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Peripheral effects of general anesthetic agents are defined in this review
as those effects exerted on organs and tissues outside the central nervous
system. On one level, they can be considered to encompass a multitude of
“side effects,” both desirable and undesirable in clinical anesthesia. In this
review, however, we are more concerned with assembling evidence, gar-
nered from studies of the actions of anesthetics outside the central nervous
system, which may provide us with some insight into the way these drugs
work in any living structure. Indeed, most of the investigation of the basic
actions of anesthetics has perforce been carried out in “peripheral” systems
because of their easier accessibility and simpler organization.

Anesthetics are also of considerable general pharmacological interest
since they probably act not by interacting with chemically specific tissue
“receptors” (1) but rather by affecting the function of living tissue in a
different, less specific way. General anesthetics include a wide variety of
drugs of differing chemical structures; specific antagonists are not known,
and there are remarkable correlations between certain physicochemical
properties of these drugs and some of their pharmacological actions. We
intend, therefore, to review some of the phenomena produced by anesthetics
in a variety of peripheral systems in an attempt to draw certain inferences
regarding the mechanism of action of this important class of drugs. We
shall not discuss the intermolecular forces which may be involved, since
that has been the subject of several recent reviews (2-6) and is covered in
this volume by the contribution of Cherkin.

Clande Bernard (7) was probably the first to recognize that the ability
to be “narcotized,” i.e. to undergo a reversible inhibition of biological ac-
tivity, is a general property of living matter, demonstrable in an amazing
variety of biological systems. For example, he observed that narcotic agents
reversibly inhibited the activity of Paramecia, phagocytosis, germination of
spores, and growth of yeast. His reports stimulated a great deal of investi-
gation over the ensuing 50 years. The results are summarized in Winter-

! The survey of the literature referted to in this review was concluded in July,
1968. The authors apologize for any omissions which may have resulted from either
limitations of space or oversight.
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stein’s monograph (8) which is highly recommended for anyone who
wishes to inform himself of this extensive, and quite fascinating, albeit
qualitative, body of work. For example, the biphasic nature of the action of
anesthetics was pointed out by Johannsen (9) who demonstrated in 1902
that the inhibitory effect of anesthetics on germination and plant growth
was preceded by a stimulatory effect.

GrowTH AND FuncTioN oF RELATIVELY UNspeciaLizep CeLLs

The study of “narcosis” in single cells and other relatively simple sys-
tems continues to intrigue investigators, who are often apparently unaware
of their predecessors. Among the more recent studies is the demonstration
that xenon inhibits the movement of Paramecia (10) and that the helium
group gases (11, 12) and nitrous oxide (13) inhibit the growth of the mold,
Newrospora crassa. In Neurospora, xenon and krypton, but not helium, re-
versibly inhibit protoplasmic streaming (14).

Of somewhat greater interest is the recent observation (15) that expo-
sure to both halothane and ether reversibly abolished motion and proto-
plasmic streaming in the giant amoeba, Chaos chaos. The protoplasm was
segmented into two distinct zones, a central granular area and a peripheral
clear zone, with the latter developing a positive charge of 65 mV with re-
spect to the central zone in the absence of an identifiable membrane. The
authors speculate that the anesthetics interact with colloidal elements of the
cell plasma to change its structure and create an electrochemical potential.
This “stiffening” of the cytoplasm, also seen in leukocytes i# vivo in the bat
wing, was suggested as the mechanism whereby halothane abolishes the ex-
travasation of leukocytes into the peritoneal cavity of mice in response to
endotoxin (16). These actions may be of importance in the microcirculation
and in the response to injury.

Another area of recent interest is the effect of anesthetics on cell
growth and division. Gormsen in 1955 (17) described the development of
thrombocytopenia and agranulocytosis in a patient with tetanus, treated by
the prolonged administration of nitrous oxide. The inhibition of granulo-
poiesis by various anesthetics has subsequently been confirmed in both ani-
mals (18-21) and man (22). Indeed, nitrous oxide has been found to re-
duce the white cell count in patients with myelogenous leukemia (18, 23).
In cell cultures of myocardial myoblasts of the mouse embryo, nitrous oxide
was shown to be cytotoxic, inhibiting mitosis and inducing chromosomal ab-
normalities (24). The helium group gases and nitrous oxide also depress
the growth of tissue cultures of HeLa cells in dircct proportion to the lipid
solubility of the gases (25). Fink & Kenny (26) have recently reported
that chloroform, ether, fluroxene, halothane, methoxyflurane, trichlo-
roethylene, and nitrous oxide all slow the growth of mouse heteroploid cells
in tissue culture. In addition, various anesthetics have been shown to inhibit
the growth of certain tumors (27, 28), to depress immune responses (29),
and to be teratogenic in chick embryos (30, 31).



Annu. Rev. Pharmacol. 1969.9:273-296. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 12/16/11. For personal use only.

THE PERIPHERAL EFFECTS OF ANESTHETICS 275

Another cell in which anesthetics have been studied is the erythrocyte.
The biphasic nature of the effects of anesthetics on the red cell membrane
was pointed out by Traube in 1908 (32). Low concentrations of anesthetics
inhibit hemolysis by hypotonic solutions, whereas high concentrations by
themselves produce hemolysis. This subject was recently reviewed by See-
man (33) under the heading “Membrane stabilization by drugs.” Seeman
pointed out the correlation over a wide range of absolute concentration be-
tween potency as a narcotic and potency in stabilizing against hypotonic
hemolysis (34). The actions of anesthetics on transfer mechanisms in the
red cell membrane were reviewed by Greene & Cervenko (35) who con-
cluded that anesthetics may act as competitive penetrating inhibitors of glu-
cose transport in a way as yet undefined but not related to stabilization of
the membrane, to effects on metabolic processes, or to interaction with
sulfhydryl or amino groups in the membrane.

The effects of anesthetics on sodium transport mechanisms in the short-
circuited toad bladder are similarly complex. Andersen (36) found that hal-
othane depressed sodium transport, cyclopropane and nitrous oxide stimu-
lated it, while ether had a biphasic action. The stimulatory effect of cyclo-
propane was later found to be synergistic with that of epinephrine and an-
tagonized by alpha adrenergic blocking drugs (37). On the basis of these
findings, it was proposed that anesthetic stimulation of sodium transport
represented an effect on alpha receptors, whereas the depression was the re-
sult of a direct action at another site. At high pressures, nitrous oxide (38),
xenon, and krypton (39) inhibit sodium transport with a linear relationship
between the effective pressure and the polarizability of the gases.

This brief review of the actions of anesthetics on various cellular func-
tions merely introduces the enormous amount of investigation and the fasci-
nating variety of effects that have been uncovered. Despite this, however,
the nature and significance of these actions remain unknown.

ELECTRICALLY EXCITABLE MEMBRANES

The fact that general anesthetic agents can block impulse conduction in
peripheral nerves was recognized as long ago as 1881 when Szpilman &
Luchsinger (40) showed that ether, chloroform, and ethanol blocked con-
duction in frog nerves. However, by raising stimulus strength, a response
could still be elicited from the region of the nerve exposed to the anesthet-
ics at a time when the response to a stimulus applied outside the narcotized
region was already blocked, suggesting that the nerve was not depolarized by
the anesthetics. Winterstein (8), in 1919, concluded that “undoubtedly” the
reversible decrease in excitability of nervous tissues produced by narcotic
agents was associated with a decrease in permeability, while the irreversible
“toxic” effect of narcotics was associated with an increase in permeability.
He stated that “further insight will only be possible when we understand
better the processes of excitation.” Studies from that point up to the advent
of transmembrane electrical recording were reviewed in 1952 by Toman
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(41). It had been established by Kato (42), that narcotic-induced block in
single nerve fibers was all-or-none and not due to decremental conduction.
Again, excitability in the narcotized area was depressed, but this could be
overcome by an increase in stimulus strength. More recently, block of con-
duction by chemically inert gases has been reported (39, 43, 44). Skou (45)
observed a close parallelism between the blocking dose of several alcohols
and their ability to penetrate monolayers of nerve lipids.

The introduction of techniques for measuring transmembrane poten-
tials or currents in single nerve fibers, the so-called voltage clamp tech-
nique, and the formulation of a complete hypothesis of the processes of ex-
citation and conduction by Hodgkin and Huxley have set the stage for a
new level of understanding of the effects of anesthetics.

However, evidence concerning the precise mechanism by which anes-
thetics block nerve conduction is still surprisingly scanty. Thesleff (46), in
an early study of several nonvolatile anesthetics in frog skeletal muscle, re-
ported no change in resting potential and no decrease in resting transmem-
brane resistance at a time when excitability was decreased, the rate of rise
of the action potential was reduced, and conduction was blocked. He attrib-
uted these effects to a decrease in the rise of sodium conductance of the
membrane which follows stimulation. His results were confirmed and ex-
tended to cther and to alcohol by Inoue & Frank (47, 48) who also showed
that increasing the extracellular sodium concentration readily overcame the
effects of the anesthetics. Modern electrophysiological methodology has
been brought to bear on the question only recently and only for alcohols.
Moore, Ulbricht & Takata (49), in a study of membrane currents in the
squid axon with the sucrose gap technique and voltage clamp, observed that
ethanol reduced both the maximum sodium and potassium conductances;
Armstrong & Binstock (50), using coaxial clectrodes, found sodium con-
ductance much more affected than potassium conductance. Both groups re-
ported that the kinetics of the conductance changes (time to peak of the
early current, time course of sodium inactivation) were unaltered. Recently,
barbiturates (sodium pentobarbital, sodium thiopental) were found to exert
similar effects on lobster axons (51). Changes in sodium and potassium
conductances during excitation, and the rate of conductance “turn-on” were
reduced. The author concluded that the effect was probably not secondary
to an action on cell metabolism because exposure of the membrane area to
low pH antagonized the changes. Furthermore, he suggested that the bar-
biturate in its anionic form dissolved in the membrane lipids and thus af-
fected binding of Ca** and ionic permeabilities. No similar study of volatile
anesthetic agents is known to the reviewers.

In view of the parallelism between lipid solubility and anesthetic potency
of the commonly used anesthetics, it is of interest to summarize briefly the
effects of drugs of differing solubilities on membrane conductances in crus-
tacean axons. The compounds of one group have relatively specific effects
on these axons. For example, tetrodotoxin selectively blocks the early



Annu. Rev. Pharmacol. 1969.9:273-296. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 12/16/11. For personal use only.

THE PERIPHERAL EFFECTS OF ANESTHETICS 277

change in sodium conductance accompanying the action potential and only
when applied to the outside of the membrane (52, 53). Both tetraethylam-
monium (54) and cesium ions (55) specifically block the late potassium
conductance changes and only when applied to the inside of the membrane.
All three of these agents are insoluble in lipid media.

By contrast, lipid soluble agents are less specific. Procaine, for example,
blocks both early and late ionic currents (56) and works from either the
inside or the outside of the membrane (53). Allethrin, a lipid-soluble pyr-
ethrin derivative, resembles procaine in these respects (57).

Thus, while it has been clearly shown that the sodium and potassium con-
ductance changes can be separated and specifically inhibited, lipid-soluble
blocking drugs affect both processes in a seemingly nonspecific way. It
would be surprising if inhalation anesthetics did not resemble the lipid-solu-
ble agents in their effects on excitable membranes. That this is true for
those narcotic agents that have been investigated has been reported above
(49-51). The clinically useful inhalation anesthetics remain to be studied.
There are some investigators who have already concluded that local anes-
thetics, general anesthetics, and perhaps other central nervous system depres-
sants all share a common mechanism of action (58, 59). This hypothesis,
though obviously stimulating, requires much more experimental scrutiny.

ELECTRICALLY INEXCITABLE MEMBRANES; SYNAPTIC AND RECEPTIVE
MEMEBRANES

The observations of the preceding section are very important for our
understanding of the actions of anesthetics and narcotics on membranes in
general and on the processes of electrical impulse generation and conduc-
tion. However, it has long been known that electrically excitable membranes
and conductive processes in the nerveus system are not as vulnerable to in-
hibition by anesthetic agents as are synaptic events. This was pointed out,
for example, by Larrabee & Posternak in 1952 (60) who showed that syn-
aptic transmission was blocked by anesthetics in significantly lower concen-
trations than those needed to block axonal conduction.

Neurohumoral transmission is a complex series of events involving the
presynaptic nerve endings (impulse conduction, transmitter synthesis, stor-
age, transport, and release), the transmitter in the synaptic cleft (enzymatic
destruction, reuptake), and events at the subsynaptic or receptive membrane
(transmitter-receptor interaction, changes in the properties of the chemi-
cally excitable membrane, and changes in the adjacent electrically excitable
membrane, which may affect the generation of conducted impulses). In addi-
tion, in interpreting the actions of drugs in these systems, one must be
aware of the possibility of direct drug actions on the effectors themselves.

The differences between electrically excitable and electrically inexcitable
membranes have been stressed especially by Grundfest (61-63). Some syn-
aptic or receptive membranes do not respond to electrical depolarization
with an all-or-none regenerative action potential but rather, in many cases,
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these membranes are sensitive to chemical substances, often transmitters re-
leased by adjacent nerve terminals. IFor our purpose, it is enough to state
that chemical agents (transmitters) produce graded responses in such mem-
branes. Conducted spikes may result if the membrane is mixed with or adja-
cent to electrically excitable areas. Selective block of the sodium system by
tetrodotoxin has been used recently with considerable success to separate
more clearly the two types of membranes (64-67).

Another concept has to be kept in mind in interpreting experiments deal-
ing with synaptic processes. Although the response to a transmitter may be
graded, the conducted response of adjacent electrically excitable membrane
is not. The amount of transmitter normally released may be many times in
excess of the amount which would just produce a threshold depolarization,
and an all-or-none response. This type of synaptic system is then relatively
insensitive to minor alterations, up or down, of the amount of transmitter
released or to changes in postsynaptic sensitivity. This “margin of safety”
has recently been investigated for the neuromuscular system by Paton &
Waud (68). On the other hand, suitable effector systems which respond to
chemical agents with graded responses (e.g., some smooth muscles, slow
striated muscles) may be used to advantage with proper precautions.

Cholinergic systems—There is only one report indicating that the vola-
tile anesthetic agents, chloroform and ether, depress the release of acetyl-
choline measured directly in electrically stimulated guinea pig intestine
(69). In the same study, it was found that the responses to ACh and KCl
were also depressed. When doses of hyoscine and anesthetics, which pro-
duced the same depression of the response to electrical stimulation, were
tested for their antagonism to acetylcholine, hyoscine caused a greater
depression of the dose ratio than did the anesthetics. In another study, in
isolated guinea pig intestine (70), Rang found a similar depression of
smooth muscle response by anesthetics. Both authors also found stimulatory
effects which were antagonized by cholinergic blocking agents but not by
hexamethonium and antihistaminics and were thus ascribed to actions on in-
trinsic postganglionic nerves.

The effects of halothane, ether, and thiopental on guinea pig tracheal
rings were studied by Fletcher, Flacke & Alper (71). The anesthetics by
themselves caused relaxation and antagonized the response to ACh and to
histamine. The interaction of these agonists and the anesthetics were com-
patible with a physiological and not a pharmacological antagonism.

In these studies the effector organs were smooth muscle and the ACh
effect was muscarinic. Torda in 1943 (72) studied the effects of ether and
chloroform on the mechanical response to ACh of frog rectus abdominis
muscle, a nicotinic preparation capable of graded response. She found a
marked potentiation, as did Sachdev, Panjwani & Joseph (73), who also ob-
served that the presence of an anticholinesterase agent did not alter the po-
tentiating effects of the anesthetics. It was concluded that the mild anticho-
linesterase activity of the anesthetics was not the cause of the potentiation.

Adrenergic sysiems.—There is general agreement that cyclopropane
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enhances the response of various organs and tissues to norepinephrine.
Gravenstein, Sherman & Andersen (74) showed this in the nictitating
membrane of the cat. A similar phenomenon was demonstrated by Price &
Price (75) in rabbit aortic strips where cyclopropane increased the response,
not only to norepinephrine, but also to 5-hydroxytryptamine, histamine, and
angiotensin. Baez & Orkin (76) showed an enhanced reactivity of the mi-
crocirculation to epinephrine during cyclopropane anesthesia. In man,
McArdle & Black (77) demonstrated a marked potentiation during cyclo-
propane anesthesia of the vasoconstrictor response to the intraarterial injec-
tion of norepinephrine. By contrast, the response of aortic strips (75) and
forearm vasculature (78) to norepinephrine was decreased by halothane.

Emerson & Massion (79) found that both cyclopropane and halothane
caused vasodilatation in innervated as well as in denervated forelimbs of
dogs. Cristoforo & Brody (80) in a comparison of cyclopropane and halo-
thane concluded that halothane decreased the responsiveness of vascular
smooth muscle to norepinephrine whereas cyclopropane produced no
change. In a second study by the same authors (81) in the isolated perfused
dog gracilis muscle, both halothane and cyclopropane produced vasocon-
striction unaffected by alpha adrenergic blockade. The direct effect of halo-
thane was vasodilatation which was apparently masked by the liberation of a
vasoconstrictor substance from the hypophysis. The direct effect of cyclo-
propane was that of a stimulant producing vasoconstriction, not mediated
by the release of catecholamines.

Another system in which the interaction of anesthetics and norepineph-
rine has been studied is the heart. Flacke & Alper (82), in the heart-lung
preparation of the dog, demonstrated that halothane exerted a physiological
antagonism to the chronotropic effects of infused norepinephrine in the
lower part of the dose-response curve, but a potentiation of the response to
high rates of norepinephrine infusion. Similar results with both halothane
and cyclopropane were obtained by Garfield et al. (83) in spinal dogs with
stimulation of postganglionic sympathetic nerves. These observations were
confirmed by Price et al. (84) in the intact open-chest dog. Naito & Gillis
(85) in isolated atria found no change in the response to norepinephrine
or sympathetic nerve stimulation in the presence of either cyclopropane or
halothane, but these authors studied only low frequencies of stimulation.

In attempts to explain the altered response to norepinephrine, a few
studies have been directed at elucidating what effects, if any, anesthetics
might have on the disposition of catecholamines. Li, Laasberg & Etsten
(86) found an increase in norepinephrine content of the heart after ether
and cyclopropane anesthesia. The possibility that cyclopropane interferes
with catecholamine biotransformation was studied by Gardier, Endahl & Ha-
melberg (87) who found a 29 per cent reduction in the in vitro transforma-
tion of epinephrine to metanephrine by catechol-O-methyltransferase from
rat liver, but this was in the presence of an atmosphere of 100 per cent
cyclopropane.

Another possibility, that of a cocaine-like action of the anesthetics pre-
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venting reuptake of norepinephrine into the adrenergic nerve endings, was
not supported by the work of Ngai, Ozernitsky & Diaz (88) and Price et
al. (84), who found no increase in the norepinephrine content of coronary
sinus blood during either cyclopropane or halothane anesthesia. Price and
co-workers (84) also observed that cyclopropane anesthesia did not affect
the ability of the heart to extract infused norepinephrine. More direct evi-
dence against a cocaine-like action was obtained by Naito & Gillis (85)
who found that anesthetics had no effect on the uptake of labeled norepi-
nephrine by rat ventricle slices.

Thus, there is evidence for a direct depressant effect, especially of halo-
thane on intestinal, tracheal, and vascular smooth muscle. As for the influ-
ence of anesthetic agents on the actions of agonists, both depression and
potentiation have been observed in different systems and with different an-
esthetics, but there is no evidence for specific interaction at the same recep-
tor. The work that has been done suggests that the anesthetics influence
events beyond the receptor, as indicated by the fact that different agonists
are often similarly affected. This conclusion is tenuous and studies to sup-
port or reject it are overdue.

Ganglionic transmission—The effect of anesthetics on synaptic trans-
mission has been studied extensively in peripheral ganglia, particularly in
the cervical sympathetic ganglia of the cat, rat, rabbit, and dog. Many of
the early studies of anesthetics in this system used, as an index of degree of
blockade of ganglionic transmission, changes in the amplitude of the action

" potential in the postganglionic nerve.

In a series of papers in 1952 (60, 89, 90), Larrabee and co-workers dem-
onstrated that anesthetics selectively inhibited synaptic transmission in sym-
pathetic ganglia, both isolated and in situ. The concentration of anesthetic
which blocked axonal conduction was never more than ten times that which
blocked the synapse, a much less specific effect than that of nicotine, for
example. They pointed out several important features of the action of anes-
thetics. The response to high-frequency stimulation was much more readily
blocked than that to single stimuli. When the control response was small,
anesthetic depression was more readily demonstrated. Transmission over
the fastest conducting fibers was more sensitive to the anesthetics than that
over the slower fibers. They conclusively established, then, the importance
of rate and magnitude of nerve stimulation in determining the response to
anesthetics.

A similar study in the cat cervical ganglion iz sitw (91) demonstrated a
concentration-dependent depression of ganglionic transmission by ether.
Again, the fewer the preganglionic fibers stimulated, the greater the sensi-
tivity to block by ether. Thiopental had no effect, cyclopropane only a weak
effect.

With the advent of halothane and its pronounced effects on the circula-
tion, there developed a new interest in the actions of anesthetics on gan-
glionic transmission. Initial reports (92, 93) suggested, on the basis of indi-
rect evidence, that halothane blocked ganglionic transmission.
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Biscoe & Millar (94) compared the effects of halothane, ether, and cy-
clopropane in various ganglia of the cat and of the rabbit using a technique
of single preganglionic stimuli of varying intensity, and measuring the
height of the elicited postganglionic action potential. They found significant
blockade of ganglionic transmission by all three anesthetics. By contrast, L4,
Gamble & Etsten (95) found in the dog that halothane had no effect on
postganglionic action potentials while stimulating preganglionically at con-
stant frequency over a range of voltages.

Price & Price (96, 97) investigated in dogs the ganglionic actions of
halothane, cyclopropane, and nitrous oxide using as an index of ganglionic
block the difference between the heart-rate response to preganglionic and
postganglionic sympathetic nerve stimulation. They found that 1 per cent
halothane produced approximately a 40 per cent block of transmission and 2
per cent produced an 80 per cent block. Cyclopropane also produced a defi-
nite block, but it was not as potent as halothane. Nitrous oxide had an effect
in only one animal. The interpretation of these data is difficult since all the
dogs received atropine and no account was taken of the altered response to
postganglionic stimulation (83).

It has recently been found that in the cardiac sympathetic ganglia of the
dog and cat two cholinergic pathways exist in parallel : one which is labeled
“nicotinic” since it is susceptible to blockade by agents such as hexametho-
nium and mecamylamine, and a second “muscarinic” pathway susceptible to
block by atropine (98, 99). With this situation in mind, the effects of sev-
eral anesthetic agents on transmission in the cardiac sympathetic ganglia
were investigated in our laboratory (83). It was found that both ether and
halothane in clinical concentrations blocked transmission as determined by
the difference between heart rate responses to preganglionic and to post-
ganglionic stimulation over a wide range of frequencies. The effect was
markedly increased by small doses of atropine. It was concluded that the
presence of the muscarinic system “masked” the effect of the anesthetics on
transmission. Since the muscarinic system operates at higher frequencies of
stimulation than does the nicotinic system, the influence of atropine is espe-
cially marked at these frequencies. Another important factor is the observa-
tion that halothane, but not ether, increased the response to high frequency
postganglionic sympathetic stimulation. The response to preganglionic nerve
stimulation in the presence of halothane was thus a balance between the in-
crease in postganglionic response and the depression of the ganglion. Cyclo-
propane was found to behave like halothane in that it both potentiated the
response to postganglionic nerve stimulation and blocked ganglionic trans-
mission. We were unable to demonstrate any effect of nitrous oxide. From
these experiments, we concluded that halothane, ether, and cyclopropane
block transmission through the cervical sympathetic ganglion of the dog by
acting primarily on the nicotinic system.

The peripheral sympathetic ganglion has proven to be a fruitful experi-
mental model in which to study the effects of anesthetics on synaptic trans-
mission. Unfortunately, it is often forgotten that both rate and intensity of
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stimulation by themselves will alter the apparent response to anesthetics.
Further, the attempt to derive quantitative data from either simple mea-
surements of action-potential amplitude or response of heart rate to pregan-
glionic stimulation alone is not adequate.

From the available data, we cannot specify the site of action of anes-
thetics within the ganglion. The two most likely possibilities are a decrease
in transmitter release from the presynaptic nerve ending or an altered sen-
sitivity of the post-junctional neuron to the transmitter. Studies of the ef-
fects of ether on monosynaptic pathways in the spinal cord (100-102) and
of ether and halothane at the neuromuscular junction (103-105) support
the latter alternative. Similarly, current investigations in our laboratory
(106) have shown that halothane shifts the dose-response curve to in-
tra-arterial injection of various ganglionic stimulating drugs, thus support-
ing a postsynaptic site of action.

The observations of the French group of investigators in ganglion cells
of Sepia, Aplysia, and Helix have contributed much to our knowledge of
the action of volatile anesthetics (107-112). A summary of this work has
appeared in English (113). These investigators showed with transmem-
brane recording techniques that ether, chloroform, and halothane caused a
biphasic change in the membrane potential, membrane resistance, excitabil-
ity, and rate of spontaneous discharge. The initial event was a very brief
depolarization followed by hyperpolarization. Excitability changed accord-
ingly. Membrane resistance decreased continuously, as estimated from mea-
surement of membrane potential change resulting from application of trans-
membrane current pulses. Excitatory postsynaptic potentials, evoked by
stimulation of afferent nerve fibers, were abolished by the anesthetics before
the somatic response to direct stimulation. The most resistant phenomenon
was the excitation of the cell by antidromic stimulation. Narcotics also af-
fected, to a different degree, the responses of a single cell to stimulation of
two different afferent nerves.

Neuromuscular junction.—The effects of anesthetics at the neuromuscu-
lar junction have been relatively carefully studied and are therefore of
great interest in terms of insight into actions of these drugs on a neuroef-
fecter system. Very early studies (114-118) suggested that ether had a
curare-like action in that it antagonized the response of the muscle to nerve
stimulation and intra-arterial acetylcholine, and partially blocked the poten-
tiating action of physostigmine. These observations were confirmed by
Gross & Cullen in 1943 (119) who also noted that cyclopropane had little
effect. Poulsen & Secher (120-122) reported that ether affected the re-
sponse to twitch stimulation to a greater degree than to tetanic stimulation
and that neostigmine effectively antagonized the action of ether.

Naess (123-126) compared the effects of ether and curare in a more
quantitative way by exploring complete frequency-response curves in the
rabbit sciatic nerve-gastrocnemius muscle preparation. He found blockade
of transmission by both drugs but neostigmine reversed only the curare
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block and actually accentuated that produced by ether. Naess described
post-tetanic potentiation during exposure to both ether and curare with a
markedly greater depression by ether of the response to higher frequencies
of nerve stimulation. From his observations, Naess concluded that ether
blocked transmission at the neuromuscular junction in a manner qualita-
tively different from that of curare.

Watland et al. (127) in 1957 found marked differences among ether, cy-
clopropane, chloroform, and halothane in the sciatic nerve-gastrocnemius
muscle preparation of the rabbit using both single stimuli and tetanic stim-
ulation. Ether depressed the rcsponse to both twitch and tetanic stimula-
tion ; halothane had no effect at all. Cyclopropane and chloroform, interest-
ingly, both increased the response to single stimuli but not to tetanic stimu-
lation. All four anesthetics potentiated the actions of curare.

The response to cyclopropane was further studied by Sabawala & Dillon
(128) in human intercostal muscle preparations. They found that 25 per
cent cyclopropane resulted in a marked increase of the tension output of the
muscle to both direct and indirect stimulation, whereas 50 per cent cyclo-
propane resulted in an increase in the tension output in response to direct
stimulation, but a decrease in response to indirect stimulation after an ini-
tial increase. In the presence of curare, cyclopropane produced a marked
increase in the response to direct stimulation, but further depressed the re-
sponse to indirect stimulation. They also demonstrated a dual effect of ether
and halothane. In low concentrations, there was an increased response to
both indirect and direct stimulation; in higher concentrations, the response
to indirect stimulation, and, in even higher concentrations, the response to
direct stimulation was abolished (129). They concluded that all anesthetics
affected both the neuromuscular junction and the skeletal muscle itself in a
complex manner, certainly not like that of curare.

Ngai, Hanks & Farhie (130) obtained somewhat different results in the
cat, where ether was the only agent which decreased the response to twitch
stimulation of the nerve. Halothane, trichloroethylene, and methoxyflurane
had no effect whereas chloroform, nitrous oxide, and especially-cyclopro-
pane accentuated the response to stimulation of the nerve. Cyclopropane
also produced an increased twitch response in denervated muscle. Very re-
cent studies (131, 132) in man failed to demonstrate a significant depres-
sion by ether or halothane of the response to single-twitch nerve stimulation
at a time of good surgical relaxation. In the cat, high concentrations of
ether depressed the response to intra-arterial acetylcholine, an effect not re-
versed by anticholinesterase agents. Both drugs significantly enhanced the
blockade induced by curare.

Further light has been shed on the effects of ether, halothane, and cyclo-
propane in a recent series of papers (103-105) where the actions of these
drugs were studied with modern single-fiber techniques in the sciatic
nerve-sartorius muscle preparation of the frog. There was a direct relation-
ship between the concentration of ether and the decrease of tension output
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of the indirectly stimulated muscle (103) with a threshold effect at 1 per
cent ether and abolition of contraction at 3 per cent ether. Edrophonium
and succinylcholine, both of which reversed curare-induced blockade in the
system, produced only a weak and transient reversal of the block produced
by ether. Ether caused a slowing of the rate of rise of the end-plate poten-
tial and a marked prolongation of its duration with no change in the resting
potential. In the muscle fiber itself, there was no change in the resting po-
tential but a decrease in the overshoot of the action potential, an increase in
the critical membrane potential at which the action potential was initiated
and an increase in the negative after-potential. All these changes in the
muscle occurred only at concentrations of ether which produced complete
block of neuromuscular transmission. During the administration of ether
there was a progressive decrease in amplitude and eventual abolition of the
spontaneously occurring miniature end-plate potentials. Those which did
occur were markedly prolonged as compared with the controls. Ether de-
creased the response of the end-plate potential to carbamylcholine.

In the same preparation (104) halothane also blocked neuromuscular
transmission in a manner quite analogous to that previously observed with
ether. Complete block of the muscle response to nerve stimulation was ob-
served at 1.5 per cent halothane, a concentration without effect on the
nerve or on the muscle. Microelectrode studies at the end-plate revealed a
slowing of the rate of rise of the end-plate potential, a decrease in response
to carbamylcholine and acetylcholine, and a decrease in amplitude and even-
tual abolition of the miniature end-plate potentials. Simultaneous observa-
tion of the prejunctional action potential showed it to be unchanged at a
time when the response of the post-junctional membrane was completely
blocked.

Cyclopropane (105) in concentrations up to 20 per cent resuited in an
increase in the tension output of the frog sartorius muscle. At higher con-
centrations of cyclopropane, neuromuscular transmission was blocked. A
much smaller initial potentiation was also seen with halothane.

From these elegant experiments, several important points have emerged.
Both ether and halothane affect neuromuscular transmission in this in vitro
system in concentrations effective in vivo and by an apparently identical
mechanism, i.e., an altered response of the post-junctional membrane to ace-
tylcholine. That the action is not presynaptic is inferred from the finding of
normal presynaptic action potentials at a time of transmission block. Other
indirect evidence against the hypothesis of impaired release of ACh is the
prolonged duration of the end-plate potential and the inability of anticho-
linesterase agents to reverse the block. In addition, there is direct evidence
of an impaired response of the post-junctional membrane to the transmitter
substance. One postulated mechanism of action is an interference by these
drugs with the mechanisms controlling ionic permeability in the end-plate
such that the rise in sodium conductance in response to ACh is of lesser
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magnitude but of longer duration. Direct evidence dealing with these ionic
phenomena is lacking.

A different mode of action has been postulated in a series of preliminary
observations of van Poznak (133-135). He found that both cyclopropane
and ether abolished post-tetanic repetitive activity in motor nerve terminals
of the cat. In addition, cyclopropane enhanced such activity in skeletal mus-
cle. The possibility that anesthetics affect motor nerve endings cannot then
be entirely ruled out. .

From the gross studies in various species, several points of general
agreement emerge. Ether, in almost every study, definitely impaired the re-
sponse to nerve stimulation. The differences among the results may be at-
tributable to lack of attention to the importance of frequency of nerve stim-
ulation and nonuniformity of experimental techniqués. The clinical impor-
tance of this action as compared to effects in the central nervous system is
open to question. It is clear, however, that there is a marked synergism be-
tween ether and curare. The rccent clectrophysiological studies suggest that
both ether and halothane alter the response of the motor end-plate to acetyl-
choline by a mechanism as yet undetermined, different in type, but additive
with that of curare. A similar mode of action has recently been described for
local anesthetics (135a).

A second interesting feature of the actions of anesthetics, especially cy-
clopropane, is their effect on the strength of contraction of skeletal muscle
in response to both indirect and direct stimulation. From the repeated ob-
servations cited above, all anesthetics seem to share this action in some ex-
periments. This is obviously another area requiring further study.

Sensory receptors—Sensory receptors represent another case of a mem-
brane selectively sensitive to specific energies. The response to such specific
energies is graded and translated into conducted all-or-none action poten-
tials whose frequency is related to the input energy and the induced genera-
tor potential. It has been shown that tetrodotoxin abolishes the conducted
responses without affecting the generator potential (136). A recent review
of receptor physiology can be found in reference 136a.

A review of the effects of anesthetics on receptors (137) reveals their
effects to be biphasic in most cases with initial stimulation followed by
depression. There are differences among the anesthetics in their action on a
given receptor and also for the same anesthetic' on different receptors
(137-141). Analysis of the site and nature of the change induced by anes-
thetics has not been carried very far in view of the existing possibilities.

HEeArT

A number of recent reviews and monographs (142-146) have dealt with
the effects of anesthetics on cardiovascular function and regulatory mecha-
nisms. Of special interest is the recent paper by Katz & Epstein (147) who
discuss in great detail, with a thorough review of the literature, the multi-
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plicity of factors, both cardiac and extracardiac, involved in the genesis of
cardiac arrhythmias during anesthesia. We shall not discuss this topic any
further here, but rather focus upon the direct actions of anesthetlcs upon
the various functions of the heart.

Some anesthetics directly affect the rate of the denervated heart. Price
& Helrich (148) noted in the dog heart-lung preparation that ether usually
caused a tachycardia, whereas cyclopropane and nitrous oxide had no con-
sistent effect. Flacke & Alper (82) described a concentration-dependent,
negative chronotropic effect of halothane unaffected by prior depletion by
reserpine of intrinsic stores of norepinephrine. A similar action of halo-
thane was noted in dogs with totally denervated hearts (149), in the isolated
perfused cat heart (150), and in the areflexic, spinal dog (151).

The only attempt to elucidate the mechanism of these effects of halo-
thane on cardiac pacemaker activity is that of Hauswirth & Schaer (152)
who studied the electrical activity of single pacemaker fibers from the si-
no-atrial node of the rabbit. They found that the slope of the slow diastolic
depolarization (pacemaker potential) was decreased to two thirds of con-
trol value by 1 percent halothane and to less than 50 per cent of control
value by 2 per cent halothane. This action tends to decrease the rate of firing
of the pacemaker. Simultaneously, 2 per cent halothane also decreased the
magnitude of the maximal diastolic potential (from 65 to 56 mV) bringing
it closer to the threshold potential, which changed relatively little. This
change in diastolic potential tends to increase the rate of pacemaker firing.
The interpretation of these findings in the light of changes in ionic fluxes in
the membrane must await further investigation.

Studies on other electrical properties of the heart are equally rare.
Smith et al. in 1962 (153) found that both cyclopropane and halothane de-
creased excitability in the dog heart and increased the absolute refractory
period, whereas ether had no effect. All three agents increased both atrial
and atrio-ventricular conduction times, with halothane having the most pro-
found effect. Galindo & Sprouse (154) in a similar group of experiments in
dogs, found that halothane prolonged the absolute refractory period,
whereas ether and cyclopropane did not. All three agents decreased cardiac
excitability, as evidenced by an increase in ventricular diastolic threshold.
In a careful study in vagotomized spinal dogs, Kohli et al. (151) found that
both halothane and ether prolonged the functional refractory period of
atrio-ventricular conduction to a greater extent than did cyclopropane.
Thus, in terms of gross effects on excitability and conduction, all anesthet-
ics appear to decrease excitability and slow conduction, although there are
inconsistencies perhaps attributable to differences in experimental tech-
niques.

Cyclopropane has been more carefully studied in isolated rabbit atria
(155). Measurements of atrial transmembrane potentials showed that cyclo-
propane accelerated the repolarization rate of the first and second phases of
the atrial action potential with little effect on membrane resting potential or
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action potential amplitude. These changes were associated with a decreased
excitability of right atrial tissue, an increased excitability of left atrial tis-
sue, and a negative inotropic action.

Davis et al. (156), in a study of transmembrane potentials in single cells
from the dog heart, observed that cyclopropane caused an increased rate of
repolarization of phase 2 and a decreased rate of repolarization of phase 3
of the action potential in Purkinje fibers. The net result was a shortening
of the functional refractory period. No definite effect of cyclopropane could
be demonstrated in ventricular or atrial muscle fibers. The authors point out
the similarity of this response to that produced by an increase in the ex-
tracellular concentration of calcium.

In a subsequent paper, Temte, Helmer & Davis (157) demonstrated the
dependence of this effect of cyclopropane on the extracellular concentration
of calcium. Lowering the concentration of calcium prevented, and increas-
ing the concentration of calcium enhanced, the effect of cyclopropane in
shortening the functional refractory period by accelerating repolarization.
In addition, the combination of cyclopropane and elevated calcium increased
the rate and magnitude of diastolic depolarization (pacemaker potential),
although no spontaneous firing was observed. These are important observa-
tions in that they indicate a link between a gaseous anesthetic and calcium
in affecting membrane properties of an excitable cell.

Other electrophysiological studies of anesthetics in the heart are those
of Awalt & Frederickson (158) who found no effects of halothane on
transmembrane potentials of rabbit atria at a time when there was signifi-
cant negative inotropic action.

Despite some differences in methods and results, it seems clear that cy-
clopropane significantly affects repolarization in Purkinje fibers in such a
way as to shorten the refractory period and that this action is linked with
the concentration of calcium. Cyclopropane itself does not alter the rate of
the isolated heart, nor does it affect diastolic depolarization. These observa-
tions have certain implications for the genesis of cardiac arrhythmias (see
reference 147). Halothane, which slows the rate of the isolated heart, also
slows the rate of diastolic depolarization in isolated pacemaker cells; but at
the same time, it decreases the magnitude of the maximum diastolic poten-
tial. The mechanisms are still a matter of speculation; there is a need for
further investigation of the interaction of anesthetics with catecholamines
and calcium in the heart.

The effects of anesthetics on myocardial contractility are of equal inter-
est. In this review we shall deal only with studies in the heart isolated from
extrinsic influences (hormonal, neurogenic, and hemodynamic) which may
affect cardiac output, blood pressure, ventricular function curves, strain
gauge arch measurements, etc. General reviews of overall cardiac perfor-
mance during anesthesia can be found in references 142 to 146.

There have been numerous studies of the effects of anesthetics on con-
tractility in isolated atrial tissue. An early example is that of Acierno &
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DePalma (159) who demonstrated in isolated atria of the cat that ether,
cyclopropane, and chloroform produced a concentration-dependent decrease
in contractility. These observations have been confirmed and extended by
Levy, Ichiyanaga & Frederickson (155) and by Naito & Gillis (85). In the
dog heart-lung preparation, Price & Helrich (148), in a comparative study
of cyclopropane, ether, nitrous oxide, and thiopental, found that all four
agents depressed contractility as indicated by the depression of the curve
relating cardiac output to right atrial pressure. They measured arterial
blood concentrations of the anesthetics and found approximately equal de-
grees of depression by all four agents at equianesthetic concentrations. Hal-
othane had a similar effect in the same preparation (82).

It is important to realize that there are both advantages and limitations
in studies such as these in the isolated heart. One can observe the effects of
anesthetics directly on the heart free of extraneous influences and under
conditions probably closer to physiological than those attainable in isolated
tissues bathed in salt solutions. However, it is also important to realize that
the choice of conditions such as output or arterial resistance setting great-
ly affect the results of such studies. For example, in 1949, Moe et al.
(160) pointed out that cyclopropane in the heart-lung preparation depressed
to a much greater extent the ability of the heart to perform external work
induced by increasing arterial resistance than that induced by increasing ve-
nous return. Alper & Flacke (161) reported similar results with halothane
thus confirming the importance of the nature of the load imposed upon the
heart in assessing the effect of drugs on contractility. Much of the investi-
gation of the effects of anesthetics on myocardial contractility suffers from
a lack of definition or control of these crucial factors. Comparisons can be
made only if experimental conditions are comparable, but this is not to imply
that the drug effects are fundamentally different depending upon experi-
mental conditions. The consequences of the same impairment of contractil-
ity for the functioning of the intact heart as a pump depend upon the geom-
etry of the heart as a sphere and the restrictions imposed by the experimen-
tal conditions. For a thorough review of these matters, see Blinks & Koch-
Weser (162) and Braunwald, Ross & Sonnenblick (163).

More recent studies have applied the techniques developed in skeletal
muscle to the analysis of the action of anesthetics on heart muscle. The first
such report was that of Goldberg & Ullrick (164) who studied the effects
of halothane on isometric contractions of isolated rat ventricular muscle
under carefully controlled conditions. They found reductions in the peak de-
veloped tension and the maximum rate of tension development proportional
to the concentration of halothane. By contrast, there was no change in time
to peak tension or in total twitch duration. These changes were fully re-
versible. In a second paper, Goldberg & Phear (165) described concentra-
tion-dependent symmetrical depression by halothane of both length-tension
and force-velocity curves. In similar studies of halothane in cat papillary
muscle, Sugai, Shimosato & Etsten (166) reported depression of the force-
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velocity curve, power, and work of cardiac muscle, without change in the
stiffness of the series-elastic element. Similar results have also been re-
ported with methoxyflurane (167, 168).

There are, then, good descriptions of the negative inotropic action of all
anesthetics on cardiac muscle. Cyclopropane and ether remain to be studied
in the same way as have halothane and methoxyflurane. From these care-
fully done studies, it appears that halothane and methoxyflurane cause a re-
duction in the magnitude of the active state of cardiac muscle.

In attempting to define the cause of this phenomenon, Brodkin, Gold-
berg & Kayne (169) showed that halothane depressed the ability of cardiac
myofibrils to hydrolyze ATP. In this connection, both ether and halothane
have been shown (170) to interfere with the utilization of ATP in the pro-
duction of luminescence by firefly extracts. It is possible, then, that anes-
thetics interfere in some way with energy conversion in cardiac muscle, al-
though further studies are required to prove this.

Another intriguing possibility deals with the role of calcium in the heart.
It is beyond the scope of this paper to review in any detail the role of cal-
cium in excitation, contraction, and excitation-contraction coupling in the
heart. The reader is referred to several recent reviews (171-173). It is,
however, becoming increasingly obvious that the role of calcium is a key
one both in normal function and in the mode of action of cardioactive
drugs, including, possibly, the anesthetics. For example, Daniel, Johnston &
Foulks (174) in 1962, related the depression of myocardial contractility of
pentobarbital in rabbit ventricles to an effect on binding and mobilization of
calcium. Broadbent (175), in isolated perfused frog hearts, noted similari-
ties between low calcium concentrations, ether, and thiopental in their abil-
ity to depress myocardial function. Those drugs which strongly antagonized
the depression by low calcium concentrations (e.g., ouabain) also stimulated
strongly those hearts depressed by ether and thiopental. Broadbent sug-
gested that the narcotic drugs somehow interfered with the functions of
calcium.

Flacke & Alper (82), in the heart-lung preparation of the dog, noted the
inability of norepinephrine even in maximal doses to overcome the depres-
sion of myocardial contractility induced by halothane. On the other hand,
elevation of serum calcium, which has a powerful positive inotropic effect
on the normal heart (176), always reversed the depression (177). The lim-
ited ability of either norepinephrine infusion or sympathetic nerve stimula-
tion to overcome the negative inotropic effect of halothane has also been
noted by other investigators (95, 96).

There are several observations of the ability of cardiac glycosides to
overcome the negative inotropic actions of halothane (178-179). On the
other hand, Morrow & Townley (180) demonstrated that thc dose of oua-
bain required to produce ventricular arrhythmias in the dog was markedly
increased by halothane, decreased by cyclopropane, and unaltered by pento-
barbital. These reports suggest that the relationship between digitalis glyco-
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sides and anesthetics is complex, and is not adequately understood. There
seems to be little doubt, however, that calcium is somehow associated with
the action of both types of drugs.

The only direct study of the interaction of an anesthetic with calcium is
that of Schaer (181) who described in guinea pig atria a complex relation-
ship between the effects of sodium pentobarbital on heart rate and varying
concentrations of calcium in the bathing medium.

From these fragments of evidence, it is apparent that the interaction of
calcium and anesthetics merits careful investigation. This will be compli-
cated because calcium has effects on the membrane, on excitation-contrac-
tion coupling, and on the contractile elements themselves. However, in view
of the many tantalizing clues cited above, this investigation deserves high
priority. It is also noteworthy that of all the peripheral structures studied, it
is in the heart that the depressant effects of the anesthetics most closely
parallel their anesthetic potency.

METABOLISM

This review has emphasized the actions of anesthetic agents which may
be characterized as “membrane” effects. There is, of course, a voluminous
literature dealing with the effects of anesthetics on biochemical processes.
Space limitations prevent us from including this body of literature, which
has at any rate been reviewed frequently and recently (3, 4, 182-184). It
seems to us that the crucial question which remains to be decided is that of
“post hoc” or “propter hoc,” i.e., whether the biochemical effects are pri-
mary and causative of the functional effects of anesthetics or secondary to
the impairment of function by the agents, There is good evidence that func-
tional effects can occur which are not the consequences of biochemical le-
sions (e.g., the effects in isolated axons of squid and lobsters). The obser-
vations of Larrabee, Ramos & Biilbring (90) that ganglionic transmission
was impaired by anesthetics without decrease in oxygen consumption should
be mentioned here, although the authors point out that total oxygen con-
sumption may not reflect inhibition at a specific site which accounts for only
an insignificant fraction of the total. If the metabolic theory of anesthesia
were to gain wider acceptance, such crucial functions would have to be
identified. Metabolic inhibition and alteration of function by anesthetics
should be parallel or the former should clearly precede the latter. An inter-
esting example of this type may be found in the work of Negishi & Svaeti-
chin (185, 186) who observed that the so-called “controller” cells in the ret-
ina of fish respond within seconds to anoxia and hypercarbia (185). The
same cells respond rapidly and sensitively to alcohols and several volatile
anesthetics (186). The authors advance the concept that similar “controller
cells” may be present in the CNS proper and may exert a modifying influ-
ence upon activity of other cells. The metabolism of such cells would be
only a small fraction of total brain metabolism and their inhibition would
hardly be detectable by measurement of total metabolism. It must be real-
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ized that the concept that anesthetics act by virtue of affecting the metab-
olism of controller cells in the CNS is only speculative.

CoNCLUSIONS

In this review we have emphasized the effects of anesthetic agents upon
biological functions outside the central nervous system. The considerable
volume of literature dealing with correlations between the physiocochemical
properties of anesthetics and anesthetic activity has been little considered.
We believe that the reason for these efforts in the past has been the desire
to gain some insight, albeit indirect, into the mode of action of anesthetics
because the more direct approaches appeared too difficult or were unavail-
able. This is no longer so. On the one hand, the interaction between anes-
thetics and cell components of model systems is being studied directly by
modern techniques (5, 6, 187-189). Furthermore, our increasing knowledge
of structure and function of nervous tissue is bringing us closer to an un-
derstanding at the level of molecular structures and forces.

It seems therefore no longer useful to stop with the classification of
drug action as “chemical” or “physical” when we already know that there is
overlap and when we can be more specific in some instances. Anesthetic
agents may prove to be useful tools in investigating the ways in which
chemical agents can influence biological functions, not by combination with a
well defined chemical entity, the “receptor,” but by subtly changing molecu-
lar conformation and intermolecular forces. Understanding of the clinical
state of anesthesia will probably follow from a better understanding of the
intimate physiology of the peripheral and central nervous systems and of
the subtle modifications produced by anesthetic agents (190, 191). The de-
tails of these modifications may well vary from drug to drug; it is even con-
ceivable that the same functional effect may be the result of different basic
mechanisms. With this approach we may eventually answer the question of
how so many different drugs of such differing molecular structures can pro-
duce so many different effects in such a wide variety of biological systems
and yet all cause the same clinical syndrome which we label “general anes-
thesia.”
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