plasma membrane Ca?*-ATPase (PMCA) pump, and
a smooth endoplasmic reticulum Ca?-ATPase (SERCA) pump. Mitochondrial
uptake and release functions are thought to operate principally at high [Ca?*],. The
role of intracellular Ca?* buffering proteins is unclear at the present time.>¢ Figure
7.1 (a schematic diagram) and Figure 7.2 (a chart) show various mechanisms
involved in the regulation of intracellular Ca?* concentration.

7.2 PMCA AS THE PRINCIPAL Ca?* REMOVAL
MECHANISM IN NEURONS

The development in the last decade of powerful methods for recording changes in
[Ca?*]; in single cells, based on electrophysiologic and Ca?*-specific microfluorimet-
ric techniques, has led to a substantial advance in knowledge of the complexities of
neuronal [Ca”]; regulation and signaling. Ca?* influx via channels and release from
intracellular stores have been studied extensively. The modulation of processes that
remove Ca?* from neuronal cytosol and their relative importance in neuronal function
have also been studied, although to a lesser extent. The consensus has been that the
high capacity and low affinity of the Na/Ca exchanger relegates its role to removal
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FIGURE 7.1 Cellular localization of structures involved in the regulation of intracellular
calcium. PMCA, plasma membrane Ca**-ATPase; CRAC, Ca>* release activated channels;
Ins Pj, inositol 1,4,5-trisphosphate; RyR, ranodin receptor; IP;R, inositol triphosphate recep-
tor; SERCA, smooth endoplasmic reticulum Ca?*-ATPase.
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FIGURE 7.2 Intracellular mechanisms responsible for changes in the intracellular calcium
concentration in neurons. ICRC, intracellular Ca?* release channels; IP;R; RyR.
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FIGURE 7.3 Schematic representation of the plasma membrane Ca’**-ATPase (PMCA)
molecule.

of Ca?* when concentrations are 1 UM or higher, whereas high-affinity PMCA serves
as a precise regulator that maintains [Ca?*]; at low resting levels.””

PMCA belongs to the family of P-type ATPases, and the general mechanism of
the pump is that of all other P-type pumps. Ca ?* promotes the transfer of the terminal
phosphate of adenosine triphosphate (ATP) to an aspartic acid residue in the pump.
By means of gamma-labeled ATP, the approximate molecular mass of the pump
protein in erythrocytes has been estimated at about 140,000 Da because Ca**-
dependent incorporation of radioactivity was observed only in a protein correspond-
ing to this mass in electrophoretic gels. The complete primary structure of the pump
was deduced in 1989 by Shull and Greeb!? from complementary DNA isolated from
rat brain and by Verma et al.!' from human teratoma cell libraries. As with all other
P-type pumps, PMCA is inhibited by La** and by vanadate. A comparison of the
primary sequences of PMCA with other P-type ATPases confirmed the presumption
of a considerable degree of homology. The PMCA pump appears to contain ten
transmembrane helices, which have been assigned by the usual hydropathy plots.
They are grouped at the N- and C-terminal portions of the pump, leaving a large
mid-zone of the enzyme free of hydrophobic interactions. The schematic structure
of the PMCA molecule is shown in Figure 7.3. The pump protrudes essentially into
the intracellular domain, where about 80% of its mass is located. The domain
protruding between putative transmembrane helices 4 and 5 contains the ATP binding
site and the site of phosphoenzyme formation (lysine 601 and aspartic acid 475,
respectively, in the human teratoma isoform). The moiety protruding out of the last
putative transmembrane helix contains several domains (i.e., the calmodulin binding
domain [residues 1100-1127 in the human teratoma isoform], an acidic stretch
immediately to the N-terminal side of it, and a domain having the typical charac-
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FIGURE 7.4 List of factors involved in the modulation of activity of plasma membrane Ca**-
ATPase (PMCA).

teristics of the substrate site for the cAMP-dependent protein kinase). A comparison
of the structure of the PMCA pump with its intracellular counterpart (i.e., SERCA)
points to two distinct domains of functionally important differences: a large, highly
charged PMCA insert between membrane-spanning helices two and three (putative
acidic phospholipid binding domain) and an extended PMCA C-terminus comprising
the calmodulin binding domain and a site for kinase phosphorylation.'?-14

The activity of PMCA is modified by a large number of agents that interact
either with the enzyme directly (calmodulin, acidic phospholipids) or through inte-
grated regulatory pathways (various kinases, proteolysis, self-association, hor-
mones). A list of known factors affecting the activity of PMCA is shown in Figure
7.4. The major effect of all these regulators is to increase or decrease the V,, and
the affinity of the pump for Ca?*.!> Long-term control is achieved through regulation
of its gene expression.'®

Several interesting studies indicate how important PMCA is in removing Ca
loads in neurons. Benham et al.,” using patch-clamp and microfluorimetric tech-
niques in cultured rat dorsal root ganglion (DRG) cells, showed that whereas Na/Ca
exchange played only a small part in removing physiologic Ca?* loads (500 nM)
and no apparent part in maintaining resting [Ca®'],, inactivation of PMCA with
vanadate or high pH resulted in a dramatic slowing of Ca?* removal. They concluded
that PMCA is critical for the removal of Ca?* loads of similar amplitude to those
generated by the firing of action potentials. Using similar techniques, Bleakman et
al.® showed that mitochondria, endoplasmic reticulum stores, and the Na/Ca
exchanger have little effect on short-term clearance of modest Ca?* loads in rat
cultured septal neurons. More recently, Werth et al.,’ in an extensive study, evaluated
Ca?* efflux systems in rat DRG cells and confirmed that PMCA-mediated Ca**
extrusion is the primary process responsible for recovery to basal [Ca?*]; after
stimulation. Their experiments also showed that sequestration of Ca?* in intracellular
stores or extrusion of Ca?* from the cell via the Na/Ca exchanger contributed
minimally to recovery of [Ca?*]; to baseline.

Modern studies of inhalation anesthetics (IA) have revealed a wide range of
action on many neuronal types. Invertebrate axons, hippocampal pyramidal cells,
and DRG cells, among others, have been studied electrophysiologically in the IA
context. Involvement of pre- and postsynaptic effects was summarized by Krnjevic,!”
and the roles of K*, Na* , CI-, and Ca”* have been discussed by many authors. '8!
We believe that systematic electrophysiologic studies of IA sensitivity of different
groups of neural cells at the critical temperature of 37°C are lacking. Such studies
are essential for a reasonable extrapolation of our findings of anesthetic effects on
the calcium pump to the production of clinical anesthesia.
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In a review of anesthetic effects on neuronal Ca?*, Kress and Tas comment on
the paucity of data on systems that eject Ca** from the cell, whereas anesthetic
targeting of Ca?* channels, particularly ligand-gated channels, has received consid-
erable experimental attention.?>?* However, the reports noted above, underscoring
the unique role of PMCA in restoration of [Ca?*]; to basal levels after physiologic
loading, suggest that PMCA may also be worth investigation. In recent years, we
have reported studies showing that a wide spectrum of IA, in clinically relevant
concentrations, specifically inhibit PMCA pumping in brain synaptic membranes
and in cultured cells of neural origin. Parallel decreases or increases in requirements
for IA have been demonstrated in rat models with incidentally decreased or increased
PMCA pumping activity. In addition, electrophysiologic and microfluorimetric stud-
ies utilizing cultured embryonic mouse cortical and spinal cord neurons and adult
mouse DRG cells showed delayed repolarization and delayed restoration of [Ca**];
to basal levels with exposure to low concentrations of halothane at 37°C.22

Recent in situ hybridization studies indicate that four isoforms of PMCA
(PMCAL, 2, 3, and 4), differing in their regulatory domains, are heterogeneously
located in the rat brain.?>® The hybridization pattern for mRNA for various splice
variants of PMCA mRNA isoforms, which also have intrinsic differences in their
regulatory domains, has been demonstrated to be heterogeneous in the brain as
well.? Thus, a variety of molecular types of PMCA are concentrated in different
parts of the brain. These differences are in keeping with the possibility that anesthetic
action may take place in localized brain areas. Much attention has been focused
recently on anatomic sites of [A-induced suppression of movement in response to
pain. Studies supporting spinal cord sites or interacting spinal cord and brain sites
have been offered.’*3! Electrophysiologic studies suggest a complex action of anes-
thetics on pathways conducting somatosensory signals from the spinal cord to
specific layers of the cerebral cortex via the ventroposterolateral nucleus of the
thalamus.*? None of these possibilities is incompatible with mediation of anesthetic
effect by partial inhibition of synaptic PMCA, given the heterogeneous distribution
and varying structure of the calcium pump in the central nervous system. Several
arguments may be advanced supporting a pharmacodynamic role for anesthetic
inhibition of central neuronal PMCA. Although present in very low amounts in most
plasma membranes (less than 0.1% of total membrane protein), PMCA is highly
conserved across species, indicating the essential role this pump plays in eukaryo-
cytic function. Comparison of PMCA2 human and rat protein sequences, for exam-
ple, shows greater than 98% homology. In addition, transcription of isoforms and
product expression of isoforms and splice variants is strikingly regional. Isoform 2,
in particular, is confined to the central nervous system where it is strategically located
in nerve terminals in the brain stem, cerebellum, and cerebrum. These findings
suggest specific functions for isoforms and their splice variants in neurons, and may
even augur isoform/splice variant differences in susceptibility to anesthetic depres-
sion, although location may still be the most important factor.

It is noteworthy that IA in concentrations sufficient to produce anesthesia cause
only modest inhibition, usually 20 to 30%, of PMCA pumping activity in brain
synaptic membranes, and animal models with small changes in PMCA activity
manifest rather large changes in anesthetic requirements. These large effects with
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small changes are not surprising, considering how critical the pump is to cell
function, and they suggest that complete inhibition might be incompatible with life.
On the other hand, modest elevations of [Ca?']; prevented neuronal responses to
depolarizing agents, indicating a possible functional connection between partial
PMCA inhibition and diminished synaptic transmission.

7.3 INTERACTIONS BETWEEN PMCA AND
PHOSPHOLIPID N-METHYLATION

PMCA is very sensitive to the phospholipid milieu in which it is situated. Activation
of PMCA by acidic phospholipids has been found to increase both the V. and the
affinity for Ca?*.33 Our continued interest in phospholipid methylation
(PLM)-PMCA interactions derives from its enhancement by volatile and gaseous
anesthetics, which may produce changes in the membrane lipid microenvironment
of PMCA, with associated changes in PMCA pumping activity. PLM, a ubiquitous
process occurring in cell membranes, utilizes two enzymes, phospholipid-N-meth-
yltransferases I and II (PLMT I and II), which successively methylate phosphati-
dylethanolamine (PE) to phosphatidyl-N-methylethanolamine (PME), phosphatidyl-
N-dimethylethanolamine (PDE), and phosphatidylcholine (PC). PLMT I, located on
the cytoplasmic surface, drives the first, rate-limiting, methylation step, producing
PME. Associated with successive methylation is rapid translocation of the methy-
lated product from the inner to the outer surface of the plasma membrane. Franks
et al.** demonstrated that transmethylation of synaptosomal membrane phospholipids
in rat brain was increased by either in vitro or prior in vivo exposure to halothane
and isoflurane. In addition, it was also reported by Horn et al.* that clinically relevant
concentrations of two less potent anesthetic gases, N,O and xenon, produced sig-
nificant increases in PLM in synaptic plasma membrane preparations from rats. We
have also observed that IA of varying structure (i.e., halothane, isoflurane, xenon,
and N,0) inhibit PMCA activity. The relationship between enhancement of PLMT
I and inhibition of PMCA activity by anesthetics is purely speculative at this juncture.
It is possible that anesthetic-induced diversion of PE to synthesis of PME (by
stimulating the rate-limiting enzyme, PLMT I), and ultimately PC, diverts PE from
conversion to phosphatidylserine (PS), an acidic phospholipid known to enhance
PMCA activity. Other evidence for an interaction between PLM and PMCA in the
anesthetic response is provided from our studies in diabetic, aged, and hypertensive
rats, which were characterized by reduced PMCA activity in a variety of tissues,
including brain, and required lower concentrations of IA to prevent movement in
response to noxious stimulation. PLMT I activity, as measured by the PLM rates,
was elevated in these animals. Panagia et al.’¢ have also linked PLM to PMCA
changes in streptozocin (STZ)-induced diabetes in rats, proposing possible effects
on the lipid environment of the pump. In addition, PS was noted to be decreased in
the sciatic nerves of patients with diabetes mellitus. These observations were recently
confirmed in our laboratory by the demonstration of reverse changes (i.e., related
increase in brain PMCA activity and decrease in PLMT I activity) in rats with
increased anesthetic requirements (see below). A schematic diagram presenting the
possible relationship between PLM and PMCA is presented in Figure 7.5.
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(PLMTI)  (PLMTII)
PMCA activity < PS « PE » PME » PDE » PC

a) Activation of PLMT I pathway:

(Insulin-->PLMT I7)
PMCA | «—PS | « PE » PC1

b) Inhibition of PLMT I pathway:

(IA, diabetes, aging, HTN -->PLMT 1)
PMCA14+—PSt < PE » PC |

FIGURE 7.5 Hypothetical interactions between phospholipid methylation (PLM) and plasma
membrane Ca?*-ATPase (PMCA) activity. PMCA, plasma membrane Ca**-ATPase; PS, phos-
phatidylserine; PE, phosphotidylethanolamine; PME, phosphatidyl-N-methyletyhanolamine;
PDE, phosphatidyl-N-dimethylethanolamine; PC, phosphatidylcholine; PLMT I/11, phospho-
lipid-N-methyltransferases I/II; IA, inhalation anesthetics; HTN, hypertension.

7.4 LOCALIZATION AND FUNCTION OF PMCA IN
THE CENTRAL NERVOUS SYSTEM

The techniques of in situ hybridization, immunocytochemistry, and histochemistry
were combined in an effort to provide a coherent picture of PMCA distribution
relevant for further pharmacologic, and particularly, anesthetic studies. We initially
focused our localization effort on the PMCAL isoform, as it represents more than
50% of the total PMCA-related activity in the brain.

7.4.1 IN Situ HYBRIDIZATION

Localization of the PMCAT1 isoform mRNAs was evaluated by in sifu hybridization.
Uridine 5’[o-(?S)thio]triphosphate-labeled antisense or sense RNA probes were
prepared for a Sacl/Pstl fragment corresponding to nucleotides 384 to 493 of PMCA1
clone RB11-1 (kindly provided by Gary Shull, University of Cincinnati Medical
Center). Autoradiographic images were laser scanned and image files were stored
on CD-ROM. The highest levels of PMCAL1 probe hybridization were found in CA1
pyramidal cells, with lower levels in hippocampal CA3 pyramidal cells and in the
granule cells of the dentate gyrus (Figure 7.6b). High levels were also observed in
the granular layer and Purkinje cell layer of the cerebellum. Intermediate levels of
hybridization were found in the cerebral cortex, thalamic nuclei, olfactory bulb,
caudate-putamen, and amygdaloid nuclei. Low levels were noted in the chorioid
plexus, hypothalamus, and molecular layer of the cerebellum.

7.4.2 PMCA IMMUNOLOCALIZATION

Localization of PMCA was done by direct immunofluorescence on parallel brain
sections with 5F10 mouse, anti-human PMCA monoclonal antibody, raised against
human erythrocyte PMCA, which is comprised predominantly of isoforms 1 and 4.
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FIGURE 7.6 Localization of PMCA1 isoform mRNA by in situ hybridization and lead
phosphate product of Ca**-ATPase activity in sagittal rat brain sections. (A) Identification of
selected brain areas in parallel brain sections with cresyl violet staining. OB, olfactory bulb;
CX, cerebral cortex; CC, corpus callosum; CP, caudate-putamen; DG, dentate gyrus; TN,
thalamic nuclei; SN, substantia nigra. (B) Autoradiographic localization of PMCA1 mRNA
isoform by in situ hybridization. Dark areas represent highest PMCA1 mRNA expression.
(C) Localization of nonspecific Ca*-ATPase activity as measured by lead phosphate (P,)
staining product (visualized as dark areas). Sections were prepared with unmodified Ando et
al.’7 histochemical technique. (D) More specific localization of Ca?*-ATPase reaction product
(P,) in sections preincubated with thio analogues of guanidine phosphate, which inhibit ecto-
ATPase, followed by lead phosphate staining. (Original magnification x6. Bar = 500 um.)

It has been shown recently that PMCA1 predominates in all tissues tested. Sections
were analyzed with a microscope equipped with a fluorescence vertical illuminator.
Selected sections were photographed and images were digitalized as noted above.
Microscopy of rat brain sections revealed a pattern of immunofluorescence that was
heterogeneous and of greatest magnitude in areas rich in synaptic layers (Figure
7.7). Very low fluorescence was observed in layers comprised primarily of cell
bodies. The highest level of fluorescence was found in the molecular layer of
cerebellum, with considerably less in Purkinje cells and granular layers. In the
hippocampus, the highest levels of fluorescence were observed in the molecular
layer and the polymorph layer of the dentate gyrus. Significantly less immunofluo-
rescence was seen in the granular layer of dentate gyrus and the pyramidal layers
of CA1l to CA3. Intermediate levels were noted in the thalamic nuclei, cerebral
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FIGURE 7.7 Immunofluorescence studies in sagittal rat brain sections with mouse, anti-
PMCA monoclonal antibodies (light areas indicate higher immunofluorescence and, therefore,
higher density of PMCA). (A) Section through caudate-putamen (CP) adjacent to corpus
callosum (CC). (B) Fragment of the superficial layers of cortex (CX). (C) Section through
thalamic nuclei (TN) adjacent to internal capsula (IC). (D) Section of dentate gyrus (DG)
and CA3 of hippocampus. ML-DG, molecular layer of dentate gyrus; GL-DG, granular layer
of dentate gyrus; PL-DG, polymorph layer of dentate gyrus. (E) Section through the fourth
ventricle, containing chorioid plexus (CH) and the fragments of cerebellum. ML, molecular
layer of cerebellar cortex; PL, Purkinje cell layer; GL, granular layer; F, fiber tracts. (F)
Fragment of the cerebellar cortex. See part E for abbreviations. (Original magnification x40.
Bar = 100 um.)

cortex, hypothalamus, and caudate-putamen. In addition to the neuronal tissue, a
very high level of specific immunofluorescence was observed in the chorioid plexus
of the third and fourth ventricles.

7.4.3 HistocHemicAL Assay oF PMCA AcTtivity IN BRAIN
SECTIONS

Localized, Ca*-dependent nucleotide hydrolysis was estimated by staining of the
precipitated product, P;, according to the enzymatic assay of Ando et al.,’” but with
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several major modifications. In various experimental protocols examining assay
specificity, the incubation medium was modified in one or more of the following
respects: (1) omission of CaCl,, MgCl,, and ATP; (2) replacement of ATP by other
nucleoside phosphates; (3) replacement of ATP by p-nitrophenyl phosphate (NPP)
or glucose-6-phosphate (G6P); (4) inclusion of sodium orthovanadate, ouabain,
sodium azide, or various nonspecific sulfydryl enzyme inhibitors of ATPase; and (5)
preincubation with thapsigargin, a specific inhibitor of the SERCA pump. These
studies confirmed that the assay is a measure of Ca?*-dependent nucleotide hydrol-
ysis, exclusive of SERCA. Image analysis of sagittal brain sections showed that
nucleotide hydrolytic product was widely distributed in all brain areas (Figure 7.6C),
with the highest density of lead phosphate in the caudate-putamen, substantia nigra,
thalamic nuclei, cerebral and cerebellar cortex, and CA1 to CA3 hippocampus. The
specificity of this staining for PMCA activity is questionable, however. Reports by
others and experiments in our laboratory indicate that the phosphate staining pattern
of brain sect ions incubated in medium supporting the Ca*-ATPase reaction, as
shown in Figure 7.6, is the sum of several distinct reactions, including that of the
ecto-ATPases. Furthermore, P, release by ecto-ATPase quantitatively exceeds that
of PMCA. One potentially useful difference between ecto-ATPases and PMCA is
that the latter is ATP specific whereas ecto-ATPases can utilize other nucleotides.
To investigate the possible use of nonhydrolyzable nucleotides for differentiating
types of Ca*-ATPase activity, we preincubated brain sections with either guanosine-
B-S-diphosphate (GDP-B-S) or guanosine-y-S-triphosphate (GTP-y-S), aiming to
block subsequent ecto-ATPase binding of ATP, but leaving ATP-specific PMCA
activity intact. Results showed that thio analogues greatly reduce the total deposition
of P, and that they alter the distribution of P, in the brain (Figure 7.6D). Residual
staining after pretreatment with guanidine thio analogues was more uniformly dis-
tributed, showing a higher density of precipitate in the molecular layer of the
cerebellum, the neocortex, and a lower density in the hippocampus, thalamic nuclei,
and caudate-putamen. This more specific identification of Ca?*-ATPase hydrolytic
activity correlates closely with the distribution of PMCA- specific immunofluores-
cence, in contrast to the unmodified Ando method wherein ecto-Ca*-ATPase is not
inhibited. Thus evidence from several lines of inquiry indicates that our histochem-
ical procedure primarily monitors PMCA activity.

In summary, this study combined, in sequential brain sections, three different
techniques for localizing sites of PMCA synthesis, protein, and function. Most
important, the histochemical, enzymatic assay system could be manipulated to
reduce ecto-Ca?*-ATPase hydrolysis of ATP, thereby highlighting PMCA functional
activity and confirming its location in sites rich in PMCA protein. Because anesthetic
depression of PMCA pumping persists in animals sacrificed while anesthetized, this
development offers great promise in identifying putative anatomic sites of selective
anesthetic action.

7.4.4 ImmuNoLOCALIZATION OF PMCA IN NEURONS

In a separate but related study, immunolocalization experiments were carried out,
as described above, with cultured embryonic neurons from mouse cortex (CX) and
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FIGURE 7.8 Immunofluorescence of PMCA in mouse brain cortex neurons in cell culture.

spinal cord (SC) as well as in dissociated neurons from adult mouse DRG. In all
cells, an intense immunofluorescence was noted in neuronal plasmalemma and cell
processes (Figure 7.8), indicative of sites of PMCA concentration.

7.5 INHIBITION OF PMCA BY INHALATION
ANESTHETICS IN VITRO

7.5.1. INHALATION ANESTHETIC EFFECTS ON ISOLATED BRAIN
Synaptic PMCA AcTtivity

Experiments described below were performed in purified fractions of synaptic
plasma membranes (SPM) prepared from various parts of dissected rat brain. SPM
purification was confirmed by electron microscopy, enzymatic analysis, and speci-
ficity of Ca?* transport. PMCA pumping activity was assessed by measuring ¥Ca>*
uptake into everted SPM vesicles. For studies of anesthetic effect, SPM were exposed
to halothane, isoflurane, xenon, and nitrous oxide at partial pressures ranging from
0 to 1.6 MAC equivalents. Dose-dependent inhibition of Ca?*-ATPase activity was
observed with each member of this structurally disparate group of anesthetic agents.
One MED (minimum effective dose, defined as the lowest partial pressure of TA
required to prevent movement in response to pain in the intact rat) reduced Ca>*
transport by about 30% compared with control.3

7.5.2 StaBLE INHIBITION OF BRAIN SyNAPTIC PMCA IN RATS
ANESTHETIZED WITH HALOTHANE

PMCA pumping was examined in SPM obtained from rats sacrificed during and
after halothane anesthesia. Three treatment groups were studied: (1) control rats
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decapitated without anesthetic exposure, (2) anesthetized rats exposed to 1 MED
for 20 min and decapitated, and (3) “recovered” rats exposed to 1 MED for 20 min
and then decapitated after recovery from anesthesia (defined as beginning to groom).
PMCA transport of Ca?* into SPM vesicles from anesthetized rats was reduced by
30%, compared with control, whereas transport in the recovered group returned to
control levels. Thus PMCA inhibition persisted after elution of the precipitating
anesthetic agent during membrane isolation.?*40

7.5.3 INHALATION ANESTHETIC EFFECTS ON PMCA PUMPING IN
Tissue CuLture CELLS

Several lines of neural cells (i.e., C6 rat glioma cells, B104 rat neuroblastoma cells,
and PC12 rat pheochromocytoma cells) demonstrated PMCA pumping that was
inhibited in a dose-related fashion by halothane or xenon.

In summary, we have found that not only halothane, but also isoflurane, xenon,
and nitrous oxide, in pharmacologic concentrations, inhibited PMCA pumping activ-
ity. We also showed that halothane and xenon inhibited PMCA in cultured C6 rat
glioma cells, B104 rat neuroblastoma cells, and PC12 rat pheochromocytoma cells.*!

7.6 CHANGES IN ANESTHETIC REQUIREMENTS
IN ANIMAL MODELS WITH ALTERED PMCA
ACTIVITY

Because of these consistent findings of inhibition of PMCA and enhancement of
PLMT I by a variety of IA, we have examined several rat models reported previously
to have altered PMCA activity in a variety of nonneural tissues.

7.6.1 DimiNisHED PMCA PuMPING AND INCREASED PLM IN
BrAIN SPM VEsICLES FROM RATS WITH STREPTOZOCIN-
INDUCED DIABETES: ASSOCIATION WITH REDUCED
ANESTHETIC REQUIREMENTS

Because chronic hyperglycemia inhibits PMCA in cells from several tissues, diabetic
rats could manifest chronic inhibition of brain synaptic PMCA and thus provide a
model for testing the hypothesis that synaptic PMCA plays a role in IA pharmaco-
dynamics. We found that PMCA pumping was about 10% less frequent in cerebral
SPM from rats with STZ-induced diabetes (duration 13 days) than in SPM from
normoglycemic rats. (As noted below, a further decrease in PMCA activity occurred
with prolongation of the diabetic state.) The halothane requirement for STZ-hyper-
glycemic rats was dramatically reduced to about 65% of control. Halothane and
xenon MEDs correlated strongly with percent glycated hemoglobin (GHb) in all
treatment groups. When PLM was evaluated in SPM taken from diabetic rats 2
weeks after STZ injection, PLMT 1 activity was enhanced nearly 30% compared
with normoglycemic controls. Thus PLMT I activity was also shifted in the expected
direction in this rat model with reduced anesthetic requirements.*’
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7.6.2 ErrecT OF INSULIN TREATMENT ON ALTERED BRAIN SYNAPTIC
PMCA/PLM AND ANESTHETIC REQUIREMENTS IN
STREPTOZOCIN-INDUCED DIABETES

MEDs for isoflurane, enflurane, and desflurane were substantially reduced in diabetic
rats, compared with placebo-injected controls. Insulin treatment, begun 2 weeks
after induction of diabetes and continued for 3 more weeks, resulted in weight gain
and partial correction of hyperglycemia and hemoglobin glycation. Isoflurane MED
was also partially corrected to 67% of control for the insulin-treated group compared
with 52% of control in the untreated group. Similarly, PMCA pumping was 87% of
control in the treated and 75% of control in the untreated group, whereas PLMT I
activity was 111% of control in the treated and 131% of control in the untreated
group. These data suggest that partial insulin treatment of diabetic rats, measured
by decreased GHb compared with untreated diabetic rats, was associated with the
partial normalization of anesthetic requirements for isoflurane, and was accompanied
by partial normalization of both PMCA and PLMT I activity.*?

7.6.3 DimINISHED BrAIN SyNAPTIC PMCA AcTIVITY IN
SPONTANEOUSLY HYPERTENSIVE RATS ASSOCIATED WITH
REDUCED ANESTHETIC REQUIREMENTS

Reduced erythrocytic PMCA activity has been reported in spontaneously hyperten-
sive rats (SHR). We measured Ca?* transport in SPM prepared from cerebrum and
diencephalon—mesencephalon of SHR and from control Wystar-Kyoto rats (WKY).
PMCA pumping in SHR was reduced to 85 to 90% of the control rats. MEDs for
halothane, isoflurane, and desflurane in SHR were 90% of control.?>43

7.6.4 THE ZuckeR RAT — A PARADIGM OF INCREASED
ANESTHETIC REQUIREMENTS

The Zucker homozygous (fa/fa) rat is a well-established model of obesity that
exhibits peripheral insulin resistance manifested by hyperinsulinemia and normal to
moderately elevated levels of glucose. Insulin stimulates PMCA activity in a variety
of tissues, but insulin effects on brain PMCA activity had not been previously
reported. Because of the possibility that high insulin levels might be associated with
resistance to IA, we compared the anesthetic requirements in obese Zucker homozy-
gous rats, with lean, normoinsulinemic Zucker heterozygotes (fa/+) serving as con-
trols, and examined synaptic PLMT I activity and the response of synaptic PMCA
to insulin added to brain tissue from both genotypes.** In addition we measured
endogenous insulin concentrations in extracts of several brain areas and endogenous
brain insulin in intact rats by microdialysis. The Zucker obese rat is unique as an
animal model; not bred for anesthetic resistance, it requires substantially higher
partial pressures of IA for prevention of movement in response to pain. This differ-
ence was observed with all IA examined, but was greatest with halothane. The mean
MED for halothane in obese rats was 41% higher than in lean rats. Similarly, mean
MEDs for isoflurane, enflurane, and desflurane were 27, 14, and 11%, respectively,
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higher in obese rats than in lean controls. The reason for the variability in the obese
Zucker rats’ responses to different anesthetic agents, greatest with halothane and
least with desflurane, is not clear. Such differences were not observed in our other
animal models. One possible explanation is variability of the insulin secretory
response among different agents, with varying degrees of change in brain insulin.
It does appear that these differences between lean and obese rats or among different
agents cannot be explained by differences in IA pharmacokinetics. MED differences
persisted when obese and lean rats were anesthetized for as long as 4 h, ruling out
altered IA uptake or distribution as a factor. In addition there is an association
between decreased anesthetic susceptibility and increased activity of PLMT 1.
Although PLMT I activity was decreased as predicted in obese rats, synaptic PMCA
activity did not differ from lean controls or from normal Sprague-Dawley rats. It is
noteworthy, however, that stimulation of PMCA by insulin has been reported to
occur in several tissues and that obese Zucker rats have significant hyperinsulinemia.
Because it seemed likely that endogenous brain insulin, if present, would be eluted
from brain membranes during the process of SPM isolation, we added insulin to the
preparative and assay media, and we were able to demonstrate dose-dependent
stimulation of PMCA pumping. Addition of insulin to the assay medium alone had
no effect, presumably because Ca?* uptake is measured in everted synaptic mem-
branes whereas insulin receptors are located on the inner vesicular surface. Hyper-
insulinemia, as found in obese Zucker rats, can lead to elevated brain levels only if
insulin crosses the blood-brain barrier. That such passage occurs is suggested by
the previous findings demonstrating that peripheral insulin infusion in Zucker rats
produced a marked increase in brain insulin (measured in hypothalamic microdialy-
sates), with significantly greater increases in obese rats than in lean controls. We
observed the presence of endogenous insulin in tissue extracts from several brain
areas and found concentrations in obese rats that were significantly higher than in
lean controls. In addition, there is evidence that general anesthesia itself may further
increase insulin secretion and distribution. It was reported previously that anesthesia
produced by inhaled agents was associated with significant increases in plasma
insulin concentrations when compared with the preoperative state and with epidural
anesthesia. We studied the effect of halothane anesthesia on brain insulin levels in
several subcortical areas, estimating tissue concentrations by radioimmunoassay of
microdialysates. Microdialysis of three subcortical regions (ventromedial hypotha-
lamic nuclei, ventroposterolateral hypothalamic nucleus, and deep mesencephalic
nuclei) showed marked increases in insulin levels with halothane (1 MED) exposure
in obese rats, compared with lean controls.

In conclusion, we found significantly increased anesthetic requirements in the
Zucker homozygous obese rat. Although measured brain synaptic PMCA activity
did not differ from that found in lean heterozygotes and in normal Sprague-Dawley
rats, it appears that this finding is due to elution of endogenous insulin from brain
tissue of Zucker rats during membrane isolation. The preponderance of evidence
suggests that synaptic PMCA activity is high in intact, obese rats because of
increased concentrations of insulin in the brain: insulin stimulates PMCA in brain
membranes in vitro; brain insulin concentrations are higher in the obese than in the
lean genotype; and anesthetic-induced increases in brain insulin in obese rats exceed
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those of lean controls. The role of PLMT I in the anesthetic response is uncertain,
although it is clear that activity is enhanced by IA. Furthermore, PLMT I activity
is increased in animal models susceptible to IA and decreased in the [A-resistant
Zucker rat. We have previously raised the possibility that PLMT I modulates the
membrane lipid microenvironment of PMCA, thus affecting PMCA pumping activ-
ity. Taken together, these observations of enzyme activity in an anesthetic-resistant
rat model lend further support to the hypothesis that the calcium pump plays a
functional role in the production of the anesthetic state.

7.6.5 DIMINISHED BRAIN SyNAaPTIC PMCA AcTiviTY IN AGED
RATS: AssOCIATION WITH REDUCED ANESTHETIC
REQUIREMENTS

Well-established studies in humans show that anesthetic MAC diminishes almost
linearly with increasing age. The relationship between age and MAC is less obvious
in rats. MAC may not decrease so regularly in this species, but instead may fall off
rapidly after a finite period of stability. For example, it was reported that halothane
MAC was 17% lower in 24-month-old than in 5-month-old Fischer-344 rats. In
addition, although synaptic PMCA pumping activity has not been measured in old
rats, diminished Ca?*-dependent ATP hydrolysis in brain membranes has been
reported in an Alzheimer mouse model. However, PMCA comprises a relatively
small fraction of Ca**-dependent ATPases in the brain, and ATP hydrolysis is a poor
measure of activity unless particular precautions are taken to reduce nonpumping
ecto-ATPase nucleotide hydrolysis.

We measured brain synaptic PMCA activity in 2- and 25-month-old Fischer-
344 rats. We found that Ca?* pumping was significantly decreased in the aged rats,
averaging 91% of the younger controls in cortical SPM and 82% in SPM from
diencephalon-mesencephalon preparations.*> For aged Fischer-344 rats, MEDs for
halothane, desflurane, isoflurane, and xenon were reduced to 81, 82, 67, and 86%,
respectively, of young controls. Halothane MED was also measured in 2- and 30-
month old F344/BNF rats, a strain that undergoes aging with less debilitation. For
F344/BNF rats, MED for halothane was reduced to 87% and PMCA activity was
diminished to 90% in cortical SPM and 72% in SPM from diencephalon-mesen-
cephalon preparations. In both brain regions and in both strains of rats the activity
of PLMT I was increased to 130% of young controls. The strong association between
age and reduced anesthetic requirements for four disparate inhalation agents on the
one hand, and age and altered PMCA and PLMT I activity on the other, provides
strong support to the underlying hypothesis of this work.

7.6.6 STupIES WITH EOSIN, A PUTATIVELY SPECIFIC INHIBITOR OF
PMCA

Recent studies show that eosin (tetrabromofluorescein) is a potent, reversible inhib-
itor of human erythrocytic PMCA and bovine cardiac sarcolemma PMCA.# Inhi-
bition of PMCA by eosin differs from its effect on other P-type pumps in that it
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does not act by competing with ATP for binding to PMCA. Thus, increasing ATP
to physiologic levels does not overcome eosin inhibition of PMCA, as it does with
other P-type pumps. The characteristics of eosin inhibition of PMCA (i.e., revers-
ibility and lack of competitiveness with ATP) suggest that eosin is a highly specific
inhibitor of this pump. Gatto et al.*¢ have shown that in contrast to its effect on
sarcolemma PMCA, eosin does not inhibit the Na/Ca exchanger in cardiac myocytes.
Therefore, eosin may be a useful tool for studying the role of PMCA in anesthetic
action. To explore this possibility, we examined eosin effects on neuronal PMCA in
two settings: isolated rat brain SPM and intact rats.

7.6.6.1 Isolated Rat Brain SPM

When low concentrations of eosin were added to the incubation medium containing
synaptic plasma membranes, Ca’* transport by PMCA was inhibited in a dose-
dependant fashion (EDy, = 8 uM), with a maximal inhibition of about 30%, similar
to that observed in human erythrocytes and bovine cardiac myocytes. No inhibition
of Na*-K*-ATPase was observed in SPM.

7.6.6.2 Intact Rats

We also examined the effect of eosin (25 to 150 nmol), injected into the lateral
cerebral ventricle of rats, on halothane requirements. For the intraventricular injec-
tion of eosin, a metal guiding cannula was chronically implanted, positioned 0.75
mm above the lateral ventricle of male Sprague-Dawley rats. A modified 1 mm
microdialysis cannula (dialysate membrane removed, large port sealed with epoxy
glue, small port connected to the syringe pump) primed with 20 mM eosin in Ringers
solution at pH 7.4 or Ringers solution alone was inserted in the guide and perfused
at a rate of 0.25 to 0.5 wl/min for 5 to 15 min to deliver 25 to 150 nmol of eosin or
an equivalent volume of vehicle intraventricularly. The halothane MED that pre-
vented movement following a noxious stimulus was assessed 30 min later. In vivo
eosin injection was associated with a significant decrease in halothane MED of 29%),
from 1.51 £ 0.09 to 1.07 + 0.05 vol%. Twenty-four hours after eosin perfusion,
MED returned toward baseline.

In summary, we compared brain synaptic PMCA pumping and PLMT I meth-
ylating activities with anesthetic requirements for several volatile and gaseous anes-
thetics in the following diverse groups. Diabetic rats, spontaneously hypertensive
rats, and aged rats were observed to have diminished PMCA and increased PLMT
I activities and to require significantly lower than expected partial pressures of a
wide range of IA for prevention of a response to pain. These processes were reversed
when diabetic rats were treated with insulin. Zucker rats, normoglycemic but with
high brain insulin levels, and therefore with enhanced synaptic PMCA pumping,
showed significantly higher than expected IA requirements. They also showed
decreased synaptic phospholipid methylation. The specific PMCA inhibitor, eosin,
produced a significant reduction in anesthetic requirement for halothane after injec-
tion in the lateral cerebral ventricle. As a specific inhibitor of PMCA in brain SPM,
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eosin appears to be a useful tool for determining relationships between site-specific
effects of PMCA inhibition and the production of anesthesia by IA.

7.7 EFFECT OF INHALATION ANESTHETICS ON
PMCA: ELECTROPHYSIOLOGIC AND
MICROFLUOROMETRIC STUDIES OF ISOLATED
NEURONAL CELL CULTURES

We have carried out studies utilizing whole-cell electrophysiologic techniques and
confocal microfluorimetry (at 37°C) in cultured mouse neurons to look for possible
anesthetic-induced changes in calcium dynamics.#” Embryonal cortical and spinal
cord neurons and adult DRG cells all expressed PMCA, as determined by immuno-
cytochemistry. Microapplication of halothane (delivered concentrations <0.3 mM)
or EDs, eosin (8 wM), or halothane/eosin combined to cortical and spinal cord
neurons undergoing spontaneous burst firing, demonstrated altered electrical activity.
Both halothane and eosin caused a reduction in the amplitude of burst-associated
action potentials (APs) and a decrease in their frequency when applied to cultured
embryonal cortical neurons. Similar alterations of AP firing were observed in cul-
tured spinal cord neurons. The most dramatic consequence of application of hal-
othane/eosin combined was prolongation of the repolarization phase of burst firing
by two- to fourfold. All effects were reversible with washout. The effects of hal-
othane/eosin were also examined on adult DRG neurons with electrophysiologic
characteristics similar to nociceptive C fibers. Both halothane and eosin altered APs
produced by direct current and step depolarization. AP latency was increased, the
rate of rise of APs was decreased, repolarization was delayed, and ultimately AP
blockade occurred. These agents also prolonged the repolarization phases of capsa-
icin-mediated Ca**-dependent depolarization in DRG neurons. Cortical and spinal
neurons were also examined by confocal microfluorimetry of single cells loaded
with the calcium indicator dye, Fluoro-3-AM. Application of N-methyl-p-aspartate
(NMDA) resulted in an influx of Ca’ followed by a rapid decline in calcium
concentration to baseline. Halothane prolonged clearance of Ca* from neurons
threefold, a response reversed by halothane washout (Figure 7.9). The occurrence
and reversibility of these effects at 37°C is relevant because of the sensitivity of the
anesthetic response to temperature. In view of the association between neurotrans-
mitter release and changes in the intracellular Ca** concentration, inhibition of
PMCA may, in concert with other selective IA actions, play a functional role in
production of the anesthetic state.

7.8 FUTURE DIRECTIONS OF RESEARCH

The observations described in this chapter add support to the hypothesis that PMCA
is a functional anesthetic target. The ultimate goal of our current experimental work
is to produce mice that manifest diminished expression of PMCA. Examining the
anesthetic response of mice with underexpression of a key PMCA isomer will
provide the definitive test of our hypothesis.
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8.1 INTRODUCTION

Voltage-gated sodium and potassium channels are best known as the primary medi-
ators of the propagating action potential, the neuronal mechanism by which electrical
signals are transmitted from one end of an axon to the other. Although these ionic
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channels were the first to be recognized, described, and studied,' the role that sodium
and potassium channels play in anesthesia is still controversial. Early studies, mostly
with nonmammalian neuronal preparations, indicated that clinical concentrations of
anesthetics caused only a slight modification of voltage-gated channel functions
compared with anesthetic effects on ligand-gated receptors. This led many research-
ers in the field to consider it unlikely that anesthetic modification of sodium and
potassium channels contributed to the clinical state of anesthesia.>* In the past
decade, however, there has been increasing evidence of a previously unsuspected
diversity in sodium and potassium channel structure, function, and pharmacology.
This new understanding of channel variability has called into question the applica-
bility of the earlier results to anesthetic modification of mammalian central nervous
system (CNS) sodium and potassium channels. Further supporting a reassessment
of the role of these channels in anesthesia, recent studies examining mammalian
neuronal channels have provided evidence that these channels are indeed much more
sensitive to anesthetic modification than was previously believed.

The purpose of this review is to examine the recent experimental data reported
with sodium and potassium channels and compare them with earlier results. The
first section presents a general description of the molecular functions of these ionic
channels. The second discusses and compares the molecular modifications of dif-
ferent sodium channel subtypes by anesthetics and how these molecular modifica-
tions correlate with experimental observations at the cellular level. The final section
presents a similar examination of anesthetic interactions with potassium channels at
the molecular and cellular levels.

8.2 VOLTAGE-GATED ION CHANNELS

The first quantitative description of the permeability changes that occur during the
propagation of an action potential along a nerve cell membrane was presented by
Hodgkin, Huxley, and Katz in a series of publications that form the basis for the
present understanding of electrical signaling in excitable tissues.>® As depicted in
Figure 8.1, the action potential (dashed line) is a transient reversal of the negative
resting transmembrane potential caused by a flow of sodium ions into the axon
(i.e., an increase in gy, [sodium conductance]). This increase in gy, makes the
membrane potential more positive (i.e., depolarizes the membrane). The membrane
is repolarized to its negative resting potential by a subsequent increase in potassium
conductance (gg).

Qualitatively, Hodgkin and Huxley described the nerve as having separate
pathways for the passage of sodium and potassium through the membrane. When
the nerve is in its “resting” state, both channels are closed. Upon depolarization of
the nerve past threshold, a voltage-sensitive “gate” opens the sodium channel,
allowing sodium to enter the cell and further depolarizing the membrane. After a
delay, two other responses occur: (1) the sodium channel “inactivates” as an inac-
tivation gate again closes the channel, and (2) potassium channels activate, allowing
potassium ions to leave the cell. These latter two responses return the nerve mem-
brane to its resting potential. The importance of potassium channels in repolarizing
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FIGURE 8.1 Theoretical action potential and conductance changes. V, membrane potential;
Zyas SOdium conductance; gg, potassium conductance. (From Hodgkin, A. L. Proc. R. Soc.
(Lond.) 148:1, 1958. With permission.)

the nerve during an action potential has been found to vary from species to species
and cell to cell.

Fitting their data to the simplest analysis, Hodgkin and Huxley>* compared the
potassium pathway to a channel controlled by a single activation gate with four
charged particles that respond to changes in membrane potential. When the mem-
brane was depolarized, all four particles occupied a certain position, which caused
the gate to open and allowed potassium to flow out of the cell. Upon repolarization
of the membrane, the gate closed when any one of the particles left the “open”
position. The conductance of potassium was therefore proportional to the fourth
power of a variable that obeys a first order equation (n*). This explained the fact
that during excitation, potassium conductances increased with a delay but fell more
rapidly upon repolarization.

In a similar way, sodium conductance was compared to a pathway controlled
by two gates. Quantitatively, the gating process was described by the following
equation for sodium current:

INa = gNamgh(E - ENa)

where I, is the sodium current, gy, is the conductance expected when the maximum
number of sodium channels are open, m*h represents the probability that a pathway
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is open at a particular potential and time, and E — Ey, is the electrochemical driving
force for sodium ions. In this model, m* was the factor representing the sigmoid
time course of activation, which was controlled by three gating particles; and h,
representing inactivation, was the probability that a channel was not inactivated.

Although specific details of the Hodgkin and Huxley model have been shown
to be incorrect, their work provided the molecular model for most of the biophysical
studies of voltage-gated ionic channels conducted during the past four decades. As
will be discussed later, many different types of potassium channels have since been
found, some of which have an inactivation gate. In contrast, all voltage-gated sodium
channels have both activation and inactivation gates.

Based on current information, a hypothetical view of a voltage-gated channel is
shown in Figure 8.2. These channels have three functionally defined properties: (1)
they are aqueous pores in the membrane; (2) they are selective (e.g., sodium channels
allow sodium ions to pass more readily than other ions and exclude anions); and (3)
they are gated, with one or more voltage-controlled gates. Structurally, they have
three distinct biochemical domains:® the protein that comprises the channel,
covalently attached carbohydrate groups, and strongly or covalently attached fatty
acids that interface with the membrane lipids. All three domains present potential
sites for anesthetic interactions.

8.3 ANESTHETIC MODIFICATION OF SODIUM
CHANNELS

8.3.1  VARIABILITY OF SODIUM CHANNEL STRUCTURE AND
FuNncTiON

A simplified gating scheme for sodium channels is depicted here:

oy O
RZ 02|
B. B

Actual sodium channel gating is much more complex.! As discussed above, a
strongly voltage-dependent activation process quickly opens (O) the resting channel
(R) in response to significant depolarizations from the resting membrane potential,
while an inactivation mechanism (I) subsequently closes conducting channels, pre-
venting further influx of sodium. A graphical depiction of the voltage dependence
of sodium channel activation, inactivation, and their time constants in squid giant
axon is given in Figure 8.3. The steady-state h,, curve depicts the fraction of channels
that are not inactivated. As can be seen, the number of inactive channels depends
on membrane potential.

Although the transitions between the three channel states are similar for all
examined sodium channels in different preparations, the voltage dependence and
kinetics of the transitions between resting, open, and inactivating states vary widely
among tissues.! Traditional biophysical preparations such as squid giant axons and
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FIGURE 8.2 Model of a voltage-gated channel. Voltage-gated channels have three function-
ally defined properties: (1) they are aqueous pores, (2) they are selective, and (3) their
conductance pathways are opened and closed by “gates” that open and shut dependent on
membrane potential. These ionic channels are comprised of protein, which makes up the
physical structure of the pore and channel; covalently attached carbohydrate groups, which
usually impart a net negative charge to the outside of the channel; and strongly associated
fatty acids. (From Hille, B. lonic Channels of Excitable Membranes, Sinauer Assoc., Sun-
derland, MA, 1992.)

frog nodes of Ranvier have sodium channels with markedly different properties from
channels examined in the mammalian CNS.! More specifically, sodium channels in
mammalian CNS have short openings and generally seem to have slower activation
and faster inactivation.!'%13 At the other extreme, sodium channels in GH, cells have
long open times and slow, voltage-dependent inactivation."!'*!5 Intermediate kinetics
have been found in mammalian heart."'»'% Pharmacologically, many substances
interact with only one or another of these states, and this variability in channel
activation and inactivation properties may contribute to the experimentally observed
diversity in the pharmacologic properties of channels from different tissues.'®

This functional and pharmacologic sodium channel diversity is matched by
structural differences among sodium channel isoforms. All sodium channels have in
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FIGURE 8.3 The steady-state values and time constants for sodium and potassium channels,
as a function of membrane potential and time. Abbreviations are as listed in the text. (From
Hille, B. Prog. Biophys. Mol. Biol. 21:3, 1970. With permission.)

common a large o subunit that, by itself, has the structures needed to carry out all
the electrophysiologic functions and pharmacologic interactions of sodium chan-
nels.!®!7 A large number of distinct sodium channel o subunits have been found.
Within rat brain, five full-length rat o subunit sodium channel cDNAs have been
published so far, and it has been estimated that there are at least ten sodium channel
genes in the rat.!® The discovery of these molecular subtypes has “surpassed our
understanding of the unique roles played by these channels.”!®

In addition to the o subunit, sodium channels have either none, one or two
smaller B subunits, dependent on tissue expression. The functional role of these
subunits remains unclear. The 3, subunit is necessary to obtain normal sodium
channel inactivation and pharmacology when expressed with the o subunit in some
cells, but not in Chinese Hamster Ovary (CHO) cells.!*?? On the other hand, the [3,
subunit has not been found to alter channel functions whether or not it is present.!”

Posttranslational modifications such as phosphorylation?3-2¢ and
glycosylation?”-?® also contribute to functional sodium channel diversity.!*!7?? In spite
of the increasing evidence for the structural, functional, and pharmacologic diversity
of sodium channels, the correlation between sodium channel structural and func-
tional differences is still not understood.

Further, electrophysiologic experiments with rat dorsal root ganglion (DRG)
cells have provided evidence that sodium channels with distinct pharmacologic and
electrophysiologic properties can exist not only in different cells of the same tissue,
but even within the same cell.?® This structural diversity can cause functional
differences between cells. For example, DRG neurons must be capable of following
stimulation frequencies varying between two and several hundred hertz.3' This has
been achieved partly through the use of at least two different types of neurons: one
that can allow frequencies of several hundred hertz and one that can follow only
very low frequencies and exhibit broader action potentials of increased duration.?3!
Experiments have indicated that these functional differences correlate with differ-
ential expression of sodium channel subtypes in the various neuronal cells.? Phar-
macologically, these sodium channel subtypes are also quite distinct,” one being
TTX sensitive and the other TTX insensitive.
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In summary, it is increasingly recognized that, first, there is a large diversity in
sodium channel structure and pharmacology that is still poorly understood. This
diversity occurs not only in sodium channel primary structure, but also in the
posttranslational modifications (carbohydrate groups, associated fatty acids, phos-
phorylation, etc.) of sodium channels. Second, differences in the electrophysiologic
and pharmacologic responses of sodium channels can lead to differences in cellular
electrophysiologic and pharmacologic responses. Finally, sodium channels have
other functions than just the conduction of axonal action potentials. Sodium channels
in presynaptic nerve terminals and those in dendrites may affect synaptic responses
as well as neurotransmitter release.

8.3.2 ANESTHETIC MODIFICATION OF NONMAMMALIAN SODIUM
CHANNELS

Most investigators have made use of the Hodgkin—Huxley parameters to understand
the changes that occur in voltage-gated sodium channels as a result of anesthetic
modification. A detailed description of these parameters and their application to
understanding the pharmacologic modifications of sodium channels has been given
by Elliott and Haydon,* including a discussion of the viability of this model in light
of more recent experimental evidence on sodium channel properties. Briefly, all
sodium channel modifiers alter channel function by one or more of four mechanisms.
They may (1) modify channel activation gating, (2) modify channel inactivation
gating, (3) block or plug the channel pore, and/or (4) alter the structure and properties
of the channel pore (i.e., conductance and selectivity) without blocking it. Modifi-
cation of the gating parameters may also be separated into steady-state effects (i.e.,
increases in the number of inactivated channels at the resting membrane potential
or decreases in the fraction of resting channels that can open) and kinetic effects
(i.e., changes in the time constants of activation and inactivation).??

Macroscopically, sodium current can be reduced by depolarizing (positive) shifts
in steady-state activation (m_ curves) or by hyperpolarizing (negative) shifts in
inactivation (h,, curves).’? Either shift may decrease the fraction of sodium channels
that can open in response to membrane depolarization (i.e., the channels available
for opening). This decrease, if large enough, can alter action potential initiation and
propagation. Likewise, making activation slower (increasing the time constants for
activation) or inactivation faster (decreasing the time constants for inactivation) will
also reduce the observed sodium current.’! At the cellular level, the voltage depen-
dence and time constants of the activation and inactivation transitions define or affect
such critical neuronal properties as spike threshold, speed of action potential prop-
agation, frequency and latency of action potential firing, etc.!

Within this Hodgkin—Huxley framework, perhaps the most extensive and detailed
examination of anesthetic modification of voltage-gated sodium channels was con-
ducted by Haydon and his co-workers in a series of papers that compared the molec-
ular interactions of different chemical classes of anesthetic substances on sodium and
potassium channels in the squid giant axon,??-3 the same preparation used by Hodgkin
and Huxley. The results of Haydon and Urban3¢3% with chloroform depict many of
the main anesthetic modifications of squid axon sodium channels found in these and
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FIGURE 8.4 Chloroform decreases peak current in the squid giant axon. Open circles, before
exposure to 5 mM chloroform; filled circles, during exposure to chloroform; X, washout of
chloroform. (From Haydon, D. A. and Urban, B. W. J. Physiol. (Lond.) 341:429, 1983. With
permission.)

subsequent studies (Figure 8.4). In these experiments, the membrane was first hyper-
polarized to potentials where all channel inactivation is removed before the 1-V
(current-voltage) relationship was determined (see Figure 8.3, middle panel). Under
such conditions, changes in the peak sodium current subsequent to anesthetic addition
reflect modification(s) of either the resting or open channel state(s).

As shown in Figure 8.4, Haydon and Urban found that (1) the peak sodium
current was reduced; (2) the potential at which the current reached a maximum was
shifted in the positive (depolarized) direction, indicating a shift in the voltage
dependence of activation (m_); and (3) the reversal potential was unaffected, indi-
cating that channel selectivity was not significantly altered at these anesthetic con-
centrations. Using a different pulse protocol as described by Kimura and Meves,*
Haydon and Urban next examined the effect of anesthetics on inactivation, deter-
mining h,, curves (Figure 8.5). It can be seen that all examined volatile anesthetics
shifted the h_ curves to more hyperpolarized (negative) potentials. These investiga-
tors also reported that anesthetics decreased the peak time constants for activation
and inactivation. As described, these channel modifications should lead to a reduction
in sodium current. Fitting the data to the Hodgkin—Huxley formulation, Haydon and
Urban indeed found that the voltage-independent conductance was decreased by
these anesthetics (see Ref. 31 for a more detailed explanation). These results, as
well as earlier studies with other classes of anesthetic agents,*>3® thus indicated that
anesthetics altered channel activation, inactivation, and macroscopic conductance,
thereby altering the channel closed, open, and resting states. However, none of the
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FIGURE 8.5 Effects of volatile anesthetics on steady-state inactivation (h_) and inactivation
time constant (t,). Concentrations of anesthetics were methoxyflurane, 3 mM; diethylether,
100 mM; halothane, 4 mM; and chloroform, 5 mM. Open circles, before exposure to anes-
thetics; filled circles, after about 20 min exposure to anesthetics. (From Haydon, D. A. and
Urban, B. W. J. Physiol. (Lond.) 341:429, 1983. With permission.)

anesthetic agents appeared to alter the structure of the pore (i.e., channel selectivity
was unaffected).

Comparing different classes of anesthetics, Haydon and co-workers did find
some differences in their actions.’>*° The channel modifications caused by volatile
anesthetics were intermediate between those found with nonpolar hydrocarbons and
polar surface active substances such as the alcohols. The hydrocarbons produced
much larger hyperpolarizing shifts in inactivation than found in the volatile anesthetic
experiments, whereas alcohols had very little effect on channel activation. Hydro-
carbons also shifted channel activation to more negative (hyperpolarized) potentials
in contrast to the depolarizing shift in activation observed with the volatile anesthet-
ics. Nonetheless, in all cases, these effects were obtained at concentrations well
above the minimum alveolar concentration (MAC) (for example, see Table 8.1).

Other groups examined anesthetic modifications of sodium channels in different
neuronal preparations. Kendig et al.,*' examining the effects of ether on sodium
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TABLE 8.1

Anesthetic Block of Mammalian and Non-Mammalian Na* Channels
Halothane (MAC = 0.22 mM) Ether (MAC + 9.3 mM)
Conc. h. Conc. h.

Cell Examined mM) Ll  GhiftmVv) M) Ll (hift mV) Ref.
Squid axon 4.70 0.56 -1.8 100 0.61 -3.6 35
Frog node of ranvier =~ XXX XXX XXX 200 0.5 -10.0 41
Crayfish giant axon 32.0 0.6 XXX 100 0.2 -5.0 42
GH, pituitary cells 2.6 0.5 -11.0 XXX = XXX XXX 43
CNall A-1 1.0 0.58 -33.0 100 0.55 -40.0 51

Note: XXX, no data available.

channel block in frog nodes of Ranvier, found similar hyperpolarizing shifts in the
steady-state inactivation curves; however, once again these shifts occurred at rela-
tively high anesthetic concentrations (Table 8.1). Bean et al.*> examined the effects
of ether and halothane on sodium channel gating in the crayfish giant axon. They
also found a similar effect of these anesthetics on inactivation (i.e., a hyperpolarizing
shift in the steady-state inactivation and a speeding up of inactivation kinetics);
however, in contrast to the work of Haydon and Urban, no effects were noted on
channel activation. Once again, significant anesthetic modifications occurred only
with relatively high concentrations of anesthetic.

Model cell systems have also been used to examine and compare anesthetic
effects on various ion channel families. Herrington et al.** examined the effects of
halothane on ionic channels in pituitary GH; cells and found that the anesthetic
suppressed peak sodium current and shifted steady-state inactivation to hyperpolar-
ized potentials, similar to the squid axon channels examined by Haydon and Urban.
Once again these changes occurred only at relatively high anesthetic concentrations,
although the h_ shift was markedly more pronounced than in earlier studies. Pan-
crazio et al.** found that enflurane (1.7 mM) had little or no effect on sodium currents
in bovine adrenal chromaffin cells with no change in channel properties. The results
from these studies are summarized and compared in Table 8.1. Together, these
experiments on different preparations indicate that anesthetic modification of sodium
channels depends not only on the anesthetic agent being studied, but also on the
particular cell and sodium channel isoform being examined.

8.3.3 IV ANESTHETIC MODIFICATION OF SODIUM CHANNELS FROM
MAMMALIAN NEURONS

For technical reasons, it was not feasible to record sodium currents from mammalian
neurons until the late 1980s.2 The first detailed examination of anesthetic modifica-
tion of mammalian CNS sodium channels was conducted by Frenkel, Urban, and
colleagues, who used planar lipid bilayer technology to investigate IV (intravenous)
anesthetic modification of sodium channels from human brain.*** These experi-
ments used batrachotoxin (BTX), a sodium channel modifier, to remove inactivation
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and allow the channels to be recorded in planar bilayers, potentially interfering with
anesthetic modification of the channel inactivation. Under the steady-state conditions
in these studies, all investigated anesthetic compounds had two major effects on
channel properties: (1) a voltage-independent reduction of the fractional channel
open time and (2) a hyperpolarizing shift in channel activation (opposite to that
found in the squid axon studies). Pentobarbital and propofol significantly altered
sodium channel function in the clinical concentration range, but ketamine and mida-
zolam did not. However, even propofol and pentobarbital blocked only about 10%
of sodium channel current at clinical concentrations. Thus these results were, in
general, similar to earlier results with nonmammalian sodium channels.

To investigate anesthetic interactions with brain sodium channels in the absence
of BTX, Rehberg et al.’® examined and compared pentobarbital modification of
sodium channels from rat brain and rat muscle stably transfected into CHO cells.
With intact inactivation, pentobarbital caused both a voltage-independent block of
sodium current at hyperpolarized potentials (indicating an interaction with either the
resting or open state of the channel, or both) and, more significantly, a hyperpolar-
izing shift in channel inactivation. The summed result of these modifications was
that pentobarbital blocked about 50% of sodium current at concentrations that were
three- to fivefold higher than clinical concentrations. No significant differences were
found in the anesthetic interactions with either the muscle or brain sodium channel
isoforms. Thus, with intact inactivation, pentobarbital was more effective at blocking
sodium channels than in experiments with altered inactivation.

8.3.4 VOLATILE ANESTHETICS SIGNIFICANTLY SUPPRESS
MAMMALIAN NEURONAL SoDIUM CHANNELS AT CLINICAL
CONCENTRATIONS

The first electrophysiologic examination of volatile anesthetic modification of mam-
malian CNS sodium channels also was conducted by Rehberg et al.,’! again using
type ITA sodium channels from rat brain stably transfected into CHO cells. This
study focused on the two main anesthetic effects already discussed: block of peak
sodium current and the hyperpolarizing shift in channel inactivation. Volatile anes-
thetics blocked peak sodium currents at concentrations that averaged about threefold
higher than MAC values (Figure 8.6), producing a much larger block than reported
in other experimental systems. More important, all of the examined volatile anes-
thetics gave a much larger hyperpolarizing shift in the steady-state inactivation curve
than had been found previously (Figure 8.7). Because of the magnitude of this shift,
anesthetic block of sodium current was markedly voltage dependent. As indicated
in Figure 8.8, at a membrane holding potential of —120 mV, ICs, values were about
three times greater than MAC values. However, at —60 mV (close to the resting
potential of nerves) the ICs, for anesthetic block of sodium currents overlapped with
clinical concentrations. In other words, clinical concentrations of volatile anesthetics
blocked approximately half of the sodium channel current at normal resting mem-
brane potentials. Thus, in contrast to the previous reports with nonmammalian and/or
nonneuronal sodium channels, the rat brain IIA sodium channels were found to be
much more sensitive to clinical concentrations of volatile anesthetics (Table 8.2).
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FIGURE 8.6 Effect of desflurane on whole-cell sodium currents in a CNalIA-1 cell. Traces
are before (left panel), during (upper right panel) superfusion with 2.6 mM desflurane, and
after washout (lower right panel) with desflurane-free extracellular solution. A sustained
outward current at positive potentials was sometimes observed after prolonged perfusion with
high anesthetic concentrations (lower right panel). Calibration bars are 200 pA and 0.9 ms.
Peak current—voltage relationship for the current traces shown in left panel. (From Rehberg,
B., Xiao, Y.-H. and Duch, D. S. Anesthesiology 84:1223, 1996. With permission.)

A comparison of anesthetic block of channels from the different experimental
preparations of sodium channels for halothane and ether is given in Table 8.1. Both
peak current reduction and the shift of steady-state inactivation are significantly
larger for the rat brain sodium channels than for the other preparations.

8.3.5 ANESTHETIC BLock oF SopiuM CURRENTS IN ACUTELY
DissociATED NEURONS

The question that remains is whether these anesthetic interactions, which occur in
a model system, also occur in neurons. Preliminary experiments examining anes-
thetic modification of sodium currents in neurons isolated from rat DRG indicate
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FIGURE 8.7 (a) Normalized peak currents, plotted as a function of prepulse potential. Cur-
rents were normalized to the maximum current before addition of the anesthetic. The midpoint
of channel inactivation shifted from —58.8 mV (control) to —72.0 and —89.1 mV during
perfusion with 100 mM and 200 mM diethylether, respectively. After washout it returned to
a value of —=55.0 mV. (From Rehberg, B., Xiao, Y.-H. and Duch, D. S. Anesthesiology 84:1223,
1996. With permission.) (b) Volatile anesthetics cause a concentration-dependent shift of the
midpoint of steady-state sodium channel inactivation. Data was obtained from experiments as
in Figure 8.7a. (A) Halothane (averages of five to six cells), (B) sevoflurane (averages of three
to nine cells), (C) isoflurane (averages of three to ten cells; data point at 8.5 mM single cell),
(D) desflurane (averages of six to nine cells; data point at 10.6 mM from two cells), (E)
diethylether (averages of three to ten cells), and (F) enflurane (averages of three to four cells;
data point at 1.26 mM from a single cell). Values for washout are shown at 0 mM. (From
Rehberg, B., Xiao, Y.-H. and Duch, D. S. Anesthesiology 84:1223, 1996. With permission.)
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FIGURE 8.8 Linear correlation of the logarithm of the octanol/water partition coefficients
and the logarithm of the ICs, values for sodium current block at two different prepulse
potentials (solid triangles, —120 mV; open triangles, —-60 mV). Human MAC values as aqueous
concentrations are plotted on the same scale (filled circles). Lines are linear regression fits to
the data. (From Rehberg, B., Xiao, Y.-H. and Duch, D. S. Anesthesiology 84:1223, 1996. With
permission.)

TABLE 8.2
MAC and IC;,, Values for CNallA-1 Cells
Aqueous MAC IC;, at -60 mV

Anesthetic (UM) (uM)
Desflurane 2700 1790
Diethylether 9300 1990
Enflurane 580 340
Halothane 220 460
Isoflurane 280 250
Sevoflurane 1400 560

Source: From Rehberg, B., Xiao, Y.-H. and Duch, D. S. Anesthe-
siology 84:1223, 1996. With permission.
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that these sodium channels are also significantly blocked by volatile anesthetics at
clinical concentrations.”>> Primary cultures of spinal and trigeminal ganglionic
neurons from adult rat were obtained after enzymatic dissociation with trypsin and/or
collagenase. Cells were used two hours after dissociation and during the next 3 days
of cultivation. Control measurements of the cells elicited normal action potentials
and stable ionic currents.

Sodium currents were measured using the whole-cell patch-clamp configuration.
Sodium currents and anesthetic suppression were measured with depolarizing test
potentials from a hyperpolarizing holding potential (—80 mV). These initial studies
used relatively high anesthetic concentrations. Similar to results with CNS channels,
halothane (2 mM and less) reversibly decreased about 50% of peak sodium current.
The effect of isoflurane was also similar to the results in CHO cells (0.5 mM caused
30% block of peak current), as were results with pentobarbital, which blocked
sodium current in the same concentration range as CNS channels (<1.8 mM). As
noted above, anesthetic concentrations that block peak currents under these exper-
imental conditions are about five- to tenfold higher than clinical concentrations and
are comparable to anesthetic potency in squid axons.>!

As also observed in CHO cells, however, both anesthetics significantly shifted
steady-state inactivation to more negative potentials, resulting in a voltage-dependent
block of sodium current. The two effects combined to completely block sodium
current at resting membrane potentials (~ —60 mV) at this anesthetic concentration.
The halothane concentration that blocked 50% of peak current also caused a —20
mV shift in the midpoint of the steady-state inactivation, similar to that found when
CNS channels in CHO cells are modified with volatile anesthetics but different from
other sodium channels and pentobarbital action. All of these results are within the
range of variability of the previous results with rat CNS sodium channels in CHO
cells, and the similarity in anesthetic shift of inactivation supports the hypothesis
that mammalian neuronal sodium channels in situ are also significantly blocked by
clinical concentrations of volatile anesthetics.

8.3.6 CORRELATION OF MoLECULAR, CELLULAR, AND CLINICAL
ANESTHETIC ACTIONS

In considering the clinical significance of anesthetic effects on ion channels, it is
important to determine whether the resulting changes impact functions at higher
levels of CNS integration such as the cellular level or, ultimately, cognitive function.
One of the fundamental problems encountered in any such assessment is that the
quantitative association between changes in the molecular function of ionic channels
and functional changes at the cellular level is inherently nonlinear. For example, it
has been reported that less than a 2% change in the open probability of resting
sodium channels can cause myotonia,> less than a 0.1% change in the function of
these same channels underlies the toxicity of insecticides,” and activation of less
than 1% of adenosine triphosphate (ATP)-sensitive potassium channels results in the
observed shortening of the action potential duration of ventricular myocytes during
early hypoxia.>® This nonlinear relationship between ion channel function and cel-
lular function means that subtle anesthetic alterations of ion channel properties can
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have much larger effects at the cellular level, and, conversely, large molecular effects
may not result in significant changes in cell function. Moreover, the amount of
molecular change required to alter cell function varies among cells, dependent on
such parameters as ionic channel densities, nerve fiber diameters, physiologic fre-
quencies of stimulation, and channel subtypes present.”’-° Thus, whether anesthetic
actions on ionic channels result in significant cellular or cognitive changes depends
on the particular make up of the neuron or neuronal network responsible for cognitive
function.

Given these considerations, it is not surprising that results at the cellular level
have been mixed, as has been found also with other sensitive molecular anesthetic
targets.®-%3 The results obtained depend not only on the functions examined but also
on the neuron or neuronal system used. Action potential propagation in myelinated
axons of the CNS appears to be relatively insensitive to anesthetic modification.>*
Other studies, however, have found alterations in the axonal properties of rat and
human CNS neurons that are consistent with a change in sodium channel function.%>%

In addition to the generation of action potentials, there is increasing evidence
that sodium channels are employed for more subtle, subthreshold signal processing
in neurons.!”!8 It has long been known, for example, that sodium channels in neuronal
cell bodies and axon initial segments determine the threshold for action potential
generation and influence the frequency of neuronal firing.-7° Additionally, it has
been found that sustained sodium currents in some projection neurons may affect
action potential duration and repetitive firing.”"7> Sodium channels are also present
in nerve terminals,”>’ as well as having been found more recently in the dendrites
of cerebellar Purkinje cells and of pyramidal cells in both hippocampus and cor-
tex.”®” The sodium channels in these dendrites are capable of generating dendritic
action potentials, and their density and distribution in dendrites, as well as in
presynaptic membranes, will modify synaptic responses'® and potentially influence
the amount of neurotransmitter released from presynaptic nerve endings.!” Catterall!’
has suggested that these latter, integrative functions of sodium channels are more
likely targets for neuromodulation than the sodium channels that mediate the axonal
action potentials. If so, then they may also be more likely targets for anesthetic
modification than the axonal sodium channels.

Examining these neuronal properties, the threshold for action potential firing
has been found to increase, consistent with anesthetic modification of sodium chan-
nels. 23608081 Apegthetic block of sodium channels also has been found to directly
inhibit glutamate release from synaptosomes,®>#? and it may contribute to the anes-
thetic depression of glutamate release recently reported in hippocampus.®*

Several hypotheses of anesthetic action have been proposed that include vital or
contributory roles for sodium channels,*-3%8085-88 stressing the changes that occur in
neuronal firing patterns rather than a simple block of action potentials. These hypoth-
eses generally involve the failure of impulse propagation of action potentials at such
sites as neuronal bifurcations.® Although sodium channels play a vital role in most
of these hypotheses, it is evident that other ionic channels also are essential in
anesthetic action. Thus, anesthesia is generally attributed to a collective effect on
many distinct channels, with recent experiments providing strong evidence that
voltage-gated sodium channels also play a role.
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8.4 ANESTHETIC MODIFICATION OF POTASSIUM
CHANNELS

8.4.1 ANESTHETIC MODIFICATION OF THE DELAYED RECTIFIER
Potassium CHANNELS

In describing the actions of potassium channels, it is useful to begin with a review
of the Hodgkin—Huxley parameters that describe the potassium channel of squid
axon, the “delayed rectifier” channel (K,/). This is the first and perhaps best studied
of potassium channel families. As described above, the delayed rectifier potassium
channels are responsible for the repolarization of the action potential, opening with
a delay after the membrane is depolarized and returning it to its hyperpolarized
resting potential. In contrast to the sodium channel of the squid axon, however, this
potassium channel has no inactivation gate. A good description of these currents
and their modification by anesthetics is given by Elliott and Haydon* in the same
context as for the sodium channel.

Quantitatively, the steady-state potassium current is described by the following
equation:

Iy = gg n* (E — Ey)

where Iy is the potassium current, g, is the potassium current expected when the
maximum number of potassium channels are open, n* represents the probability that
a pathway (potassium channel) is open at a particular potential and time, and E —
E represents the driving force for potassium ions. In the Hodgkin—Huxley model,
n* was the factor controlling the time course of potassium activation and deactivation
(closing). The activation gate of the channel was modeled as being controlled by
four gating particles. These parameters allowed a quantitative description®? of phar-
macologic effects on the steady-state channel properties by measuring potassium
conductance as well as shifts in the voltage dependence of the n_ curve representing
channel activation (see Figure 8.3, last panel). Additionally, kinetic effects could be
examined by measuring T,, the time constant of channel activation. Thus, pharma-
cologic modification of these currents could be described by changes in three param-
eters: g, n,,, and T,.

Once again the most thorough examination of the effects of various classes of
anesthetics on potassium channels was conducted by Dennis Haydon and his col-
leagues.’7-38:899 In these experiments, it was found that, similar to the effects on
sodium currents, anesthetics altered all Hodgkin—Huxley parameters to varying
degrees. A comparison of the effects of isoflurane on sodium and potassium currents
in squid axon is shown in Figure 8.9. It can be seen that the potassium (outward)
current is more greatly suppressed than the sodium (inward) current by this anes-
thetic. These experiments indicated that halothane, isoflurane, diethylether, methox-
yflurane, and enflurane all caused a greater reduction in peak potassium current than
in peak sodium current,* thereby having a greater effect on potassium channels than
on sodium channels. Additionally, halothane and methoxyflurane both caused a two-
to threefold greater depolarizing shift in the steady-state activation of potassium
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FIGURE 8.9 Current—voltage relationships for a squid giant axon. Peak inward (sodium)
currents and steady-state outward (potassium) currents before (open symbols), during (filled
symbols), and after (x) exposure to 2.55 mM isoflurane. (From Urban, B. W. and Haydon,
D. A. Proc. R. Soc. (Lond.) 231:13, 1987. With permission.)

current compared with sodium activation, whereas there was no difference in the
shifts caused by diethylether with either channel type. Changes in the activation
time constants were similar for both potassium and sodium channels.

Overall, however, it was found that anesthetic sensitivity for the delayed rectifier
potassium channels was relatively low compared with clinical anesthetic concentra-
tions. This overall finding was supported by other researchers. Bean et al.*> examined
the effects of ether on delayed rectifier channels in frog node of Ranvier and found
no change in the voltage dependence of steady-state potassium currents, but activa-
tion was faster in the presence of ether. Like the channels in squid axon, this change
occurred at high (40 to 480 mM ether) anesthetic concentrations. More recently,
Benoit’! found that ketamine, etomidate, alphaxalone, and alphadolone acetate
depressed sodium and potassium currents in frog myelinated nerve fibers, although
the latter three anesthetics were more effective in blocking potassium currents than
sodium. These effects occurred at anesthetic concentrations that were 25- to 250-
fold greater than clinical levels.

Other recent studies have also examined the effects of anesthetics on delayed
rectifier potassium channels®>*> (see Table 8.3). It can be seen that in most cases



TABLE 8.3

Anesthetic Modification of Potassium Channels

Channel Type

K(V)
K(V-indep)

K(V)
K(I)

K(V)
K(I)

K(V)
K{)

K(A)
K(I)

K(A)

Anesthetics Conc.

Volatile anesthetics: isoflurane,
enflurane

0.4-0.8 mM

IV anesthetics: ketamine,
propofol,

methohexital

Volatile anesthetics:

sevoflurane

IV anesthetics: propofol,
thiopentone

IV anesthetics:
etomidate, propofol
midazolam

Volatile anesthetics: isoflurane

Effect

Did not affect Ky, conductance
and inhibited 40-80% K
(v-indep)

Ketamine — decreased only
K(I); propofol — decreased
K(V); methohexital — no
effect on either

Ky was markedly depressed,
but K(I) was only slightly
affected by 0.35 mM
sevoflurane

1. 10 uM propofol decreased
Ky to 78%, no effect on K(I);

2. 10 uM thiopentone
decreased Ky, to 78%, but 100
uM thiopentone decreased Ky,
to 27% and K(I) to 67%

1. 60 uM: etomidate 8%,
propofol 9%, midazolam
23%-decrease K(A)

2. 60 uM: etomidate 20%,
propofol 0%, midazolam 14%
decrease K(I)

Dysfunction of I(A)
conductance

Species/Tissue

Squid axon

Single guinea pig ventricular
myocyte

Isolated guinea pig ventricular
papillary muscle; 37C

Isolated guinea pig ventricular
myocyte

Canine myocardial cells

Drosophila melanogaster

Physiologic Function
Affected

Depolarization of resting
potential and reduction of
resting K conductance

IV anesthetics had distinct
spectrum of activity on K
currents

Depression of K, appears to
underlie the increase of action
potential duration

Biphasic effect on APD were
caused by depression of K(V)
and concomitant suppression
of K(A) at higher con;
cardiodepression

Partly antagonized effect of
decreased ICa

Movement of Shaker flies when
heated

Method

Voltage-clamp

Whole cell recordings

Whole cell volt.-clamp,
microelectrode, isomet-ric
force and cooling contractures
measur.

Whole cell current and voltage
clamp

Whole cell voltage-clamp

Indirect experiment: number of
flies moving

Year
(Ref.)

1991°2

1993%

1996%+

1996%

1996

1991%
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TABLE 8.3 (continued)
Anesthetic Modification of Potassium Channels

Channel Type

K()

K()

K(Ca)

K(Ca)

K(Ca)

Anesthetics Conc.

Ethanol 40-200 mM

Barbiturates: methohexital,
pentobarbital

Volatile anesthetics: halothane
0.4-0.9 mM

Volatile anesthetics: halothane
0.2-1.0 mM

Volatile anesthetics: halothane,
isoflurane

Effect

Enhanced K(I): increased
maximal slope conductance,
shifted voltage range for
activation in depolarizing
direction; effects were
concentration dependent and
fully reversible

Reversibly inhibit current in
concentration-dependent
manner with IC, 145 uM
methohexital, 218 pM
pentobarbital; inhibition was
voltage dependent

1. 18-35% (nondefined K
current) IK inhibition

2. 17-30% IK(Ca) inhibition

3. Decreased open state
probability, open time, and
frequency of opening; did not
alter amplitude

1. Decreased open state
probability without changing
channel conductance

Decreased open state
probability of channels

Species/Tissue

Rat locus ceruleus neurons

Rat basophilic granulocyte cell
line (RBL-1)

Dog cerebral arterial muscle

Rat skeletal muscle, in bilayers

Bovine aortic endothelial cells

Physiologic Function

Ethanol also reduced the
amplitude of after
hyperpolarization. Shift K

Concluded that K channels do
not mediate anesthetic
induced vasodilation

Halothane altered channel

Method

Voltage-clamp in brain slice

Whole cell voltage-clamp

Pach — whole cell and single
channel

Voltage-clamp in planar
bilayers

Pach — whole cell and fura-2;
single channel inside-out
patch

Year
(Ref.)

1994100

199601

1995102

1993103

1996 104

0¢c
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K baseline Volatile anesthetics: halothane,

K(S) isoflurane

K(ATP) Barbiturates, halothane,
isoflurane

K(ATP) Isoflurane

K(ATP) Halothane 0.62 mM

K(ATP) Isoflurane

K(V) — Delayed rectifier

K(V-indep) — Voltage independent
K(I) — Inward rectifier

K(A) — Fast transient K channels
K(Ca) — Calcium activated K channels

1. Slow hyperpolarization of
neuron

2. Block spontaneous firing
conductance

3. Activation increases open
probability of S channels

4. Halothane inhibited small
noninactiving K channels

Barbiturate — directly interact
with K(ATP) volatile
anesthetic-modulated part of
channels

Induce activation of K(ATP)

Little or no relaxation of
smooth muscle caused by
induced changes in K(ATP)

Inhibit channel activity without
change in single-channel
conductance; decreased burst
duration and increased
interburst duration

K(S) — Second messenger-modulated K channels

K(ATP) — ATP-modulated K channels

Aplysia neurons

Ventricular myocytes Myocardial protection

Dog heart Improved recovery of
contractive function of
postischemic-vasodilation
during ischemia

Canine tracheal smooth muscle None

Isoflurane mediated
cardioprotective effect via
K(ATP)

Rabbit ventricle myocyte

Nerve-electrical activity, single
channel patch clamp

Whole cell recordings

Indirect experiment,
measurements of
hemodynamics

Organ bath system

Patch-clamp

199605

1995100

199607

1996108

1996'»
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the effects of anesthetics on the delayed rectifier sodium currents are relatively small
at clinical concentrations. However, as with sodium channels, it should be noted that
these studies have not directly examined the effects of anesthetics on delayed rec-
tifiers in mammalian neurons.

8.4.2 OTHER PoTAssiuM CHANNELS

Since the experiments of Hodgkin and Huxley>® many other types of potassium
channels have been found, and it is now established that potassium channels are a
heterogeneous family of membrane ionic channels. Potassium channels have been
found in virtually all cells that mediate action potentials, whether by sodium or other
ions.!® Thus, although the squid axon has been a useful neuronal model, both its
resting potential and action potential are mediated by a relatively restricted set of
ionic conductances. Many neurons have a more complicated mix of potassium
channels. In addition to returning the membrane potential to its resting levels after
an action potential, these ionic channels have such diverse roles as setting the resting
membrane potential, controlling action potential discharge patterns, and terminating
burst activities. In general, all neuronal potassium currents are inhibitory,’® counter-
acting the inward sodium and calcium currents that depolarize the cells. Therefore,
these channels play an important role in regulating neuronal excitability.’® Potassium
channels also have been found in nonexcitable cells.

Three main classes of potassium channels have been described and reviewed.’
The voltage-dependent potassium channels include the delayed rectifier channel (Ky)
modeled by Hodgkin and Huxley and described above, as well as fast transient
channels (K,), which open on depolarization and have fast inactivation, in contrast
to the K, channels, which do not inactivate. These voltage-dependent channels help
define the latency to first spike, regulate neuronal firing rate, and help in action
potential repolarization. The second class of potassium channels is inward rectifiers
(K}, also known as anomalous rectifiers. These channels increase potassium entry
when the membrane is hyperpolarized and provide the resting potassium conduc-
tance in some cells. Additionally, they dominate the outward current at potentials
close to rest, help regulate firing frequency, and are involved with cardiac pacemaker
activity. The third class of potassium channels is calcium-activated potassium chan-
nels (K¢,), which help to regulate calcium entry, action potential repolarization, firing
rate, spike frequency adaptation, and burst termination. Additionally, neurotransmit-
ter and second-messenger-regulated potassium channels have been described, which
can effect increases in neurotransmitter release and presynaptic facilitation. These
include the “M” channels which are turned off by acetylcholine acting on muscarinic
receptors as well as several peptide neurotransmitters. “S” channels are outward
rectifiers with a weak voltage dependence. They are closed by serotonin action on
the cell and are present in aplysia sensory neurons.

By their activation and blockade by neurotransmitters, potassium channels par-
ticipate in both inhibitory and excitatory slow transmission at the level of the
postsynaptic cell body. Likewise, localization of presynaptic potassium channels
allows the possibility of controlling transmitter release by modulating terminal
excitability (and thereby Ca?* influx) via both intrinsic channel properties and
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extrinsic humoral influence. ATP-sensitive potassium channels (KATP), which are
blocked by ATP, are present in cardiac cells as well as pancreatic B cells.?

The main function of these diverse potassium channels in the mammalian CNS
may be viewed as controlling neuronal excitability and determining discharge
patterns of neurons. Potassium channels therefore play key roles in neuronal func-
tion, making them plausible molecular sites of anesthetic action. A further summa-
tion of K* channels and various isoforms in these families has been presented by
Halliwell.””

8.4.3 ANESTHETIC MODIFICATION OF OTHER NEURONAL
Potassium CHANNELS

Aside from the delayed rectifier potassium channel, the interactions of anesthetics
with several other types of potassium channels have been examined (summarized
in Table 8.3), mostly in nonneuronal preparations. In examining the interactions with
the other voltage-dependent potassium channel, the fast transient current (K,), it
was found that several intravenous agents decreased K, in canine myocardia, partly
antagonizing the effect of a decreased I, caused by the anesthetics.’® In Drosophila
Shaker mutants, K, was found to play a significant role in isoflurane anesthesia of
these flies.?” In this latter study, the behavioral insensitivity (i.e., movement) of the
flies to isoflurane was correlated with the degree to which the potassium conductance
through various K, mutants was impaired, suggesting that K, channels play a role
in volatile anesthetic action.

As was found with sodium channels, the anesthetic sensitivity of potassium
channels appears to vary among tissues and cell types. For example, inward rectifiers
(K)) of various muscle preparations were not greatly affected by either intravenous
agents or sevoflurane.”>® In rat neurons, on the other hand, ethanol (although not
strictly an anesthetic) did cause significant changes in channel conductance and the
voltage dependence of activation, whereas in a granulocyte cell line model system
clinical levels of barbiturates significantly inhibited K, in a voltage-dependent
manner!'%-101 (Table 8.3).

K, channels are activated by internal calcium and are widely distributed in
secretory and excitable cells.”® Again, most studies with these channels have been
with nonneuronal cells.!>1%* As summarized in Table 8.3, it was generally found
that isoflurane and halothane significantly decreased the open state probability of
these channels as well as channel open time and the frequency of channel opening,
but they did not affect channel amplitude. Although these effects were significant
at clinical concentrations, one group concluded that these potassium channels did
not mediate anesthetic-induced vasodilation.!'??

Anesthetic effects on the neurotransmitter and second-messenger-modulated K
channels (K(S)) are also described in Table 8.3. K¢ channels have been reported in
aplysia neurons, and it has been found that halothane and isoflurane increase the
open probability of these channels.!%

ATP-modulated potassium channels have been implicated in providing myocar-
dial protection during anesthesia'®-'%” (see Ref. 106 for a review). It has generally
been found that these channels are sensitive to barbiturates as well as halothane and



224 Molecular Bases of Anesthesia

isoflurane.!06-107.199 Op the other hand, in canine tracheal smooth muscle halothane
had little effect on relaxation of smooth muscle.'%

Another potassium channel, K2.1, is a rat brain potassium channel that mediates
a slowly inactivating current on membrane depolarization.'!° Kulkarni and co-work-
ers examined the inhibitory effects of ketamine and halothane on this channel using
site-directed mutagenesis. They found that, although both anesthetics inhibited potas-
sium currents by reducing peak current amplitude through these cells, their mech-
anisms of action were different. Halothane peak current reduction was voltage
dependent whereas ketamine action was not. Additionally, halothane accelerated the
time constant of current inactivation but ketamine had only a minimal effect on this
parameter. Deletions of the C terminus of the channel resulted in decreased sensi-
tivity of the channel to modification by both anesthetics, indicating that this part of
the channel influences the actions of both anesthetics.

8.4.4 ANESTHETIC MODIFICATION OF CELLULAR POTASSIUM
CURRENTS

As can be seen from Table 8.3, many laboratories have proposed or examined
potassium channels as molecular targets of anesthetics. Complicating an understand-
ing of the role of these channels in anesthesia, however, several channel types are
present in most cells and their individual contributions to total ionic current are often
difficult to distinguish.! Additionally, not all potassium channel subtypes have yet
been described.”® Thus, for most cells it can be known only that a current is carried
by potassium ions, but not what types of channels are present. Therefore, several
laboratories have looked at the effects of anesthetics on general or nonspecific
potassium currents in several cell types, especially central neurons. Nicoll and
Madison,''! using intracellular recordings, found that volatile anesthetics hyperpo-
larized rat hippocampal neurons, probably due to an increase in potassium conduc-
tance. Berg-Johnsen and Langmoen®®!'? found similar effects in rat hippocampus
and cerebral cortex as well as human neocortex. These results suggested that the
anesthetic-induced membrane hyperpolarization in these neurons resulted at least
partly from an increase in potassium conductance. In aplysia, neurons have baseline
inactivating potassium channels as well as outwardly rectifying baseline channels
with a weak voltage-dependent potassium current.'® The potassium current in these
cells also was found to be turned on or enhanced by volatile anesthetics.!'3 This
enhanced current occurred at clinical anesthetic concentrations and may be mediated
by Ky channels. Thus, although the potassium channels involved in these anesthetic
interactions are not specifically known, they do point to an important role for
potassium channels in anesthesia.

8.5 SUMMARY

Voltage-gated sodium and potassium channels generally have been regarded as being
relatively insensitive to anesthetic modification due primarily to initial studies on
classical electrophysiologic models. Recent experimental evidence from the fields
of molecular biology and electrophysiology, however, has indicated the existence of
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a previously unsuspected diversity of channel isoforms having distinct pharmacologic
and electrophysiologic properties. Many cells express several of these distinct chan-
nel isoforms, and the cellular functions and pharmacology of these diverse channels
are still poorly understood. More recent molecular studies with sodium and potassium
channels from mammalian neuronal preparations have indicated that the voltage-
gated channels in these cells are more sensitive to volatile and other anesthetics than
was previously indicated by earlier studies. Results obtained at the cellular level have
given mixed support for these channels, as has also been found with other ionic
channels that have been found sensitive at the molecular level, such as the GABA,
chloride channel.® This recent experimental evidence suggests that the role sodium
and potassium channels play in general anesthesia should be reexamined.
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9.1 OVERVIEW OF EXCITATORY AMINO ACID (EAA)
RECEPTORS

The EAA receptors may be divided into NMDA (N-methyl-p-aspartate) and non-
NMDA receptors, and the latter may be further divided into AMPA (o-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid) and kainate receptors. These are all
ligand-gated cation channels, although the channel properties are distinct, as dis-
cussed below. There is also a group of metabotropic glutamate receptors that are
coupled with guanosine triphosphate (GTP)-activated proteins, rather than directly
to ion channels. Our review will focus mainly on the ligand-gated ion channels.
Distinctions between these receptors were originally based on the agonists that
activate the channels (e.g., NMDA vs. AMPA), but molecular cloning and sequencing
have demonstrated that the protein sequence of these receptor subunits also corre-
sponds to the pharmacologic divisions. The molecular biology of these receptors
has been reviewed in detail'-* and will only be briefly summarized here.

The NMDA receptors are composed of two groups of subunits, NR1 and NR2.
NR1 subunits are encoded in a single gene, but eight splice variants have been
identified.> There are four NR2 subunits, each encoded in a separate gene. The
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stoichiometry of native receptors is not known but likely contains both NR1 and NR2
subunits. The NR1 subunit is widely distributed in brain; the NR2 subunits have more
discrete neuroanatomical localization, leading to the idea that NMDA receptors in
different brain regions have different subunit compositions.> NMDA receptors are
unusual in that they require glycine as a coagonist for channel activation. In addition,
they display a voltage-dependent block by Mg?* and a large single-channel conduc-
tance with high calcium permeability. These unique properties may underlie the
importance of NMDA receptors in neuronal plasticity and learning and memory.

Although much research attention has been given to the function of NMDA
receptors, most fast excitatory neurotransmission is carried out by AMPA receptors.
They are found at the majority of excitatory synapses and have a low Ca** perme-
ability. Kainate receptors are also widespread in brain but in lower density than
AMPA receptors. AMPA receptors are encoded in four genes, GluR1 through 4, and
kainate receptors are encoded by three genes termed GIuRS through 7 as well as
two genes for poorly understood kainate binding protein, KA1 and 2.'? The subunit
stoichiometry of these receptors is not defined. Although GluR1 and GIuR3 form
functional homomeric receptors, it is likely that native AMPA receptors also contain
GluR2. For kainate receptors, homomeric GluR6 subunits are functional, but it is
possible that native receptors contain mixtures of GluRS through 7 as well as KAl
and 2. Phylogenetically, all of the EAA receptors appear to be related, and sequence
homologies allow the subunits to be grouped into NMDA subunits (NR), AMPA
(GluR1-4), kainate (GluR5-7), and kainate binding proteins (KA1-2).! As discussed
in this review, these subunits can be expressed in mammalian cells or Xenopus
oocytes, and these systems have been used to study effects of anesthetic agents.*

In addition to the well-established EAA receptors discussed above, there is some
evidence for novel receptors that do not fit into these families. Yuzaki et al. reported
that aspartate activates a calcium conductance in cerebellar Purkinje cells in mutant
mice lacking functional NMDA receptors. This action of aspartate was sensitive to
both NMDA and non-NMDA receptor antagonists and appears to be distinct from
all other EAA receptors. In addition, a group of glutamate binding proteins has been
characterized biochemically and found to bind NMDA and other ligands known to
act on the NMDA receptor complex (e.g., dizocilpine).® These proteins are distinct
from the NR, KA, and GluR gene families and may prove to be novel NMDA
receptors.” Thus far, there is little functional characterization of these proteins,
although a recent report shows upregulation of these proteins in mouse brain by
chronic alcohol treatment.?

9.2 ANESTHETIC-EAA INTERACTIONS:
IN VIVO STUDIES

Tests of EAA receptor agonists and antagonists in vivo are critical to determining
the significance of the findings from simpler preparations that are discussed below.
The rationale for the in vivo studies is that if anesthetic action on an EAA receptor
(e.g., inhibition of NMDA action) observed in vitro is important for anesthesia, then
receptor agonists and antagonists should have predictable effects on anesthesia. For
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example, if inhibition of NMDA action causes anesthesia, then NMDA receptor
antagonists should produce anesthesia and, at lower doses, potentiate actions of
volatile anesthetics. Conversely, NMDA (or glycine site) agonists should reduce the
action of volatile anesthetics. These behavioral studies are necessary but not suffi-
cient to implicate a given receptor in anesthesia. They are not sufficient because the
anesthetic and the receptor antagonist could be acting at different sites yet have a
physiologic integration that results in potentiation of anesthetic action. Thus, the in
vivo and in vitro approaches are complementary, and information from both are
required to define sites of anesthetic action. A potentially powerful approach that
would combine in vivo and in vitro approaches is production of mutant animals with
changes in a specific receptor (e.g., NMDA) or receptor subunit that changes the
anesthetic sensitivity of the receptor in vitro without changing the neurotransmitter
action. These animals could then be tested for anesthetic sensitivity in vivo.

Because there is evidence that volatile anesthetics inhibit glutaminergic trans-
mission (see below), a first question is whether behavioral effects of anesthetics can
be mimicked by receptor antagonists of NMDA, AMPA, or kainate receptors. Indeed,
ketamine, CGS19755, and phencyclidine, which block NMDA receptors, can be
used as general anesthetic agents.”!® However, ketamine or PCP anesthesia is char-
acterized as a “dissociative” state rather than complete loss of consciousness and is
quite different from the anesthetic state produced by volatile anesthetics. Riluzole
is a new inhibitor of glutaminergic neurotransmission that apparently has both pre-
and postsynaptic actions that have yet to be precisely defined.!! Riluzole produces
loss of righting reflex in rats,'? but it is not clear if this state most closely resembles
that produced by ketamine or volatile anesthetics.

Another in vivo approach is to ask if glutamate receptor agonists or antagonists
alter the potency of volatile anesthetics. A number of different NMDA antagonists
(e.g., dizocilpine, CPP, CGS 19755) all potentiate (decreased minimum alveolar
concentration, MAC) isoflurane anesthesia in rats.!*16 In addition, an antagonist of
the glycine recognition site on the NMDA receptor (ACEA-1021) also decreases
MAC for halothane in rats.!” Thus, these two studies show that inhibition of NMDA
receptor function enhances the action of volatile anesthetics. Another study showed
that the AMPA receptor antagonist, NBQX, decreases MAC for halothane in rats.'8
Furthermore, riluzole, an inhibitor of glutaminergic neurotransmission, albeit by an
unknown mechanism, also potentiates the action of halothane.!? Finally, McFarlane
et al.”” tested the combined actions of an AMPA antagonist (NBQX) and an NMDA
antagonist (CGS 19755) on halothane MAC. Consistent with other studies from this
group, each antagonist decreased MAC, and the combination was at least additive
and perhaps synergistic.

An important point about these studies of anesthetic sensitivity is that different
tests often are used to define anesthesia. Many studies simply use duration or
production of loss of righting reflex (sleep time) as anesthesia, whereas others use
a response to a noxious stimulus such as tail clamp'”!° or paw pinch as the criterion.
It is likely that these different behaviors rely on different neuronal pathways and
may give conflicting information about the mechanism of anesthetic action.

Taken together, these in vivo studies provide support for the idea that glutamin-
ergic neurotransmission at both NMDA and AMPA receptors is important for the
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actions of volatile anesthetics. This is based on the ability of receptor antagonists
to decrease the MAC of volatile anesthetics, and, as noted above, this may reflect a
physiologic interaction rather than a direct effect of anesthetics at these receptors.
However, it is important to note that the receptor antagonists do not mimic the
actions of volatile anesthetics. Thus, reduction of glutaminergic neurotransmission
does not appear to be sufficient to account for the in vivo actions of volatile anes-
thetics but may contribute to these actions. There are few in vivo studies of interac-
tions between anesthetics and drugs that affect metabotropic glutamate receptors
(see below), and this area deserves additional attention.

9.3 ANESTHETIC-EAA INTERACTIONS:
NEURONAL STUDIES

Most of these studies used either brain slices or the isolated spinal cord and recorded
electrical activity after stimulation of glutaminergic pathways or application of
glutamate receptor agonists. Because these are in vitro studies, it is important to
consider what concentrations of anesthetic correspond to MAC in vivo. As noted by
Franks and Lieb,2° anesthetic concentrations that are four to ten times MAC are
often used in vitro and produce effects on many proteins, including ion channels,
but these actions are unlikely to have any relevance to anesthesia. For this discussion,
we will use the values calculated by Franks and Lieb,?® which give concentrations
corresponding to 1 MAC of 0.25 mM for halothane and 0.3 mM for isoflurane.

There are few detailed studies of effects of volatile anesthetics on neuronal
glutamate responses, and most of the work is rather recent. In their review of the
literature, Pocock and Richards?' noted that effects of volatile anesthetics on
glutamate receptors remained to be defined. In fact, one of the early studies postu-
lated actions on glutamate mechanisms that have proven accurate.?? These workers
suggested that volatile anesthetics depress excitatory neurotransmission and that this
action of halothane is likely due to inhibition of glutamate release rather than an
inhibition of glutamate receptor sensitivity, although other volatiles (ether, methox-
yflurane) may affect the receptors. There is now ample evidence that volatile anes-
thetics inhibit excitatory neurotransmission and, as discussed below, at least part of
this action is due to inhibition of neurotransmitter release.

The delineation of NMDA and non-NMDA (AMPA, kainate) ionotropic
glutamate receptors has led to efforts to determine if one of these types of receptors
is more sensitive than the other.?® In spinal cord, a cyclobutane anesthetic (but not
the nonanesthetic congener) inhibited NMDA and non-NMDA pathways.?* In agree-
ment with this result, a patch-clamp study of hippocampal CA1 neurons found that
both NMDA and non-NMDA excitatory postsynaptic currents (EPSCs) were inhibited
by halothane (about 1.5 to 10 MAC), and the inhibition was equal for both receptors.?’
However, halothane did not affect currents produced by both applications of glutamin-
ergic agonists, in agreement with the earlier study of Richards and Smaje.?> One study
of the hippocampal CA1 region using population spike analysis found that NMDA-
receptor-mediated responses were more sensitive to halothane than the non-NMDA
responses, and another study of hippocampal CA1 activity suggests that enflurane
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inhibits non-NMDA but not NMDA responses.?® Thus, all three possibilities (nonse-
lectivity or NMDA or non-NMDA selectivity) are represented in studies of CAl
activity. In all of these studies, the NMDA and non-NMDA responses were distin-
guished by pharmacologic isolation (receptor antagonists). It is possible that some
of the conflicting findings are due to a lack of selectivity or specificity of these
antagonists. The receptor selectivity is an important issue because if the anesthetics
act solely by inhibiting glutamate release, then there should be no receptor specificity.

In contrast to several studies discussed above, Carla and Moroni?’ found that
volatile anesthetics inhibited the excitatory responses of cortical slices to applications
of NMDA and AMPA. Chloroform, halothane, isoflurane, and ether inhibited the
action of maximal concentrations of NMDA or AMPA, and the inhibition was
generally greater for AMPA than for NMDA. For example, 1 mM halothane inhibited
the AMPA response by 45% with no effect on the NMDA response, and 0.5 mM
isoflurane inhibited the AMPA response by 35% and the NMDA response by 20%.
This is generally consistent with a study of NMDA or quisqualate-stimulated
increases in intracellular calcium in cultured hippocampal neurons.?® These workers
found that isoflurane inhibited the action of both glutamate agonists, but quisqualate
was somewhat more sensitive than NMDA. In contrast, intracellular recording of
NMDA and quisqualate responses in hippocampal slices found that isoflurane and
halothane did not alter NMDA responses but increased glutamate and quisqualate
responses.? Although it is difficult to reconcile these results, it should be noted that
volatile anesthetics have been shown to enhance the function of recombinant kainate
receptors (GluR6) even though they inhibit NMDA and AMPA receptor function
(discussed below). In addition, activation of kainate receptors reduces glutamate
release in hippocampus;*® thus, enhancement of kainate receptor function by anes-
thetics could indirectly inhibit the function of NMDA and AMPA receptors by
reducing glutamate release.

In summary, there is clear evidence that volatile anesthetics inhibit excitatory
neurotransmission in many brain regions, including spinal cord, hippocampus, and
cortex, and this can be detected at concentrations corresponding to 1 to 2 MAC. The
mechanism of this inhibition is less clear. Direct application of glutamate agonists
in the presence of 1 to 2 MAC concentrations of volatile anesthetics has given highly
variable results. Most studies have found little or no effect on NMDA receptors and
weak effects on non-NMDA receptors, but other studies have shown clear inhibitory
(and facilitory) effects on these receptors. A problem of these studies is the mixed
population of receptors (of unknown subunit composition) and the reliance on
“specific” agonists or antagonists to pharmacologically dissect the different recep-
tors. An alternative approach is the use of recombinant receptors, as discussed below.

9.4 ANESTHETIC-NMDA RECEPTOR INTERACTIONS:
IN VITRO STUDIES

Biochemical approaches, including ion flux and receptor binding, have been used
to study interactions between anesthetics and NMDA receptors. At or below 1 MAC,
the volatile anesthetics enflurane and halothane inhibited NMDA-stimulated but not
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basal calcium uptake in rat brain microvesicles and reduced the agonist-induced
desensitization of uptake observed when NMDA is preincubated.’’ The NMDA
receptor coagonist, glycine, which is a positive modulator of NMDA receptor func-
tion, reduced inhibition of uptake in the presence of enflurane and halothane.

Anesthetic concentrations of halothane, enflurane, and diethylether also inhibited
NMDA-mediated increases in intracellular calcium concentration in mouse hippoc-
ampal microsacs.’?> Enflurane did not alter resting intracellular calcium concentra-
tions, and only large concentrations of halothane and diethylether produced
increases. Thus, the ability of volatile anesthetics to inhibit NMDA responses does
not appear to result indirectly from increased resting calcium concentrations.

A series of volatile anesthetics inhibited glutamate-stimulated MK-801 binding
to the NMDA channel in a noncompetitive manner, and this inhibition was reversed
by glycine.* The inhibition occurred within concentration ranges achieved during
surgical anesthesia. The site of volatile anesthetic action is not likely within the
channel because the inhibition was specific for agonist but not basal MK-801 binding
and was reduced by glycine, which does not act within the cation channel. Binding
of CGS 19755 to the glutamate site of the NMDA receptor was also inhibited by
these volatile anesthetics, although in general the anesthetics were more potent inhib-
itors of glutamate-stimulated MK-801 binding. Anesthetic inhibitory potency did not
correlate with their lipophilicity profiles. A second site that positively modulates
NMDA receptor function is known as the polyamine site. Spermidine, a polyamine
agonist, reversed the inhibition of glutamate-stimulated MK-801 binding produced
by volatile anesthetics,* which was similar to the above report in which glycine
reversed the inhibition of binding. These results provide evidence for anesthetic action
at the NMDA receptor complex, which may encompass multiple sites of the recep-
tor—channel activation mechanism. Whereas the agonist site or the channel pore were
apparently not direct sites of volatile anesthetic action, the channel activation process
including positive, allosteric sites may be involved. These biochemical studies support
the NMDA receptor complex as a potential site of volatile anesthetic action.

Studies of NMDA receptors expressed from brain mRNAs or cloned receptor
subunits also provide evidence for modulation of NMDA receptors by volatile
anesthetics. Enflurane (1.8 mM) inhibited NMDA-stimulated currents in Xenopus
oocytes expressing mouse brain mRNA by approximately 30%.% The percent inhi-
bition was similar in the presence of maximal and minimal concentrations of NMDA
or different concentrations of the NMDA coagonist, glycine, thus indicating that the
agonist or coagonist binding sites on the NMDA complex are not sites of action for
enflurane. Xenopus oocyte expression studies offer the advantages of studying direct
effects of volatile anesthetics on receptor function and comparing different glutamate
receptors in a common cellular environment. This study provides evidence that
volatile anesthetics directly, although weakly, inhibit NMDA receptor function.

9.5 ANESTHETIC-AMPA-KAINATE RECEPTOR
INTERACTIONS: IN VITRO STUDIES

Biochemical studies also indicate interactions of volatile anesthetics with AMPA
and kainate receptors. For example, halothane and isoflurane at 1 MAC inhibited
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kainate-induced glutamate release from cerebellar granule cells, but halothane had
no effect on glutamate reuptake.’® Halothane inhibition was not dependent on kainate
concentration, indicating that halothane does not compete with kainate at its binding
site on the receptor. In contrast to halothane and isoflurane, 1 MAC enflurane had
no effect on kainate-induced glutamate release, and none of the inhalation anesthetics
tested significantly affected NMDA-induced glutamate release.® These results pro-
vide evidence for receptor specificity in the mechanisms of volatile anesthetics.

However, enflurane (1.8 mM) inhibited both AMPA- and kainate-stimulated
currents in Xenopus oocytes expressing mouse brain mRNA by approximately
30%.% As noted above, this study reported a similar magnitude of inhibition for
NMDA currents in these oocytes. The percent inhibition was not different in the
presence of maximal and minimal concentrations of AMPA or kainate, suggesting
that enflurane does not compete for these agonist binding sites. This site of action
also was ruled out for enflurane at NMDA receptors. Of the glutamate agonists, only
kainate produced measurable currents in oocytes expressing post-mortem human
brain mRNA. Human kainate channels were inhibited by enflurane to a similar
degree as mouse kainate responses. Thus, no species or glutamate agonist differences
were observed with respect to enflurane action. However, the agonists AMPA and
kainate can both stimulate AMPA subtypes of glutamate receptors. It is only this
subtype that would be activated in oocytes expressing brain mRNA because the
kainate subtype is a fast desensitizing receptor whose responses would not likely
have been measured in the absence of a desensitization blocker.

A study of volatile anesthetics on defined receptor subunits expressed in Xenopus
oocytes revealed opposite actions at AMPA versus kainate receptor subtypes.’
Although kainate can activate AMPA receptors, the glutamate receptor subunits
(GIluR1-4) are termed AMPA receptors because AMPA acts as a high-affinity agonist
at these receptors.® The volatile anesthetics enflurane, isoflurane, halothane, and 1-
chloro-1,2,2-trifluorocyclobutane either had no effect or inhibited kainate-induced
currents in oocytes expressing AMPA receptors (GluR1, GluR3, GluR2+3). The
glutamate receptor subunits (GluR5-7) are kainate-selective receptors based on high-
affinity kainate binding and insensitivity to AMPA. Surprisingly, all volatile anes-
thetics tested potentiated kainate-induced currents in ooyctes expressing the kainate-
selective subunit GluR6.%7 Compared to the percent inhibition of AMPA receptors,
the percent potentiation of kainate receptor function by volatile anesthetics was much
greater. For example, enflurane, halothane, or 1-chloro-1,2,2-trifluorocyclobutane at
1 MAC only inhibited AMPA receptors by 15 to 20% yet potentiated kainate receptor
function by 30 to 70%.%” The percent inhibition of GluR3 (AMPA) and potentiation
of GluR6 (kainate) receptor function by halothane approximately doubled when
halothane alone was preexposed for several minutes.?” This enhanced, time-depen-
dent sensitivity may be explained by more indirect intracellular actions. For example,
Dildy-Mayfield et al.?” showed that halothane directly (i.e., in the absence of preex-
posure) affects GluR channel function, and the enhanced effects after minutes of
halothane preexposure might be due to other indirect mechanisms. Two nonanesthet-
ics, structurally similar to the anesthetic 1-chloro-1,2,2-trifluorocyclobutane but with-
out in vivo anesthetic action, had no effect on AMPA or kainate subunits,’ indicating
that lipophilicity does not predict anesthetic potency at glutamate receptors.
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In contrast to volatile anesthetics, anesthetic concentrations of barbiturates3” and
ethanol® inhibited GluR6 channels. Ethanol also inhibited the function of AMPA
glutamate receptors,’® whereas the barbiturates phenobarbital and pentobarbital pro-
duced only slight inhibition.’” GluR6 is thus a unique glutamate receptor whose
function is enhanced rather than inhibited by volatile anesthetics specifically.

Because the function of GluR6, an excitatory receptor, is enhanced by volatile
anesthetics, this receptor might not appear to be a physiologic candidate in the
mechanisms of anesthesia. However, increased stimulation of excitatory receptors
could in turn produce increased activation of inhibitory receptors, which would then
be consistent with anesthetic action. One might also question the relevance of
homomeric GluR6 expression studies to GluRs expressed in vivo. However, there
is evidence for the existence of pure kainate-type channels resembling the GIuR6
subtype in hippocampal neurons.*’ The high-affinity kainate-selective receptor sub-
units (KA-1 and KA-2) do not form functional channels alone but do combine with
GluR5 or GIuR6 kainate receptors in functional heteromeric assemblies.*'#> Hal-
othane also potentiated GluR6+KA-2 channel responses expressed in Xenopus
oocytes.’” Given the in vivo evidence for homomeric GluR6-like channels or coas-
sembly of GIuR6 with either KA-1 or KA-2 receptors but not with AMPA receptors,*
the potentiating effects of volatile anesthetics on homo- and heteromeric GIuR6
assemblies expressed in oocytes may be physiologically relevant. Further support
for this comes from a study showing that isoflurane and halothane enhance the
glutamate (but not NMDA) response in hippocampal CA1 slices.?” GluR6 mRNA
and protein are expressed in the hippocampus, including the CA1 region,**> which
may explain the unexpected enhancement by volatile anesthetics.

9.6 ANESTHETICS AND GLUTAMATE RELEASE

In addition to postsynaptic sites of action at glutamate receptors, there is biochemical
(as well as electrophysiologic — see above) evidence for presynaptic effects of
volatile anesthetics on glutamate release. For example, at clinically relevant concen-
trations of 1 or 2 MAC, halothane, enflurane, and isoflurane each inhibited calcium-
dependent glutamate release.*® In contrast, anesthetic concentrations of pentobarbital
failed to inhibit glutamate release. Both calcium-independent and -dependent
glutamate release were inhibited by isoflurane.*’ A recent study by Miao et al.*® of
synaptosomes suggests that decreased K+ depolarization—induced glutamate release
by 1 to 2 MAC isoflurane, enflurane, or halothane may be due to depressed intrac-
ellular concentrations of calcium. This study proposed that volatile anesthetics do
not affect intrasynaptosomal calcium-dependent exocytosis mechanisms, and that the
decreased intracellular calcium concentration was sufficient to account for inhibition
of glutamate release. Lower intracellular calcium levels could result from decreased
calcium entry via voltage-dependent calcium channels. Although not reviewed here,
there is some evidence for volatile anesthetic action on neuronal calcium channels,
which could account for inhibition of neurotransmitter (glutamate) release.
Halothane and enflurane at 1 MAC also decreased hypoxia-evoked release of
glutamate.* Isoflurane at 0.5 MAC reduced glutamate accumulation in a rat model
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of forebrain ischemia,® although an increase was observed in a rabbit model of
global ischemia.’! Despite evidence for reduced glutamate release, volatile anesthet-
ics have failed to demonstrate protective effects in hypoxic models.

Finally, presynaptic inhibition of glutamate release by riluzole reduced halothane
MAC in the rat by approximately 50%.!? Riluzole does not bind to any known
glutamate receptors but inhibits both the presynaptic release of glutamate and some
postsynaptic effects.!! Riluzole alone induced loss of righting reflex in rats.!? Thus,
this novel glutamatergic agent not only exerts anesthetic action but also enhances
anesthesia induced by the volatile anesthetic halothane.

At clinically relevant concentrations, isoflurane and halothane failed to alter
glutamate uptake in rat synaptosomes,> indicating that uptake processes are not
responsible for the volatile anesthetic inhibition of glutamate release cited above. It
appears likely that volatile anesthetics may modulate the release process itself.
Inhibition of glutamate release, the major excitatory neurotransmitter in the mam-
malian central nervous system, is a mechanism consistent with anesthesia. In the
absence of decreased postsynaptic glutamate sensitivity, decreased glutamate exci-
tatory postsynaptic potentials by volatile anesthetics could be due to a presynaptic
inhibition of calcium entry through voltage-gated calcium channels, which in turn
decreases glutamate release. This mechanism may combine with postsynaptic effects
on glutamate receptors in addition to actions at other receptors to induce anesthesia.

9.7 ANESTHETICS AND METABOTROPIC GLUTAMATE
RECEPTORS

Metabotropic glutamate receptors are coupled to signal transduction pathways by
activation of GTP binding proteins whereas ionotropic glutamate receptors gate ion
channels directly. As for the ionotropic glutamate receptors discussed above, there
are multiple subtypes of metabotropic glutamate receptors. To date, only one study
has examined the role of metabotropic glutamate receptors in anesthesia. In this
study, agonists for selective metabotropic glutamate receptors delayed recovery from
halothane anesthesia in rats.’* One agonist, DCG-IV, which selectively activates
mGluR2 and mGIluR3 subtypes, was the most potent of the agonists tested. These
receptors are negatively coupled to adenylyl cyclase, suggesting that adenylyl cyclase
activity may be involved in recovery from halothane anesthesia. DCG-IV also was
reported previously to be the most potent agonist in reducing monosynaptic excita-
tion in isolated rat spinal cord.>* Thus, some types of metabotropic glutamate recep-
tors may have depressant actions in the rat.

9.8 CONCLUSIONS AND FUTURE DIRECTIONS

The findings reviewed above raise several questions, including, Which of the EAA
receptors is important for anesthesia? as well as the more general question, How
can we determine if an ion channel or other protein is the site of action of volatile
anesthetics? To address the latter question, several necessary criteria include:
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. Channel function must be affected at 1 MAC of several anesthetics.

2. The structurally related nonanesthetic, transitional, and anesthetic com-
pounds should have effects on the function consistent with their in vivo
pharmacology.

3. Other activators/inhibitors of the channel should either produce anesthesia
or change the MAC of known anesthetics in vivo.

4. Transgenic animals with a mutated channel that is resistant to anesthetics

in vitro should show an increased MAC in vivo.

These four criteria have not been fulfilled for any of proposed sites of anesthetic
action. However, data are not sufficient to reject NMDA, AMPA, or kainate receptors
as potential sites of volatile anesthetics, although the glutamate receptors can be
discarded as sites of action for long-chain alcohols.’” One problem for the EAA
receptors is Criterion 1 above, because, as discussed above, the volatile anesthetics
have very small effects on channel function at concentrations corresponding to 1
MAC. However, Criterion 2 is fulfilled by NMDA, AMPA, and kainate receptors,
and Criterion 3 also provides good pharmacologic support for the importance of
these receptors in anesthesia. It is important to remember that although the study of
these receptors in isolated expression systems may be used to address Criterion 1,
it may not adequately address the sensitivity of excitatory synaptic transmission to
volatile anesthetics. In fact, this appears to be the case as electrophysiologic studies
of brain and spinal cord suggest a sensitivity of excitatory neurotransmission far
greater than would be expected from studies of EAA receptors in isolated cells. This
may reflect actions of anesthetics on presynaptic processes, particularly glutamate
release. Pursuit of Criterion 4, expression of anesthetic-resistant receptors in mice,
should provide an opportunity to study the role of specific postsynaptic receptors as
well as presynaptic processes in electrophysiologic actions of anesthetics.

Still to be addressed are the questions of whether all volatile anesthetics act by
a single, identical mechanism (unitary theory) and whether a specific “receptor” can
be defined for these agents. Answers to both questions require more molecular
information about the sites of action of volatile anesthetics on ligand-gated ion
channels and more physiologic information about the relevant targets in vivo.
Although the molecular and physiologic represent different poles of reductionism,
the approaches may be interdependent, because mutagenesis of specific sites on
ligand-gated ion channels in vitro and in vivo is the strategy most likely to answer
both of these questions.
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The GABA, receptor is a ligand-gated chloride ionophore that underlies synaptic
inhibition in the brain. It has been recognized for many years as the target of
barbiturates and benzodiazepines, two important classes of drugs that have found
broad clinical utility. More recently, it has been recognized that other structurally
diverse drugs with general anesthetic properties, including volatile agents, act on
these receptors as well. Furthermore, the concentrations at which these drugs
enhance GABA, receptor function correlate well with their anesthetic potencies.
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The combination of these findings, together with the intuitively plausible suggestion
that increased inhibition might be expected to produce “anesthesia,” has resulted in
acceptance of this receptor as an important and relevant anesthetic target."> This
chapter will review some of the basic structural, pharmacologic, and physiologic
properties of the GABA receptor, describe how synaptic currents and responses to
exogenous application of GABA are altered by volatile anesthetic agents, discuss
possible mechanisms by which these changes may be produced, and speculate on
how alterations of GABA , receptor function may influence cellular integrative and
circuit functions to produce the clinical state of “anesthesia.”

10.1 BASIC PROPERTIES: RECEPTOR STRUCTURE,
PHARMACOLOGY, AND PHYSIOLOGIC
PROPERTIES

The GABA, receptor is a member of the superfamily of ligand-gated ionophores
that includes also the nicotinic acetylcholine receptor (nAChR), the glycine receptor,
the GABA.. receptor, and the SHT3 receptor, and has been the subject of several
recent reviews.>* Each of the subunits that make up these heteromultimeric proteins
contains four membrane-spanning domains (M1 to M4), with a large hydrophobic
N terminal domain that contributes to the binding site for agonist and other allosteric
modulators, such as benzodiazepines (Figure 10.1a). There is also a large intracel-
lular loop between the third and fourth transmembrane domains that contains poten-
tial phosphorylation sites. By analogy with the nAChR, for which the most complete
structural data are present,’ each receptor is thought to be composed of five separate
subunits (Figure 10.1b). This structural arrangement has been supported by electron
microscopic observations of the GABA , receptor itself.® To date, 15 different vari-
eties of mammalian subunits have been described, designated o, ¢, B3, Vi3, 0, €,
and m.*78 In addition, two unique nonmammalian subunits have been described,
alternative splice variants of at least the v, and o receptor are known to exist, and
two related subunits p, and p, are present in the retina and brain. These latter subunits
are the only varieties that are known to combine to form functional homomultimeric
receptors, which are designated GABA_. receptors.

The subunit composition of native brain receptors is of interest because of its
influence on the pharmacologic sensitivity and physiologic properties of the recep-
tor/channel. For example, the o subunit is a major determinant of benzodiazepine
selectivity,* and the presence of the y subunit is required for sensitivity to benzodi-
azepines and relative insensitivity to zinc inhibition of the channel.® Deactivation
and desensitization kinetics may be influenced by multiple subunits.!%!" Although
the precise subunit composition and structure has not yet been determined with
certainty for any native receptors,'? it is clear from in situ hybridization studies that
GABA, receptor subunits are differentially distributed within the brain and that
certain subunits tend to be expressed together (reviewed recently by Sieghart* and
McKernan and Whiting'?). The stoichiometry by which subunits combine to form
functional channels remains a matter of debate, and is an area of active investigation.
A recent study using a mutational approach analogous to that employed for the
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FIGURE 10.1 Structural features of the GABA, receptor. (A) Each subunit contains four
membrane-spanning domains, a large N terminal domain, and a large intracellular loop. (B)
Receptors are composed of five subunits arranged around a central pore. Binding sites for
the agonist GABA and the modulatory benzodiazepine diazepam are formed by residues on
adjacent subunits. (This drawing was kindly provided by Drew Boileau and Cynthia Cza-
jkowski, University of Wisconsin, Department of Physiology.)

nAChR led to the conclusion that two o, two B, and one ¥ subunit combine to form
channels in an exogenous expression system.!* However, receptors containing only
o and P subunits or o and y subunits do form functional receptors, and it is likely
that heterogeneity of at least the o subunit can exist within a single receptor.'*> Thus,
the potential exists for a large number of GABA, receptor subtypes to exist in the
brain, and possibly even within individual neurons, although the actual number of
distinct subtypes that occur naturally remains unknown.

Electrophysiologic studies of the GABA , receptor have revealed complex gating
and binding characteristics.> The dose-response relationship for GABA has a Hill
coefficient between one and two, suggesting that at least two molecules of agonist
bind to activate the channel. Although binding studies (reviewed in Chapter 11 of
this volume) consistently have demonstrated high- and low-affinity GABA binding,
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it is not clear whether this represents two separate and nonequivalent binding sites,
cooperativity between equivalent sites, or changes in apparent affinity for agonist
produced by agonist-induced gating steps. Macroscopic responses to varying con-
centrations of agonist have been used to estimate opening rates and composite
closing/unbinding rates, demonstrating that rapid opening rates (on the order of
several thousand per millisecond) and relatively slow deactivation (corresponding
to long burst durations of hundreds of milliseconds) are characteristics of GABA ,
receptors of dorsal root ganglion (DRG) cells, pyramidal neurons, Purkinje cells,'®-
18 and likely many other types of neurons. Desensitization (a declining response in
the continued presence of a fixed concentration of agonist) is a universal feature of
GABA, receptors, and as methods for producing more rapid solution changes to the
surface of cells or membrane patches containing receptors have been developed, it
has been recognized that several components may be present, including quite rapid
(several milliseconds) components as well as multiple slower phases of complex
responses.'32° Deactivation following removal of applied agonist, and synaptic cur-
rents as well, have multiple exponential decay components. In the case of agonist-
induced responses, the multiphasic decay has been postulated to arise from single
and double liganded states of the receptor?'or to be caused by reopening from rapidly
equilibrating desensitized states of the receptor.!”

The complexity observed in macroscopic kinetics is also seen in single-channel
recordings. The distribution of open and closed times reveals multiple components
in the presence of low concentrations of agonist, suggesting multiple open and closed
states of receptors. In recordings obtained from mouse spinal cord neurons?>> and
chick cerebral neurons?* in culture, up to five closed and three open states have been
observed during steady-state application of low concentrations of GABA. These
openings are grouped into bursts, the properties of which are altered by barbiturates®
and benzodiazepines.” A main conductance state of 26 to 30 picosiemens (pS) has
been most consistently observed, but additional subconductance levels ranging from
8 to 54 pS are seen also. Indeed, recent studies of native receptors obtained from
cells in brain slice preparations have demonstrated a remarkable heterogeneity of
single-channel conductances and gating characteristics that may be observed even
in a single type of neuron.?6:?’

Permeability of the receptors is greatest for chloride (of the physiologic anions),
which for most neurons has a reversal potential close to or only slightly hyperpo-
larized to the resting potential. Thus, unless a neuron is depolarized by excitatory
synaptic inputs or experimental manipulations, activation of these receptors leads to
an increase in membrane conductance, but not necessarily hyperpolarization, a
phenomenon sometimes termed shunting inhibition. However, these receptors also
have a significant bicarbonate permeability, which may be up to 25% of the chloride
permeability. Under certain circumstances, such as exogenous application of GABA
to small dendritic processes, or pathologic conditions or experimental manipulations
that lead to large amounts of synaptic GABA release, bicarbonate permeability may
lead to net depolarizing responses.?

Synaptic currents mediated by GABA , receptors display some heterogeneity in
kinetic properties, but generally have been found to have rapid rise times (millisecond
or less) and exponential decays with one or two components, the time constants of



Effects of Volatile Anesthetics on GABA, Receptors 249

which range from several milliseconds to hundreds of milliseconds.!32°-3! This het-
erogeneity has been suggested to arise from the presence of separate populations of
physiologically distinct receptors, the kinetics of which may depend on the subunit
composition of the underlying receptors.?'-3* In general, the time course rather than
the amplitude of synaptic currents has been found to be altered by agents that act
at the GABA , receptor. Benzodiazepines, anticonvulsant and anesthetic barbiturates,
other intravenous anesthetics, and as discussed more fully below, volatile anesthetics,
have all been found to prolong the time course of synaptic current decay, measured
directly?*4? and indirectly.*4¢

The diversity and complexity of GABA, receptor subtypes and interneurons
provides evidence that this transmitter system plays varied and important roles in
the central nervous system (CNS). This proposition is supported by the variety of
clinically useful drugs that are known to affect GABA, receptors. Although general
concepts about the role of inhibition are emerging, our present understanding is
relatively rudimentary. Nevertheless, sufficient evidence exists that this receptor
system is integral to the behavioral alterations brought about by general anesthetics,
that it is a topic of intense study among those interested in anesthetic mechanisms.
The following discussion reflects the many levels of inquiry that will ultimately
contribute to a fuller understanding of the role of GABA, receptors in “anesthesia.”

10.2 PHYSIOLOGIC STUDIES OF VOLATILE
ANESTHETIC EFFECTS

10.2.1 Stupies of INTACT Tissues AND SYNAPTIC CIRCUITS

The earliest indications that volatile anesthetics might enhance GABA-mediated
inhibition came from studies of extracellular field potentials recorded in vivo. In the
spinal cord it was found that spinal presynaptic inhibition, which was thought to
involve GABA in its production,*” was prolonged by a variety of anesthetics.®®
Extending these studies to higher CNS centers, Nicoll* found that halothane and
other anesthetics prolonged the duration of granule cell postsynaptic inhibition in
the olfactory bulb, and Pearce et al.*® found that halothane, isoflurane, and enflurane
prolonged paired-pulse depression of the hippocampal population spike, circuit
phenomena thought to be mediated by GABA, receptors.

More direct evidence that inhibitory synaptic potentials and currents are altered
by volatile agents was provided by intracellular recordings in brain slice preparations,
where it was shown that halothane prolonged the duration of evoked recurrent
inhibitory postsynaptic potentials (IPSPs) in olfactory cortex neurons®*3! and pro-
longed spontaneous inhibitory postsynaptic currents (IPSCs) in voltage-clamped
hippocampal pyramidal neurons®**¥” (Figure 10.2). However, results using intact
tissues have been sometimes contradictory and confusing. Other investigators found
that inhibitory postsynaptic potentials were depressed by volatile anesthetics,>?3* or
depressed at low but enhanced at high anesthetic concentrations.> Although some
of the inconsistency in findings is undoubtedly the result of complex effects on
polysynaptic pathways, with changes in responsiveness or excitation of inhibitory
neurons affecting the generation of inhibitory potentials,’¢37 depression of responses
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FIGURE 10.2 Plot of decay time constant (TAU},) of GABA ,-mediated spontaneous inhib-
itory postsynaptic currents (sIPSCs) during recording from a single representative hippocam-
pal CA1 neuron. The bar labeled 1.2% halothane indicates the time of exposure. Trace (a) is
an average of 100 individual sIPSCs from control and trace (b) is in the presence of halothane.
(From Mody, I., Tanelian, D. L. & Maciver, M. B. Brain Res. 538, 319-323, 1991. With
permission.)

to exogenous GABA application was observed as well.>*>* Additional confounding
factors in the interpretation of even these experiments with direct agonist application
to brain slices may have been indirect responses arising from a depolarizing action
of GABA on inhibitory neurons, and desensitization of responses during prolonged
application of GABA.

To circumvent the influence of indirect actions produced by anesthetic effects
on polysynaptic pathways, yet still observe anesthetic actions on functioning syn-
apses, several recent studies have focused on monosynaptic inhibitory responses,
both in synaptically coupled cultured neurons and in pharmacologically isolated
synapses within brain slice preparations. These experiments have shown generally
an enhancement or prolongation of inhibition by volatile agents, but interesting
differences between agents, and differences between effects of individual agents on
separate components or types of inhibitory synaptic responses, have been found. In
cultured rat hippocampal neurons, enflurane, isoflurane, and halothane were all found
to increase the overall duration of IPSCs.?® The decay of these synaptic currents was
described by biexponential functions, with approximately equal proportions of fast
and slow components under control conditions. All three anesthetics produced qual-
itatively similar changes in the IPSC, increasing the amplitude and proportion of
the slow component and decreasing the amplitude and proportion of the fast
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component of decay. Overall, changes in the amplitudes of the two components
rather than their time constants appeared to account for the results. Subsequent
studies that compared synaptic currents with responses to brief, saturating pulses of
GABA to outside-out patches from cultured hippocampal neurons suggested that
the fast and slow components may be produced by a single class of receptors, the
two components resulting from a combination of channel closing, recovery from
desensitization, and agonist unbinding.!” However, the precise steps that are altered
by anesthetics to produce the pattern of changes observed have not been defined.

Experiments with native receptors studied in hippocampal brain slice prepara-
tions have provided additional evidence that volatile agents alter GABA ,-mediated
synaptic inhibition,*”4% but in this case the two physiologically distinct classes of
GABA,, synapses were found to be affected differently by different agents. A long-
lasting dendritic inhibitory current that produces the early IPSP in CA1l pyramidal
neurons was found to be prolonged by halothane and enflurane, without a significant
change in the peak amplitude.**>® In contrast, a rapidly decaying inhibitory current
that is localized to the somatic region, and is the source of spontaneous and miniature
IPSCs, is prolonged by halothane without a change in its amplitude,?”*° but is blocked
to a substantial degree by enflurane*® (Figure 10.3A). The reduction in amplitude
by enflurane could be the result of a direct action on the postsynaptic receptor, or
an indirect effect caused by a reduction in synaptic transmitter release (e.g., by
reducing presynaptic calcium entry or causing action potential failure by block of
sodium channels or activation of potassium channels). A concentration-dependent
reduction in the amplitude of spontaneous (action potential dependent) and miniature
(action potential independent, in the presence of tetrodotoxin) IPSCs in these neurons
by enflurane indicates that the effect is on the postsynaptic receptors themselves.>
A similar conclusion was reached by Antkowiak and Heck,%® who also observed a
reduction in the amplitude of spontaneous and miniature IPSCs when enflurane was
applied to cerebellar Purkinje neurons (Figure 10.3B). Effects of other volatile agents
on this preparation were not tested, so it is not known whether these receptors would
show agent-specific modulation, as observed in hippocampal neurons. Depression
by enflurane of direct agonist-activated currents in mouse cortical and recombinant
receptors expressed in Xenopus oocytes®? and of the fast component of IPSCs in
cultured neurons®® have been noted as well, supporting the conclusion that this
anesthetic is able to block the current or reduce the response directly for many
GABA,, receptors.

The differences that have been observed between the effects of two anesthetics,
halothane and enflurane, on a single synaptic response, and between the effects of
enflurane on two synaptic responses in the same cell, illustrate a heterogeneity in
anesthetic responses that has been observed also in intact circuits®® and expressed
receptors,® and that may be pharmacologically and behaviorally significant. Evi-
dently, receptor subtype and individual anesthetic properties both are important in
determining the synaptic effects of anesthetics. Additional factors that might con-
tribute to overall anesthetic actions on GABA, receptors include the concentration
and time course of neurotransmitter that activates the receptors, the influence of
other channels or signaling systems on the state of the receptors, the degree of
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FIGURE 10.3 Effects of enflurane on IPSCs in (A) hippocampal CA1 pyramidal neurons
and (B) cerebellar Purkinje cells. (A) Voltage clamp recording of evoked monosynaptic IPSCs
in response to electrical stimulation of stratum pyramidale (SP) or stratum lacunosum-molec-
ulare (SL-M). Enflurane (4%) prolonged the decay of GABA, ,,, after SL-M stimulation,
with little effect on response amplitude, but markedly reduced and prolonged the SP response.
(B) Depression of spontaneous IPSCs in cerebellar Purkinje cells by enflurane was dose
dependent, with an estimated half-maximal inhibition at 0.9% enflurane. (Part A from Pearce,
R. A. J. Physiol. 492.3:823-840, 1996. With permission. Part B from Antkowiak, B. & Heck,
D. J. Neurophysiol. 77:2525-2538, 1997. With permission.)

desensitization produced by ongoing activity, and the degree to which anesthetics
directly activate receptors.

10.2.2 StupIEs OF ISOLATED CELLS AND RECEPTORS

To study more directly the effect of volatile agents on GABA, receptors, without
the complicating influence of other cellular and circuit properties involved in synaptic
transmission, many investigators have turned to the study of receptors in isolated
neurons and expressed recombinant receptors. These investigations have generally
used the patch-clamp or two-electrode voltage clamp techniques to perform whole-
cell recordings, and exogenous application of GABA to whole cells or oocytes to
activate receptors. Although the rates of solution exchange and duration of drug
application have varied substantially between experimental preparations, results have
been relatively consistent in one regard: at low agonist concentrations, volatile agents
increase the peak amplitude of the agonist-evoked current (Figure 10.4A). At higher
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FIGURE 10.4 Effect of volatile agents on GABA-activated currents. (A) The response of
recombinant GABA , receptors (0, 3,,) expressed in human embryonic kidney cells to appli-
cation of 3 uM GABA is increased in the presence of halothane (0.43 mM). (B) The effects
of enflurane (1.89 mM) on currents recorded from cultured rat DRG neurons. (Part A from
unpublished data from the author’s laboratory (X.S. Li and R.A. Pearce). Part B from Nakahiro,
M., Yeh, J. Z., Brunner, E. & Narahashi, T. FASEB J. 3:1850-1854, 1989. With permission.)

agonist concentrations, a somewhat more variable picture of anesthetic effects
emerges, depending on the particular anesthetic, receptor or cell type, and method
of drug application.

10.2.2.1 Native Receptors

A series of studies on rat DRG neurons in culture was performed to investigate the
effects of halothane (0.86 mM), isoflurane (0.96 mM), and enflurane (1.89 mM) on
responses to exogenous GABA application.®>% Each of the anesthetics increased by
approximately threefold the peak response to a low concentration of bath-applied
GABA (3 uM for 3 to 5 min). Effects at higher concentrations of GABA were more
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FIGURE 10.5 Single-channel currents recorded from cell-attached patches on acutely dis-
sociated rat DRG neurons. The recording pipette contained 10 uM GABA to activate the
receptors. Halothane was applied in the bath at a concentration of 0.86 mM (2 MAC). (From
Yeh, J. Z., Quandt, F. N., Tanguy, J., Nakahiro, M., Narahashi, T. & Brunner, E. A. Ann. NY
Acad. Sci. 625:155-173, 1991. With permission.)

complex (Figure 10.4B). Responses to 30 and 300 uM GABA were desensitizing;
that is, an early peak current was followed by a declining response (35 s to decline
to 70% of the peak) in the continued presence of agonist. The peak response to 30
uM GABA was increased by all three anesthetics, but the rate of decline of the
desensitizing component was accelerated by approximately threefold, and the final
level of steady-state current was depressed in the presence of all three anesthetics.
At higher (300 uM) GABA concentrations, the only additional effect observed was
a decrease in the steady-state current level. The investigators interpreted this pattern
of activity to represent opposite effects of the anesthetics on two forms of the
receptor: augmentation of the nondesensitized form of the receptors and depression
of the desensitized form of the receptor.

The effect of halothane on single-channel currents in acutely isolated and cul-
tured DRG neurons was also investigated, using cell-attached and outside-out patches
with 3 to 10 uM GABA in the recording pipette®® (Figure 10.5). No change in the
channel conductance (28 pS) was observed. The overall probability of a channel
being open was increased from 0.02 to 0.04 in the presence of GABA alone, to 0.11
in the presence of GABA plus 1.7 mM halothane. This increase in opening was
produced by three distinct changes (Table 10.1): (1) the mean open time was
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TABLE 10.1
Alteration of Gating Kinetics of GABA-Activated
Channels by Halothane?

Parameter GABA Halothane
Ppen 0.04 £ 0.02 0.11 £ 0.05
Burst interval 1.00° 0.60
Burst duration (ms) 15.1 (range 5-25)  41.9 (range 10-49)
Mean open time (ms) 1.95 £ 1.50 2.89 +2.00
Closed time in a burst (ms) 1.64 £ 0.32 1.72 £0.21

¢ Data are from four cell-attached patches recorded from acutely dissoci-
ated rat DRG neurons, exposed to 10 uM GABA with or without 4 MAC
halothane.

® Because the number of channels in a patch was unknown, the change
in burst interval was normalized to the control burst interval. Temperature
24 to 25°C.

Source: From Yeh, J. Z., Quandt, F. N., Tanguy, J., Nakahiro, M., Nara-
hashi, T. & Brunner, E. A. Ann. NY Acad. Sci. 625:155-173, 1991.

prolonged, as a result of a change in the proportion but not time constants of the
fast (1 ms) and slow (7 ms) components of the open time distribution; (2) interburst
intervals were reduced by nearly one half; and (3) burst duration was lengthened.
This overall pattern of effects was postulated to result from changes in both gating
and agonist binding characteristics of the receptors.®® However, it was noted that the
postulated changes could not account for the effects of halothane on macroscopic
currents in response to high (desensitizing) concentrations of agonist.

These studies of DRG neurons pointed to an interesting complexity in the actions
of volatile agents that depended on the concentration of agonist and the desensitized
state of the receptors. However, the temporal resolution of the drug delivery system
employed was relatively slow, compared with the rates of activation and desensiti-
zation that have been recognized more recently, thus limiting the ability to observe
rapidly obtained desensitized states and nondesensitized states induced by high
agonist concentrations.'*!" Studies with more rapid exchange were performed on
acutely dissociated neurons of the nucleus of the tractus solitarius and hippo-
campus®-%® using the “Y-tube” method for delivery of agonist and anesthetic. These
studies again showed that halothane (1 mM), enflurane (1 mM), and sevoflurane (0.3
to 1 mM) increased the peak response at low agonist concentration (1 to 3 uM
GABA). Higher concentrations of sevoflurane produced depression rather than
enhancement of responses to 1 uM GABA, so that the dose response to sevoflurane
showed a peak at 1 mM sevoflurane and a steep concentration dependence of
depression with higher levels of anesthetic. Halothane caused the GABA
dose-response curve to be shifted to the left, without a change in the Hill coefficient
(1.5) or in the peak response at high agonist concentrations, whereas sevoflurane
caused the responses to high concentrations of GABA (10 uM and greater) to be
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FIGURE 10.6 Effect of sevoflurane on the concentration—response relationship of the
GABA-induced chloride current (I in acutely dissociated rat hippocampal CA1 pyramidal
neurons. (a i) I elicited by GABA at various concentrations. (a ii) I elicited by various
concentrations of GABA plus 1 mM sevoflurane. Arrowheads indicate the “hump” current
that appeared with washout of the anesthetic. (b) Concentration—-response curves for GABA
in the absence (0) or presence (e) of sevoflurane. Amplitudes of the peak current components
were normalized to that induced by 10-> M GABA alone. Inset to (b) shows the superimposed
I, induced by 10* M GABA (1) and GABA plus 103 M sevoflurane (2). (From Wu, J.,
Harata, N. & Akaike, N. Br. J. Pharmacol. 119, 1013-1021, 1996. With permission.)

depressed (Figure 10.6). As in studies of DRG neurons,% the desensitization was
accelerated and the plateau response was depressed.®’ Although the time course of
desensitization in these studies was not reported, it appears to be on the order of
seconds, faster by approximately tenfold than the previous studies.®® Despite the
more rapid exchange rates that can be achieved using this method, they still do not
appear to be fast enough to discern effects of anesthetics on rapid (tens of millisec-
onds) desensitization, which has been postulated to play an important role in deter-
mining the time course of inhibitory synaptic currents.!”
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An additional anesthetic action was apparent when the Y-tube application method
was used to deliver pulses of agonist and anesthetic at the same time (coapplication).
After coapplication was completed, a transient inward current, which the investiga-
tors referred to as a “hump current,” was observed after application of GABA,
pentobarbital, or muscimol together with halothane (1 mM) or enflurane (1 mM).%
A similar transient current also was observed after application of sevoflurane alone
at very high concentration (5 mm) or coapplication with GABAY (see Figure 10.6).
It was suggested that these hump currents might be the result of a direct channel
blocking effect of the anesthetics, observed in these experiments because the anes-
thetic was cleared from the receptors faster than the receptors deactivated after
agonist removal.

10.2.2.2 Expressed Receptors

To determine whether volatile anesthetics have subunit-specific requirements or
actions, as do several intravenous anesthetics, including steroids, etomidate, and
propofol 54671 a number of investigators have examined their effects on GABA,
receptors of defined subunit composition, expressed either in oocytes or mammalian
expression systems. Recombinant receptors composed of human o, or o, subunits,
together with either 3, or y, subunits or both, displayed qualitatively similar responses
to isoflurane, with enhancement of the response to pressure ejection of 100 puM
GABA.” The 7y subunit, which is required for augmentation of GABA, receptor
responses by benzodiazepines, was found not to be necessary for enhancement of
responses of o, 3, receptors to enflurane.®”* An apparent difference in the potentiation
of o,B, versus oy, or o,B,Y, receptors’ was subsequently attributed to the
difference between these receptors in baseline responses to GABA, which activates
o, B, receptors with an ECy, of 6 UM but o, 3,7y, receptors with an ECs, of 17 uM.%
As observed for native receptors, the ability of anesthetics to enhance peak responses
was found to decrease as the concentration of GABA increased.’%?> This result
underscores the importance of comparing responses at equipotent concentrations of
agonist, and the difficulty in comparing studies performed using different receptors
or conditions. Thus, in contrast to findings with intravenous agents, a strong subunit
dependence in ability to modulate the response to GABA has not been identified for
volatile agents. However, it must be recognized that only a small fraction of the
possible combination of subunits has been examined. Also, subunit specificity of
action does appear to be present for direct activation of the receptors.’7>

Subunit-specific modulation has been described for the structurally related p
subunit, which forms homomeric GABA. receptors. These receptors, which are
found predominantly in the retina (hence the term rho), are depressed by enflurane
and isoflurane,’® demonstrating that not all members of the GABA, receptor family
are enhanced by volatile agents. Also, there was recently described a novel GABA
subunit, designated €, that confers upon GABA , receptors with which it is expressed
a resistance to modulation by intravenous agents.” If this turns out to be the case
for volatile agents as well, it will represent not only another example of subunit-
specific responses of GABA, receptors to volatile anesthetics, but also the only
known GABA , receptor response that is not modulated by volatile agents.
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FIGURE 10.7 Drug potency for modulation of GABA, receptors is highly correlated with
in vivo anesthetic potency. Cs,, the concentration of anesthetic required to produce a 50%
increase in the curation of GABA-activated currents is plotted on a double logarithmic scale
against the concentration (EDs,) required for surgical anesthesia. The value of the correlation
coefficient » = 0.97. Anesthetics are referred to as follows: 1, urethane; 2, chloroform; 3,
trichloroethanol; 4, isoflurane; 5, enflurane; 6, halothane; 7, pentobarbital; 8, methohexital;
9, propofol; and 10, alphaxalone. (From Zimmerman, S. A., Jones, M. V. & Harrison, N. L.
J. Pharmacol. Exp. Ther. 270:987-991, 1994. With permission.)

The excellent correlation that has been observed between the in vivo potency of
a wide range of anesthetics, both volatile and nonvolatile, and the concentration
required to augment the GABA response of cultured rat hippocampal neurons’”-”®
(Figure 10.7), has been extended recently to a group of novel halogenated agents
that do not act as anesthetics (despite their predicted potency based on their lipid
solubility), using receptors expressed in Xenopus oocytes. It was found that these
“nonanesthetics” did not potentiate responses to 5 UM GABA, but that enflurane
and the anesthetic compound 1-chloro-1,2,2-trifluorocyclobutane did so, by shifting
the GABA dose-response curve to the left.5? Taken together, these findings strongly
support a role for the GABA,, receptor in producing general anesthesia.

10.2.3 Direct AcCTIVATION VERSUS MODULATION

Most of the discussion presented above has focused on the effects of volatile agents
as modulators of the agonist response, whether agonist was applied exogenously or
naturally (i.e., via synaptic release). However, direct activation of the GABA , recep-
tor by a number of intravenous anesthetics has been well documented,?® and although
they have been studied less extensively, and results are less consistent, it is clear
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FIGURE 10.8 The isoflurane-gated current in cultured postnatal rat hippocampal neurons
shows the pharmacologic properties of a GABA ,-gated current. Voltage clamp traces from
cells held at =50 mV with CSCI internal solution. The bath solution contained 1 uM TTX
and 4 mM MgCl,. Traces depict 100 ms x 20 psi pressure applications of isoflurane without
(left), with (center), and after (right) coapplication of: (a) strychnine (10 uM); (b) bicuculline
(10 uM); and (c) picrotoxinin (1 mM) with isoflurane (1.5 mM). (From Yang, J., Isenberg,
K. E. & Zorumski, C. F. FASEB J. 6:914-918, 1992. With permission.)

that volatile agents also are able to activate GABA, receptors directly. In cultured
postnatal rat hippocampal neurons, isoflurane (0.2 to 10 mM), enflurane (0.75 to 1.5
mM), and halothane (0.34 to 1.7 mM) all activated a bicuculline-sensitive anion
current, the electrophysiologic properties and pharmacologic sensitivity of which
indicated that the current was carried by GABA, receptors’®7 (Figure 10.8). The
effect was dose dependent and was half maximal at a concentration of 0.8 mM
isoflurane (which is approximately 2.5 times the aqueous ECy, for this drug). Sim-
ilarly, in recordings from hippocampal pyramidal neurons in brain slices, these three
agents produced increases in baseline current noise that was blocked by bicuculline,
consistent with direct channel activation. Isoflurane was most effective, enflurane
produced a smaller increase, and halothane the least.”® Sevoflurane (0.3 to 5 mM)
also was found to directly activate GABA receptors on acutely dissociated CAl
hippocampal neurons, and this action was reversibly blocked by bicuculline, with
an IC, of 0.71 uM.%7 Also, in neurons dissociated from the nucleus of the tractus
solitarius, a small current was induced by halothane and enflurane, but not the volatile
convulsant agent hexafluorodiethylether. Again, this current was not investigated in
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detail, but its properties are consistent with direct activation of GABA, or glycine
receptors.®® Thus, there is good evidence that volatile agents are able to activate
GABA, receptors directly. Although the concentrations that do so are somewhat
higher than those that produce anesthesia and augment responses to GABA, the
relative importance of direct activation versus indirect modulation of synaptic
responses has not been addressed experimentally.

Unlike the lack of subunit dependence for modulation of GABA responses, it
has been reported that the direct activation of GABA, receptors by volatile agents
does depend on subunit composition of receptors. Using an HEK 293 cell expression
system, it was found that oB,Y,, but not o,pB,Y,, or o,p, receptors were directly
activated by halothane.”*” Peak current amplitudes in response to halothane alone
were much smaller than those activated by GABA alone, with an ECs, of 1.0 mM
and Hill coefficient of 1.5 for halothane, similar to the Hill coefficient of 1.4 for
activation of these receptors by GABA. This halothane-activated current was inhib-
ited competitively by bicuculline, with an ICy, of 0.69 uM, again similar to the ICs,
for inhibition of GABA-activated currents (0.71 uM). Because anesthetics are
clearly able to potentiate GABA-induced responses of o,[3,7,, receptors,®? this result
also suggests a difference in the mechanisms of direct activation and potentiation.
However, a direct comparison of concentration-dependent responses using several
anesthetics and the same expression system has not been performed using these
different protocols. A subunit specificity in direct activation may account also for
the finding that Purkinje neurons in cerebellar slices are not directly activated by
enflurane (0.6 to 1.2 mM), because granule cells but not Purkinje cells express
0-containing receptors.®

10.2.4 CHANNEL BLOCK BY ANESTHETICS

As noted above, there are a number of instances in which volatile anesthetics have
been found to depress rather than enhance GABA ,-receptor-mediated responses.
These include depression of fast evoked, spontaneous, and miniature IPSCs by enflu-
rane in hippocampal CA1 neurons;*#! depression of mIPSCs by enflurane in cere-
bellar Purkinje neurons;® reduction by all volatile agents of the steady-state (desen-
sitized) current elicited by high concentrations of GABA in cultured DRG neurons®
and acutely dissociated neurons of the nucleus of the tractus solitarius and hippo-
campus;®’ depression of peak currents evoked by even low concentrations of GABA
by high concentrations of sevoflurane and of currents evoked by high concentration
of GABA by low concentrations of sevoflurane;®’ and depression by enflurane of
peak responses to high concentrations of GABA in mouse cortical receptors expressed
in Xenopus oocytes.%! Quinlan et al.3? found also that at high GABA concentrations,
halothane decreased maximal chloride flux in purified brain microvesicles.?? In addi-
tion, anesthetic block of channels was postulated to underly the “hump current” that
is observed after coapplication of anesthetics and agonist®®$384 or anesthetic alone.®’

It is not clear what the physiologic significance of anesthetic-induced depression
of responses might be, or to what degree this action offsets the ability of volatile
anesthetics to enhance synaptic inhibition. A common theme in the depression of
responses is a high concentration of agonist, which is thought to be present during
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synaptic transmission at central GABAergic synapses.®> Other drugs that block the
GABA, receptor via competitive or noncompetitive mechanisms, including the
volatile convulsants flurothyl and hexafluorodiethylether,3647 lead to seizure activity.
It has been proposed that the ability of enflurane to reduce fast somatic GABA,
synaptic currents underlies its proepileptic property.*’ In this particular case, the
peak current amplitude may be crucial in curtailing the effect of excitatory synaptic
inputs and preventing the generation of high-frequency bursts of action potentials.
However, at other synapses, and with other anesthetics, more modest reductions in
peak responses may be more than offset by a prolongation of inhibitory synaptic
responses, leading to a greater overall charge transfer and a net increase in inhibition.

The mechanism of depression of GABA responses by volatile agents is also
unclear. One hypothesis is that anesthetics produce an acceleration, or enhancement,
of the normal process of desensitization, as proposed for the effects of neurosteroids
on the GABA , receptor.® However, it is not clear that synaptic receptors desensitize
to a significant degree during individual synaptic responses, or are in desensitized
states prior to synaptic activation. An additional possibility is that the anesthetics
directly block open channels, or bind to closed channels and reduce opening.®’ Direct
block of other channels by volatile agents has been noted, including the related
nAChR.¥ For this receptor, residues of the M2 region lining the pore of the channel
have been implicated in channel block by long-chain alcohols and isoflurane,”® and
rapid rates of block have been measured.”? It is possible that the mechanism by
which nAChR channels are blocked applies also to GABA , receptors, and that results
from this preparation will prove instructive.

10.3 MECHANISM OF ACTION

Considerable debate has taken place over the past decade concerning the biophys-
ical mechanisms by which volatile agents alter ion channel function. Prior to this
time, there was a general acceptance of nonspecific lipid-based theories, based on
the correlation between anesthetic potency and lipid solubility. More recently, it
has been suggested that specific anesthetic—protein interactions produce the
observed alterations in channel function.? This suggestion is supported by obser-
vations that anesthetics interact with soluble proteins such as luciferase®*** and
albumin;® that there is receptor specificity of actions;? and that volatile anesthetic
actions are stereospecific (albeit with relatively small differences between stereo-
isomers), as observed for the GABA, receptor in electrophysiologic, binding, and
chloride flux studies.3896-100

Efforts to identify anesthetic binding sites on the GABA, receptor have been
initiated by several investigators using the strategy of chimeric receptor subunits
and site-directed mutagenesis, assuming that these agents exert their effects directly
on the receptor/channel complex itself. Using chimeras composed of glycine o, and
GABA p, subunits expressed as monomers, researchers have identified a critical
region of 45 amino acids within the TM2 and TM3 domains as necessary and
sufficient to confer enhancement by enflurane and ethanol of low-concentration
GABA (EC,) responses in these chimeric receptors.'?! Site-directed mutagenesis
was then used to identify critical residues within this region that were necessary
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for enhancement by enflurane and ethanol of agonist responses, and analogous
mutants were created in the GABA, receptor o and B subunits. Coexpression of
the mutant receptor subunits in Xenopus oocytes produced receptors with normal
gating by GABA, and modulation by propofol, but they were insensitive to enhance-
ment by enflurane or isoflurane.'”"-1%2 The finding that the volume of an amino acid
residue at this critical site was inversely correlated with GABA ECy, and with
isoflurane potentiation led to the suggestion that these residues may line a cavity
that may be filled with either an anesthetic molecule or an amino acid side chain.'®
Further evidence that this site forms an anesthetic binding site has come from
experiments in which an irreversible enhancement of receptor function was pro-
duced by covalently linking propanethiol (an unconventional anesthetic) to a cys-
teine residue inserted at the site.'® Similar studies on related chimeric receptors'®
have suggested that halothane and isoflurane may bind to distinct sites to exert
different effects, providing evidence against a unitary mechanism for all volatile
agents on the GABA , receptor.

Alternative indirect mechanisms by which volatile agents might modulate
GABA, receptor responses have also been considered. The finding that the action
of halothane to prolong IPSCs is attenuated by reducing intracellular calcium via
chelation with BAPTA or by preventing release of intracellular calcium stores using
dantrolene®’ led to the suggestion that volatile agents act via an increase in intra-
cellular calcium concentration. However, this hypothesis has not been supported by
studies of other preparations.®! Another indirect mechanism that has been proposed
is alteration of channel activity via phosphorylation. Volatile agents have been found
to alter the activity of protein kinase C,'%-1% which can phosphorylate the GABA
receptor and alter its activity.!%!1® However, the finding that enhancement of receptor
function and channel block by halothane occur on the millisecond time scale, and
in excised patches as in whole-cell recordings, suggests that they are produced via
direct modulation of the channel.?*

The kinetic mechanism by which volatile agents slow receptor deactivation has
been investigated using recombinant GABA , receptors expressed in HEK293 cells.
From a comparison of macroscopic currents obtained using rapid agonist application
techniques and predicted effects of changes in individual kinetic steps derived from
computer modeling, it was concluded that halothane slows the microscopic agonist
unbinding rate but does not directly affect opening, closing, or desensitization.!'! A
slowing of agonist dissociation rate was also found to be a component of the action
of propofol'!? and benzodiazepines,'® sugggesting that this may be a relatively
general mechanism of action for intravenous as well as volatile agents.

10.3.1 Net EFFects ON THE NERVOUS SYSTEM

Steady progress has been made over the past decade in identifying the GABA,
receptor as an important anesthetic target, and characterizing the actions of volatile
and nonvolatile agents on these receptors. Just how the changes in receptor function
that are produced by these drugs lead to the clinical state of “general anesthesia” is
less easily answered, but efforts have been made toward answering these important
questions also.
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10.3.1.1 Anatomical Locus of Action

Although the GABA , receptor is associated primarily with higher CNS centers, and
glycine receptors with the brainstem and spinal cord, there is a significant distribution
of GABA, receptors in lower centers as well, including the spinal cord. Recent
reports have demonstrated that the spinal cord is an important site at which volatile
agents act to prevent movement in response to a noxious stimulus.!'#!6 The findings
that the ability of halothane to prevent such movement is antagonized by drugs that
block the GABA, receptor (bicuculline and picrotoxin), but not by antagonists of
GABAj receptors or glycine receptors,'!” and that GABA, antagonists did not by
themselves alter the response latency, together suggest that the enhancement of
GABA action in the spinal cord contributes to the antinocifensive action of halothane,
and probably other volatile agents as well.

In addition to preventing movement in response to noxious stimuli, general
anesthetics produce other changes in the nervous system, such as loss of conscious-
ness and amnesia. These effects, which are likely to be produced by anesthetic
actions on higher centers, generally require lower anesthetic concentrations (by a
factor of 2 to 3) than those required to prevent movement.!'8120 Although effects of
volatile agents on GABA, receptors of the cortex are certainly well documented, it
remains unknown to what extent these actions can account for the observed changes
in CNS function, in comparison with effects on other transmitter receptors or voltage-
activated currents, or with effects on lower centers that indirectly would alter cortical
processes, such as arousal pathways or thalamic relay nuclei. Nevertheless, it seems
likely that at least some of the effects of volatile agents on higher order CNS
functions are related to effects on cortical GABAergic circuitry, which is the pre-
dominant inhibitory system in the cortex.

10.3.1.2 Differing Effects on Functionally Distinct Circuits

Recent work on understanding the role of inhibition, and its modulation by volatile
anesthetics, has been carried out in the hippocampus. This model cortical system
has been studied extensively, due to both its relatively simple cytoarchitectural
characteristics and the important role it plays in understanding learning and memory
and the pathological generation of seizures. It has been found that many varieties
of inhibitory interneurons exist, each with a characteristic dendritic architecture,
axonal projection pattern, and complement of calcium binding proteins. In the CAl
region of the hippocampus, two physiologically distinct types of inhibitory currents
in pyramidal neurons have been distinguished that are generated by these interneu-
rons.’® These currents differ in kinetic characteristics, anatomic properties, and
pharmacologic sensitivity to a variety of drugs including volatile agents. One current,
which has been termed GABA, . decays with a time constant of approximately
70 ms at 35°C, and corresponds to the GABA ,-mediated “early IPSP” that has been
observed in hippocampal and other cortical pyramidal neurons.’®!2! This current
underlies paired-pulse depression of the population spike,* which was found in
previous studies to be prolonged by a wide variety of intravenous and volatile
anesthetics.*+46:122 By virtue of its dendritic localization and long-lasting
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conductance, GABA ,,, is able to regulate local synaptic plasticity by controlling
the level of dendritic depolarization and thereby the voltage-dependent block of
NMDA receptors!'?*12* and back-propagation of dendritic calcium spikes.'>> Using
glutamate receptor antagonists and local stimulation to study this current in isolation,
researchers found that both halothane and enflurane prolonged the decay of the
current without altering its amplitude.*>8 Its prolongation by anesthetics was pro-
posed to play a role in the amnesic effects of volatile agents.

A second inhibitory pathway that can be activated independently of GABA,,
in CAl pyramidal neurons is affected differently by volatile agents. GABA, ;.. a
rapidly decaying inhibitory current that is localized to the somatic region,* is pro-
longed by halothane without a change in its amplitude, but is blocked to a substantial
degree by enflurane.** This fast somatic current is positioned to control the output
of the neuron by preventing action potential generation, presumably by holding the
cell body and adjacent axon hillock below the action potential threshold. The ability
of enflurane to block this current was proposed to underlie its epileptogenic property,
because reduction of inhibition by other drugs commonly leads to seizure activity.
Indeed, it was found that selective blockade of GABA, , by furosemide leads to
generation of multiple action potentials in intracellular recordings, and multiple
population spikes in extracellular recordings, a hallmark of epileptic tissue.*

Anatomically segregated and physiologically distinct inhibitory synaptic inputs
to pyramidal neurons have been described recently for the piriform cortex and
neocortex as well.!?127 This circuitry also provides the substrate for selective mod-
ulation by inhibition of synaptic plasticity in the dendritic regions and control of
excitability via somatic inputs. The responses of these different inhibitory currents
to anesthetics have not yet been tested.

10.3.1.3 Oscillations in the Brain

Relating the changes in receptor function that are produced by anesthetics, such as
changes in IPSC time course and amplitude, to alterations in consciousness and
memory will require an improved understanding of the role of inhibition in normal
functioning of the cortex. One promising direction that is currently the topic of much
research is the role of oscillations in the integrative functioning of the cortex and
other brain regions.

Localized and transient gamma frequency oscillations (around 40 Hz) have been
associated with information processing in various neocortical regions,'?®12 and theta
oscillations (3 to 8 Hz) produced in the hippocampus during exploratory behaviors
are believed to be integral to synaptic plasticity, which may underlie the formation
of new memories.!3!3 There is evidence that these oscillations are produced or
coordinated by GABAergic inhibitory circuits,'3*13¢ and that the time course and
amplitude of inhibitory synaptic currents influence the frequency of oscillations.!'?’
Anesthetics produce characteristic alterations in the EEG pattern that include reduc-
tions in high-frequency and increases in low-frequency components, and it has been
found recently that general anesthetics depress or slow the frequency of gamma
oscillations.!3%142 Thus, it is tempting to speculate that alteration of coordinated
oscillations by changes in the time course of GABA,-mediated inhibition may
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underlie some of the changes in cognition and memory that are produced by general
anesthetics. 142143

It must also be recognized, however, that factors other than alteration of GABA
receptors themselves will also undoubtedly influence the activity of inhibitory cir-
cuits, such as alteration of intrinsic properties and synaptic excitation of interneu-
rons.>® At the present time, the relationship between anesthetic actions on GABA ,
receptors, changes in oscillations, and alterations in consciousness is intriguing, but
purely speculative, and a much better understanding of the source and roles of
oscillations will be required before a causal relationship can be established.

10.4 SUMMARY

Although the precise mechanisms by which volatile and other general anesthetics
alter nervous system function to produce “anesthesia” remain unknown, it is likely
that effects the GABA, receptor play an important role in the process. Research
continues into the biophysical mechanisms by which alterations in receptor and
channel function take place, the impact of actions on different receptor isoforms in
different brain structures, and the relative contributions of GABA, receptors and
other ion channels to integrative properties of neurons and circuits. The results will
lead to advances in our understanding of the mechanisms of anesthesia, and also
the workings of the brain itself.
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The GABA, receptor complex is the primary inhibitory neurotransmitter system in
the vertebrate central nervous system. At the vast majority of GABAergic synapses,
binding of GABA to its receptor on the macromolecular complex results in opening
of an associated anion channel and chloride entry into the cell. This sequence of
events hyperpolarizes the neuron, rendering further depolarization or transmission
of impulses less likely. The augmentation of inhibitory pathways represents an
attractive model for anesthetic mechanisms (see Chapter 1). Thus, it is not surprising
that considerable attention has recently focused on anesthetic actions at the family
of GABA,, receptors. The GABA , receptors are members of a receptor superfamily
that include other ligand-gated ion channels such as glycine and nicotonic acetyl-
choline receptors. Members of this receptor superfamily appear to share both a
common transmembrane topology and significant sequence homology.*°

GABA,, receptors are comprised of distinct but related subunits arranged so that
the four transmembrane-spanning domains form a central anion channel (Figure
11.1). The stoichiometry, composition, and arrangement of these subunits remain
controversial. However, several lines of evidence are consistent with a pentameric
arrangement.'® This pentameric constitution, together with the large number subunits

0-8493-8555-5/01/50.00+$.50
© 2001 by CRC Press LLC 273



274 Molecular Bases of Anesthesia

Benzodiazepines
Agonists cr
Antagonists ~
Inverse agonists

Barbiturates
Alcohol

Extracellular

Membrane

Intracellular

FIGURE 11.1 Structure of a GABA, receptor in the plasma membrane. Notice that the Cl-
channel is produced by membrane-spanning subunits, and the receptor has the same general
structure as other ligand-gated channels such as ACh and glycine receptors.

and splice variants described to date, indicate there is considerable heterogeneity of
GABA, receptor type, function, and number?%# in the central nervous system. This
heterogeneity can have profound effects on both receptor physiology and pharma-
cology, and is likely to explain the differences in drug responses (including anesthetic
agents) at GABA, receptors across brain regions.!?

The major subunit classes described to date include o, B, v, p, 8, and €. There
are subtypes of most of these receptor subunits arising from distinct gene products
(e.g., B4 and o, ) as well as splice variants (e.g., Yy, long and v, short). Some of
these subunits are very widely distributed in the brain, whereas others are expressed
only in well-defined areas. For example, p subunits are expressed only in the retina,
and o subunits are primarily found in the cerebellum.?® Thus, despite the possibility
for the number of distinct GABA , receptors to range in the thousands based on the
combinatorial principle, immunoprecipitation and immunohistocytochemistry stud-
ies indicate the number of receptors is likely less than 20, with receptors containing
o, B,3Y, subunits representing ~50% of the total GABA, receptor pool.?® Although
the majority of GABA, receptors are ternary complexes containing o, [, and 7y
subunits, the stoichiometry of these receptors remains uncertain. Thus there are a
number of possible combinations for ternary complexes containing five subunits:
for example, two o, two B, and one v; two o, one 3, and two 7y; and one ¢, two B,
and two 7. Moreover, the ordering (i.e., positioning) of subunits within the receptor
is unknown, and is undoubtedly critical because the extracellular domains of adjacent
subunits likely combine to produce the binding domains for ligands such as GABA
and benzodiazepines.
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Although a number of studies have addressed these issues, there has been no
definitive resolution.’® These issues are far from academic because studies in recom-
binant systems have unequivocally demonstrated the critical role of subunit compo-
sition in defining receptor responses to drugs, including anesthetics. Exemplary of
this principle, the type of o subunit appears to be the primary determinant of affinity
for benzodiazepine-like molecules, whereas the y subunit appears more important
for determining the efficacy of this class of compounds.?>#® Moreover, subunit
composition also affects a variety of biophysical and electrophysiologic properties
of the receptor (e.g., desensitization rate and rectifying properties).!%!4

11.1  NEUROCHEMICAL STUDIES

To some extent, knowledge of volatile anesthetic actions at the GABA, receptors
has followed insights obtained with nonvolatile agents. Intravenous agents are gen-
erally easier to utilize in assay systems because volatile agents have low aqueous
solubility and low potency, and determining concentrations of these agents can be
technically challenging. A number of initial neurochemical studies utilized subcel-
lular preparations, such as synaptoneurosomes, to study anesthetic actions at these
receptors. Synaptoneurosomes include both pre- and postsynaptic elements'> and
have been very useful in the neurochemical study of anesthetic action at the GABA ,
receptors. GABA, as well as agonists such as muscimol, activate the GABA , recep-
tors in synaptoneurosomes, producing chloride movement through receptor-gated
channels. This flux of chloride can be measured using *Cl-. In synaptoneurosomes
loaded with radioactive chloride, vesicular efflux can be determined. Studies of this
nature have been used to complement electrophysiologic studies demonstrating that
barbiturates open GABA-gated chloride channels.*' The use of synaptoneurosomes
to measure *°Cl- influx resulted in less variability and a more robust signal. This
preparation was used to demonstrate that anesthetic barbiturates increase chloride
uptake at therapeutically relevant concentrations that correlate with anesthetic poten-
cies.*>* Ethanol and other anesthetic alcohols also enhance *Cl-uptake, and this
action closely parallels their anesthetic potency.*>#

With similar techniques, volatile anesthetics have been observed to enhance *Cl1-
uptake. Agents including diethylether, halothane, and isoflurane all increase 3°Cl-
uptake in the absence of GABA.3! These increases are picrotoxin sensitive, indicating
that the observed uptake of *Cl- is due to activation of GABA-gated chloride
channels. Other studies have determined that volatile anesthetics produce similar
actions in the presence of GABA.'® These data were from some of the first studies
demonstrating that volatile anesthetics could perturb the GABA, receptors in a
fashion similar to nonvolatile anesthetics. More recently the stereoisomers of iso-
flurane have been shown to increase **Cl- uptake in a stereoselective fashion rein-
forcing the notion that these actions are receptor-mediated events (see Chapter 12).3

Limitations of the synaptoneurosome technique include the rapid desensitization
of the GABA receptors* and the significant interassay variability resulting in rela-
tively large standard error measurements. The procedure is also time consuming
compared with radioligand binding techniques. Nonetheless, the data obtained from
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these synaptoneurosome studies acted as a catalyst to study anesthetic actions at
GABA, receptors with other (e.g., electrophysiologic) techniques. Overall, the
results of these early, neurochemical studies correlate very well with the ability of
anesthetics to open GABA-gated chloride channels, as determined by electrophys-
iologic studies (see Chapter 10). The use of chloride-sensitive dyes, which change
their emission characteristics with altered anion concentration, has provided an
opportunity to determine intracellular chloride concentration using fluorescence
techniques.* Fluorescent probes have been used to measure ethanol-induced CI-
flux in cultured cells.’ This technique also has been used to determine the physi-
ologic responses of cells expressing recombinant receptors.>® Volatile anesthetics
and other anesthetic drugs have not been studied with this technique but it may be
a promising method to determine action in cells containing mutated and recombi-
nant receptors.

11.2 RADIOLIGAND BINDING STUDIES

Volatile anesthetics, as well as most other general anesthetics, are not useful as
radioligands because of their low potency. Effective radioligands generally possess
affinities in the nanomolar range to be used in filtration assays, although less potent
ligands can be utilized in centrifugation and scintillation proximity assays. In con-
trast, volatile anesthetics have potencies in the 200 to 500 uM range (i.e., higher
orders of magnitude lower than ideal radioligands). However, drugs that are not
effective as radioligands themselves can be utilized to determine their effect on other
radioligands at the receptor, and general anesthetics have been widely used in this
manner. There are three general binding sites on the GABA, receptors, each with
a class of radioligands that bind to it: the benzodiazepine receptor, the GABA
receptor, and the CI- channel; each of these can be modulated by anesthetics.

11.3 MODULATION OF RADIOLIGAND BINDING AT
THE GABA SITE

The binding of [*H]JGABA in recombinant cells is optimal with both o and 3
subunits.®®> Muscimol is a GABA mimetic that binds to the same site as GABA,
resulting in opening of GABA-gated chloride channels. SR95531 is an antagonist
that binds to the GABA recognition site but does not result in opening of the chloride
channel. “Positive modulators” of the GABA , receptors (i.e., substances that increase
CI- flux) usually result in an augmentation of [*H]muscimol binding,' and this
characteristic can be used as a surrogate marker for receptor modulation.® For
example, intravenous anesthetics such as pentobarbital augment the binding of
[*H]muscimol at pharmacologically relevant concentrations.”> Propofol also aug-
ments binding at this loci, indicating that this is a common feature of intravenous
anesthetic action.?® In addition, the volatile anesthetics isoflurane, enflurane, and
halothane enhance [*H]muscimol binding, indicating a similar mechanism of action
to the intravenous agents'!?* (Figure 11.2). Moreover, volatile anesthetics were shown
to inhibit the binding of [*H]SR95531. This bidirectional modulation of the GABA ,
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FIGURE 11.2 Augmentation of [*H]muscimol binding by isoflurane in mouse cerebral cor-
tex. Under equilibrium binding conditions, there were concentration-dependent increases in
[*H]muscimol binding. Methods are as described elsewhere.!!

receptors by halothane indicates a degree of specificity for these interactions.!! This
ability of drugs to differentially affect the binding of agonists and antagonists has
also been observed at other loci on GABA, receptors.>*#31:35 Saturation analysis
revealed that halothane increased the B, of [*H]muscimol by approximately 70%
without a significant action of the K,.!! These findings suggest that volatile anesthetics
allosterically modulate GABA , receptors, possibly by the recruitment of low-affinity
sites, in a manner similar to that observed with barbiturates.*> This observed increase
in B, of [*H]muscimol produced by halothane contrasts with the actions of volatile
anesthetics on the increases in [*H]flunitrazepam binding* and the inhibition of
[**S]TBPS binding,'?> which are effected via a change in K.

Isoflurane stereoisomers have also been reported to have differential actions in
their ability to inhibit [*(H]SR95531 binding.!! Although the significance of a stere-
oselective action is discussed in detail elsewhere (see Chapter 12), these findings
reveal that the enantiomers of isoflurane can modulate the GABA, receptors with
similar efficacy, albeit with different potencies. The anesthetic concentrations needed
for volatile anesthetics to modulate [*H]muscimol binding in these studies are rel-
atively high, with ECy, values of approximately five to ten times the blood concen-
trations associated with clinical anesthesia. Nonetheless, these concentrations are
similar to those necessary to produce direct stimulation of 3°Cl- uptake in synapto-
neurosomes.’! In addition, although the ECs, values are above the pharmacologically
relevant range in this model system, statistically significant modulation occurs at
much lower concentrations.
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11.4 MODULATION OF THE “BENZODIAZEPINE”
SITE

Positive modulators at GABA, receptors enhance [*H]benzodiazepine binding,
which has been widely used as a marker for GABA , receptor activation. Anesthetic
drugs, such as pentobarbital, exert dual actions at the benzodiazepine receptors: they
augment the action of GABA, and in the absence of GABA, they directly increase
channel opening.*’ The ability of agents to enhance benzodiazepine binding in the
absence of GABA is also termed the direct action, and the enhancement in the
absence of GABA is sometimes referred to as the indirect or augmentative action.
A similar phenomenon is observed in electrophysiologic studies. Which of these
actions is responsible for the pharmacologically relevant actions of anesthetics is
unknown. However, augmentation of GABA actions generally is observed at lower
concentrations than is direct gating of the channel. In addition, a number of agents,
such as phenobarbital and benzodiazepine, which are not efficacious anesthetics,
lack direct actions in electrophysiologic studies, suggesting direct channel opening
may be necessary for anesthetic actions. Molecular biology studies, such as those
detailed later in the chapter, may provide the opportunity to resolve this question.

These dual actions of anesthetics on [*H]benzodiazepine binding were initially
described with barbiturates. Thus, the anesthetic barbiturate, pentobarbital, was
observed to augment binding of [*H]benzodiazepines both in the presence and
absence of GABA.#’ This property is shared by other intravenous anesthetics as well.
For example, propofol, alphaxalone, and etomidate all augment [*H]benzodiazepine
binding, and do so via an increase in ligand affinity.’*4¢ Volatile anesthetics also
enhance [*H]benzodiazepine binding in an analogous fashion. In mouse brain, enflu-
rane, halothane, and isoflurane augment [*H]flunitrazepam binding in a concentra-
tion-dependent manner.'” This action was manifested in both cerebral cortex and
cerebellum, although the magnitude of effect and anesthetic potency differed
between these tissues, which likely represents a heterogeneity of GABA, receptors.
In this study, volatile anesthetics did not augment the binding of the benzodiazepine
antagonist [3H]flumazenil and caused modest reductions in the binding of the ben-
zodiazepine receptor inverse agonists. Other investigators, however, have reported
that [*H]flumazenil binding is augmented by volatile anesthetics.?® There were dif-
ferences in assay conditions (e.g., chloride concentration) that may account for these
differences. Other investigators also have confirmed that volatile anesthetics modu-
late binding at the benzodiazepine loci.?? Studies with the optical isomers of isoflu-
rane have also demonstrated that both isomers augment [*H]flunitrazepam binding
and that there are modest differences in potency between the enantiomers.?

11.5 MODULATION OF CAGE CONVULSANT
BINDING

A third group of radioligands available for study of the GABA , receptors is the cage
convulsants, exemplified by picrotoxin and #-butylphosphorothionate (TBPS). These
drugs bind in or near the channel and block it. TBPS is more potent than picrotoxin
and can be readily used in filtration assays.’® Agents such as GABA, which activate
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FIGURE 11.3 Inhibition of [33S]TBPS binding by isoflurane in mouse cortical tissue. Under
equilibrium conditions at 25°C isoflurane administration resulted in a concentration-dependent
decrease in [3S]TBPS binding. Methods are as previously described.?!

GABA, receptors, inhibit [3*S]TBPS binding. Anesthetic barbiturates inhibit
[**S]TBPS binding in a manner that correlates with their anesthetic potency.” The
enantiomers of some barbiturates have opposite effects, with one isomer having
anesthetic properties and the other convulsant actions. These drugs have been
reported to have different effects on [*>S]TBPS binding. Although both drugs inhibit
[**S]TBPS binding, the anesthetic isomers do so in a competitive fashion and the
convulsant via a noncompetitive mechanism.> Other intravenous anesthetics includ-
ing propofol, etomidate, chlormethiazole, and neurosteroids also inhibit [3S]TBPS
binding.®® Inhalational anesthetics share this property as well and their potencies to
competitively inhibit [*>S]TBPS binding correlate robustly with their anesthetic
potencies®' (Figure 11.3). Although both stereoisomers of isoflurane completely
inhibited [**S]TBPS binding to mouse cortical tissue, there was no significant potency
difference between the isomers. This contrasts with the effects of these drugs at other
loci on GABA, receptors.?® The concentration of volatile agents needed to affect
[*>SITBPS is generally higher than that required to modulate binding at the other
loci, although typically there is some inhibition within the clinical range. This
suggests that this measure is somewhat less sensitive to perturbation than other sites.

11.6  NEUROCHEMICAL STUDIES USING
RECOMBINANT RECEPTORS

As described above, the large number of GABA, subunits can potentially result in
many receptors with distinct characteristics. Recombinant GABA , receptor subunits
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FIGURE 11.4 Isoflurane action is modulated by mutation of residue 290 in the rat 3, subunit.
Using site-directed mutagenesis, a glycine was substituted for asparagine. [*H]Flunitrazepam
binding was used as a marker for positive modulation of the receptor.'* In HEK cells trans-
fected with o,B;y, subunits, isoflurane administration resulted in a robust enhancement of
binding with the wild-type 3, subunit. However, in the presence of the glycine mutation there
was no enhancement.

expressed in mammalian cell lines (e.g., HEK 293 cells) can be used in radioligand
binding studies with the three classes of ligands discussed above (Figure 11.4). For
[*H]benzodiazepine binding, o and 7y subunits must be coexpressed, whereas for
[*H]muscimol and [**S]TBPS binding, o and B subunits are needed. Using [*H]fluni-
trazepam binding as a marker for positive modulation of GABA, receptors, the
volatile anesthetics were shown to augment binding in the presence of .y, and
o, B5Y, subunits.'* There were similar requirements for halothane, isoflurane, and
enflurane. In the presence of the [, subunit, action with halothane was enhanced
over that with oy subunits alone. The subunit requirements of the volatile anesthetics
contrasted with those for the intravenous anesthetics pentobarbital and alphaxalone.
The latter agents required a 3, or 3; subunit in order to augment [*H]flunitrazepam
binding. Thus, different classes of anesthetics have different subunit requirements
for their pharmacologic actions, which may account for differences observed among
general anesthetics.

11.7 MUTATIONAL STUDIES WITH GABA,
RECEPTORS

The above discussion indicates that all GABA , receptors and their subunits are not
equally sensitive to anesthetic perturbation. Specifically for the barbiturates, a 3, or
B; subunit seemed to be required for their actions. On the other hand, for volatile
anesthetics, the B subunits were not required, but isoflurane actions were present in
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oy combinations. Yang reported that in homomeric receptors comprised of B; sub-
units, barbiturate-induced currents were present, whereas they were absent in f,-
expressing cells.>%2 We hypothesized that the transmembrane portions of the subunit
would be most likely to contain putative active loci, and that the TM2 region that
lines the channel would be a likely target for the anesthetics. 3, and B, subunits have
extensive sequence homology and in the TM2/TM3 regions they vary only at a single
amino acid. This residue was mutated in the [3; subunit to convert it to the residue
of the B, subunit to produce B; (A290S). When coexpressed with o, and 7,,
B;(A290S)-containing cells retained normal responses to GABA, volatile anesthetics,
as well as propofol, pentobarbital, and alphaxalone. However, the direct actions of
etomidate were absent in both electrophysiologic and neurochemical measures.?
This indicated that the asparagine residue at position 290 was crucial for the direct
actions of etomidate. Others have made similar mutations,>%?762 although Belelli
and colleagues? report a complete loss of direct and indirect action of etomidate
with the serine substitution. The reasons for these discrepancies are not clear because
similar preparations were used. Yang and Cestari®® reported loss of barbiturate
responses with their mutations, but that may represent a characteristic unique to the
B homomeric receptors rather than the heteromeric receptors used by others.

Other investigators have used chimeric receptors to narrow down the active site
for volatile anesthetic to a portion of the transmembrane regions of the o subunit.?’
Recombinant subunits were comprised of portions of the p subunit, which is not
modulated by anesthetic and the o,. With subsequent mutational analysis, it was
determined that two distinct amino acids, 0,(270) and @,(291), were crucial for the
actions of enflurane and isoflurane.?’” These loci are located on the TM2 and TM3
portions of the o, subunit. Mutations at these loci did not alter the actions of GABA
or propofol. Subsequent mutations have identified a homologous site on the 3, subunit
that is crucial for the action of isoflurane.?? They also identified a locus that was distinct
from that for isoflurane that was crucial for propofol. The observation that two amino
acids separated by 21 residues were both crucial for the actions of the volatile anes-
thetics led the authors to hypothesize that these two loci, on TM2 and TM3, respec-
tively, are adjacent in the tertiary structure of the receptors, and comprise a binding
pocket for the volatile anesthetics. Of interest is that the mutations on the o, subunit
for the volatile agents and those identified on the B, subunit for etomidate are at
homologous locations: both are located on TM2 approximately five residues from the
extracellular surface. This suggests that this general location may be a common site
(a “hot spot”) for modulation of the receptor by anesthetic drugs (Figure 11.5).

11.8 PHARMACOLOGIC STUDIES AT THE GABA,
RECEPTORS

Long sleep (LS) and short sleep (SS) mouse lines were selectively bred based on
their response to ethanol and their altered GABA, receptors. Anesthetic potencies
have been determined in these mouse lines, and LS mice, which are more sensitive
to the effects of ethanol, are also more sensitive to most anesthetics.’’ Although the
precise differences in GABA, receptors between these mouse lines is unknown,
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FIGURE 11.5 A molecular model of the crucial site for volatile anesthetics on the TM2/3 subunits of the GABA alpha 1 subunit. TM2 is on the left
and TM3 on the right. The ion channel pore is located to the left of TM2. (A) The amino acids are rendered as stick structures overlaying the alpha
helices. Halothane is depicted as a space-filling (van der Waals) surface molecule in the site of the discussed mutations. (B) The same structure depicted
as a space filling molecule. The anesthetic is omitted to demonstrate the space that is occupied in panel A. (This figure was produced by Dr. James
Trudell, Stanford University and is used with his permission.)
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these data reinforce the hypothesis that alteration in the GABA, receptor function
affects sensitivity to anesthetics.

The DS and DI (diazepam-sensitive and diazepam-insensitive) mouse lines have
been selectively bred for differential sensitivity to diazepam. In these mouse lines
halothane is more potent in diazepam-sensitive animals,’” which is again consistent
with the hypothesis that GABA , receptors are involved in anesthesia. The AT/ANT
rat lines were bred to be alcohol tolerant and alcohol nontolerant. A genetic difference
has been identified between these lines at a specific amino acid on the o, subunit,
and it has been hypothesized that this mutation is responsible for the phenotypic
differences in alcohol response.?! It will be of interest to determine whether these
strains have differential sensitivity to anesthetics, especially in view of the observa-
tion that a knock-out of the o, does not alter anesthetic potency.!” Other investigators
have found that rats tolerant to ethanol show relative resistance to barbiturates.” This
cross-tolerance suggests a common mechanism of action. High-alcohol-sensitive
(HAS) rats have also been found to be more sensitive to both intravenous and
inhalational anesthetics.®

The benzodiazepine Ro 15-4513 is an inverse agonist that has been reported to
have antialcohol properties both in vivo and in vitro.'3?32 Because of these proper-
ties, it was hypothesized that this drug might reverse the anesthetic effects of volatile
anesthetics as well. In methoxyflurane-anesthetized mice, Ro 15-4513 shortened the
return of the righting reflex in a dose-dependent fashion.*® This reversal of volatile
anesthetic effects by Ro 15-4513 was not complete, decreasing the sleep time by
approximately 40%. The significance of these findings is unclear, however, because
full inverse benzodiazepine agonists and antagonists did not alter the recovery time.
Nonetheless, because the antagonist flumazenil blocked these actions of Ro 15-4513,
the effect was mediated via benzodiazepine receptors. The identification of “diaz-
epam-insensitive” benzodiazepine receptors probably containing o, subunits may
account for some of these effects.®61

11.9 KNOCK-OUT STUDIES

Several homologous recombination studies have produced mice lacking specific
GABA, receptor subunits. A “knock-out” of the o, subunit was performed because
a mutation in that subunit has been implicated in the AT/ANT rat lines bred for
tolerance to alcohol. Mice who do not express the o subunit did not have altered
sensitivity to anesthetics, suggesting that the o, subunit is not crucial for anesthetic
action.!” It is possible, however, that this subunit influences anesthetic action in the
normal state, but in the animal lacking the subunit its absence has been compensated
for by either another subunit or some postreceptor phenomenon. This suggests the
possibility that the altered anesthetic sensitivity of the AT/ANT rat strains is due not
to the known mutation in the o, subunit but perhaps to some other difference(s)
between the strains.

Knock-out mice lacking a B, subunit also have been produced.'® This subunit
has been implicated in the actions of general anesthetics in studies utilizing recom-
binant receptors. Moreover, the B, subunit is expressed in many brain areas and is
likely an important constituent of native GABA,, receptors.'* Knock-out of the f3,
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subunit was lethal in more than 90% of offspring. However, those surviving to
adulthood were observed to be hyperactive and tolerant to etomidate.’® Although the
interpretation of these data are difficult in view of the significant neurologic impair-
ment of these animals, the finding of relative resistance to etomidate is consistent
with the mutational studies discussed above, which identified the 3, subunit as being
crucial for intravenous anesthetic action in vivo. Whether these animals exhibit
altered sensitivity to volatile anesthetics is unknown. Such a determination, however,
would be very useful, because it may clarify the relative contribution of the 3, subunit
to anesthesia. In vitro studies with recombinant receptors have shown that volatile
anesthetics do not require the § subunit for action.'* Nonetheless, the presence of a
B subunit in oy combinations enhances the actions of volatile anesthetics. Therefore,
altered volatile anesthetic sensitivity in these knock-out mice would suggest an
additional loci for volatile anesthetics on the  subunit. Alternatively, the B subunit
could result in the expression of different numbers of receptors. The production of
mice strains that contain specific mutations in their receptors will be useful in
resolving these issues.

These knock-out mice lines have a number of limitations. Deletion of an entire
subunit may alter underlying receptor function throughout the brain, with unexpected
consequences. In addition, other subunits may compensate for the lack of a single
subunit, such as o, substituting for ,, which may obscure expected alterations in
drug sensitivity. The use of “knock-in” techniques, in which specific amino acids
are altered in a receptor that is otherwise normal, avoids some of these difficulties.
Now that specific loci implicated in anesthetic action have been identified in vitro,
it is possible to engineer other mouse lines with altered receptors. This will provide
an opportunity to determine the significance of these loci with regard to anesthetic
action in vivo. This will allow evaluation of the role of the GABA, receptors in
anesthesia as well as rationally guide future anesthetic drug development.

11.10 FUTURE DIRECTIONS

Identification of the specific sites of general anesthetic action on the GABA, recep-
tors may have multiple benefits. It will allow determination of whether mutations
at these loci are responsible for the variations in general anesthetic sensitivity that
are clinically observed. If, for instance, amino acid heterogeneity at anesthetic
binding sites correlates with anesthetic potency, then screening tests could be devel-
oped that would identify individuals at risk for altered anesthetic susceptibility under
clinical situations. Moreover, identification of the requirements for anesthetic inter-
action at the molecular level will provide insight into the anesthetic actions at other
related loci. As noted above, the GABA , receptors have extensive sequence homol-
ogy with 5HT, glycine, and ACh receptors, and anesthetics are known to modulate
those receptor systems. Comparison of the identified sites on the GABA, receptors
to homologous sequences on these related receptors will be useful in defining
anesthetic actions at these other sites.

General anesthetics have significant side effects, which are reflected in their low
therapeutic indices.”® A major side effect of general anesthetics is their cardiovascular
depression. Knowledge of the molecular requirements of anesthetic actions will
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enable better prediction of anesthetic interactions at these side effect loci. For exam-
ple, anesthetics are known to modulate L-type calcium channels, and it is possible
that their sites of interaction in heart muscle are similar to those on CNS receptors.
Insights of this nature could lead to more powerful modeling techniques as well as
in vitro screening tests that would correlate with clinical side effects. In any event,
once the relevant receptors responsible for general anesthesia are elucidated, the role
of specific neural pathways and anatomic regions of the CNS can be addressed.
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12.1 INTRODUCTION

Despite a history of clinical use spanning two centuries, the molecular mechanisms
by which inhalation agents produce anesthesia remain a subject of controversy.
Several clinically useful inhalation agents possess centers of asymmetry, but the
optically resolved isomers of halothane and isoflurane have only recently become
available.?*?” The demonstration of a significant difference in the anesthetic potencies
of (+) and (-) isoflurane provides compelling evidence for the hypothesis that
proteins, rather than lipids, are the primary sites of anesthetic action. Moreover, the
optically active isomers of volatile anesthetics provide new tools to discriminate
among putative molecular targets of anesthesia. A difference in the anesthetic poten-
cies of (+) and (-) isoflurane, when taken together with an apparent lack of stereo-
selectivity in cardiac tissue, raises the possibility that an optically active volatile
agent may have clinical advantages over currently available racemic mixtures.
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FIGURE 12.1 Principle of stereoselectivity. Here the two forms of a compound with a chiral
center shown within a receptor pocket. This demonstrates that different stereoisomers can
have different interactions at a receptor.

12.2 BACKGROUND

The stereoisomers of drugs that possess one or more chiral centers (Figure 12.1)
often exhibit marked affinity differences at pharmacologically relevant loci, includ-
ing enzymes and receptors. Such stereoselective actions are readily demonstrable
both in vivo and in vitro,'#?2283! and have proven useful in confirming a receptor-
based action for drugs such as the opiates and benzodiazepines. Although the struc-
tures of commonly used inhalational anesthetics are simpler than most agents, several
possess chiral centers (Figure 12.2). The availability of optically pure inhalation
anesthetics provides both novel tools for defining the loci of action of these drugs
and the potential for anesthetics with a greater safety margin than currently available
agents. This chapter will review recent in vivo and in vitro evidence that inhalation
agents exhibit stereoselective actions.

12.3 IN VIVO
12.3.1 STUDIES IN MAMMALS

Harris et al.'” provided the first in vivo evidence indicating the anesthetic action of
isoflurane was stereoselective. In this study, sleep times were measured in groups
of mice following a single intraperitoneal injection (ranging from 5.4 to 10.8
mmol/kg) of either (+) or () isoflurane. Although both stereoisomers produced a
dose-dependent increase in sleep time, the sleep times of mice receiving (+) isoflu-
rane were longer (ranging between 21 and 56%) than in animals administered the
(-) isomer. The study design was constrained by the limited quantities of optically
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FIGURE 12.2 The structures of four clinically used volatile anesthetics that contain a chiral
center (¥).

pure isoflurane, and although provocative, it could not be considered definitive
evidence for a stereoselective difference in anesthesia. Thus, neither sleep time nor
return of the righting reflex (the end point used in this study) can be considered
equivalent to more traditional measures using response to painful stimuli as an end
point.® Moreover, these data were not obtained under equilibrium conditions, and
the apparent stereoselectivity that was observed could be attributable to phamacok-
inetic [e.g., differences in either the distribution or metabolism of (+) and (-)
isoflurane] rather than pharmacodynamic differences.’’

Subsequently, Lysko et al.® determined the minimum alveolar concentration
(MAC) of (+) or (-) isoflurane in rats under equilibrium conditions using the response
to tail clamp as an end point. The MAC of (+) isoflurane was ~60% lower (p < 0.05)
than that of the (-) isomer (1.06 £ 0.07% and 1.62 + 0.02%, respectively); the MAC
for racemic isoflurane (1.32 + 0.03%) was midway between the values obtained for
the optically pure isomer (Figure 12.3). Mean arterial blood pressure was also
measured in this study. However, because the MAC values were not known in
advance, these determinations were made at a fixed rather than at an equi-efficacious
anesthetic concentration. The reductions in mean arterial blood pressure produced
by (+), (), and (%) isoflurane at an end-tidal concentration of 2% were statistically
significantly different (p < 0.05) from baseline (i.e., when the animals were con-
scious) but not different from each other. This latter finding suggests that the car-
diovascular actions of isoflurane may not be stereoselective, a hypothesis consistent
with two independent lines of in vitro evidence.'>?

Two other studies examined the potency of volatile anesthetic stereoisomers.
The first is a brief mention, a small (n = 3 rats/group), otherwise unpublished study
comparing desflurane stereoisomers in mice and rats. In those experiments no
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FIGURE 12.3 Stereoselectivity of isoflurane anesthesia. The concentration of anesthetic
agent (abscissa) required to prevent movement in response to a noxious stimulus (tail clamp)
was measured in groups of six rats. The MAC value for (+) isoflurane was significantly lower
than for either the () isomer or racemic mixture (p < 0.05); the MAC value for (-) isoflurane
was significantly greater than for the racemic mixture (p < 0.05). (Data are redrawn from
Lysko, G.S., Robinson, J.L., Casto, R., and Ferrone, R.A., Eur. J. Pharmacol. 263, 25, 1994.
With permission.)

statistically significant differences were observed between groups, although the size
of the groups indicates that a type II error could have obscured a difference. A larger
study also compared anesthetic potency with isoflurane isomers in a tail clamp assay.
This investigation failed to demonstrate any difference between either the isomers
or the racemic mixture. There is no easy explanation for the apparent discrepancy
between these findings and those above, although there are minor procedural differ-
ences. Of note are the data discussed below, for which consistent differences are
noted between stereoisomers in vitro. If in fact there is not an in vivo difference in
anesthetic potency, the significance of the targets identified in vifro may be ques-
tioned. However, converging lines of evidence provide quite compelling confirmation
about the importance of these ion channels. Further availability of the stereoisomers
of these volatile anesthetics may clarify this issue by allowing larger studies.

12.3.2 Studies in Other Vertebrates and Invertebrates

In contrast to the stereoselectivity observed with (+) and (-) isoflurane in rats and
mice, Firestone et al.® reported that these isomers were equipotent in producing a
loss in righting reflex in tadpoles. Sedensky et al.?¢ examined the anesthetic potencies
of (+) and (-) halothane on wild-type and mutant variants of the nematode
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Caenorhabditis elegans. The concentration of (+) halothane required to immobilize
(the end point used in this study) the N2 wild-type strain of C. elegans (ECs, 3.52
+ 0.03%) is severalfold higher than the reported MAC values (~0.75 to 1% atm) in
mammals. Nonetheless, (+) halothane was —12% more potent that the (—) isomer in
this wild-type strain of C. elegans; a similar potency difference between isomers
was also observed in other C. elegans strains exhibiting comparable (i.e., low)
sensitivities to racemic halothane. A different picture emerged when the potency of
halothane was measured in strains of C. elegans that are more sensitive to halothane
(ECs, values for racemic halothane ranging between ~0.93 and 1.21%). Several of
these strains exhibited no stereoselectivity, and in two strains the racemic mixture
was more potent than either isomer. In strain fc34, (+) halothane was threefold more
potent than the (—) isomer; the (-) isomer was also significantly less potent than the
racemic mixture.

12.3.3 Can the Findings in Mammals and Other Phyla Be
Reconciled?

The most obvious explanation for the inability to detect a stereoselective action of
isoflurane in tadpoles may be related to the sensitivity of the end point used to
determine “anesthesia.” That is, it could be argued that loss of righting reflex in
tadpoles may not be a sufficiently sensitive measure to detect the potency differences
of 60% reported in rats using conventional end points.?® It is difficult to make a
similar case in the C. elegans study; despite the use of immobility (in some mutants,
immobility is accompanied by a remarkable shrinking that can reduce body length
by more than half) as an end point, statistically significant differences in the potency
of halothane isomers (on the order of ~12%) were evinced.’® The apparent strain
dependence of stereoselectivity in C. elegans mutants has been interpreted as evi-
dence that halothane and its isomers can act at multiple sites. Indeed, because
pharmacologically relevant concentrations of inhalation agents can affect multiple
targets in the central nervous system!%!1:> (see Chapters 1, 6, 9, and 11), the process
(i.e., the contribution of individual cellular and molecular pathways producing the
end result) of anesthesia may encompass a distinct (albeit overlapping) set of targets
in homeotherms and poikilotherms. Thus, differences in the relative contributions
of individual cellular pathways (e.g., the importance of GABAergic pathways in
rodents relative to their importance in wild-type and mutant strains of C. elegans)
could plausibly reconcile these in vivo findings. Even if it were hypothesized that
the process of anesthesia was strictly conserved across evolution, it is likely the
molecular targets themselves (e.g., GABA, receptors) are sufficiently different to
obscure (or in some cases magnify) a subtle effect between optical isomers, making
extrapolation from invertebrates to mammals problematic. The principal argument
against this latter hypothesis is that several of the putative molecular targets of
anesthesia appear to be highly conserved across evolution. Using GABA , receptor
subunits as an example of this remarkable evolutionary conservation, there is a 65%
base pain match between DNA coding for the mouse 3, subunit and a B subunit
found in the pond snail L. stagnalis (which has been used to study stereospecificity
of isoflurane — see below). For comparison, there is a 72 to 73% base pair match
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among the three identified B subunits in mouse. Despite the conservation, there are
dramatic differences in the pharmacologic and biochemical properties of GABA ,
receptors between mammals and invertebrates.> Thus, although GABA acts as an
inhibitory transmitter throughout the animal kingdom, there are prominent differ-
ences in the “details” of GABA, receptor pharmacology across phylogeny. For
example, the affinities of benzodiazepines and neuroactive steroids at GABA , recep-
tors of the cockroach are two to five orders of magnitude lower than in the mam-
malian central nervous system. Such striking differences should not be viewed as
surprising based on the ability of a single amino acid substitution to reduce the
affinities of benzodiazepines (such as diazepam) at GABA receptors by more than
three orders of magnitude.’**° Thus, even a single base substitution on the DNA
encoding a putative molecular target of anesthesia could affect the interaction of
this anesthetic with its target, most certainly to an extent that could collapse (or
perhaps magnify) the modest stereoselective effect observed in rodents.

12.4 IN VITRO STUDIES

Optically active inhalation agents that exhibit stereoselectivity in vivo represent novel
tools to identify potential targets of anesthesia. The utility of these agents goes
beyond a potential resolution of the lipid versus protein controversy® to an exami-
nation of the contribution of a particular pathway, subunit, or domain to the process
of anesthesia. Thus, the demonstration of a potency difference between the stereoi-
somers of an inhalation agent corresponding to the in vivo situation [e.g., (+)
isoflurane is more potent than (—) isoflurane] is evidence of a potential target of
anesthetic action. Nonetheless, if the process of anesthesia involves multiple cellular
targets, then the failure to evince stereoselectivity cannot be considered prima facie
evidence that a model system does not contribute to this process, particularly if the
concentrations of inhalation agent are pharmacologically relevant.

12.4.1 1oN CHANNELS IN L. STAGNALIS

Converging lines of evidence suggest ion channels are molecular targets for inhala-
tional agents (reviewed in Refs. 11 and 33; see Chapters 1, 6, and 8-11). Franks
and Lieb (1991) first reported a stereoselective action of (+) and (-) isoflurane at
two different ion channels in neurons of the pond snail L. stagnalis. At anesthetic
concentrations that fall within the clinically useful range (0.5 to 2.4 MAC), (+)
isoflurane evoked potassium currents that were twice as large as those produced by
the () isomer. The (+) isomer was also ~50% more potent than the (-) isomer as
an inhibitor of acetylcholine-evoked currents at nicotinic acetylcholine receptors.
However, a corresponding stereoselectivity was not manifested for inhibition of the
voltage-gated fast transient potassium currents in these neurons. Although the latter
currents are far less sensitive to isoflurane than those exhibiting stereoselectivity,
these observations demonstrate that the stereoselective effects of isoflurane are not
“promiscuous.” This point has been reinforced in studies with other ion channels,
neurotransmitter transport proteins, and lipid bilayers (see below). This seminal
study also demonstrated there was no difference in the ability of (+) and (—) isoflurane
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to depress the melting point of artificial lipid bilayers, which is a sensitive indicator
of bilayer disruption. Although artificial lipid bilayers may not mimic the complex
arrangement of heterogeneous lipids present in neural membranes, this lack of
stereoselectivity is compelling support for the hypothesis that proteins rather than
lipids are the primary target of inhalation anesthetics. The inability of (+) and (-)
isoflurane to exhibit stereoselectivity in a lipid environment is consistent with a
subsequent study by these authors,? who reported equal partitioning of these isomers
between lipid bilayers (consisting of phosphatidylcholine, phosphatidic acid, and
cholesterol) possessing chiral centers and water. The failure to demonstrate a stere-
oselective effect of an inhalation anesthetic in a lipid environment supports the early
studies by Kendig et al.,>* who reported no difference in the effects of (+) and (-)
halothane on synthetic phospholipid bilayer membranes. However, the findings of
Kendig et al.>* had been considered questionable because these isomers were not
optically pure [e.g., (+) halothane contained ~25% of the (-) isomer]; this adulter-
ation might thus obscure a modest stereoselectivity.

12.4.2 GABA, RecerTORS

Neurochemical, electrophysiologic, and behavioral studies have shown that pharma-
cologically relevant concentrations of anesthetics,*® including inhalational agents,
act as positive modulators (i.e., increase or facilitate the movement of chloride
currents) at GABA , receptors (see Chapters 10 and 11). This family of ligand-gated
ion channels is, therefore, a logical candidate for examining the stereoselectivity of
inhalation agents. Several electrophysiologic and neurochemical studies have now
demonstrated significant differences in the potency and/or efficacy of (+) and (-)
isoflurane at GABA, receptors. The large, fast inhibitory postsynaptic potentials
(IPSPs) recorded from many brain regions are mediated by activation of GABA,
receptors. Jones and Harrison?® reported that although both (+) and (-) isoflurane
prolonged the duration of IPSPs recorded from primary hippocampal neuron cul-
tures, this increase was approximately twice as large with the (+) isomer. Hall et
al.’> reported that the (+) isomer of isoflurane was between 1.5- and 2-fold more
effective than the (-) isomer in potentiating the chloride currents produced by a
nondesensitizing concentration of GABA in acutely dissociated cerebellar Purkinje
neurons (Figure 12.4). This stereoselective effect was optimum at isoflurane con-
centrations approximating MAC in humans (310 pM; and appeared to plateau at
concentrations up to ~3 MAC), diminished at lower concentrations, and was
obscured at subanesthetic concentrations (77 uM). After application of desensitizing
concentrations of GABA, there is a sustained residual current that is inhibited by
relatively high concentrations of anesthetics. Although not examined in as great
detail as the augmentation of GABA currents, this latter action did not appear to
exhibit stereoselectivity. The observation that different GABA ,-receptor-mediated
responses are not uniformly affected by (+) and (-) isoflurane provides additional
evidence that these stereoisomers act at a specific locus (or loci), a hypothesis
consistent with neurochemical evidence demonstrating stereoselective actions of
isoflurane on some, but not all, allosteric modulatory sites on GABA, receptors (see
below). Consistent with the ability of inhalational agents to enhance GABA currents,
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FIGURE 12.4 Stereoselective action of isoflurane isomers to potentiate GABA-induced cur-
rents in acutely dissociated rat cerebellar Purkinje neurons. Top panel: At a subanesthetic
concentration (77 uM), both (+) and (-) isoflurane enhance GABA currents to the same extent.
At concentrations well within the anesthetic range (middle panel: 310 uM; bottom panel: 610
uM), (+) isoflurane is approximately twice as effective as () isoflurane in potentiating GABA-
induced currents. The currents obtained in response to the higher concentrations of anesthetic
appear to desensitize (compare ordinates of middle and bottom panels). (Data are from Hall,
A.C., Lieb, W.R., and Franks, N.P., Br. J. Pharmacol. 112, 906, 1994. With permission.)
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these anesthetics also increase GABA ,-receptor-mediated chloride uptake in synap-
tic microvesicles (synaptoneurosomes).'2 Using synaptoneurosomes prepared from
(whole) rat brain, Quinlin et al.’* demonstrated that at a fixed concentration
(140 uM), (+) isoflurane was significantly more effective than (-) isoflurane in
reducing the ECy, (i.e., increasing the potency) of GABA to stimulate 3°Cl- uptake.
Thus, (+) isoflurane reduced the ECy, of GABA from 12.7 + 1.0 uM, compared with
9.6 = 1.0 pM with the (-) isomer. Using a fixed concentration of GABA (5 uM)
well below its ECs, these investigators demonstrated that the (+) isomer was approx-
imately 1.6-fold more potent than the (=) isomer to increase 3¢Cl- flux (79 = 11 uM
vs. 130 = 17 uM, respectively; p = 0.01). Moreover, under these conditions the
maximal *Cl- flux (i.e., E,,) produced by (+) isoflurane was significantly greater
(~35%; p < 0.001) than in the presence of the (—) isomer.

The stereoselective actions of isoflurane at GABA, receptors were first evinced
using radioligand binding techniques.* The multiple, allosteric regulatory sites on
GABA, receptors are readily amenable to study using these methodologies, and
such studies have provided insight into the molecular mechanism responsible for
the GABA-positive actions of inhalation agents. Like other GABA-positive sub-
stances (e.g., barbiturates such as pentobarbital; etomidate; propofol; and the GABA
mimetic, muscimol), inhalational anesthetics increase [*H]benzodiazepine binding
to GABA , receptors; this effect is highly dependent on the presence of ClI- (or other
anions that are permeable through GABA-gated chloride channels). We initially
compared the effects of (+) and (-) isoflurane on [*H]flunitrazepam binding to well-
washed mouse cortical membranes.?® Although the potencies of (+) and () isoflurane
to enhance [*H]flunitrazepam binding were virtually identical in the absence of CI-,
(+) isoflurane was ~35% more potent than the (-) isomer in the presence of ClI- (50
to 200 mM). This enhancement in [*H]flunitrazepam binding is effected through an
increase in the apparent affinity (a decrease in K,), with no change in the number
of [*H]flunitrazepam binding sites (B,,,). In a variation of this procedure, both
isomers (at concentrations of 440 and 880 uM) were found to significantly increase
the potency of CI- to enhance [*H]flunitrazepam binding (an action common to other
general anesthetics such as barbiturates). However, the increase in potency (i.e.,
decrease in the ECs,) of CI- was twice as great (p < 0.05) in the presence of the (+)
compared to the () isomer (ECs, values for Cl=: 58 + 8§ mM, 18 + 2 mM, and 40
+ 5 mM in the absence and presence of 880 UM (+) and (—) isoflurane, respectively).
Isoflurane also produced a significant increase in the E__, of ClI—enhanced [*H]fluni-
trazepam binding (i.e., the amount of [*H]flunitrazepam bound), and in this measure,
the (+) isomer was more efficacious than the (—) isomer. Both volatile and nonvolatile
anesthetics also increase the binding of [PHJGABA and the GABA mimetic [*H]mus-
cimol to GABA receptors (see Chapter 11). The enhancement of [*H]muscimol
binding to mouse cortical membranes was stereoselective,'® with (+) isoflurane
approximately twice as potent as the (—) isomer (p < 0.01). The ability of drugs to
bidirectionally modulate the binding agonist and antagonist ligands to GABA,
receptors is well described. Both (+) and (-) isoflurane produced a concentration-
dependent and stereoselective inhibition on the binding of a GABA antagonist
([*HISR 95531). (+) Isoflurane was ~50% more potent than (-) isoflurane in this
measure (p < 0.01). In contrast to the stereospecific effects of isoflurane on
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radioligand binding to benzodiazepine and GABA binding sites, no significant dif-
ferences were observed in the potencies of (+) and (-) isoflurane to inhibit the
binding of [33S]z-butylbicyclophosphorothionate, a “cage” convulsant presumed to
act at or near GABA-gated chloride channels. The failure to demonstrate stereose-
lectivity at each of the allosteric modulatory sites examined suggests that the stere-
oselective effects of isoflurane at GABA , receptors result from an action at a specific
locus (or loci) rather than a nonselective perturbation at, for example, a protein—lipid
interface. Another means of testing this hypothesis is to remove GABA , receptors
from their endogenous membrane milieu and determine whether the stereoselective
action of isoflurane remains. This may be accomplished by techniques such as
incorporating wild-type GABA , receptors in an artificial membrane and expressing
recombinant GABA , receptors in a membrane environment unlike that of the central
nervous system. We selected the latter approach, because studies using recombinant
GABA , receptors of known composition already have provided valuable information
about differences in the subunit requirements for volatile and nonvolatile anesthet-
ics.'® For these studies, we used the WSS-1 cell line [this cell line is derived from
H(uman)E(mbryonic)K(idney) 293 cells], which contains cells that stably express
GABA, receptors composed of rat o, and v, subunits.*? Although the quantity of
optically resolved isoflurane that was available limited the scope of these studies,
there was clear-cut evidence of stereoselectivity between (+) and (—) isoflurane to
enhance [*H]flunitrazepam binding in membranes prepared from these cells. Thus,
in the absence of CI-, addition of 0.5% (+) isoflurane stimulated [*H]flunitrazepam
binding to a greater extent (p < 0.05) than did the (-) isomer [basal binding no drug,
21.2 = 2 gmol/mg protein; with (+) isoflurane, 27.4 + 1.7 fmol/mg protein; with (-)
isoflurane, 19.6 + 0.1 fmol/mg protein]. Moreover, in the presence of increasing
concentrations of Cl-, the maximum increase in [*H]flunitrazepam binding was
significantly higher (p < 0.05) in the presence of (+) compared to (—) isoflurane
[E:no drug (Cl—only), 31.4 + 2.1 fmol/mg protein; (+) isoflurane, 70 + 3.1
fmol/mg protein; (-) isoflurane, 51 + 0.9 fmol/mg protein]. Although these (o, ¥,)
GABA, receptors represent a very minor constituent of the total receptor pool,'?
these studies are consistent with the view that the stereoselective activation of
GABA, receptors observed with the isomers of isoflurane is produced at distinct
amino acid sequences rather than by perturbation of membrane lipids.

12.4.3 VoLTAGE OPERATED CALCIUM CHANNELS

The depression of myocardial contractility produced by inhalation agents has been
linked to an action at L-type Ca?* channels.>!” Studies in isolated guinea pig heart!'?
have shown that the optical isomers of both isoflurane and desflurane (at concentra-
tions equivalent to 1 to 2 MAC) decreased left ventricular pressure, heart rate, and
percent oxygen extraction in a concentration-dependent fashion. There was no evi-
dence of stereoselectivity between the isomers of either isoflurane or desflurane.
Consistent with this study, the stereoisomers of isoflurane inhibit [*H]isradipine
binding to L-type Ca** channels from mouse heart in a concentration-dependent
fashion, but no evidence of stereoselectivity [ICs, values of 0.48 + 0.02% and 0.46
+0.01% for (+) and (-) isoflurane, respectively] was obtained. Similarly, no evidence
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of stereoselectivity was obtained for inhibition of [*H]isradipine binding to L-type
Ca?* channels from mouse brain.”® Based on these findings, the optical isomers of
isoflurane should be equipotent in depressing myocardial function.

12.4.4 OTHER SYSTEMS

El-Maghrabi and Eckenhoff” have demonstrated a lack of stereoselectivity between
the isomers of isoflurane to inhibit [*H]dopamine uptake in rat brain synaptosomes.
Eckenhoff and Shuman’ have demonstrated that ['*C]halothane can be used as a
photoaffinity label, binding to soluble proteins such as bovine serum albumin with
a K, between 0.3 and 0.5 mM. These investigators reported that, like other anesthet-
ics, isoflurane can block this labeling, and that (+) isoflurane was approximately
50% more potent than (-) isoflurane (K, 1.42 + 0.15 mM vs. 2.12 + 0.33 mM,
respectively; p < 0.035). Eckenhoff* subsequently identified two amino acid
sequences on bovine serum albumin that are photoaffinity labeled by ['“C]halothane;
both of these sequences contained tryptophan residues.

12.5 WHYARETHE POTENCY DIFFERENCES BETWEEN
(+) AND (-) ISOFLURANE SO MODEST?

Despite the use of different systems, methods, and end points to study the stereose-
lectivity of inhalation agents, the conclusions are similar: when manifested, the
potency (or efficacy) difference between the stereoisomers of inhalation agents is
generally less than twofold. This very modest difference pales by comparison with
the potency differences between enantiomeric pairs of complex heterocycles, which
routinely exceed two orders of magnitude. For example the affinities of (+) and (-)
SNC 80 (a highly substituted N, N-diethylbenzamide) at & opiate receptors are ~1 and
>2000 nM, respectively,! whereas the affinities of a pair of 1,4-benzodiazepines
[designated B10 (+) and (-)] at GABA, receptors differ by >100-fold.?® If potency
differences between stereoisomers are the result of a unique interaction between a
drug and its biological substrate (see Figure 12.1), then the relatively simple haloge-
nated hydrocarbon structures of inhalation agents (Figure 12.2) would likely constrain
the degree/extent of stereoselectivity. Thus, the affinity of a ligand for its recognition
site is determined by factors such as steric (size) constraints, hydrogen bonding, and
van der Waals forces. Stereoselectivity arises from the ability of one isomer to more
closely satisfy the size and charge requirements imposed by the recognition site
compared with a nonsuperimposable mirror image (Figure 12.1). If this assumption
is valid then the synthesis of inhalation agents more complex than the typical halo-
genated ether should increase the potency difference between stereoisomers. As a
corollary, it would be predicted that in a direct comparison of the potency difference
between stereoisomers of isoflurane and halothane, the comparatively simple structure
of halothane (a halogenated ethane derivative) would result in an even more modest
stereoselectivity than observed with isoflurane (a halogenated methyl ethyl ether).
If multiple pathways contribute to the anesthesia induced by inhalation agents,
then the modest potency difference between (+) and (-) isoflurane in rodents!”-26
may also reflect an averaging of effects, with the stereoisomers exhibiting a twofold
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(or greater) potency difference at some relevant targets and little or no potency
difference at others. Although the failure to consistently demonstrate stereoselectivity
across magnitude systems indicates some degree of specificity, the observation that
(+) isoflurane is —=50% more potent than (—) isoflurane to inhibit photoaffinity labeling
of halothane to bovine serum albumin® merits comment. Based on this observation,
it could be argued that the demonstration of stereoselectivity at a soluble protein
unrelated to anesthesia suggests that even if not a totally random event, the potency
difference between, for example, (+) and (-) isoflurane may not be useful in delin-
eating relevant targets of anesthesia. However, resolution of the sites on human and
bovine serum albumin that are photolabeled by halothane suggests the presence of
specific and discrete sites containing aromatic residues such as tryptophan.* Given
the lipophilic nature of inhalation anesthetics, Eckenhoff’s findings demonstrate that
aromatic residues may form part of a hydrophobic binding motif common to many,
but not all proteins.

12.6 SAFER ANESTHETICS THROUGH
STEREOCHEMISTRY?

Inhalation agents such as halothane and isoflurane are the mainstay of clinical
anesthesia despite the low therapeutic indices common to this class of drugs.*? This
narrow safety margin may be attributed to a significant depression of cardiovascular
function as well as deleterious effects on respiration, airway reflexes, and tempera-
ture. The management of these side effects represents a significant challenge in the
patient undergoing anesthesia and may limit surgery in compromised patients. Based
on preclinical data, we and others have postulated?®? that even a modest increase
in anesthetic potency with no concomitant increase in toxicity could have a signif-
icant impact on the practice of anesthesiology and surgery. The most stringent test
of this hypothesis requires a direct comparison between the more potent of a pair
of optically pure inhalation agents [e.g., (+) isoflurane] and the racemic mixture
rather than the less potent isomer. This comparison is the most clinically relevant
because there must be a significant improvement in the therapeutic index over the
chemical form that would most likely be produced by standard synthetic approaches
(all currently available inhalation agents with a chiral center are racemic mixtures).
At present, there are no commercially feasible means of synthesizing (or resolving)
optically active volatile anesthetics in sufficient quantities for clinical testing. How-
ever, based on the ~30% difference in anesthetic potency between (+) and (-)
isoflurane in rates? and the apparent lack of stereoselectivity in depressing cardiac
function,'3 the therapeutic advantage of an optically pure isomer can be approximated
(Figure 12.5). The isoflurane model may be considered a “typical” representation
based on the assumption that structurally related inhalation agents act through
common mechanisms, with some difference in anesthetic potency manifested by
each pair of enantiomers. Both the relative simplicity of chiral inhalation agents
(Figure 12.2) and the modest difference in anesthetic potency between (+) and (—)
isoflurane suggest that the optical isomers of other currently used inhalation agents
will not exhibit more remarkable potency differences. At clinically useful
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FIGURE 12.5 Decrease in cardiac contractility versus MAC multiples for (+), (=), and (z)
isoflurane (left panel) and for a hypothetical anesthetic agent with enantiomers that differ in
anesthetic potency by 1000-fold (right panel). The data for isoflurane were taken from Lysko
et al.>0 (MAC multiples in rat) and Graf et al.!3 (decrease in cardiac contractility in isolated
guinea pig hearts). The data for the hypothetical compound assume the same cardiac depres-
sant profile as for isoflurane. Note that the most clinically relevant comparison is between
the more potent isomer and the racemate (which would be the form produced by usual
chemical means of synthesis) rather than the less potent isomer. In the right panel the racemate
line is shown. In the left panel it would be halfway between the two lines. It is apparent from
comparing equal anesthetic concentrations (i.e., same MAC multiple on the x axis) that even
the more active isomer of an anesthetic with great stereoselectivity will result in only a modest
decrease in cardiac suppression. Note that relevant comparisons should be made in the 1 to
1.5 MAC (or less) range. A similar graph can easily be envisaged. For example, an agent
with great cardiac depression will have an even steeper slope, and the isomers would need
to be very different from the racemate to have a significant therapeutic advantage.

concentrations (1 to 1.5 MAC), the decrease in cardiac contractility produced by (+)
isoflurane is only ~3 to 4% less than that produced by racemate (Figure 12.5, left).

What would occur if a pair of optically active inhalation agents were synthesized
with a 1000-fold difference in anesthetic potency? First, the difference in anesthetic
potency between the active isomer and racemate would be only approximately
twofold because the potency of the racemate approximates that obtained with equal
parts of active isomer and inert material. Assuming that the MAC and degree of
cardiovascular depression produced by the racemate are equivalent to isoflurane, at
1 MAC the active isomer would produce ~7 to 8% less cardiac depression than the
racemate. The cardiac depression produced by the active isomer would be ~11%
lower than the racemate at 1.5 MAC (Figure 12.5, right). A similar argument would
pertain to a racemic anesthetic with greater cardiotoxicity. In this case the more
potent isomer would result in less cardiac depression at an anesthetizing concentra-
tion than the racemate. However, because we are assuming a lack of stereoselectivity
at the nonanesthetic targets (i.e., the heart), there would still be significant cardiotox-
icity, making this compound unlikely to be superior (safer) than racemic isoflurane.
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These estimates demonstrate the very modest potential therapeutic advantage that
would be gained with an optically active inhalation agent such as (+) isoflurane.
Although the therapeutic advantage achieved with our hypothetical example may be
clinically significant, this degree of stereoselectivity is unlikely to be attained with
relatively simple halogenated ethers (see above). Although the stereoisomers of
inhalation agents provide valuable tools to examine the molecular basis of anesthesia,
obtaining a significantly safer agent through stereochemistry does not appear to be
a practical approach for the immediate future.
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Despite more than 150 years of increasing clinical expertise with general anesthetics,
their mechanism of action remains enigmatic. It is clear, however, that general
anesthetics inhibit synaptic transmission in sensory, motor, and limbic areas of the
central nervous system (CNS).!343 Ag is frequently the case, the devil is in the
details. Evidence has converged on the idea that general anesthetics act potently and
specifically at several receptors of the ligand-gated ion channel family in the CNS,
including the inhibitory GABA, and glycine receptors (see Ref. 12 and Chapters 10
and 11 of this book). Recent work has demonstrated that volatile anesthetics have
potent activity at several neuronal-type nicotinic acetylcholine receptors (neuronal
nicotinic acetylcholine receptors, n-nAChRs) as well.3! The n-nAChRs are from an
important family of excitatory ion channel receptors in the CNS and autonomic
nervous system. Thus, general anesthetics cause synaptic inhibition by both aug-
menting inhibitory and inhibiting excitatory input.

The recent work on n-nAChRs was preceded by many studies on general anes-
thetic activity at the muscle-type AChRs (m-nAChRs) and those from the electric
organ of Torpedo, which are easily isolated and purified in large quantity.”? Although
the muscle and invertebrate nAChRs share sequence homology with their neuronal
cousins, they are distinct in terms of subunit composition, pharmacology, and phys-
iology (Figure 13.1). In fact, some subunits that form neuronal nicotinic receptors
are evolutionarily closer to subunits that form SHT; and GABA , receptors than those
that form muscle nicotinic receptors® (see Figure 13.2).
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FIGURE 13.1 The evolutionary relationship between ligand-gated ion channels with four
transmembrane-spanning segments.

Candidates for receptors involved in the transaction of general anesthetic action
need to fulfill certain criteria: (1) they must be potently and specifically effected by
clinically relevant concentrations of general anesthetics; and (2) they must be rea-
sonably anatomically located to have a role in a specific behavioral effect. The
nAChRs fill these criteria. Volatile anesthetic inhibition of excitatory input in the
central and autonomic nervous systems fulfill these criteria because inhibitory
anesthetic concentrations are lower than the clinical concentrations in both recom-
binant and native systems.”?!3! Because n-nAChRs are expressed throughout the
CNS, where they are thought to act presynaptically to augment release of glutamate,
GABA, serotonin, dopamine, and ACh itself, it is easy to imagine that reduction of
nAChR activity could effect the inhibition in synaptic transmission caused by
general anesthetics.

The recent cloning of the genes encoding the nAChR subunits found in neurons
and the explosion of studies on the pharmacology, physiology, and behavioral con-
sequences of the n-nAChRs have made possible the study of volatile anesthetic
activity on this family of excitatory ion channel/receptors. The remainder of this
chapter will present a brief overview of what is currently known about the molecular
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biology, physiology, and pharmacology of these receptors and the experimental
evidence that demonstrates that volatile anesthetics do indeed have potent activity
at specific members of the n-nAChR family.

13.1 NICOTINIC ACETYLCHOLINE RECEPTORS AND
THEIR HOMOLOGUES

The ligand-gated ion channels are a family of pentameric proteins that form an ion
channel when inserted into a membrane. Each of the five subunits that make up
these receptors traverses the membrane four times with the N terminal and C terminal
portions of the protein in the extracellular space. The N terminal, extracellular
portions of these proteins are highly conserved and contain two cysteine residues
separated by 13 amino acids, which are disulfide linked in the ACh receptor.!? The
extracellular domain of a subset of these subunits contains the agonist binding site.
The second and part of the first two transmembrane domains (M2 and M1) form
the ion conducting pore.'? The third, fourth, and part of the first transmembrane
domain make contact with the membrane lipid, forming a hydrophobic “barrel”
around the ion conducting pore.?

Neurotransmitter-gated ion channels can conduct anions, as is the case for the
inhibitory GABA, and glycine receptors, or cations as neuronal and muscle-type
nAChRs and the 5-HT; receptor.'> Figure 13.1 demonstrates the phylogenetic rela-
tionship between ligand-gated ion channels containing four transmembrane domains.>*
It is of interest that volatile anesthetics have activity at each member of this family
that is much more potent than other types of ion channels. This clustering of affected
channels raises the likelihood that the portion perturbed by the volatile anesthetic is
conserved among these receptors. Recent studies using both chimeric receptor subunits
and site-directed mutagenesis have identified specific amino acid residues in the
extracellular portion of the M2 and M3 domains of the o subunit of GABA, and
glycine receptors involved in the augmentation of the agonist response by volatile
anesthetics.”> Homologous amino acids in the B subunit of the GABA , receptor have
been identified as being responsible for augmentation by etomidate.?*?3 Anesthetic
inhibition of m-nAChR has been shown to occur via two modalities: direct channel
block and favoring of desensitized states.!!?” Specific residues within the M2 domain
of the o subunit of m-nAChR have been demonstrated to influence channel block of
the muscle receptor by isoflurane.!'! It is unclear if these residues also effect desensi-
tization, or if another site is involved. The Hill number derived from these experiments
is 2-3, indicating a potential for multiple sites of anesthetic interaction. Work is
underway to determine the site of inhibition of n-nAChRs by general anesthetics.

13.2 SUBUNIT IDENTITY

The muscle-type n-AChRs are composed of o, 3, v, and & subunits in the embryo
and o, B, €, and § subunits in the adult. The o subunit contains the ligand binding
site, although the y and d subunits in the embryo and the € and & subunits in the
adult also contribute to ligand binding.’
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In contrast, n-nAChRs are composed of only o and 3 subunits. The simplicity
ends here: eight neuronal o-type genes have been cloned and named o, , by analogy
to the muscle o subunit, now called o,. o subunits contain the vicinal cysteines,
which mark the agonist binding site. In addition, three non-o (lacking the cysteines)
or B subunits have been cloned and are named [,, by analogy to the muscle 3
subunit, now called [B,. The neuronal subunits do not share great homology with the
muscle B subunit, but are called B on the basis of lacking the vicinal cysteines of
the o subunits. Unlike the muscle receptors, which presumably form a homogeneous
population of receptors containing two o subunits, one 3 subunit, one § subunit, or
one € subunit in adult life, the n-nAChR family is similar in variety and complexity
to the homologous GABA, receptor family. Many o and B subunits can form
heteromeric channels in which one, two (or perhaps three) o subunits coassemble
with two B subunits to form functional receptors.'” The nAChR subunits 0.,, which
are thought to have split off very early in evolution from the other nAChR subunits,
can form homomeric receptors that preferentially conduct calcium with a P_/P,,
more than twice that of the NMDA receptor.?’ The calcium current activated by ACh
may be responsible for some of the activities for which calcium is thought to be a
second messenger. Figure 13.2 demonstrates some of the n-nAChRs that may be
formed in vivo.

13.3 NEURONAL nAChR EXPRESSION PATTERNS

Although cholinergic neurons represent a minute fraction of the neurons that make
up the CNS, they regulate essentially every muscle, organ, gland, and neural region.*
The cholinergic systems in the CNS are diverse, diffuse, and thus certainly appealing
as putative targets of volatile anesthetic action. The cholinergic basal forebrain
contains cells that are thought to be involved with memory and arousal.?> Pontomes-
encephalic cholinergic neurons appear to be involved with mechanisms of sleep,
memory, and locomotor activity. n-nAChRs can serve either postsynaptic or presyn-
aptic functions.®

The classical postsynaptic role of n-nAChRs is in the autonomic ganglia, where
they are responsible for direct synaptic transmission. Cholinergic somatic and auto-
nomic nerves control smooth and cardiac muscle as well as glandular secretion.
Thus, inhibition of n-nAChRs may result in alterations of heart rate and blood
pressure, common side effects of general anesthetics.

The n-nAChRs are thought to have an important presynaptic role in the CNS.
There are many cells throughout the CNS that express n-nAChRs both on the soma
and on their axonal terminals. Stimulation of these nAChRs results in the presynaptic
augmentation of release of glutamate, GABA, dopamine, serotonin, norepinephrine,
and ACh itself.”® This increase in release has been shown to augment synaptic
transmission in many areas of the CNS, including medial habenula, diagonal band,
laterodorsal tegmental nucleus, prefrontal cortex, primary visual cortex, and hippo-
campus.’? The behavioral effects of general anesthetics are varied and include hyp-
nosis, amnesia, analgesia, immobility, as well as hemodynamic, gastrointestinal, and
thermoregulatory side effects. It is likely that multiple neurophysiologic mechanisms
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FIGURE 13.2 Three types of neuronal nicotinic acetylcholine receptors that have been
expressed in heterologous systems, thought to typify native receptors. (A) o,p3,, most common
subunits found in the central nervous system. Conducts sodium and calcium to a lesser degree.
(B) 04, most prevalent subunits in postsynaptic sympathetic ganglia neurons. Mediates
synaptic transmission in the autonomic nervous system. Conducts sodium and calcium to a
lesser degree. (C) o, found in many presynaptic terminals in central and autonomic nervous
systems. Conducts significant amount of calcium.

underlie these diverse behaviors. Potential responses in which n-nAChR inhibition
may be involved include any of the aformentioned behaviors because the nAChRs
are presynaptic in all of the neuronal areas thought to be involved in the mediation
of these behaviors. Supporting this possibility, the nAChRs have been shown to be
presynaptic in hippocampus, amygdala, hypothalamus, and nucleus solitarius.?® For
example, nicotinic inhibition may be involved in hypnosis. The classical nicotinic
agonist, nicotine, has been shown to improve short-term memory.'® Thus, blockade
of the central receptor for nicotine may decrease acquisition of short-term memory
under anesthesia.

Volatile anesthetics in particular are well known to inhibit sympathetic tone.
Recent evidence indicates that isoflurane inhibits postsynaptic n-nAChRs in lumbar
sympathetic ganglia neurons, but is relatively ineffective at presynaptic inhibition
at up to five times MAC (1.6 mM).1°
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13.4 VOLATILE ANESTHETIC ACTIVITY AT
NEURONAL nAChRs

In contrast to the voluminous information about volatile anesthetic actions at the
m-nAChR, little is known about their effects on n-nAChRs. Although the first
n-nAChR subunit (0;) was cloned in 1986,* there have been few studies on their
modulation by volatile anesthetics. This may be due, in part, to the complexity of
the native receptor composition. In addition, after many years of searching for
examples of direct synaptic transmission in the CNS, it has only recently become
clear that presynaptic activity may predominate.'® In the autonomic nervous system,
neuronal nicotinic receptors both mediate synaptic transmission and play a presyn-
aptic modulatory role.'®

There is strong evidence for direct inhibition of n-nAChRs in recombinant
systems. Because the n-nAChR family is large and diverse and it is thought that
native neurons express multiple receptor types, most of this work has been conducted
in the Xenopus laevis oocyte. The o, and 3, subunits are highly expressed throughout
the brain. In X. laevis oocytes, the 0,3, nAChR is inhibited by isoflurane and
halothane with IC, values of 85 and 27 uM, respectively (Figure 13.3). These
concentrations are far below the half-maximal concentrations for surgical anesthesia
with these drugs. This inhibition is concentration dependent and in some studies
incomplete. The inability to completely inhibit the response of the receptor to ACh
may be explained by the fact that isoflurane alone is able to gate the o3, nAChR.
Because these studies were conducted in Xenopus oocytes, using slow perfusion
techniques and different protocols, it is unclear whether the inhibition is competitive
or noncompetitive.>?! The mechanism of inhibition will be clarified by further studies
with better kinetic resolution. Receptors that are highly expressed in the sympathetic
nervous system, composed of o, and [, receptors, are inhibited in a dose-dependent
manner by isoflurane and halothane.' Inhibition of nAChRs by volatile anesthetics
is by no means global. Inhibition of n-nAChRs expressed in the autonomic nervous
system is recapitulated by lumbar sympathetic and adrenal suppression as discussed
below.?® The o, homomeric receptors are not affected by up to two times MAC
isoflurane. Neither do all general anesthetics inhibit nAChRs in a clinically relevant
range. Propofol inhibits the o.; nAChR at only 1000 times its clinical ECs,

There have been few studies on the effects of general anesthetics on n-nAChRs
in vertebrate neurons. However, in the invertebrate snail, Lymnea stagnalis, a neu-
ronal nicotinic receptor has been shown to be inhibited by isoflurane.?! In bovine
chromaffin cells, the release of norepinephrine has been shown to be inhibited by
halothane via nicotinic inhibition.?® In addition, the ACh response of lumbar sym-
pathetic ganglia neurons is inhibited by isoflurane in a concentration-dependent
manner, with an ICy, near 0.5 MAC (P. Flood, unpublished observations). This
inhibition may contribute to the sympathectomy seen clinically with these drugs.

There have been several studies on the effect on volatile anesthetics on synaptic
transmission and transmitter release that have implicated a role in presynaptic inhi-
bition. This presynaptic inhibition may have several etiologies, including the inhi-
bition of an excitatory nicotinic response or the augmentation of an inhibitory GABA
or glycinergic input. Schlame and Hemmings have demonstrated that volatile
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FIGURE 13.3 Isoflurane inhibits peak current gated by ACh in oocytes expressing o3,
nAChRs. Concentration—response curve — increasing concentrations of isoflurane progres-
sively inhibit peak ACh-gated current. MAC refers to minimum alveolar concentration nec-
essary to immobilize 50% of subjects. Inset — raw current where larger current is control
response of a,, nAChR to acetylcholine at ECs,, and smaller current is in the presence of
640 uM isoflurane (two times MAC).

anesthetics inhibit glutamate release in cortical synaptosomes. Although they did
not identify the molecular basis of their findings, anesthetic inhibition of n-nAChRs
that are present on cortical synaptosomes might produce similar results. In the
hippocampal slice, volatile anesthetics have been shown to inhibit synaptic trans-
mission by a presynaptic mechanism insensitive to bicuculline (a GABA, receptor
inhibitor).? Inhibition of excitatory nicotinic input could be responsible for this
inhibition. In work with striatal synaptosomes, it has been shown that the release of
glutamate, GABA, and dopamine is inhibited and that this inhibition is at least
partially due to presynaptic nicotinic inhibition. Because the striatum is involved in
motor control and planning, this inhibition may result in the absence of movement
to surgical stimulus caused by volatile anesthetics.

13.5 MUSCLE-TYPE nAChR

Although earlier work on the muscle-type (and torpedo) nAChRs was originally
conceived as work on an ion channel model system, the muscle relaxant sparing
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effect of larger doses of general anesthetics may well be secondary to direct inhibition
at this receptor. The volatile anesthetic isoflurane inhibits the m-nAChRs at about
two to three times MAC.® Thus, one would expect partial blockade of the muscle
receptor at clinical concentrations, which would be additive with the competitive
inhibition caused by nondepolarizing muscle relaxants.

Although the concentrations of volatile anesthetics that cause inhibition of m-
nAChHR are higher than clinical concentrations, more information is available about
the mechanism of inhibition of the m-nAChR by volatile anesthetics than is available
for n-nAChRs. From measurements of the effects of isoflurane on the kinetics of
single-muscle AChRs in the presence of isoflurane it appears that this inhibition is,
at least in part, secondary to blockade ion conduction through the channel pore.®
Experiments utilizing site-directed mutagenesis have suggested that the portion of
the receptor that participates in channel block is located in the pore of the channel.!!
Propofol may also inhibit m-nAChRs by channel block, although this effect is not
seen until concentrations of greater than 100 times the clinical ECy,.° There is
evidence from experiments using spin labeling or agonists that rates of desensitiza-
tion of the m-nAChR are effected by isoflurane as well.?”

In summary, the n-nAChRs are a family of important excitatory receptor/ion
channels in both the central and autonomic nervous systems. The neuronal nAChRs
have recently joined the GABA, receptor family as exquisitely sensitive targets of
volatile anesthetics. Some neuronal forms of nAChRs are inhibited by volatile
anesthetics in a clinically relevant range. The physiologic and clinical consequences
of this inhibition to cerebral function and clinical symptoms are only now being
explored. Future research will reveal the mechanism and sites of anesthetic inhibition
of the n-nAChRs. A further challenge will be to tease out which anesthetic behaviors
result from an anesthetic effect on a particular ion channel target. Only with this
information will the mechanisms of general anesthetic action be elucidated.
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pathway characterization, 106

physiology and usefulness, 104

reaction to anesthesia, 105

relevancy to humans, 110-111

suppressor gene characterization, 109

unc-79 characterization, 108-109

unc-80 characterization, 107-108
differential sensitivity, 22-24
DNA and RNA structure, 98-99
Drosophila melanogaster studies

anesthesia resistant strains, 111-112

halothane resistant mutants, 112

multiple sites of action explanation, 112
future work, 116117
goal of experiments, 22
Homo sapiens anesthesia sensitivity, 115-116
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mapped genes, 99
molecular genetics
development of, 101-102
system model characteristics, 102
multiple binding sites assumption, 23
Mus musculus studies
sensitivity to N2, 114
susceptibility to alcohol, 114-115
mutation studies, 99-100
reasons for use, 96
relevancy to humans, 104-105
Saccharomyces cerevisiae studies, 102—104
sensitivity control, 97, 100
GH; cells, 164
GHb (glycated hemoglobin), 191
GluR 1-4 subunit, 237
GluR6 (recombinant kainate receptors), 235, 237,
238
Glutamate
metabotropic, 239
NMDA receptors and, 232
postsynaptic currents inhibition, 166
pressure and excitatory processes, 83—84
presynaptic effects of anesthetics, 238-239
release, 167
-stimulated MK-801 binding, 236
studies of response effects, 234
volatile anesthetics inhibition of transmission,
233-234
Glycated hemoglobin (GHb), 191
Glycine
NMDA receptors and, 232, 236
pressure and inhibitory processes, 81-82
receptor, 246
G proteins, 155
Gramine and pressure effects, 82
Guanosine triphosphate-activated proteins (GTP),
231

H

[*H]muscimol, see Muscimol
h,. curve, 204, 207, 208
Halogenated alkanes
chlorine/bromine substitutions, 134, 136
cycloalkanes, 136
fluorinated compounds development, 132—133
partially fluorinated, 133
perfluorinated, 133-134
Halogenated ethers use as anesthetic, 11
Halothane
AMPA interactions, 236-237
binding domain assignment, 52-53
binding site determination, 4647
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binding studies, 40, 44—45
Ca?* channel inhibition, 166
Ca?* release and, 168
cardiac Ca?* channels effected by
current amplitude depression, 158
inhibition of binding, 157-158
inhibition/reduction of current, 157
interaction with release channel, 160-161
lack of blockage from, 158-159
muscular, 161
myocardial contractility, 159-160
myofibrillar sensitivity depression, 158
vascular, 161
chloride uptake enhancement, 275
disadvantages to use, 136
excitatory neurotransmission depression,
234-235
flunitrazepam binding and, 278
GABA, receptor
activation and, 259
depression of, 260
studies, 249-252, 253-255
glutamate release inhibition, 238-239
ionic channels effects, 210
MAC in humans, 128
muscimol binding augmentation, 276-277
nAChHR inhibition and, 310
neuronal Ca?* channels effected by
adrenal chromaffin cell studies, 164-165
blockade effects, 162
inhibition of currents, 161-162
ligand binding studies, 165-166
sensitivities of specific types, 162—164
NMDA inhibition from, 235
NMDA receptor studies, 235-236
partition coefficient changes with temperature,
21-22
photolabeling of, 50-51
PMCA and
anesthetics requirements changes with,
191
inhibition of, 185, 190-191
reduction in action potential, 196, 197
population variability in sensitivity, 4
potassium channels effected by, 217-218
potency in DS mice, 283
potency order, 6
pressure reversal and, 76
quantal concentration-response curve, 2, 3
requirement reduction with age, 194
resistance in obese rats, 192—-194
SHR and, 192
smooth muscle effects, 224
stereoisomer studies, 17-20, 292-293
structure, 291

Molecular Bases of Anesthesia

har genes, 112
HAS (high-alcohol-sensitive) rats, 283
Helium (He) potency, 130
Hepatocytes, 167
Hexafluorodiethylether, 259, 261
High-alcohol-sensitive (HAS) rats, 283
High-pressure neurological syndrome (HPNS),
70,76, 78
High-voltage-activated Ca>* channels (HVA), see
L-type channels
Hill coefficient, 247, 255, 260, 307
Hippocampal brain slice, 161, 251
Hippocampal neurons, 162, 168, 260
Hippocampal pyramidal neurons, 249
Hippocampus and anesthesia effects, 255, 260,
263
Hodgkin-Huxley parameters, 207
Homo sapiens, see Humans
HPNS (high-pressure neurological syndrome),
70,76, 78
SHT3 receptor, 246
Humans
anesthesia sensitivity in, 115-116
anesthetic activity determination
amnesia, 129
end points, 128-129
Hump current, 257, 260
HVA (high-voltage-activated Ca?* channels), see
L-type channels
Hydrocarbons, 209
Hydrogen (H2)
potency of, 130
use as anesthetic, 11
Hydrogen bonds
protein secondary structure and, 55-56
protein thermodynamic stability and, 56
Hydrostatic compression, 70
Hyperglycemia, 191
Hyperinsulinemia, 193
Hypertension, 185, 192
Hyperthermia, malignant (MH), 108, 167

1C,,, 161, 162

Infrared spectroscopy
advantages/disadvantages to use, 60
nitrous oxide spectra, 58—59
protein spectra, 59-60

Inhibition processes
GABA-mediated, 79-80
glycine-mediated, 81-82
input adjustment, 7-8, 9
nonanesthetic affect on, 17, 18
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Inhibitory postsynaptic currents (IPSCs), 249,
250, 251, 260
Inhibitory postsynaptic potentials (IPSPs), 249,
251, 263, 295
Inositol 1,4,5-triphosphate (InsP), 155-157, 168
Insecticides, 215
Insulin levels and anesthetic resistance, 193
Inward rectifiers (K)), 222, 223
Ion channel protein
binding site hypotheses, 27-28
stereoselectivity studies, 294-295
IPSCs (inhibitory postsynaptic currents), 249,
250, 251, 260
IPSPs (inhibitory postsynaptic potentials), 249,
251, 263, 295
Isoflurane
AMPA interactions, 236-237
binding studies, 44—45
Ca?* channel inhibition, 166
Ca?* release and, 168
cardiac Ca?* channels effected by
current amplitude depression, 158
inhibition of binding, 157-158
inhibition/reduction of current, 157
interaction with release channel, 160-161
lack of blockage from, 158-159
muscular, 161
myocardial contractility, 159-160
myofibrillar sensitivity depression, 158
vascular, 161
chloride uptake enhancement, 275
end points, 128-129
flunitrazepam binding and, 278
GABA, receptor
activation and, 259
depression of, 261
studies, 249-252, 253-254
TM2 region and, 281
glutamate release inhibition, 238-239
insulin treatment effects, 192
ion channel stereoselectivity studies, 294-295
MAC changes, 8, 128
m-nAChRs inhibition, 312
muscimol binding augmentation, 276
nAChR inhibition and, 310
neuronal Ca?* channels effected by
adrenal chromaffin cell studies, 164—-165
blockade effects, 162
inhibition of currents, 161-162
ligand binding studies, 165-166
sensitivities of specific types, 162—-164
NMDA inhibition from, 235
optical isomers effects, 298
PMCA inhibition, 185, 191
potassium channels effected by, 217-218
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potency differences at GABA receptors, 295
potency order, 6, 13
pressure reversal and, 76
requirement reduction with age, 194
righting reflex values, 127
SHR and, 192
SR95531 binding inhibition, 277
stereoisomers of, 17-20
IPSPs and, 295
potency differences, 299-300
studies, 290291, 292
structure, 291
structure-activity relationships, 138-139
Isomers use as anesthetic, 138—139; see also
Stereoselective actions of anesthetics
Isopropyl methyl ethers use as anesthetic, 137
Isradipine, 157, 165, 298-299

K

K(S) (second-messenger-regulated potassium
channels), 223
K, (fast transient currents), 222, 223
K, (calcium-activated potassium channels), 222,
223
K (inward rectifiers), 222, 223
Ky (delayed rectifier channel), 217-218, 222
Kainate receptors, 231, 235, 237, 238
KATP (ATP-sensitive potassium channels), 223
Ketamine
effects of, 233
GABA-mediated inhibitory processes and, 80
potassium channels and, 218, 224
pressure reversal and, 76
Kinases, see Enzymes
Krypton (Kr)
potency of, 130
use as anesthetic, 11

L

Ligands
binding studies, 165-166
-gated channels, 307, see also Excitatory
amino acid (EAA) receptors
-gated ionophores, 246, see also GABA ,
receptor channel
Lipids
anesthetic action hypotheses, 2627
vs. protein controversy, 25-26
spin labeled, 53-54
Long-chain alcohols, 261
Long sleep mouse (LS), 281
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Low-voltage-activated Ca®" channels (LVA), see
T-type channels
L-type channels
described, 148
localization and function, 152
mediation of Ca?* currents, 162
neuronal inhibition and, 164
structure and properties, 150
Luciferase
criterion testing and, 10
differential sensitivity of, 24
GABA receptors mechanism and, 261
lack of isomer discrimination, 19
Meyer-Overton correlation and, 12—13
pressure reversal and, 20
LVA (low-voltage-activated Ca>* channels), see
T-type channels
Lymnea stagnalis (snails)
nAChR inhibition in, 310
stereoselectivity studies, 294-295

M

MAC, see Minimum alveolar concentration
Macroscopic kinetics and GABA receptors, 248
Malignant hyperthermia (MH), 108, 167
Margin of safety in binding, 14
Marine shrimp (Marinogammarus marinus), 77
M channels, 222
Membrane fluidity, 72
Mephenesin and pressure effects, 81
Metabotropic glutamate receptors, 239
Methane, 131
Methohexitone and pressure reversal, 76
Methoxyflurane
binding studies, 44—45
Ca?* release and, 168
MAC in humans, 128
neuronal Ca?* channels effected by
adrenal chromaffin cell studies, 164—165
blockade effects, 162
inhibition of currents, 161-162
ligand binding studies, 165-166
sensitivities of specific types, 162—164
potassium channels effected by, 217-218
potency order, 6
Methyl ethyl ethers use as anesthetic, 137
Meyer, Hans Horst, 11
Meyer-Overton correlation
criterion analysis
concentration and rank order, 13
discrimination between compounds, 17, 18
rank order of potency, 12-13
sensitivity of site of action, 14-15
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exceptions to
low/absent potency explanations, 16
nonanesthetic compounds, 15
hydrophobic binding environment
requirement, 12
MAC and oil/gas partition coefficient, 11-12
potency expression, 11
pressure effects equation, 73
MH (malignant hyperthermia), 108, 167
Microdialysis, 192
Microfluorimetric studies, 184
Minimum alveolar concentration (MAC)
anesthetic activity determination, animals
advantages to use, 125
CNS determinants, 126—127
control parameters, 125-126
standard for, 125
definition of one MAC, 2, 4
determining for unknown compounds, 15-16
EAA effects on, 233
Meyer-Overton correlation and, see Meyer-
Overton correlation
relationship with dissociation constant, 14
sensitivity of site of action and, 14-15
temperature dependence, 20-22
values table, 5-6
MK-801 binding, 236
M-nAChRs (muscle-type AChRs), 305, 307,

311-312
mRNA, 98, 184
Muscimol

binding enhancement, 297
GABA-mediated inhibitory processes and, 79,
276-277
Muscle relaxants
margin of safety and, 14
pressure effects and, 81
Muscles
Ca?* channel and, 161
excitation-contraction coupling, 152
Muscle-type AChRs (m-nAChRs), 305, 307,
311-312
Mus musculus genetics studies
sensitivity to N2, 114
susceptibility to alcohol, 114-115
Myocardial SR, 167
Myoglobin binding studies, 40
Myotonia, 215

N

Na+ channels, 166
Na/Ca exchanger, 180, 181, 183, 195
nAChR, see Nicotinic acetylcholine receptor
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Nematodes, see Caenorhabditis elegans
Neocortex, 264
Neon (Ne) potency, 130
Neurocalcin gene, 109
Neuronal Ca?* channels
adrenal chromaffin cell studies, 164—165
blockade effects, 162
inhibition of currents, 161-162
ligand binding studies, 165-166
sensitivities of specific types, 162—-164
Neuronal glutamate responses, see Glutamate
Neuronal nicotinic acetylcholine receptor
(n-nAChR), see Nicotinic acetylcholine
receptor (nAChR)
Neuronal plasma membrane Ca**-ATPase, see
Plasma membrane Ca?*-ATPase (PMCA)
Neuronal sodium channels, see Sodium channels
Neurosteroids, 261, 279
Neurotransmitter-regulated potassium channels,
see Potassium channels
Neutrophils, 167
Nicotinic acetylcholine receptor (nAChR)
criteria for anesthetic action involvement, 306
homologues, 307
muscle-type, 305, 307, 311-312
n-nAChR expression patterns
postsynaptic role, 308
presynaptic role, 308-309
studies overview, 305
subunit identity, 246, 307-308
volatile anesthetic activity, 310-311
Nifedipine binding, 157
Nitrogen (N,)
potency of, 130
use as anesthetic, 11, 124
Nitrous oxide (N,O)
infrared spectroscopy spectra, 58—59
inhibition of PMCA, 191
MAC in humans, 128
PMCA inhibition, 185
potency of, 130
potency order, 6
spin labeled, 53
N-methyl-p-aspartate (NMDA), see also
Excitatory amino acid (EAA) receptors
Ca?* regulation and, 154
GABA, receptor and, 264
PMCA studies and, 196
pressure effects and, 83—-84
role of, 231-232
subunit groups, 231-232
in vitro studies, 235-236
in vivo anesthetic interaction studies, 232-234
NMR ("F-nuclear magnetic resonance
spectroscopy), 44-45
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Noble gases, 129-130
Nonanesthetics
definition of, 133-134, 135
discrimination analysis, 17, 18
exceptions to Meyer-Overton correlation,
15-16
GABA, receptor studies, 258
Norepinephrine, 155, 310
Normoinsulinemic Zucker heterozygotes, 192
NRI1 subunits, 231-232
NR2 subunits, 231-232
N-type channels, 162, 164
Nuclear magnetic resonance spectroscopy
(NMR), 4445
Nucleus of the tractus solitarius, 255, 259, 260

O

Obesity and anesthetic resistance, 192—-194

Octane, 131

Olfactory bulb, 249

Olive oil use in experiments, 11, 16

Opioids, 155

Optical isomers, see Stereoselective actions of
anesthetics

Overton, Charles Ernst, 11

P

Partition coefficient (PCergas)s 6
changes with temperature, 21-22
gas chromatographic analysis of, 43
MAC and, 11-12
potency relationship, 11
PC12 (pheochromocytoma cells), 164
PE (phosphatidylethanolamine), 111-112
pecanex, 108
Pentobarbital, see also Barbiturates
benzodiazepine binding and, 278
GABA 3 subunit and, 281
GluR6 inhibition, 238
muscimol binding augmentation, 276
sodium channel function effects, 211
Pentobarbitone, 80, see also Barbiturates
Peptide mapping, 150
Perfluorinated alkanes, 16
Perfluoroethane, 133
Perfluoropropane, 133
Pharmacology of anesthetics
binding sites isolation difficulty, 1-2
chemistry
exceptions to Meyer-Overton correlation,
15-17
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Meyer-Overton correlation, see
Meyer-Overton correlation
stereoisomers, 17-20
structure, 11
conceptual models
ambiguity in, 9
consiousness vs. movement centers, 8, 9
discriminatory power of criterion, 10
excitatory and inhibitory inputs, 7-8, 9
generality, 10
unitary viewpoint, 10
genetics
differential sensitivity, 22-24
goal of experiments, 22
multiple binding sites assumption, 23
lipid hypotheses of anesthetic action, 26-27
lipid vs. protein controversy, 25-26
potency analysis
binding threshold determination, 2, 4
depth of anesthesia, 2—4
indication in animals, 4-5
MAC definition, 2, 4
MAC values table, 5-6
pressure effects
biogenic amines role, 78
cholinergic mechanisms role, 79
GABA-mediated inhibitory processes,
79-80
glutamate-mediated excitatory processes,
83-84
glycine-mediated inhibitory processes,
81-82
protein binding site hypotheses, 27-28
sites of action identification tools summary, 28
thermodynamics
pressure reversal, 20, 21
temperature effects, 20-22
Phenobarbital, see also Barbiturates
GABA,, receptor channel and, 278
GluR6 inhibition, 238
Phenylalkylamine binding, 157
Pheochromocytoma cells (PC12), 164
Phosphatases, see Enzymes
Phosphatidylethanolamine (PE), 111-112
Phosphoinositides, see Lipids
Phospholipase A2-activating protein (PLAP), 104
Phospholipid methylation (PLM), 185-186
Phospholipids, 53-54
Phosphorylation, 262
Photoaffinity labeling
advantages/disadvantages to use, 53
application to halothane, 50-51
binding domain assignment, 52-53
binding site identification with L-type Ca*,
150
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described, 49-50
Picrotoxin
cage convulsant binding and, 278-279
chloride uptake enhancement and, 275
GABA, receptor blocking, 263
GABA-mediated inhibitory processes and,
79-80
pressure effects and, 81, 82
Piriform cortex, 264
PLAP (phospholipase A2-activating protein), 104
Plasma membrane Ca?**-ATPase (PMCA)
anesthetic requirements changes, animals
in aged rats, 194
eosin studies, 194-196
in hypertensive rats, 192
insulin treatment effects, 192
with STZ-induced diabetes, 191
in Zucker obesity rats, 192-194
Ca® removal and
activity modification, 183
anesthetic inhibition of, 184—185
importance of removal role, 183
mechanism description, 180, 181, 182—183
mRNA isoforms, 184
Na/Ca exchanger, 180, 181, 183
Ca?* role in neurotransmission, 180, 181
future work, 196
inhibition by anesthetics in vitro, 190-191
interactions with PLM, 185-186
localization and function in CNS
histochemical activity assay, 188—189
immunolocalization, 186—-188
immunolocalization in neurons, 189—-190
in situ hybridization, 186
studies of anesthetics effects on, 196
PLM (phospholipid methylation), 185-186
PMCA, see Plasma membrane Ca?*-ATPase
(PMCA)
PMCA1 isoform mRNAs, 186
Point mutation, 98
Polarity of a compound and potency, 11
Polyamine site, 236
Polyhalogenated alkanes
low/absent potency explanations, 16
use as anesthetic, 11
Pompe's disease, 108
Potassium channels
anesthetic modification to
cellular currents, 224
characteristics of, 222
classes of, 222
delayed rectifier channel, 217-218, 222
non-delayed rectifier channels, 223-224
role of, 222-223
summary table, 219-221
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Ca?* activated, 222, 223
conductance, 202
current equation, 217
voltage-sensitive gates, 202-204
Potency of anesthetics
analysis of
binding threshold determination, 2, 4
depth of anesthesia, 2—4
indication in animals, 4-5
MAC definition, 2, 4
MAC values table, 5-6
differences between isomers, 299
expression of, 11
of inhaled anesthetics
hydrocarbons, 131-132
in small organisms, 127-128
low/absent explanations, 16
physiochemical theories of, 72
Pressure and anesthesia
background to studies, 70
cellular and molecular effects
on central synaptic transmission,
84-87
on peripheral synaptic transmission, 84
pharmacology of effects
biogenic amines role, 78
cholinergic mechanisms role, 79
GABA-mediated inhibitory processes,
79-80
glutamate-mediated excitatory processes,
83-84
glycine-mediated inhibitory processes,
81-82
pressure reversal
effects of, 20, 21
example of, 71
interactions with anesthetics, 7677
physiochemical theories, 72
pressure effects, 73-76
species variations, 77
site of action within CNS, 77-78
Propanidid and pressure reversal, 76
Propofol
benzodiazepine binding and, 278
GABA J3 subunit and, 281
GABA receptors and, 262
L-type channel inhibition, 157
m-nAChRs inhibition, 312
muscimol binding augmentation, 276
nAChR inhibition and, 310
sodium channel function inhibition, 211
TBPS binding inhibition, 279
Proteins
amphipatic pocket binding site hypotheses,
27-28
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anesthetic interaction studies
circular dichroism spectroscopy, 54—58
direct photoaffinity labeling, 50-53
electron spin resonance spectroscopy,
53-54
fluorescence spectroscopy, 45-49
gas chromatographic partition analysis, 43
infrared spectroscopy, 58—60
NMR spectroscopy, 44—45
principles of anesthetic-protein binding,
38-39
purpose of studies, 60
X-ray crystallography, 39-42
binding model with pressure effects, 75-76
Ca’* regulation and G, 155
Ca?* regulation and kinase C, 154
gene coding for, 102
infrared spectroscopy spectra, 59—-60
vs. lipids controversy, 25-26
principles of anesthetic binding to, 38-39
secondary structure studies, 54-56
spin labeled, 54
thermodynamic stability studies, 56-58
unfolding and stability, 5657
P-type channels
mediation of Ca?* currents, 162
PMCA and, 182
Purkinje cells, 162, 248
Pyramidal neurons, 248

Q

Quantal concentration-response curve, 2, 3
Quenching, 4647, 48

R

Radioligand binding studies
GABA, receptor channel
modulation at benzodiazepine site, 278
modulation at GABA site, 276-277
modulation of cage convulsant binding,
278-279
overview, 276
stereoselective actions of isoflurane and, 297
Recombinant kainate receptors (GluR6), 235,
237,238
Recombinate GABA ,, 279-280
Reserpine studies, 78-79
Restriction endonucleases, 101
Restriction fragment length polymorphisms
(RFLPs), 101
Ribonucleic acid (RNA), 98-99
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Righting reflex, 127, 233
Riluzole
effects of, 233
glutamate release inhibition, 239
RNA (ribonucleic acid), 98-99
Ro 15-4513, 283
R-type channel, 148
Ryanodine receptor complexes
Ca?* localization and function and, 152
Ca?* release and, 168
interactions with Ca2* release channel,
160-161
intracellular Ca’* storage and, 155-157
malignant hyperthermia and, 167

S

Saccharomyces cerevisiae (yeast), 102-104
Safety of anesthesia, 300-302
Sarcoplasmic reticulum (SR), 157, 159, 167
S channels, 222
Second-messenger-regulated potassium channels
(K(S)), 223
Sensitivity to anesthesia
in animals, 4-5
in humans, 115-116
SERCA (smooth endoplasmic reticulum
Ca**-ATPase), 180, 189
Sevoflurane
binding studies, 44—45
cardiac Ca?* channels effected by
current amplitude depression, 158
inhibition of binding, 157-158
inhibition/reduction of current, 157
interaction with release channel, 160-161
lack of blockage from, 158-159
muscular, 161
myocardial contractility, 159-160
myofibrillar sensitivity depression, 158
vascular, 161
GABA, receptor
activation and, 259
depression of, 260
studies, 255
MAC in humans, 128
potassium channels and, 223
potency order, 6
Short sleep mouse (SS), 281
SHR (spontaneously hypertensive rats),
192
Shrimp
anesthetic end point determination, 127
pressure reversal effects, 77
S-H vibration band infrared spectrum, 59
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Side effects of anesthesia, 284
Single-channel recordings, 248, 254
Site-directed mutagenesis, 261
Skeletal muscle
excitation-contraction coupling, 152
ryanodine receptors and, 156
Smooth endoplasmic reticulum Ca>*-ATPase
(SERCA), 180, 189
Snails
anesthetic end point determination, 127
nAChR inhibition in, 310
stereoselectivity studies, 294-295
Sodium channels
anesthetic modification of
block in neurons, 212, 215
correlation of actions, 215-216
mammalian neurons, 210-211
nonmammalian, 207-210
suppression of mammalian channels,
211-212,213-214
conductance, 202
current equation, 203
structure and function variability
characterization in mammalian CNS, 205
differences among isoforms, 205-207
gating scheme, 204
voltage-sensitive gates, 202-204
Sodium valproate, 79
Spectrin, see Proteins
Spermidine, 236
Spinal cord
anesthetic activity determination, animals,
126-127
anesthetics locus of action, 263
presynaptic inhibition from anesthetics, 249
Spinal ganglionic neurons, 215
SPM (synaptic plasma membranes), 190, 195
Spontaneously hypertensive rats (SHR), 192
Sprague-Dawley rats, 193
Squid giant axon, 207, 222
SR (sarcoplasmic reticulum), 157, 159, 167
SR95531, 276
SS (short sleep mouse), 281
Stereoisomers, see Stereoselective actions of
anesthetics
Stereoselective actions of anesthetics
chiral centers, 290, 291
criterion analysis, 19-20
described, 17-18
potency differences of isomers, 299-300
safety of anesthetics and, 300-302
use as anesthetic, 138-139
in vitro studies
GABA, receptors, 295-298
ion channels, L. stagnalis, 294-295
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voltage operated calcium channels,
298-299
in vivo studies in mammals
C. elegans, 293
desflurane and mice/rats, 291-292
interpretation of, 293-294
isoflurane and mice, 290-291, 292
tadpoles, 292-293
Streptozocin-induced diabetes (STZ), 185, 191
Striatal synaptosomes, 311
Structural isomers, see Stereoselective actions of
anesthetics
Structure-activity relationships of anesthetics
active vs. inactive anesthetics, 124
alkanes, halogenated
chlorine/bromine substitutions, 134, 136
cycloalkanes, 136
fluorinated compounds development,
132-133
partially fluorinated, 133
perfluorinated, 133-134
alkanes, potency of hydrocarbons
cycloalkanes, 132
normal alkanes, 131-132
unsaturated compounds, 132
anesthetic activity determination, animals
MAC standard, 125-127
potencies in small organisms, 127-128
righting reflex, 127
anesthetic activity determination, humans
amnesia, 124, 129
end points, 128-129
anesthetic gases, 129-131
definition of anesthesia, 124—125
ethers
carbon chain length/branching influences,
137-138
chemical substitutions influence, 138
convulsant, 139
isomers, 138-139
structural variations and sites of action, 129
Strychnine and pressure effects, 80, 81, 82
STZ (streptozocin-induced diabetes), 185, 191
Sulfur hexafluoride (SF6), 130
Surgical incision end point, 128
Synaptic plasma membranes (SPM), 190, 195
Synaptic plasticity, 264
Synaptic transmission
GABA receptors and, 248
pressure effects on central, 85-87
pressure effects on peripheral, 84
Synaptoneurosomes
GABA, receptor and, 275-276
glutamate release inhibition and, 166, 167
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n-nAChR effects and, 311
stereoselectivity studies using, 297

T

Tadpole studies, 70-71, 292-293
TBPS (#-butylphosphorothionate), 278-279
Temperature
effects of, 20-22
pressure reversal and, 20, 21
relevancy to experiments, 28
Tetrabromofluorescein (eosin), 194—196
Theta oscillations, 264
Thioethers use as anesthetic, 138
Thiopentone and pressure reversal, 76
Thyrotropin-releasing hormone (TRH), 164
Tirmx, 70
TM2 region, GABA receptor, 281, 282
Torpedo nobiliana, 52, 54
Trigeminal ganglionic neurons, 215
Tryptophan, 45
T-type channels
Ca?* localization and function and, 152
described, 148
mediation of Ca?* currents, 162
neuronal inhibition and, 164

U

unc-79
characteristics of, 108—109
identification of, 105-107
unc-80
characteristics of, 107-108
identification of, 105-107
Unitary viewpoint of anesthetics
amphipatic pocket protein binding site
hypotheses, 27-28
for conceptual models, 10
pressure reversal specificity, 76
Unsaturated compounds, 132

\%

Vascular effects of anesthesia, 161

Veratridine-evoked release, 166

Voltage-dependent potassium channels, 222

Voltage-gated ion channels, 202-204; see also
Calcium ion (Ca?*) channels; Potassium
channels; Sodium channels

Volume expansion and pressure effects, 75
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W

Wystar-Kyoto rats (WKY), 192

X

Xanthobacter autotrophicus, 40
Xenon (Xe)
anesthetics requirements changes with PMCA,
191
binding studies, 40
MAC in humans, 128
PMCA inhibition, 185, 191
potency of, 129-130
potency order, 6
requirement reduction with age, 194
use as anesthetic, 11
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Xenopus oocyte expression, 236, 237, 251, 258,
310
X-ray crystallography
advantages/disadvantages to use, 41-42
binding mechanism examples, 40-41
described, 39-40

Y

Yeast (Saccharomyces cerevisiae), 102-104

y4

Zucker obesity rat and anesthetic resistance,
192-194
zzz4 mutation, 103-104



