Pharmacology Biochemistry & Behavior, Vol. 39, pp. 929-934. Pergamon Press plc, 1991. Printed in the U.S.A.

Effect of a Single Dose of an
Acetylcholinesterase Inhibitor on Oxotremorine-
and Nicotine-Induced Hypothermia in Mice

JOHN G. CLEMENT!

Biomedical Defence Section, Defence Research Establishment Suffield, Ralston, Alberta, Canada

Received 31 October 1990

CLEMENT, J. G. Effect of a single dose of an acetylcholinesterase inhibitor on oxotremorine- and nicotine-induced hypothermia
in mice. PHARMACOL BIOCHEM BEHAYV 39(4) 929-934, 1991. —Downregulation of cholinergic receptors is a consequence of
subchronic exposure to an organophosphate anticholinesterase. The purpose of this investigation was to determine if there was a
downregulation of the cholinergic receptors in mice following administration of a single dose of soman (pinacolyl meth-
ylphosphonofluoridate) or physostigmine. The change in the temporal response (mean minimum temperature and area under the
curve) of core temperature following administration of either a muscarinic or nicotinic agonist such as oxotremorine (156 wg/kg,
IP) or nicotine hydrogen tartrate (15 mg/kg, SC) was used as an indicator of downregulation of muscarinic or nicotinic receptors,
respectively. Twenty-four h following soman (100 pg/kg, SC) administration, there was a significant decrease (p<0.05) in ox-
otremorine- but not nicotine-induced hypothermia. The significant differences in the mean minimum temperature and AUC were
still present 4 days after exposure to the soman. Neither lower doses of the organophosphate anticholinesterase, soman (50 and 70
pg/kg), nor the carbamate anticholinesterase, physostigmine (500 pg/kg), produced a significant change in either oxotremorine- or
nicotine-induced hypothermia. The results of this study suggest that receptor downregulation observed after subchronic administra-
tion of soman is also evident following administration of a single, sublethal dose of an organophosphate anticholinesterase, so-
man, but not after administration of a carbamate anticholinesterase, physostigmine. The in vivo assessment of the muscarinic
receptor using oxotremorine hypothermia may be a sensitive indicator of the functionality of the drug-receptor coupling and indi-
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cate a physiological consequence of receptor downregulation.
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FOLLOWING soman (pinacolyl methylphosphonofluoridate) poi-
soning, symptoms such as miosis, salivation, lacrimation, diar-
rhea and tremors are evident. These symptoms are due to inhibition
of the enzyme acetylcholinesterase which results in an increase
in the concentration of the neurotransmitter, acetylcholine (33,42),
and an overstimulation of the postsynaptic cholinergic receptors.
The recovery of acetylcholinesterase to control levels, after inhi-
bition by soman, is by resynthesis of new enzyme (19), a pro-
cess that may take weeks to occur depending upon the anatomical
location of the tissue (9). Chronic or subchronic exposure to an-
ticholinesterase agents results in the development of tolerance.
This is characterized by the disappearance or decrease of symp-
toms upon subsequent exposure to either the anticholinesterase
(12, 23, 29) or a cholinergic agonist (12, 28, 29, 37) and a
downregulation (decrease) in the number of cholinergic recep-
tors (1, 3, 4, 12, 15, 31, 36, 41).

The downregulation of cholinergic receptors observed in drug
receptor binding assays does not indicate if the decrease in re-
ceptor number was of a functional, physiological significance.

Oxotremorine-induced hypothermia apparently resuits from acti-
vation of muscarinic cholinergic receptors in the anterior hypo-
thalamus (22). In the present experiments, measurement of core
temperature in mice was accomplished using a telemetry system
(10). By measuring the temporal response of core temperature
following the administration of either oxotremorine or nicotine,
the mean minimum temperature and area under the curve (AUC)
could be determined. There was a dose-response relationship for
mean minimum temperature and AUC following the administra-
tion of either oxotremorine (10) or nicotine (J. G. Clement, un-
published observations) to mice. In this study, it was assumed
that, if there were a downregulation of muscarinic or nicotinic
receptors, there should be a parallel change in the oxotremorine-
or nicotine-induced hypothermia, respectively. Thus mean mini-
mum temperature and AUC following administration of standard
doses of either oxotremorine or nicotine were used as indicators
of receptor downregulation following exposure to a single dose
of an acetylcholinesterase inhibitor such as soman or physostig-
mine.

'Requests for reprints should be addressed to Dr. J. G. Clement, Defence Research Establishment Suffield, Box 4000, Medicine Hat, Alta., Can-

ada, T1A 8K6.
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TABLE 1
EFFECT OF ANTICHOLINESTERASE POISONING ON THE MEAN MINIMUM TEMPERATURE AND AUC PRODUCED BY
EITHER OXOTREMORINE OR NICOTINE 24 HOURS LATER*
Oxotremorine Nicotine
Minimum Temperature AUC Minimum Temperature AUC
Treatment °C) (°C X Min) N °C) (°C X Min) N
Control 30.37 = 1.52% 10023 = 265 11 30.58 = 1.62 8729 + 249 12
Soman (50)f 29.87 = 0.84 10079 = 207 5 — —
Soman (70) 31.10 = 0.96 10364 + 300 5 30.41 = 2.05 8785 + 331 6
Soman (100) 33.29 = 1.03§ 10855 + 235§ 6 31.20 = 0.94 8853 + 165 10
Physostigmine (500) 29.86 = 1.12 10123 = 255 8 — —
ANOVA F(4,30)=10.39 F(4,30)=14.18 F(2,25)=0.66 F(2,25)=0.71
p<0.01 p<0.01 ns ns

*Mice were administered either soman (50, 70 or 100 pg/kg, SC) or physostigmine (500 pg/kg, SC), then 24 h later were injected with either
oxotremorine (156 pg/kg, IP) or nicotine (15 mg/kg, SC) and the hypothermia monitored.

tMean = SD with N =number of observations.

$Drug pretreatment with the value in parentheses representing the dose administered in pgrkg, SC.
§Significantly different (p<0.01) from control as determined by the Scheffe test; ns = not significant.

METHOD

Animals

Male CD-1 mice (25-30 g) obtained from Charles River
Canada Ltd., St. Constant, Quebec, were used in this study. The
animals were kept in the vivarium at Defence Research Estab-
lishment Suffield for at least one week following their arrival,
prior to experimentation. The animals were allowed access to
food and water ad lib. The room temperature was 21-22°C.

Tolerance Assessment

Initially, mice were poisoned with soman (50, 70 or 100 g/
kg) or physostigmine (500 mg/kg) by subcutaneous (SC) injec-
tion. Twenty-four h after the injection of soman, mice were
administered either oxotremorine (156 pg/kg, IP) or nicotine (15
mg/kg, SC) by intraperitoneal (IP) injection, and the temporal
core temperature response was monitored. The doses of oxotrem-
orine and nicotine used in the evaluation were on the linear por-
tion (approximately 70%) of the dose-response curve for each of
the agonists (J. G. Clement, unpublished observations).

In another series of experiments, the duration of tolerance
following a single injection of soman was investigated. On day
0, mice were injected with either saline or soman (100 pg/kg,
SC). Daily, beginning on the day after soman administration
(Day 1), mice were injected with either oxotremorine (156 ng/
kg, IP) or nicotine (15 mg/kg, SC) and the core temperature
monitored.

Core Temperature Measurement

Core temperature was monitored using a telemetry system
(10). For implantation of the telemetry transmitters, mice were
anesthetized with sodium pentobarbital (75 mg/kg, IP). An ab-
dominal incision was made, and the telemetry transmitter was
implanted in the peritoneal cavity. The peritoneal incision was
closed using sutures (000 plain gut), and the skin was closed
using wound clips (9-mm Michel clips). The mice were allowed
to recover for 1 week prior to use in an experimental situation
(10). The telemetry transmitter was activated by bringing a
magnet close to the abdomen, which turned on the battery
power. The weight of the telemetry transmitter was tared prior

to recording the body weight of the mouse so that the animal
was injected with the proper dose of the drug based on tissue
weight of the animal. Mice were placed in individual cages, and
the core temperature was monitored by telemetry. Typically, the
first 3 data points established a control baseline. The drug was
administered immediately after the acquisition and storage of the
3rd data point. The data were acquired at 10-min intervals, for a
total of 240 and 280 min for nicotine and oxotremorine, respec-
tively. The entire time period, including the control interval, was
then used in the calculation of the mean minimum temperature
and AUC.

Data Analysis

The data were analyzed by one-way analysis of variance
(ANOVA) and, when appropriate, significant differences of the
means were determined using the multiple comparison Scheffe
test. Significant differences of the means in the presence and
absence of soman were determined by the Student s-test. A value
of p<<0.05 was considered statistically significant.

Acetylcholinesterase Assay

The degree of acetylcholinesterase inhibition and the time
course recovery in various brain regions following administra-
tion of soman (100 wg/kg) were investigated. Acetylcholinester-
ase activity was determined at 37°C using a radiometric procedure
(34) with '*C-acetyicholine iodide (ACh) as the substrate. Mice
were decapitated and exsanguinated. Brain tissues (hypothala-
mus, cerebellum, pons medulla, cortex, hippocampus and stria-
tum) were isolated. A 1% (w/v) homogenate of each of these
tissues was prepared in a 0.1-M phosphate buffer (pH 7.4) con-
taining 0.4 M sucrose using a teflon pestle glass homogenizer.
The homogenates were then frozen and stored at —80°C until
analyzed for acetylcholinesterase activity.

Materials

Soman (pinacolyl methylphosphonofluoridate), prepared at
Defence Research Establishment Suffield, was greater than 99%
pure. The 24-h LDy, of the soman used in this study was be-
tween 130-140 pg/kg (SC). The following drugs were obtained
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FIG. 1. Effect of soman pretreatment on tolerance development to ox-
otremorine-induced hypothermia. Mice were injected on day O with ei-
ther saline or soman (100 pg/kg) and then injected 1 day after and daily
for 4 days with oxotremorine (156 pg/kg, IP). The standard etror bars
were omitted for clarity, The additional panels below the top graph are
the individual curves (extracted from the combined graph) for that par-
ticular day. Values in the table portion of the figures represent the
mean*SD. Mean minimum temperature (Min Temp)=°C while
AUC=°C x min. Statistical differences were determined using the Stu-
dent r-test. N=11 for ~ soman and 8 for + soman.

from various commercial sources: oxotremorine (Aldrich), nico-
tine hydrogen tartrate and physostigmine hemisulfate (Sigma).
All drugs were dissolved in saline prior to injection. The vol-
ume of injection was 1% of body weight.

RESULTS

Following administration of soman (70 and 100 pg/kg, SC),
the core temperature decreased to 29-31°C within 4-6 h and
gradually returned to normal within 12 h [(10); J. G. Clement,
unpublished observations]. There was no apparent hypothermia
following administration of the 50-pg/kg dose of soman. The
administration of oxotremorine or nicotine was delayed until 24
h after soman pretreatment so that the measurements were made
in a system where core temperature had returned to control lev-
els.

The temporal response of oxotremorine- and nicotine-induced
hypothermia was assessed (Table 1) following administration of
soman. At the lower doses of soman (50 and 70 pg/kg), there
was no significant effect on the muscarinic-induced hypothermia.
Only following the 100-pg/kg dose of soman were the changes
in oxotremorine-induced hypothermia statistically significant (Ta-
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FIG. 2. Degree of inhibition of acetylcholinesterase by soman and the
time course of the recovery. Mice were sacrificed at the various time
periods after injection of soman (100 pg/kg, SC) and the acetylcholines-
terase activity determined. Each point represents the mean+ SEM of at
least 5 observations. A nonlinear abscissa was used so that the data at
the early time points could be seen more clearly. If the error bars are
not visible, then the SEM was not greater than the radius of the point.
Those time points marked with an asterisk (*) were not significantly dif-
ferent from control, whereas all the other points were significantly dif-
ferent from the control group (day 0) to at least the 5% level.

ble 1). There was no significant effect on the nicotine-induced
hypothermia following soman poisoning (70- or 100-p.g/kg dose).
The tolerance to oxotremorine hypothermia seen following so-
man (100 pg/kg) was not apparent following administration of
the carbamate anticholinesterase, physostigmine, as there were
no significant changes in the oxotremorine-induced mean mini-
mum temperature and AUC 24 h following physostigmine poi-
soning. This particular dose of physostigmine was on the upper
portion of the physostigmine hypothermia dose-response curve
{J. G. Clement, unpublished observations) and was a dose that
produced marked signs of cholinergic overstimulation and a
modest degree (10%) of mortality. It was assumed that the dose
of physostigmine produced a marked inhibition of brain acetyl-
cholinesterase (17).

The duration of tolerance following a single soman injection
was investigated by recording the temporal response of core
temperature to oxotremorine administration at various times af-
ter soman and determining the mean minimum temperature and
AUC. The results in Fig. 1 illustrate the time course of hypo-
thermia produced following daily administration of oxotremorine
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(156 pg/kg, IP) in mice that received either saline or soman.
The mean minimum temperature and AUC for oxotremorine hy-
pothermia were calculated for each day and analyzed by one-
way ANOVA (Fig. 1). There were no significant differences in
the mean minimum temperature, F(3,40)=0.18, p>0.05, and
the AUC, F(3,40)=1.71, p>0.05, in the response to daily ad-
ministration of oxotremorine (156 pg/kg) in the absence of so-
man poisoning suggesting that daily administration of oxotremorine
(156 pg/kg) did not induce tolerance to its own response. Simi-
larly, in the presence of soman poisoning, the mean minimum
temperature, F(3,28)=0.37, p>0.05, and AUC, F(3,28)=1.08,
p>0.05, were not significantly different over the 4-day observa-
tion period. However, in the soman-treated group, there were
significant differences in the oxotremorine-induced hypothermia
(mean minimum temperature and AUC) when compared to the
saline group on successive days after soman poisoning. The ox-
otremorine mean minimum temperature and AUC were signifi-
cantly higher on days 1, 2, 3, and 4 after soman pretreatment;
e.g., minimum temperature on day 1 after saline pretreatment
was 30.37°C compared to 33.29°C day 1 after soman poisoning
(Fig. 1). Generally, there was a decrease in the oxotremorine-
induced hypothermia following soman (100 pg/kg, SC), suggest-
ing that tolerance had developed, and it was still present 4 days
later.

Soman (100 pg/kg, SC) produced a profound inhibition of
acetylcholinesterase in all regions of the brain (Fig. 2). The cor-
tex acetylcholinesterase was inhibited to the greatest degree, and
acetylcholinesterase in the striatum was inhibited the least. In all
brain regions, it took a prolonged time (16 to >32 days) for the
acetylcholinesterase activity to recover to control levels. Inter-
estingly, the soman hypothermia disappeared within 12 h at a
time when the brain acetylcholinesterase activity was still se-
verely inhibited.

DISCUSSION

Various investigators, utilizing drug receptor binding assays,
have reported a downregulation of the muscarinic cholinergic re-
ceptors, without any change in the affinity constant, following
acute (1, 5, 16, 28) and subchronic anticholinesterase adminis-
tration (3, 4, 11, 15, 16, 32, 40, 41). However, measurement
of a decrease in the number of cholinergic receptors in a drug
receptor binding assay does not give any indication of the func-
tional significance of the downregulation. Dilsaver and Alessi
(14) stated that ‘‘binding data are adynamic measures which
convey nothing about the function of the system.’’ This argu-
ment was supported by the fact that downregulation of muscar-
inic receptors following repeated injections of DFP was not
accompanied by a ‘‘physiological desensitization’’ in the musca-
rinic-receptor-mediated phosphoinositide hydrolysis (6). In the
present study, it was hypothesized that, if there were a down-
regulation of cholinergic receptors due to increased concentra-
tions of acetylcholine (the result of extensive and prolonged
acetylcholinesterase inhibition) following the administration of a
single dose of soman, there should be a decrease in the oxotrem-
orine- and/or nicotine-induced hypothermia. Following adminis-
tration of a single dose of soman (100 pg/kg), tolerance developed
within 24 h due to effects at the muscarinic but not the nicotinic
receptors. This was evidenced by an increase in the mean mini-
mum temperature and AUC following oxotremorine- but not
nicotine-induced hypothermia 24 h after soman poisoning. The
lower doses of soman tended to produce a decrease in the ox-
otremorine hypothermia. However, only after administration of
the 100-pg/kg dose of soman was there a significant (p<<0.05)
decrease in the oxotremorine hypothermia measured 24 h later.
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These results are similar to those of Overstreet et al. (28) who
reported a decrease in the pilocarpine hypothermia 24 h follow-
ing a single dose of DFP.

Tolerance was not a property common to all anticholinest-
erases. Tolerance was not evident 24 h following administration
of the carbamate anticholinesterase, physostigmine (Table 1). In
the present study, the acetylcholinesterase inhibition and result-
ing increase in acetylcholine concentrations produced by physo-
stigmine were probably not long enough (17,26) to produce
downregulation of the muscarinic receptor. Acetylcholinesterase
inhibitors, such as soman or physostigmine, result in the same
biochemical event, namely inhibition of the enzyme acetylcho-
linesterase which produces an increase in the synaptic concen-
tration of acetylcholine and an overstimulation of cholinergic
receptors. Both produced hypothermia in mice (J. G. Clement,
unpublished observations, this study); however, the physostig-
mine hypothermia was short-lived due to the fact that the acetyl-
cholinesterase inhibition is readily reversible, and the synaptic
situation is normalized. The reversibility of the inhibition and
the effect on cholinergic receptors were emphasized in the study
where physostigmine was administered twice daily for 7 days
and did not produced downregulation of muscarinic receptors in
the rat brain (13). In the case of soman poisoning, the acetyl-
cholinesterase inhibition is irreversible, but still normal core
temperature is restored within 12-24 h. This indicates that, after
soman poisoning, there is a change in the synaptic function
which brings about a new equilibrium, most likely the result of
a change in muscarinic cholinergic receptor coupling.

The time course of tolerance development following a single
exposure to soman indicated that the recovery of the normal re-
sponse took longer than 4 days (Fig. 1). Following repeated ad-
ministration of soman, the half-time for recovery of muscarinic
receptors varied from 14 days for the superior colliculus to 19
days for the hippocampus (4). This prolonged recovery time is
not unusual, as it takes at least 15-30 days, depending upon the
area of the brain, for acetylcholinesterase to recover to control
levels following soman poisoning [(9), Fig. 2]. It would not be
unreasonable to assume that it would take a similar time frame
for the resynthesis and/or externalization of the receptors to oc-
cur and that different areas of the brain are affected to different
degrees (3) and recover at different rates (4). Thus it is apparent
that, even though the animal has established a new equilibrium
(as evidenced by the return of the body temperature to control
levels in the presence of extensive acetylcholinesterase inhibi-
tion), it may take a prolonged time for the animal to recover to
control levels from the toxic insult even though the animal may
respond toxicologically as though it were completely recovered
(9). Thus, as Russell et al. (30) stated, physiological variables
are ‘‘capable of normal activity when less than the total popula-
tion of functional m ACh receptors was available.”

The number of nicotinic receptors in the central nervous sys-
tem is small in relation to the number of muscarinic receptors;
however, the largest concentration of nicotinic receptors is in the
hypothalamus (11). Following soman administration, there was
no effect on the nicotine-induced hypothermia, suggesting that
there was no downregulation of the nicotinic receptors. These
results agree with those of others (20,38) who found that re-
peated soman administration produced a downregulation of the
muscarinic but not nicotinic receptors, and there was no desen-
sitization to the nicotinic agonist, carbachol at various times af-
ter soman poisoning (27).

The decrease in the oxotremorine hypothermia 24 h follow-
ing soman pretreatment suggested a downregulation of muscar-
inic receptors. Alternatively, this change in the oxotremorine
response could be accounted for by a change in the metabolism
of oxotremorine. However, this is unlikely, since the mouse
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metabolizes oxotremorine relatively slowly, and pretreatment of
the animal with a potent enzyme inducer, such as phenobarbital,
does not alter the metabolism of oxotremorine significantly (8,18).
Generally, soman did not alter the activity of hepatic mixed-
function oxidases (7). Thus the decrease in oxotremorine hypo-
thermia following soman exposure is most likely representative
of a muscarinic-receptor-related phenomenon.

Oxotremorine hypothermia is purported to result from the
stimulation of muscarinic receptors in the thermoregulatory cen-
ter in the preoptic anterior hypothalamus (22). Administration of
either radioactive soman, sarin or DFP resulted in much higher
concentrations of radioactivity in the hypothalamus compared to
other brain areas (21) and was found to produce profound inhi-
bition of acetylcholinesterase in this region [(9), this study].
Thus it is curious as to why, following subchronic administra-
tion of either soman (4) or DFP (3, 35, 41), there was a down-
regulation of muscarinic receptors (i.e., a decrease in the number
but not the affinity of the receptor) in all brain regions exam-
ined except the hypothalamus. Perhaps there was a methodolog-
ical reason. Labeling of muscarinic receptors using radioactive
quinuclidinyl benzilate (QNB) (3, 4, 35, 41) gives an estimate
of the total number of receptors, whereas the use of N-methyl-
scopolamine (NMS) may provide a better estimation of the
number of available, functional muscarinic receptors contribut-
ing to a cellular response (2). Alternatively, the decrease in the
QNB binding noted in various brain areas (3, 4, 35, 41) could
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be due to the disappearance of cholinergic neurons, whereas in
the hypothalamus, there may be no loss of cholinergic neurons,
and thus there would be no apparent decrease in QNB binding
as QNB would label receptors on the surface and those seques-
tered in the membrane. In the present study, it is doubtful that
the decrease in the oxotremorine response following subacute
soman exposure is due to a loss of muscarinic receptors as a
result of neuropathology. The dose of soman (100 pg/kg, SC)
used in the present study did not produce convulsions, which
appear to be a prerequisite for observing the neuropathology
(24,25). It could also point to the fact that the locus of the ac-
tion of oxotremorine downregulation is not in the hypothalamus
but at another neuronal connection in the thermoregulatory con-
trol circuit and/or that the downregulation in the hypothalamus
was occurring at a point in the system after the initial binding of
the agonist, i.e., G proteins, second messengers, etc.

The in vivo assessment of muscarinic receptor function using
oxotremorine-induced hypothermia may be a more sensitive in-
dicator of a change in the response of the drug-receptor coupling
than measurement of drug-receptor binding. Perhaps the ox-
otremorine hypothermia may be representative of an interaction
with the ‘‘functional’”” NMS binding sites. The muscarinic re-
ceptor downregulation following exposure to organophosphate
anticholinesterases may serve as a protective mechanism for the
organism which allows it to adapt to the changing conditions of
the internal milieu.
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