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The pump-leak hypothesis of general anesthesia proposes that anesthetics act by increasing the functional
proton permeability of membranes, particularly those of synaptic vesicles. Since transmembrane proton
gradients are required for neurotransmitter accumulation, decay of such gradients by an uncompensated
anesthetic-induced leak would result in loss of neurotransmitter from the vesicles, followed by synaptic block
and anesthesia. We have tested this hypothesis by determining the effect of four different general anesthetics
on the relative permeabilities of liposome membranes to protons and potassium ions. In all cases,
physiologically relevant levels of anesthetics caused a 200 to 500 percent increment in ionic permeability.
There was no marked preference for protons, suggesting that the anesthetics did not induce a leak specific
for this ionic species. Instead the anesthetics appeared to produce a more general defect available to both
protons and potassium ions which resulted in a functional increment in proton permeability. These
observations were compared with available data on proton transport rates by synaptic vesicle ATPase
enzymes. The magnitude of the anesthetic-induced leak could not be compensated by the ATPase, which is
only capable of a 40 percent increase in rate when uncoupled. We consider these results to be consistent with
the pump-leak hypothesis.

Introduction and is reversed by high pressure [9]. In addition,
any mechanism for general anesthesia must also be
able to account for cold narcosis, or anesthesia
without anesthetic [10]. It is observed that
anesthetic potency in whole animals, such as mice
and amphibian larvae, is proportional to the oc-

tanol/ water partition coefficient of a given

General anesthesia has proven refractory to
analysis at the molecular level, and several alterna-
tive mechanisms are being investigated. Most of
these are based on physicochemical parameters of
anesthetic-membrane interactions, such as

anesthetic effects on lipid bilayer fluidity [1], mem-
brane phase transitions [2], changes in membrane
dimensions (3], permeability changes in the lipid
bilayer [4,5), and protein interactions [6-8).
Anesthesia is induced by a variety of chemically
nonreactive species, suggesting low site specificity,

Abbreviations: Pipes, 1,4-piperazinediethanesulfonic acid;
FCCP, p-trifluoromethoxy carbonyl cyanide phenylhydrazone.

anesthetic. This suggests a nonpolar site of action
which could involve membrane lipids, membrane
proteins, or both [11}].

Although the actual site of anesthesia is still
unknown, for induction of both general and local
anesthesia action potentials must be interrupted
without disturbing the neuronal resting potential.
In the stellate ganglion of the cat, 10- to 20-fold
lower concentrations of a given anesthetic are re-
quired to block synaptic transmission than to block
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axonal action potentials [12,13]. Since this corre-
sponds to the approximate difference in anesthetic
concentrations needed to induce general and local
anesthesia [14), it follows that general anesthetics
may function by depressing synaptic transmission
of nerve impulses. Synapses vary in their sensitiv-
ity to anesthetics. The reticular activating system
and interneuronal elements are most sensitive and
the cardiovascular and respiratory systems are most
resistant to anesthetics. Therefore it is the pattern
of synaptic interruptions which produces whole
animal anesthesia [15].

Synaptic involvement suggests several possible
sites of action for anesthetics. For instance, it is
known that synaptic vesicles actively transport
protons in order to accumulate neurotransmitters.
Acetylcholine is concentrated in electric organ
synaptic vesicles of Torpedo ocellata, and as a
result of the proton transport, the internal pH is
about 5.2 [16]. Similar transmembrane proton
gradients may permit catecholamines to prefer-
entially distribute into adrenergic vesicles by an
unknown mechanism. Bangham et al. have pro-
posed a ‘pump-leak’ hypothesis in which general
anesthetics act by permitting the collapse of this
pH gradient [17]. More specifically, the pump-leak
hypothesis of anesthesia proposes that general
anesthetics increase the ionic permeability of
membranes such that membrane pumps are unable
to maintain normal ionic concentration gradients
across cellular membranes. As anesthetics increase
the functional proton permeability of these mem-
branes, the interior pH rises, leading to redistribu-
tion of the catecholamines, and presumably to
depression of synaptic activity and induction of
anesthesia [10]. It was found that general anesthet-
ics did, in fact, increase the proton permeability of
liposomes and caused catecholamine release from
isolated synaptic vesicles [17].

This concept specifically rests upon the en-
hancement of functional membrane proton per-
meability, and one may ask if anesthetics have a
general effect on cation permeability, or if the
effect is preferentially enhanced for protons. The
proton permeability of both biological and model
membranes is several orders of magnitude greater
than that of other ions, possibly due to Grotthuss
conductance through associated water molecules
within the hydrophobic portion of the bilayer [18].

Anesthetics increase both the amount of water in

the bilayer and the permeability of the bilayer to

water [19,20]. This is due to the increased random-
ness of membrane structure caused by anesthetics,
as demonstrated by studies using scanning
calorimetry, monolayer penetration, NMR, and
spin label techniques [2,21]. Do anesthetics simply
increase the total water content of membranes, or
could the relative amount of structured water be
increased as well? If general anesthetics cause in-
creased amounts of hydrogen-bonded water in the
bilayer, then one would expect that the relative
permeability to protons would undergo greater
increments than potassium permeability as
anesthetic concentration is increased.

In the present study, we have approached this
question by determining the effect of several gen-
eral anesthetics on the proton and potassium per-
meabilities of large unilamellar vesicles. We estab-
lished pH gradients across the vesicles in the pres-
ence of general anesthetics and developed a new
method for monitoring the decay rates of small
transmembrane pH gradients. Proton flux across
the membranes was calculated from the rate of
change in intravesicular pH based on the spectral
absorbance of encapsulated 6-carboxyfluorescein
(6-CF). We did not distinguish between protons
and hydroxide ions in these experiments, and pro-
tons should be regarded as proton equivalents in
the present discussion. Potassium flux was mea-
sured by monitoring the decay rates of transmem-
brane potassium gradients with an ion selective
electrode. In this way, we were able to compare
the permeability of protons to the permeability of
potassium ions in similar liposomes. We tested
n-butanol, chloroform, diethyl ether, halothane,
and, as a control, the nonanesthetic n-dodecanol
[14] by comparing the effects of these compounds
on the relative permeability of liposomes to pro-
tons and potassium ions. The validity of using
model membranes to study anesthesia has been
demonstrated by the correlations between the re-
sponses of whole animals, synaptic vesicles, and
liposomes to isopotent anesthetics [22]. A signifi-
cant question is whether the induced increase in
proton permeability is large enough to comprom-
ise the pH gradient being maintained by the mem-
brane pump. We addressed this question by com-
paring the induced proton leak to literature values



for the activity of the H* translocating ATPase of
synaptic vesicles {23].

Methods and Materials

Preparation of liposomes. For proton permeabil-
ity experiments, egg phosphatidylcholine and egg
phosphatidic acid (Avanti Inc., Birmingham, AL),
and cholesterol (Nu-Chek Prep) at mole ratios of
65:10:25, in a total of 30 pmoles, were combined
and the organic solvents removed by evaporation
under N,. Large unilamellar vesicles were formed
by reverse phase evaporation [24] in the following
manner. The lipids were redissolved in 3 ml di-
ethyl ether and 1 ml aqueous phase (0.2 M
K,S0,/0.19 M Pipes/5 mM EDTA/1 mM 6-
carboxyfluorescein, pH 7.0). The aqueous phase
was of sufficiently high osmotic strength to mini-
mize any minor osmotic effects. K ,SO, provided a
counter-ion (K*) to H* flux in the presence of
valinomycin [18] and an impermeant anion (SO} ™)
to preclude possible electroneutral movement of
protons, for instance, in the form of HCl [25]. The
lipids were vortexed and bath sonicated under N,
to a homogeneous dispersion. The 6-carbo-
xyfluorescein was previously passed over a LH-20
lipophilic column to remove hydrophobic contami-
nants [26]. The organic phase was removed by
rotary evaporation under reduced pressure in a
flash evaporator for 15 min, 2 ml aqueous phase
was added, and rotary evaporation continued an
additional 40 min. the vesicles were passed through
0.2 um pore polycarbonate filters followed by gel
filtration on a 1.5 X 20 cm Sephadex G-50 column
equilibrated with 0.33 M K,SO,, 5 mM EDTA,
and 1 mM Pipes (pH 7.0).

For potassium permeability experiments, a total
of 120 pmoles of the lipids in the same mole ratios
were prepared as described above, except that the
aqueous phase was 0.5 M KCi/10 mM Pipes-
Tris/0.5 mM EDTA (pH 7.0). The same evapora-
tion and sizing procedures were followed, and the
vesicles were filtered on a 1.5 X 35 mm G-50 Sep-
hadex column equilibrated with 0.5 M choline
chloride/10 mM Pipes-Tris/0.5 mM EDTA (pH
7.0). The choline chloride was previously recrystal-
lized from absolute ethanol to remove any amines
and ammonium salts present as trace contami-
nants.
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Experiments were performed at ambient tem-
perature, and the vesicles were 0.05 to 0.1 pm in
diameter, based on their trapped volume [27].

Proton flux measurements. Filtered liposomes in
aliquots of approx. 1 pmole lipid were combined
with valinomycin and aliquots of isotonic buffer
saturated with anesthetic. To establish a pH gradi-
ent, Pipes (pH 6.0) was added for a final con-
centration of 10 mM in 1 ml. The change in
intravesicular pH was monitored by measuring the
absorbance of 490 nm (A4,,) of the trapped 6-
carboxyfluorescein with a Perkin-Elmer A-3-spec-
trophotometer for 5 min. External pH was inde-
pendently measured with a glass electrode and pH
meter. Vesicular light scattering and A, were
measured by scanning the sample from 400 to 550
nm immediately following the kinetic experiment.

Calculation of proton permeability coefficients.
The absorbance spectrum of 6-carboxyfluorescein
is pH dependent such that the ratio of 4,9/ A4 45
is linear with pH from about pH 6 to pH 7, A4,
being isospectic [28]. This relationship is described
by the equation

PH =1.14- (A 499 /A 45 ) +4.71

determined by a separate experiment. Therefore,
from the rate of change in A4,4, one may calculate
the rate of change in intravesicular pH. From this,
J (proton flux may be calculated by the equation

J = (dpH/dt)-B-V/A

where dpH /d¢, calculated from the initial slope of
A 400 Vs. time, is the rate of change in pH; B is the
vesicular buffer capacity, determined indepen-
dently by acid-base titration of the aqueous phase;
V is the trapped volume of the vesicles, calculated
from the A, of a known volume of unfiltered
vesicles and of the sample; and A4 is the calculated
total surface area of the liposomes based on total
lipid present, assuming 0.7 nm? per lipid molecule
[29]. P (permeability coefficient) can then be
calculated from the equation

P = J/concentration gradient

The actual proton gradient is taken to be the
difference between the external pH, which is con-
stant once the gradient is established, and the
internal pH as determined by A .
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Potassium flux measurements. Filtered lipo-
somes In aliquots of approx. 2.5 pmoles lipid were
combined with isotonic buffer containing saturated
anesthetic, pH 7.0, for a total volume of 4 ml.
Leakage of trapped potassium was measured with
an ion selective electrode and a pH meter. The K*
electrode was calibrated with K* standards at each
time point during the 3 days of each experiment.

Calculation of potassium permeability coeffi-
cients. For the purposes of calculations, an ex-
ponential decay rate was assumed. The data points
were entered in a Hewlett-Packard 41C calculator
logarithmic curve fitting program. From the result-
ing equations, the initial slopes, representing the
rate of potassium efflux, were obtained by differ-
entiation of the log curves

[K¥]=a+b-Int
to
d[K*]/de=b/t

J (potassium flux) was calculated from the follow-
ing equation

7= (d[K* |/dr)/A

where d[K*]/d¢ is the initial slope and A4 is the
surface area of the liposomes. Permeability was
calculated in the same manner as for protons,
assuming an initial driving potassium concentra-
tion gradient of 0.5 M.

Results and Discussion

Proton permeability

Typical results for an anesthetic titration dem-
onstrating the collapse of a pH gradient, are shown
in Fig. 1. The decrease in A,y through time
reflects the influx of protons, which causes a de-
crease in intravesicular pH. As anesthetic activity
increased from 0 to 0.15, so did the rate of proton
influx. The activity of the anesthetic is defined as
C/C,, where C equals the concentration of
anesthetic in the sample and C, equals the con-
centration of anesthetic in a saturated solution.
Anesthetic activity has been shown to be propor-
tional to potency [12]. The clinically relevant
anesthetic levels for a variety of general anesthetics
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Fig. 1. Example of the response of encapsulated 6-carboxy-
fluorescein to proton flux induced by increasing anesthetic
concentrations. 6-Carboxyfluorescein was entrapped in lipo-
somes as described in Methods and Materials, and pH gradi-
ents ranging near half a pH unit were imposed by addition of
acid. The pH-dependent absorbance of the dye at 490 nm was
monitored, beginning about 3 s after the gradient was estab-
lished.- Valinomycin (135 ng/ml) was present to permit free
counter-ion flux of potassium so that proton diffusion poten-
tials did not interfere with intrinsic proton flux rates. In the
absence of anesthetic (top curve) a slow decrease in A,y
occurred, reflecting decay of the pH gradient due to passive
proton flux. As the anesthetic concentration was increased, the
rate of proton flux also increased. The anesthetic here was
n-butanol, but four other general anesthetics produced ‘similar
increments. Addition of the protonophore FCCP caused an
immediate collapse of the gradient (not shown). The liposomes
contained 0.2 M K,S0,, 0.19 M Pipes, 5 mM EDTA, 1 mM
6-carboxyfluorescein (pH 7.0). External solution was 0.33 M
K,S80,/5 mM EDTA /10 mM Pipes (pH 6.3).

range from 0.01 to about 0.1 activity [14,17]. The
anesthetic concentrations are presented in terms of
activity so that the effects of anesthetics with
widely differing water/octanol partition coeffi-
cients can be compared at equivalent potencies.
Fig. 2 shows the resultant permeability coefficients
obtained for the various anesthetics at different
activities. The proton permeability coefficient in-
creased from an average of 3-107% cm/s at 0
activity to 10-107% cm/s at 0.15 activity. All the
anesthetics had a remarkably similar effect on
proton permeability, with an enhancement of 2- to
5-fold in the clinical range. Diethyl ether con-
sistently had a more modest effect than theother
anesthetics, in accordance with the lower activity
commonly observed by other researchers [12]. Our
results are in excellent agreement with earlier stud-
ies of Bangham et al. using small unilamellar
vesicles [17]. At equivalent anesthetic activities,
they observed a 2-fold increase in proton permea-
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Fig. 2. Effect of anesthetics on absolute proton permeability.
Proton permeabilities were calculated from decay of pH gradi-
ents under conditions given in Fig. 1, using four general
anesthetics. Each point represents a mean value calculated
from at least three different experiments. Anesthetics used
included n-butanol (a), chloroform (O), diethyl ether (®), and
halothane (O). The activity parameter on the abscissa repre-
sents the decimal fraction of a saturated solution of anesthetic
in buffer and is a convenient way to take into account the
different partition coefficients of general anesthetics which
govern their actual concentrations in the membrane phase.
Saturated concentrations are: n-butanol, 1.0 M; diethyl ether,
816 mM; chloroform, 62 mM; halothane, 18 mM. The proton
permeability of liposomes prepared with a lipid: dodecanol
mole ratio of 40:1 as described in Methods and Materials is
shown at the lower right ().

bility, and we have extended this work to the
comparative investigation reported here.

Potassium permeability

Anesthetic titrations done with potassium
loaded vesicles resulted in enhanced potassium
efflux, as shown in Fig. 3. The average potassium
permeability coefficients for the various anesthet-
ics increased from 7-107!! cm/s at 0 activity to
18-10" " cm/s at 0.15 activity (see Fig. 4). These
permeability coefficients are 2 orders of magnitude
greater than typical reported values [4], but the
difference is likely due to real permeability dif-
ferences between large unilamellar vesicles and
small unilamellar vesicles, possibly caused by the
effects of differing radii of curvature. Overall, we
observed a 3-fold enhancement in potassium per-
meability in the clinical range, which is in qualita-
tive agreement with earlier work using multilamel-
lar vesicles [30] and small unilamellar vesicles [4,5].
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Fig. 3. Example of anesthetic effect on potassium ion flux. As
the concentration of anesthetic (n-butanol) increased, there was
a corresponding increment in potassium efflux measured by a
potassium selective electrode. Other anesthetics caused similar
increments. Liposomes contained 0.5 M KCl, 10 mM Pipes, 0.5
mM EDTA, pH 7.0. External solution was 0.5 M choline
chloride /10 mM Pipes/0.5 mM EDTA (pH 7.0).

n-Dodecanol controls

We chose n-dodecanol as a control because it is
homologous to n-butanol, and #n-alkanols with
more than 11 carbons are not anesthetic [7,9]. On
titrating a saturated #-dodecanol solution into our
liposomes, we observed no effect on permeability
(data not shown). It has been suggested that the
reason large alkanols are not anesthetic is due to
their extremely low solubility in water, making it
difficult to deliver sufficient quantities to the
anesthetic site [7]. To circumvent this difficulty, we
then incorporated n-dodecanol directly into the
liposomes during preparation. At a lipid to
dodecanol mole ratio of 40:1, Py« and Py fell
within the range of control values (0 activity of
anesthetic) obtained in the other experiments (see
Figs. 2 and 4). The mole ratios of lipid to anesthetic
at 0.05 activity are given in Table 1. Based on these
ratios and the decrease in concentration required
for nerve block as one goes up the n-alkanol series
(butanol 1072 mol/1 H,0, nonanol 10~° mol/1
H,0, Ref. 14), a mole ratio of 40:1 is clearly
sufficient to elicit an effect on membrane permea-
bility if such an effect exists at clinically relevant
levels. We suggest that the lack of anesthetic
capacity is due to a nonperturbing intercalation of
n-dodecanol within membranes.
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Fig. 4. Effect of anesthetics on absolute potassium permeabil-
ity. Potassium permeability was calculated from the efflux rates
measured under conditions given in Fig. 3, using four different
general anesthetics. Each point represents a mean value calcu-
lated from the results of three different experiments, Anesthet-
ics used are given in Fig. 2. The potassium permeability of
liposomes prepared with a lipid : dodecanol mole ratio of 40:1
is shown at the lower right (a).
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Fig. 5. Relative permeability increments induced by anesthetics
were calculated for protons and potassium ions by taking the
permeability coefficient in the absence of anesthetic as 1.0.
Each point represents the mean of at least three experiments
taken from the data shown in Figs. 2 and 4, and the shaded
areas represent the range of all values for the four anesthetics
studied. It is clear that anesthetics produce significant incre-
ments in the permeability of liposomes to both cations, with
the effect on proton permeability being somewhat greater.

TABLE 1

CONCENTRATIONS AND LIPID/ANESTHETIC RATIOS
AT 0.05 ANESTHETIC ACTIVITY

Anesthetic 0.05 anesthetic activity
Lipid /anesthetic Aqueous
(mole ratio) concn. (mM)
n-Butanol 20:1 50
Chloroform 25:1 10
Diethyl ether 30:1 163
Halothane 130:1 3.6

Anesthetic effects on the relative permeabilities of
H and K*

As an aid in the comparison of anesthetic ef-
fects on proton and potassium permeabilities, the
permeability coefficients were converted to relative
permeabilities (RP). RP equals P/P, where P is
an experimental permeability coefficient and P, is
the control value of P in a given experiment. Fig.
5 illustrates that the anesthetics appear to affect
both H* and K* permeability in a similar way and
to a similar extent; RPy+ increases 2- to 5-fold
and RPy - increases 3-fold, with RPy- consistently
higher than RP, .. Comparison of Fig. 2 and Fig.
4 reveals a discontinuity in the permeability incre-
ments at the low end of the activity scale which is
similar for both proton and potassium experi-
ments, a further indication that the permeability
increments result from a common cause. We pro-
pose that anesthetics create a defect in the bilayer
which can be used for the passive transport of
both protons and potassium ions. Alkanol
anesthetics have previously been shown to increase
the permeability of liposomes to water [20], and
since proton permeability is related to water per-
meability [31], it follows that proton permeability
should also be increased by anesthetics. Although
proton RP increases more than potassium RP, it
does not appear that anesthetics preferentially en-
hance a ‘proton-wire’ type of conductance under
these conditions. Flux, a measure of ionic conduc-
tance, for protons and potassium ions was re-
markably close under our conditions. Even though
proton concentrations and potassium ion con-
centrations differed by six orders of magnitude,
measured fluxes of both species were in the range
of 107" mol-cm™2-s”!. This reveals an ap-



proximate equivalence in the conductivities of these
two ionic species which is paralleled in biological
membranes [32]. Since previous work has shown
that general anesthetics decrease the cooperativity
between phospholipid molecules in dipalmitoyl-
phosphatidylcholine multilamellar vesicles [2,21],
it is possible that the increase in ionic permeability
results from a similar decreased intermolecular
cooperativity both in liposomes and biological
membranes.

Is anesthetic enhancement of lipid bilayer permeabil-
ity physiologically significant?

The present study confirms and extends previ-
ous observations that anesthetics increase lipid
bilayer permeability to cations. We have demon-
strated that anesthetics' do not produce a marked
enhancement of specific proton permeability, but
do increase the number of defects in the bilayer
which are used for passive flux of both protons
and potassium ions. We may now ask whether the
observed increments in Py are sufficient to de-
plete the catecholamine stores of synaptic vesicles.
Bangham et al. have shown that clinical levels of
general anesthetics will cause pH gradients to de-
cay in isolated synaptic vesicles [17], followed by
loss of catecholamine content. Since these vesicles
were not supplied with exogenous ATP to permit
active pumping, presumably only the leak compo-
nent of the pump-leak mechanism was oper-
ational, and it is not clear whether the vesicles
would lose their catecholamine content in vivo.
This question may be approached by considering
the H™ translocating ATPase of electric organ
synaptic vesicles. Anderson et al. [23] have de-
termined that these synaptic vesicles maintain a
proton gradient by means of a H™ translocating
ATPase, and that accumulation of acetylcholine
occurs by a H*/acetylcholine antiporter. The ac-
tive transport of protons by the ATPase is bal-
anced by a passive outward leak of the same
magnitude. When the outward leak is markedly
increased, for instance, in the presence of the
protonophore FCCP, the ATPase activity only in-
creases by about 40%. Under the same conditions,
active uptake of acetylcholine by a putative H*/
acetylcholine antiporter in the vesicles is com-
pletely inhibited, but stored acetylcholine is not
released [16]. These results indicate that the ATPase
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is normally operating at close to maximal activity
and is not able to compensate for the effects of the
protonophore, resulting in uncoupling of the pro-
ton pump and acetylcholine uptake. In the lipo-
some results reported here, the intrinsic proton
permeability increased 200% to 500% in the pres-
ence of anesthetics. It follows that the ATPase
may not be able to compensate for even modest
increases in membrane permeability. These ob-
servations are consistent with the hypothesis that
general anesthetics exert their primary effect by
causing decay of proton gradients in synaptic
vesicles, followed by loss of catecholamines.

The pump-leak hypothesis of anesthesia is at-
tractive for a number of reasons. First, it accounts
for whole animal responses to temperature changes
in the presence of anesthetics. Anesthetic potencies
decrease with increasing temperature in dogs and
goldfish [7,33], whereas anesthetic potencies in-
crease as temperatures drop below normal body
temperature [9]. According to the pump-leak hy-
pothesis, as temperature rises so does membrane
permeability, but the membrane pump, also hav-
ing a positive temperature coefficient, can com-
pensate for the enhanced permeability. Con-
versely, as temperature decreases, both permeabil-
ity and pump activity also decreases, but presuma-
bly the pump and metabolism slow down to such
an extent that they are unable to keep up with the
leak and cold narcosis ensues [10,33]. Second, the
hypothesis explains why lipid vesicles respond to
temperature increments and to anesthetics in a
similar way, but whole animals do not [33]. Mech-
anisms of anesthesia based on changes in mem-
brane fluidity, phase transitions, and simple per-
meability effects all predict an increase in potency
with an increase in temperature [7], and for model
systems such as small unilamellar vesicles,
anesthetic effects in fact increase with rising tem-
peratures [4]. Third, since anesthetics exert rela-
tively similar effects on cation permeability in
general, the pump-leak hypothesis can be invoked
not only for proton gradients but also for other
energetically maintained ionic gradients.

For instance, the calcium gradient across the
presynaptic membranes could also be affected by
general anesthetics. Synapses of giant squid neu-
rons have a large Ca’* current, indicating the
presence of many Ca®* channels [34]. A calcium
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ion influx is the primary signal for neurotrans-
mitter release [35], and proper levels of in-
trasynaptic calcium must be maintained for nor-
mal functioning [35]. It is interesting to note that
the synaptic delay of the frog neuromuscular junc-
tion, which 1s 0.5 ms at 20°C, increases to 7 ms at
2°C [26]. Since there is no increase in the time for
neurotransmitter to diffuse across the synaptic
cleft, we suggest that the increase in synaptic delay
is due to a diminished efficiency of the Ca’*
pump. This is exactly the effect one would predict
for cold narcosis based on the pump-leak hypothe-
sis of anesthesia. In addition, clinical levels of
general anesthetics have been demonstrated to af-
fect various membrane functions involving calcium.
For instance, anesthetics cause a release of Ca*™"
from the sarcoplasmic reticulum and a resultant
muscle contraction [14,37,38]; an increase in the
rate of miniature endplate potentials at the neuro-
muscular junction [14]; an increase in membrane
permeability to Ca?* [14]; and in malignant hyper-
pyrexia induced by general anesthetics, the
sarcoplasmic reticulum is apparently unable to
resequester Ca’* [38]. There are two likely ways
for anesthetics to affect Ca** distribution at the
synaptic level. First, they may simply cause an
increase in plasma membrane Ca’* permeability
which results in elevated intracellular Ca’™ levels
and an inappropriate miniature endplate potential
pattern, causing hyperactivity and then depressed
synaptic transmission as neurotransmitter stores
become depleted. Low doses of anesthetics have
been commonly observed to cause hyperactivity
[15]. Second, anesthetics may alter the molecular
environment of the Na*-Ca®" exchange protein,
the Ca’*-ATPase pump, or the Ca’* channel itself
such that the normal calcium gradient is com-
promised sufficiently to interfere with the function
of the Ca’* channel and resultant neuro-
transmitter release. These two hypotheses are not
mutually exclusive and validation of either awaits
experimental verification.

In conclusion, given the nonspecificity of gen-
eral anesthetic action, anesthetics may act by a
cumulative effect on various membrane functions
involving ion gradients coupled to nerve cell func-
tion. Confirmation of anesthetic effects on syn-
aptic vesicles does not rule out the possibility of
other physiological effects, and in future studies it

will be necessary to establish which of these effects
play primary roles in producing anesthesia.
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