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Halothane Inbibits Signaling through ml
Muscarinic Receptors Expressed in

Xenopus Oocytes
Marcel E. Durieux, M.D.*

Background: Interactions between volatile anesthetics and
muscarinic acetylcholine receptors have been studied pri-
marily in binding assays or in functional systems derived from
tissues or cells, often containing multiple receptor subtypes.
Because interactions with muscarinic signaling systems may
explain some effects and side effects of anesthetics and form
a model for anesthetic-protein interactions in general, the au-
thor studied anesthetic inhibition of muscarinic signaling in
an isolated system.

Metbods: mRNA encoding the m1 muscarinic receptor sub-
type was prepared in vitro and expressed in Xenopus oocytes.
Effects of halothane on methylcholine-induced intracellular
Ca** release was measured. Angiotensin Il receptors were ex-
pressed to evaluate anesthetic effects on intracellular sig-
naling.

Results: m1 Receptors expressed in oocytes were functional,
and could be inhibited by atropine and pirenzepine. Halothane
depressed m1 muscarinic signaling in a dose-dependent man-
ner: half-maximal inhibition of 10”7 M methylcholine was ob-
tained with 0.3 mm halothane. The effect was reversible and
could be overcome by high concentrations of muscarinic ag-
onist. Angiotensin II signaling was unaffected by 0.34 mm
halothane.

Conclusions: m1 Muscarinic signaling is inhibited by halo-
thane, and lack of halothane effect on angiotensin signaling
indicates that the intracellular signaling systems of Xenopus
oocytes are unaffected. Therefore, the most likely site of halo-
thane action is the receptor and/or G protein. Oocytes provide
a versatile system for detailed investigation into the molecular
mechanism of anesthetic-protein interactions. (Key words:
Anesthetics, volatile: halothane. cDNA. Molecular biology. Re-
ceptors: angiotensin; G protein-coupled; muscarinic acetyl-
choline. Xenopus laevis oocytes.)
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A substantial body of recent research into the molecular
actions of anesthetics focuses on the interactions be-
tween anesthetic drugs and membrane signaling pro-
teins. Not only have such interactions been shown to
exist, but they may well be of importance in bringing
about the anesthetic state. In particular, the class of
inotropic membrane receptors (receptor-gated ion
channels), including the GABA receptor/Cl™ channel
complex and the NMDA-gated ion channel, has received
much attention.'~* However, the large superfamily of §
G protein-coupled metabotropic membrane receptors
has been studied in much less detail, possibly because
of the lack of an assay system as sensitive and versatile
as the patch clamp. This is unfortunate, because many
members of this group have important signaling func-
tions in physiologic control loops known to be affected
profoundly by anesthesia. Examples are the receptors
involved in maintenance of cardiovascular homeostasis
(such as receptors for angiotensin, adrenergic agents,
dopamine, and adenosine), the opioid receptors, and
the cannabinoid receptors.

One group of receptors particularly interesting from
this viewpoint are the muscarinic acetylcholine recep-
tors, because they play a variety of roles in systems of
importance to the anesthesiologist. The effects of mus-
carinic activation by an anticholinesterase, such as 2
neostigmine, or the actions of a muscarinic antagonist, 3
such as atropine, demonstrate the role of muscarinic g
signaling on the heart, on pulmonary and gut smooth *
muscle, and on glandular tissue. The pronounced cen-
tral effects of a muscarinic antagonist, such as scopol-
amine, show the role of muscarinic signaling in mem-
ory, learning, and the maintenance of consciousness.’
Understanding the interactions of anesthetics with these
receptors is, therefore, important.

Most of the studies reported thus far have not inves-
tigated the signaling function of the receptors, but, in-
stead, describe effects of volatile anesthetics on agonist
and antagonist binding.® Briefly, many volatile anes-
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thetics inhibit binding of antagonist without affecting
agonist binding, and alter the effect of guanine nu-
cleotides on agonist binding. These studies, although
providing useful information, do not address the in-
teraction of anesthetics with muscarinic signaling per
se. In addition, they are hampered by the fact that most
cells and tissues contain several subtypes of muscarinic
receptors, possibly affected differentially by anesthet-
ics, which makes interpretation difficult. A similar lim-
itation applies to the studies of signaling effects re-
ported thus far.”®

The five subtypes of muscarinic receptor known at
present have been cloned” and are, therefore, available
for study in isolated systems, such as Xenopus laevis
oocytes. Xenopus oocytes provide a well-characterized
system for the study of G protein-coupled receptors
under controlled conditions.'® RNA, either extracted
from tissues or encoding a cloned receptor, can be in-
jected into the cells, and will be translated faithfully
into protein and inserted into the oocyte membrane.
The cells are virtually devoid of endogenous metabo-
tropic receptors (with the exception of a receptor for
lysophosphatidate'''?), yet contain the appropriate
intracellular pathways to link activation of the receptor,
through phospholipase C-mediated inositoltrisphos-
phate generation, to intracellular Ca** release (Fig. 1).
In addition, they have an endogenous Ca**-activated
CI™ channel that can be used as a convenient method
to report changes in intracellular Ca**. The system has
been used to study isolated muscarinic receptors, be-
ginning with the original cloning of the muscarinic
receptor in 1986,"* and has been particularly useful
to elucidate the sequence elements coupling the var-
ious receptor subtypes to G proteins."*

Therefore, the Xenopus oocyte model was chosen to
study the interactions between volatile anesthetics and
the functional activity of muscarinic receptors. I se-
lected halothane as a clinically used and thoroughly
studied anesthetic drug, and the m1 subtype, the most
prominent one in cortical brain tissue,’ as a represen-
tative muscarinic receptor. Changes in intracellular
Ca’* were used as an endpoint. I attempted to answer
the following specific questions:

1. Does halothane, in élinically relevant concentra-
tions, affect the increases in intracellular Ca**
sulting from m1 muscarinic receptor activation?

2. If so, is this effect localized to the receptor and/or
G protein, or are intracellular pathways affected by
the anesthetic as well?
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Fig. 1. Muscarinic signaling in Xenopus oocytes. A schematic
representation of the signaling pathway transducing musca-
rinic stimulation in oocytes expressing the m1 muscarinic re-
ceptor. The double line indicates the cell membrane. MCh ac-
tivates an m1 receptor in the membrane. The signal is trans-
duced through a G protein (G) to phospholipase C (PLC).
Phospholipase C generates inositoltrisphosphate (IP;) from
phosphatidylinositolbisphosphate (PIP,). The IP, releases Ca*"
from intracellular stores. Finally, this Ca®" activates a Ca*'-
dependent CI” channel in the membrane, resulting in ClI™ flux.
My findings indicate that the pathway from G protein to CI”
channel is unaffected by halothane.

Materials and Methods

The study protocol was approved by the Animal Re-
search Committee at the University of Virginia.

Animals

Female Xenopus laevis toads were obtained from
Xenopus I (Ann Arbor, MI), housed in an established
frog colony, and fed regular frog brittle twice weekly.
Frogs were operated for oocyte harvesting once every
2 months at most, and killed by decapitation after six
operations. For removal of oocytes, a frog was immersed
in ice until unresponsive to a painful stimulus (toe
pinching). A 1-cm-long incision was made in a lower
abdominal quadrant and a lobule of ovarian tissue,
containing approximately 200 oocytes, was removed
and placed in modified Barth’s solution (containing, in
mm: NaCl 88, KCI 1, NaHCO; 2.4, CaCl, 0.41, MgSO4
0.82, Ca,NO; 0.3, gentamicin 0.1, and HEPES 15, pH
adjusted to 7.6). The wound was closed in two layers
and the animal was allowed to recover from anesthesia,
kept in a separate tank overnight, and returned to the
colony the following day.

The ovarian tissue was washed immediately and co-
piously with modified Barth’s solution and dissected
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into small clusters of 20-50 oocytes. Mature oocytes
(Dumont stage V and VI) were isolated manually and
cultured in modified Barth’s solution at 18°C. The fol-
licular cell layer was removed manually from each oo-
cyte using microforceps.

mRNA Syntbesis and Injection

The rat m1 muscarinic acetylcholine receptor com-
plementary DNA (cDNA) was obtained from Dr. T. L.
Bonner (National Institute of Mental Health, Bethesda,
MD). It consists of a 2.8-kilobasepair fragment in a
commercial vector (pGEM1; Promega, Madison, WI).
The construct was linearized by digestion with the nu-
clease Hind I1I and mRNA was prepared by transcrip-
tion #n vitro using the bacteriophage RNA polymerase
T7. A capping analog (""GpppG) was included in the
~ reaction to generate capped transcripts, as these are
translated more efficiently in the oocyte. The resulting
mRNA was quantified by spectrometry and diluted in
100 mm KCl to a concentration of 0.1 mg/ml.

The rat AT,, angiotensin II receptor clone was ob-
tained from Dr. K. R. Lynch (University of Virginia,
Charlottesville, VA) as a ¢cDNA of 1.2 kilobasepair in
the CDM8 vector (Invitrogen, San Diego, CA). The
construct was linearized with the nuclease Xho I and
transcribed in the presence of capping analog by T7
polymerase.

Oocytes were injected with 50 nl of mRNA (5 ng) in
100 mm KCl, using an automated microinjector (Na-
noject; Drummond Scientific, Broomall, PA). The ad-
equacy of injection was confirmed by noting the slight
increase in cell size during injection. The cells were
then cultured for 3 days before study.

Electrophysiologic Recording

A single defolliculated oocyte was placed in a per-
fusable recording chamber (3 ml volume) filled with
Tyrode’s solution (containing, in mm: NaCl 150, KCI
5, MgCl, 1, CaCl, 2, dextrose 10, and HEPES 10, pH
adjusted to 7.4). Microelectrodes were pulled in one
stage from capillary glass (BBL with fiber; World Pre-
cision Instruments, Sarasota, FL) on a micropipette
puller (model 700C; David Kopf Instruments, Tujunga,
CA). Tips were broken to a diameter of approximately
10 pm. They were filled with 3 M KCI and tip resis-
tances were usually 1-3 MQ. The cell was voltage
clamped using a two-microelectrode oocyte voltage
clamp amplifier (OC725A; Warner Corporation, New
Haven, CT), connected to a data acquisition and anal-
ysis system running on an IBM-compatible personal
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computer. The acquisition system consisted of a DAS-
8 A/D conversion board (Keithley-Metrabyte, Taunton,
MA) and analysis was performed with a custom-written
program that has been described previously (Oo-
Clamp'®). Holding potential was —70 mV unless in-
dicated otherwise. Only cells that showed a stable
holding current of less than 1 yA during a 1-min equil-
ibration period (more than 95% of cells) were included
for analysis. Membrane current was sampled at 125 Hz
and recorded for 5 s before and 55 s after application
of the test compounds. Compounds were delivered in
30-ul aliquots over 1-2 s using a hand-held micropi-
pettor positioned approximately 5 mm from the oocyte.
Responses were quantified by integrating the current
trace by quadrature and are reported as microCoulombs
(1C), because this reflects CI™ flux better than does
peak current.'"'*'® All experiments were performed
at room temperature.

For intracellular injections of EGTA, a third micro-
electrode, connected to an automated microinjector
(Nanoject; Drummond Scientific, Broomall, PA), was 3
inserted into the oocyte. Cells were injected undcrm
voltage clamp and the adequacy of injection was ver-
ified by observing the small increase in cell size on
injection.
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halothane vaporizer was bubbled through a reservoir X
filled with 40 ml of Tyrode’s solution. Air ata ﬂowrateg
of 500 ml/min was used as the carrier gas, and at lcast'g
10 min were allowed for equilibration. The solution'g
from the reservoir was then perfused through the re-B
cording chamber at a rate of approximately 10 ml/ 3
min, and measurements were obtained after 10 bath‘n
volumes had been exchanged. To quantify the conccn-»
trations of halothane in the recording chamber, trlp—m
licate samples from the chamber were equilibrated®
with air and analyzed in a gas chromatograph (Aero-%
graph 940; Varian Analytical Instruments, Walnut™
Creek, CA) calibrated with a halothane standard. Re-
sults were converted to concentrations in liquid using
aqueous/gaseous partition coefficients at 25°C."”

Data Analysis

Responses are reported as mean + SEM. Because vari-
ability between batches of oocytes is common, re-
sponses were, at times, normalized to controls from
the same batch to allow inclusion of data from multiple
frogs into the same comparison. Differences between
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treatment groups were analyzed using Student’s 7 test;
multiple responses in single oocytes were analyzed us-
ing paired ¢ test. If multiple comparisons were per-
formed, ANOVA was used, followed by ¢ test appro-
priately corrected for multiple comparisons. P < 0.05
was considered significant.

Materials

Molecular biology reagents were obtained from Pro-

mega (Madison, WI). All other chemicals were obtained
from Sigma (St. Louis, MO).

Results

Expression of Functional m1 Receptors in

Oocytes

Although application of acetyl-3-methylcholine
(MCh) to uninjected oocytes was without effect (data
not shown), application of MCh to oocytes injected
with 5 ng m1 receptor mRNA resulted in a transient
inward current (Fig. 2A). The current developed after
a latency of approximately 1 s and consisted of a fast
inward component, followed by a relaxation over sev-
eral seconds, on which small fluctuations were super-
imposed. This is the typical response pattern for G pro-
tein-coupled receptors expressed in Xenopus o0o0-
cytes.'® Charge movements in response to 10°” M MCh
were 3.52 + 0.58 uC (n = 15), respectively. The re-
sponses did not desensitize (Fig. 2B). To confirm that
the responses were, indeed, caused by muscarinic sig-
naling, the ability of muscarinic antagonists to inhibit
the currents was evaluated (Fig. 2C). Responses to MCh
could be blocked completely by prior application to
the recording chamber of atropine (1 um; n = 3) or
the specific m1 receptor antagonist pirenzepine (1 um;
n = 3), confirming the involvement of a muscarinic
pathway.

The Induced Responses are Icyca)

The oocyte membrane contains Ca**-activated CI”
channels,'® and release of intracellular Ca** by acti-
vation of expressed receptors therefore results ina 2
activated Cl~ current (I¢yca)- To determine if the re-
sponses observed were I, . I performed the follow-
ing experiments.

When oocytes were injected with 50 nl of 100 mm
EGTA (estimated intracellular concentration 5-10 mm)
before recording, MCh was no longer able to induce
electrophysiologic responses (Fig. 3A; n = 3). To con-
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Fig. 2. m1 Muscarinic receptors expressed in Xenopus oocytes.
Arrows indicate the time when the agonist was applied. All
oocytes are voltage clamped at a holding potential of —70 mV.
(A) Example of a current induced by 107 M MCh in a defol-
liculated oocyte, injected with 5 ng m1 muscarinic receptor
mRNA 3 days before. Charge movement is —3.7 uC. (B) Re-
sponses to 10 * M MCh of expressed receptors do not desen-
sitize. The two responses are obtained from the same oocyte,
separated by a wash with 10 bath volumes Tyrode’s solution.
Charge movements are —3.8 and —5.6 uC, respectively. (C) Re-
sponses can be inhibited by the muscarinic antagonist atropine
(1 um) and the ml-specific antagonist pirenzepine (1 um).
Tracings are from four separate oocytes. Currents induced by
107 M MCh in the control oocytes at left are —6.6 (top) and
—3.4 (bottom) uC. If antagonist was first applied to the bath
(right) only application artifact is seen.

firm that the unresponsiveness was not caused by the
manipulation involved in the injection, some oocytes
were injected with 50 nl of sterile water. In these 00-
cytes, normal responses were obtained (8.83 + 4.40
uC with 10°° M MCh; n = 3). Therefore, the response
is dependent on intracellular Ca**. I also determined
the role of extracellular Ca** by eliciting responses to
MCh in nominally Ca**-free bath solution. Responses

to 10°° M MCh were 10.0 + 0.6 uC (n = 3), indicating

that influx of extracellular Ca** plays, at most, 2 minor
role in the response.

To establish the ionic nature of the current, I mea-
sured its reversal potential by inducing responses at
different holding potentials (Fig. 3B). The reversal po-
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Fig. 3. The responses to MCh are Ca**-activated Cl~ currents.
Arrows indicate the time when the agonist was applied. (4)
Intracellular EGTA can inhibit responses to MCh. Two oocytes
expressing m1 receptors were voltage clamped at —70 mV.
The oocyte at left was injected with 50 nl of water and showed
a charge movement of —5.8 uC in response to 10"° M MCh. The
oocyte at right was injected with 50 nl of EGTA (100 mwm, final
concentration 5-10 mm) and showed no response to MCh. (B)
Charge movement versus holding potential plot of currents
induced by 10~° M MCh in oocytes expressing m1 muscarinic
receptors. The reversal potential at —30 mV indicates that the
current is carried mainly by CI".

tential in 158 mm CI™ was approximately —30 mV, in-
dicating that the current is carried mainly by CI".

Halothane Inbibits Muscarinic Responses in

Oocytes

After establishing that functionally coupled m1 re-
ceptors could be expressed in oocytes, I studied the
effect of halothane on this signaling pathway. Halothane
depressed muscarinic signaling in a dose-dependent
manner (Fig. 4A). At a halothane concentration of 0.34
mMm, the responses were decreased to 34% of control.
Curve fitting using the Hill equation showed an ECs,
for halothane of 0.3 mm.

To confirm that the effect of halothane was reversible,
responses to MCh were tested three times: before ex-
posure to halothane, after exposure to 0.34 mm halo-
thane, and after a wash with anesthetic-free solution.
Acrelatively high concentration of anesthetic was chosen
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because it was considered more likely to induce irre-
versible effects. However, no significant differences
were found between the first and third responses to
MCh (Fig. 4B). Therefore, the inhibitory effects of
halothane are reversible.

I also tested the dependence of the inhibitory effect
of halothane on the MCh concentration (Fig. 4C). The g
degree of inhibition obtained by halothane decreased 5
as the MCh concentration was increased; with 107> ME 3
MCh and higher, no significant depression of the cur-
rents occurred.

Halothane Inbibition Occurs at the Receptor or G

Protein Level

The signaling pathway for G protein-coupled recep-
tors in oocytes is a complex one (Fig. 1) and it is, g
therefore, conceivable that anesthetic interactions with §
this pathway could take place at several levels. Some &
potential interactions, particularly effects on the Xen-
opus-specific Ca**-activated Cl~ channel, would be of 8
little clinical relevance. It was, therefore, of importance
to determine where halothane interferes with musca-g
rinic signaling in this system. To determine whether %
downstream signaling systems were affected, I ex-
pressed the AT,, angiotensin II receptor, a G protein-
coupled receptor that has not been shown to be affected
by volatile anesthetics. The AT,, receptor, when ex-
pressed in oocytes, also induces I, through a sig-
naling pathway that, apart from receptor and (possibly) :
G protein, is considered to be the same as that for mus-
carinic signaling. Thus, lack of anesthetic inhibition of 8
angiotensin signaling would indicate that, when ll’lhlb-
iting muscarinic signaling, halothane affects the recep- §
tor, the G protein, or the interaction between the two. ;

Angiotensin II (All, 1077 M) induced no responses $
in uninjected oocytes (data not shown), but induced%
currents in AT, ,-injected oocytes that were indistin- @
guishable from those induced by MCh in m1- m]ected" ‘
oocytes (Fig. 5A). Average charge movements weref: :
9.78 £ 2.18 uC. These currents were inhibited by the
nonpeptide angiotensin receptor antagonist losartan
(data not shown), indicating that they were caused by
angiotensin signaling. The presence of 0.34 mm halo-
thane did not interfere with angiotensin signaling (Fig.
5B). If anything, the trend was for the responses to
increase. Thus, the intracellular signaling cascade from
G protein to the Ca**-activated CI~ channel appears
unaffected by halothane. Because this segment of the
signaling pathway is the same for muscarinic and an-
giotensin signaling, halothane apparently inhibits
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muscarinic signaling by interfering either with receptor
function or receptor-G protein coupling.

Discussion

I have demonstrated that halothane, at clinically rel-
evant concentrations, inhibits muscarinic signaling, and
the lack of effect on angiotensin signaling indicates that
the interaction probably takes place at the receptor or
G protein level.

I chose Xenopus oocytes as my expression system
because they have been shown to generate and traffic
receptors well, and have an appropriate, albeit complex
(Fig. 1), intracellular signaling system that allows con-
venient quantitation of responses. Using mRNA ex-
tracted from tissue, oocytes have been used to study
the effects of barbiturates on Ca®>" channels,'® enflurane
on NMDA channels,?® enflurane® and methoxyflurane®'
on serotonin receptors, and enflurane on muscarinic
receptors.® The use of cDNA-derived RNA has advan-
tages over extracted RNA, because it allows the study
of receptor subtypes in isolation, and, through muta-
genesis, makes further molecular characterization of
the interaction between anesthetic and receptor pos-
sible. However, potential problems with the technique
should be considered when interpreting the data. First,
there have been reports of endogenous muscarinic re-
sponses in Xenopus oocytes.?”** In this and previous
studies using this model,'” I have not seen responses
in uninjected oocytes. Other investigators similarly
have not reported endogenous muscarinic activity.®'?
Apparently, these responses are frog dependent, and
many frogs do not express endogenous receptors. Sec-
ond, the possibility exists that intracellular pathways
or the Ca**-activated Cl~ channel may be affected by
anesthetics, confounding the results. However, my re-
sults with expressed angiotensin receptors make this
unlikely. Others have found that Ca’’-activated Cl”
currents induced by inositoltrisphosphate®?' or by di-
rect injection of Ca**?' are also unaffected by volatile
anesthetics. Third, my experiments were performed at
room temperature, whereas the expressed receptor is
derived from a homeothermic animal. Although in the-
ory this may influence its behavior, 1 felt it more im-
portant to keep the cell membrane at its normal state,
because changes in lipid bilayer structure with abnor-
mally high temperature would be likely to affect mem-
brane interaction, both with the anesthetic and with
the receptor. Anesthetic concentrations were corrected

for temperature-dependent solubility. Finally, the in-
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Fig. 4. Halothane inhibits muscarinic signaling. All measure-
ments were performed in oocytes voltage clamped at —70 mV.
(A) Halothane has a dose-dependent inhibitory effect on Ca®*-
activated Cl~ currents induced by 1077 M MCh in oocytes ex-
pressing the m1 muscarinic receptor. Number of oocytes used
for each data point are indicated. *P < 0.01. (B) Inhibition by
halothane is reversible. Three consecutive measurements were
taken in single oocytes, and data are presented as percent of
the control response. CTL = control response; HAL = response
in the presence of 0.34 mm halothane; REC = response after
recovery. *P < 0.05. (C) Inhibition by 0.34 mm halothane is
dependent on MCh concentration. White bars are responses
in the absence, black bars in the presence of halothane. *P <
0.01 for 10”7 M MCh, P < 0.05 for 10 * M MCh.

troduction of a single clone into a cell always carries
the possibility that an essential or modulating cofactor
may be lacking. Although, with multisubunit channels
and inotropic receptors, this is a very significant prob-
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Fig. 5. Responses to angiotensin II are not affected by halo-
thane. Arrow indicates the time when the agonist was applied.
Oocytes were voltage clamped at —70 mV. (4) Response to
107 M angiotensin Il in oocyte injected with 5 ng of AT,, mRNA
3 days before. Charge movement is —5.0 uC. (B) Responses to
1077 M angiotensin II in the absence and presence of 0.34 mm
halothane, expressed as percent of the control response.

lem, it has not been shown to be of importance for
expressed, single-unit metabotropic receptors.

Of the many hundreds of G protein-coupled receptors
currently known, only a few have received attention
as potential sites for anesthetic interaction. Of these,
the muscarinic acetylcholine receptors and, recently,
the serotonin receptors®?' have received most interest.
As is the case with other members of the superfamily,
pharmacologic methods allowed the definition of only
a few subtypes of muscarinic receptor’; best defined
are the M, subtype, found primarily in brain, with a
high affinity for pirenzepine and linked to phosphati-
dylinositol metabolism, and the M, subtype, found in
heart, with low affinity for pirenzepine and linked to
inhibition of cAMP. The molecular cloning of the first
muscarinic receptor'® paved the way for a search for
other subtypes and, currently, five subtypes have been
defined.”** These can be divided conveniently in an
“odd” and an ‘“‘even” group, with the odd receptors
(m1, m3, and m5) coupled to phosphatidyl turnover
and the even receptors (m2 and m4) coupled to ade-
nylate cyclase inhibition. Of these, only the m1 subtype
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has high pirenzepine affinity and is, therefore, believed
to correspond to the pharmacologic M, type. Studies
of the tissue distribution of mRNAs have shown that
most tissues contain multiple subtypes. The heart, pri-
marily expressing m2, appears to be an exception.

Previous investigations of the interactions between
anesthetics and muscarinic receptors have focused pri-
marily on binding studies. Aronstam et al. showed that
halothane increased the binding of tritiated N-methyl-
scopolamine to muscarinic receptors in rat cerebral
cortex and brainstem membranes.?* This increased an-
tagonist affinity was caused by a decrease in the dis-
sociation constant. Although the affinity of the agonist
carbamylcholine was unaffected by the presence of 2%
halothane, the anesthetic eliminated the ability of gua-
nine nucleotides to lower agonist binding affinity, in-
dicating interference with G protein coupling. Similar
findings were later reported for diethylether,*® with
the additional observation that binding of the agonist
oxotremorine-M was inhibited modestly by 2% anes-
thetic. Oxotremorine was found to bind to a subpool
of receptors, with both binding affinity and nucleotide
sensitivity affected by anesthetics.?” Chloroform, en-
flurane, and isoflurane (each at 2%) have been shown
to exert similar effects.”® The results are, therefore,
consistent across the various studies. However, the use
of brain tissue results in a mixture of muscarinic sub-
types being studied, as borne out by the oxotremorine
findings.

Functional studies confirm that volatile anesthetics
affect muscarinic signaling. In rat heart, diethylether,
enflurane, and isoflurane decreased the ability of mus-
carinic agonists to inhibit forskolin-stimulated cAMP
accumulation.?® Chloroform®® and halothane,®® in
contrast, decreased basal adenylate cyclase activity.
Because heart expresses the m2 subtype exclusively,
these studies have fewer confounding variables than
the ones mentioned previously. However, it is impos- g
sible to rule out an effect of the anesthetics on the 8
intracellular signaling pathway. This issue has been ad- =
dressed in more detail for anesthetic effects on inosi-
tolphosphate generation induced by muscarinic stim-
ulation. Davidson et al. studied SH-SY5Y neuroblastoma
cells and found that halothane (2.5%) inhibits stimu-
lation of phosphoinositide turnover in response to car-
bachol, but not to bradykinin,” indicating the receptor
as its site of action. A recent study by Lin et al. expressed
mouse brain mRNA in Xenopus oocytes and determined
the effects of enflurane (1.8 mmM, approximately 2 MAC)
on Ca**-activated Cl~ currents induced by acetylcho-
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line and serotonin.® Enflurane was shown to depress
responses to either agonist and to injected guanosine
5'-(3-O-thio)trisphosphate, but not to injected inosi-
toltrisphosphate. Thus, these studies confirm my find-
ings that muscarinic inhibition takes place at either the
receptor or the G protein level and that downstream
pathways are not affected. Lin et al. also showed that
inhibition by enflurane was dependent on the acetyl-
choline dose, with approximately 80% inhibition noted
at 107 M and approximately 10% inhibition at 107> M
acetylcholine. This, again, is in agreement with my
findings with halothane. The use of brain mRNA has
the disadvantage, however, of expressing several sub-
types of receptors (at least four of the five subtypes
have been shown to be present in brain”). As the ox-
otremorine studies described above indicate, different
subtypes may show different responses. In addition,
the use of a single anesthetic dose is a disadvantage of
this study and several others described above.

My results have several implications. The finding that
not all G protein-coupled receptors are inhibited
equally by anesthetics makes a localized interaction
between anesthetics and muscarinic receptors likely.
The site of this interaction would presumably be a hy-
drophobic domain in the protein, although it is not
known where this would be localized. The finding
that antagonist binding, but not agonist binding, to
muscarinic receptors is affected by volatile
anesthetics®>2%?® has lead to the suggestion that anes-
thetics interact with proposed hydrophobic accessory
domains, contiguous to the acetylcholine binding site
in the third transmembrane segment of the receptor.®
These sites are important for antagonist, but not for
agonist, binding. On the other hand, the apparent ef-
fects of anesthetics on G protein coupling would in-
dicate a site of interaction in the G protein-binding
domain, primarily localized in the third intracellular
loop and carboxyterminus. Because I have shown that
the internal signaling pathways of oocytes are unaf-
fected by anesthetic, these cells provide an excellent
assay system to investigate these issues. A detailed com-
parison of responses to anesthetics in the different
muscarinic subtypes, followed by the construction of
chimeric proteins and site-directed mutagenesis, may
make it possible to localize the site of interaction at
the molecular level. This would help us to understand
the interactions between anesthetics and proteins in
general and, in addition, may explain in detail some
of the antimuscarinic actions and side effects of volatile
anesthetics.
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