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CLEMENT, J. G. Hypothermia: Limited tolerance to repeated soman administration and cross-tolerance to oxotremorine. PHAR-
MACOL BIOCHEM BEHAV 39(2) 305-312, 1991.—The effect of repeated administration of the organophosphate anticholines-
terases, soman (pinacolyl methylphosphonofluoridate) and DFP (diisopropylfluorophosphate) on core temperature was investigated
in mice. Mice were implanted with telemetry transmitters for the monitoring of core temperature. Following repeated administra-
tion of soman (3-10 injections), tolerance (as defined by a decrease in the organophosphate-induced hypothermia upon subsequent
administration) to the organophosphate-induced hypothermia was evident after the Sth injection; however, there was cross-toler-
ance to oxotremorine hypothermia as early as after the 3rd injection of soman. Following repeated administration of DFP, there
was no tolerance to the DFP-induced hypothermia following 5 injections, whereas cross-tolerance to oxotremorine was evident
following the Sth injection. The organophosphate-induced hypothermia may have another component which contributes to the
response. It is proposed that the cross-tolerance to oxotremorine hypothermia after subchronic administration of an anticholines-
terase is representative of the functionality of muscarinic cholinergic receptor coupling.
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INHIBITION of the enzyme acetylcholinesterase by soman
(pinacolyl methylphosphonofluoridate) decreases the hydrolysis
of the neurotransmitter acetylcholine. This condition produces an
increase in the synaptic concentration of acetylcholine, which
results in overstimulation of the postsynaptic cholinergic recep-
tors and characteristic signs of anticholinesterase poisoning such
as miosis, salivation, lacrimation, diarrhea, tremors, etc. Recov-
ery of acetylcholinesterase activity after soman poisoning is due
to synthesis of new enzyme (27) and is not due to dealkylation
of the enzyme (16). Thus, following soman poisoning, the
postsynaptic cholinergic receptors may be exposed to excessive
concentrations of the neurotransmitter acetylcholine for various
periods of time (41,47).

Subchronic administration of a cholinergic agonist or acetyl-
cholinesterase inhibitor frequently results in tolerance to the
physiological or behavioral effects. Tolerance to the organophos-
phate anticholinesterase diisopropylfluorophosphate (DFP) was
characterized by a decrease in the symptoms of poisoning such
as salivation, lacrimation, hypothermia (25, 30, 37) and a de-
crease in the number, but not affinity, of muscarinic receptors
in various regions of the brain (4, 20, 40, 44-46). Similarly,
following acute (1) or subchronic (5) administration of soman,
there was a decrease in the number of muscarinic receptors in
the brain, characteristic of receptor down regulation.

Drug receptor binding studies only indicate that the ligand

binds to the receptor but do not provide information concerning
the functioning of drug receptor coupling. Dilsaver and Alessi
(17) stated that ‘‘binding data are adynamic measures which
convey nothing about the function of a system.”” This concept
was substantiated by the results of Baumgold et al. (2) which
led to the conclusion ‘‘that agonist-induced sequestration of re-
ceptors does not always lead to desensitization of receptors.’’
Oxotremorine-induced hypothermia is presumably the result of
stimulation of muscarinic cholinergic receptors in the anterior
hypothalamus (29). Thus, in the present study, oxotremorine-in-
duced hypothermia is used as an in vivo estimate of the func-
tionality of muscarinic cholinergic receptor coupling. The pur-
pose of this investigation was to examine the development of
tolerance to organophosphate-induced hypothermia following re-
peated administration of either soman or DFP and cross-toler-
ance to oxotremorine hypothermia.

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
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and prior to experimentation. The animals were allowed access
to food and water ad lib. The room temperature was 21-22°C.

Subchronic Administration of Organophosphates

In the case of soman, mice were injected initially with so-
man (either 50, 70 or 100 pg/kg, SC); then 3 days after the
initial injection and thereafter at 2-day intervals, mice were in-
jected with the same dose of soman. In the case of DFP, mice
were injected initially with DFP (1.0 mg/kg, SC). Three and 7
days after the initial injection and thereafter at 2-day intervals
for injections 4 and 5, mice received the same dose of DFP (1.0
mg/kg, SC). These particular injection schedules were adopted
to keep the mortality to an acceptable level.

On the second day after the last injection of either soman or
DFP, mice were administered oxotremorine (either 625 or 156
ig/’kg, IP) and the core temperature monitored by telemetry as
described below.

The effect of repeated administration of soman on drug me-
tabolism by the hepatic mixed function oxidases was assessed.
Two days after the Sth injection of soman, sodium pentobarbital
(75 mg/kg, IP) was administered and the sleep time recorded and
compared to naive controls. In addition, the effect of induction
of hepatic mixed function oxidases by sodium phenobarbital
(100 mg/kg, IP; daily for 4 days) on the oxotremorine-induced
hypothermia was also investigated. This treatment regimen is
known to cause a liver hyperplasia and an increase in the mixed
function oxidase levels which is manifested as an increase in
drug metabolism and can be assessed by the pentobarbital sleep
time. Oxotremorine was administered 24 h after the last phe-
nobarbital injection and hypothermia monitored and compared to
the control group.

Recording of Core Temperature

Core temperature was monitored using a telemetry system
(10). The mice were anesthetized with sodium pentobarbital (75
mg/kg, IP). An abdominal incision was made, and the telemetry
transmitter was implanted in the peritoneal cavity. The abdomi-
nal muscle incision was closed using sutures (000 plain gut), and
the skin was closed using wound clips (9-mm Michel clips). The
animal was then allowed to recover for at least 1 week prior to
use in an experimental situation.

Analysis of Hypothermia Data

Following administration of oxotremorine, temperature was
recorded at 10-min intervals, whereas, following administration
of either soman or DFP, core temperature was recorded at 30-
min intervals. Typically, the first 3 data points were collected to
record the baseline. Immediately following the aquisition of the
3rd data point, the drug was administered, and the data were
aquired for a total of 280 min for oxotremorine and 720 min for
soman or DFP, and the mean minimum temperature and the area
under the curve (AUC) were calculated (10). When one exam-
ines the data for the mean minimum temperature and the curve
for the time course of the hypothermia, the mean minimum tem-
perature on the graph may be different from the value in the
table portion of the figure. The minimum temperature reported
in the table is the mean of the lowest temperatures attained by
individual mice during the entire observation period, irrespective
of the time taken to attain this temperature, whereas the values
used in plotting the graphs are the mean core temperatures at
particular times following administration. If individual animals
reached the minimum temperature at different times, then this is
reflected in the apparent differences in the values between the
graph and the table.
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Data Analysis

The data were analyzed by one-way analysis of variance
(ANOVA), and where a significant overall effect was found, the
group means were compared using the multiple comparison test
of Scheffe (23). A p<<0.05 was considered significant.

Enzyme Determinations

Acetylcholinesterase. Acetylcholinesterase activity was deter-
mined at 37°C using the radiometric procedure (42) with “C-
acetylcholine iodide (ACh) as the substrate. Mice were decapitated
and exsanguinated. Brain tissues (hypothalamus, cerebellum,
pons medulla, cortex, hippocampus and striatum) were isolated.
A 1% (w/v) homogenate was prepared in a 0.1-M phosphate
buffer (pH 7.4) containing 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,
which was expressed as nmol ACh hydrolyzed/mg wet weight
of tissue/min.

Carboxylesterase. Carboxylesterase activity was assessed by
the pH-Stat technique using tributyrin as the substrate. To a re-
action vessel (23°C), tributyrin (10 ml of 0.2% solution) was
added, vigorously stirred and titrated to pH 7.9 with 0.01 N
NaOH using a Radiometer titragraph. To start the reaction, 50
pl of serum was added. Rate of addition of 0.01 N NaOH from
the first to the fifth minutes was used in determining the en-
zyme activity. The reaction was linear over this time period. All
solutions were degassed by bubbling pure nitrogen through them
for at least 5 min, prior to the start of the experiment, and the
reaction vessel was purged with nitrogen while the reaction was
in progress. Carboxylesterase activity was expressed as the nmol
tributyrin (TBT) hydrolyzed/ml of serum/min.

Materials

Soman (pinacolyl methylphosphonofluoridate) was prepared
at Defence Research Establishment Suffield. The following drugs
were obtained from various commercial sources: sodium pento-
barbital (MTC Pharmaceuticals); tributyrin and sodium
phenobarbital (Sigma); and oxotremorine (Aldrich). In light of
previous observations (28), the DFP (Sigma) was repurified be-
fore use by a Kugelrohr purification. All drugs were dissolved
in saline immediately prior to injection. The volume of injection
was 1% of body weight in all cases.

RESULTS
Effect of Metabolic Status on Oxotremorine Hypothermia

The minimum temperature and the time course of the oxo-
tremorine-induced hypothermia may reflect either the sensitivity
of the muscarinic receptor coupling or the metabolic status of
the animal. The effect of metabolism on the oxotremorine pa-
rameters being measured (mean minimum temperature and AUC)
was investigated in mice, following the induction of mixed
function oxidases by the daily administration of the barbiturate
sodium phenobarbital (100 mg/kg, IP). The pretreatment of mice
with phenobarbital induced mixed function oxidases in the liver,
as evidenced by a significant (p<<0.05) reduction in the sodium
pentobarbital-induced sleep time in mice from 122+30 min
(mean = SD) in control mice to 31+ 3 min in phenobarbital-pre-
treated mice. The metabolic status of mice following repeated
injections of soman was evaluated using the sodium pentobar-
bital sleep time. The pentobarbital sleep time was 122*30
(mean = SD) min in control mice and 100+ 17 min in soman-
treated mice. This difference was not significant. Twenty-four h
after the last injection of phenobarbital, mice were injected with
oxotremorine (312.5 ng/kg, IP) and the hypothermia monitored.
There was no significant difference between the mean minimum
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TABLE 1
REPEATED ADMINISTRATION OF SOMAN: MINIMUM TEMPERATURE AND AUC*
Min. Temperature (°C) AUC (°C X min)

Soman Dose
(ng/kg) 50 70 100 50 70 100
Injection Number
1 36.39 = 0.99% 32.24 + 2.08 30.96 = 0.93 28373 = 613 26904 = 781 25625 = 1164
2 34.86 x 2.46 29.49 = 1.85 31.07 = 1.13 27787 = 862% 25417 = 1205 26583 + 529
3 32.24 £ 2.21% 28.87 + 1.33% 28.92 = 0.981§ 26966 + 875% 25258 = 1069 24721 = 710§
4 32.47 = 3.29% 28.37 = 1.65% 28.98 + 0.671§ 26947 = 1360% 24618 = 1211% 24972 = 671§
5 31.99 = 3.24% 28.92 + 1.41% -9 26853 + 1443% 25259 = 1059 —9
ANOVA F(4,45)=5.67 F(4,25)=5.01 F(3,32)=14.54 F(4,45)=3.92 F(4,25)=3.72 F(3,32)=9.61

p<0.01 p<0.01 p<0.01 p<0.01 p<0.05 p<0.01

*Received 5 injections as described in the Method section.

tMean = SD.

$Significantly different (p<<0.05) from the Ist soman injection.
§Significantly different (p<<0.01) from the 2nd soman injection.
fiData acquisition terminated prematurely due to power interruption.

temperature (28.41*+1.11 vs. 28.61+0.32) or the AUC
(9641346 vs. 9676+99) in the phenobarbital-pretreated or
control groups, respectively. Thus the change in the oxotremo-
rine-induced hypothermia does not appear to be influenced by
the metabolic status of the animal and thus is probably an indi-
cator of the functionality of the muscarinic receptor coupling in
the CNS.

Repeated Administration of Soman

In this study, tolerance was defined as a decrease in the or-
ganophosphate-induced hypothermia following repeated adminis-
tration of the same dose, whereas cross-tolerance was defined as
a decrease in the oxotremorine-induced hypothermia (compared
to that found in naive control mice) following repeated adminis-
tration of an organophosphate anticholinesterase.

The quantitation of the hypothermia parameters evaluated
following repeated administration of soman are presented in Ta-
ble 1. With the lowest dose of soman (50 pg/kg), the first 2
injections did not result in any significant degree of hypother-
mia. It was not until the 3rd injection that hypothermia became
significant (p<<0.05). Similarly, at the 70 pg/kg dose of soman,
the subsequent injections appeared to result in a greater response
compared to that found after the first injection. Only after injec-
tions 3—<4 were the results significantly different (p<<0.05) from
the 1st soman injection. Following a 100 pg/kg dose of soman,
the hypothermia increased significantly (p<<0.05) by the 3rd in-
jection. In addition, the 3rd soman (100 pg/kg) injection resulted
in a significant (p<<0.01) increase in the soman-induced hypo-
thermia over the 2nd injection. However, tolerance, as previ-
ously defined, was not evident following repeated administration
of soman. There was no mortality following repeated adminis-
tration of the 50 and 70 pg/kg doses of soman, whereas there
was approximately 40% mortality after the Sth injection of 100
pg/kg soman (Table 2). Signs of soman poisoning such as sali-
vation, lacrimation, and tremors were evident following each in-
jection of soman; however, quantitation of the severity or incidence
of these particular signs was not performed.

Brain acetylcholinesterase activity was determined following
repeated injections of soman (Table 2). After the lst soman in-
jection (100 pg/kg, SC), there was extensive inhibition of ace-
tylcholinesterase in all brain regions except the striatum, where

there was only a 30% inhibition of acetylcholinesterase activity
compared to >94% inhibition in the cortex. Following the 5th
soman injection, acetylcholinesterase inhibition in all the brain
regions was >90%. Recovery of the acetylcholinesterase activ-
ity in the 2-day period following the last injection of soman was
in the range of 18-32% for the various brain regions, whereas
normal core temperature was reestablished within 12 h follow-
ing soman administration. Serum carboxylesterase activity was
inhibited following repeated injections of soman; however, in the
2-day recovery time following the last soman injection, serum
carboxylesterase activity returned to 90% of control levels. The
brain acetylcholinesterase activity following the 5th injection of
70 wg/kg soman was also determined (Table 2). The activities
were in a similar range but generally greater than those found
following 100 jg/kg soman. It may be that a certain degree of
acetylcholinesterase inhibition is required before the soman-in-
duced hypothermia becomes evident, which may be the reason
that the lowest dose of soman required 3 doses to demonstrate
hypothermia and that the 2nd injection of the 70- and 100-ug/kg
doses appeared to produce a greater degree of hypothermia.
Additional experiments were performed in which the number
of soman injections (70 pg/kg) was increased to a total of 10 to
determine if the previous results, demonstrating a lack of toler-
ance to soman-induced hypothermia following repeated adminis-
tration, were due to the fact that the number of injections was
insufficient to produce a response. The dose of soman chosen
for this experiment was approximately 70% of maximum and on
the linear portion of the soman dose-response curve (11). The
mean minimum temperature values had a maximum depression
after the 2nd soman injection and tended to increase slightly in
value for the remaining injections (Table 3). The ANOVA for
the mean minimum temperatures was significant; however, when
the significant differences between the various injections was
analysed by the multiple comparison test of Scheffe, no signifi-
cant differences were detected. The Scheffe multiple comparison
test is very rigorous and occasionally results in no significant
differences even when the ANOVA is significant (23). On the
other hand, the Scheffe test detected significant differences of
the AUC values. There was an increase in the hypothermic re-
sponse following the second soman injection. Following the Sth
soman injection and beyond, there were significant decreases in
the soman-induced hypothermia. Thus it can be concluded that
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TABLE 3

REPEATED ADMINISTRATION OF SOMAN: EFFECT ON MEAN MINIMUM
TEMPERATURE AND AUC*

Injection Min. Temperature AUC
Number “°C) (°C X min)
1 31.38 = 2.79% 26163 = 13228
2 28.42 = 1.59 23393 + 1088%
3 28.91 = 1.31 24657 = 789
5 30.11 = 0.84 25689 + 5858
6 29.73 = 1.08 25575 = 660§
7 30.28 x 1.44 26120 + 733§
8 30.55 = 1.56 26164 = 670§
9 29.96 = 1.25 25791 x 427§
10 30.15 = 1.28 25704 = 755%
ANOVA F(8,54)=2.21 F(8,54)=8.53
p<0.01 p<0.01

*Mice were injected with soman (70 pg/kg, SC) for a total of 10 in-
jections as follows; starting on day 0, then again 3, 5, 7 and 9 days
after the initial injection then at 2-day intervals during the week, with
no injections on the weekend, for the remaining 5 injections. Data ac-
quisition for the 4th injection was interrupted due to computer malfunc-
tion and therefore the parameters were not calculated.

+Mean = SD. N=7.

1Significantly different from the 1st injection (p<0.05).

§Significantly different from the 2nd injection (p<0.05).

there was a certain degree of tolerance that developed starting
after the 2nd injection of soman, but did not reach significance
until at least the Sth injection (Table 3).

In separate experiments, the time course of the development
of cross-tolerance to oxotremorine (156 pg/kg, IP) following re-
peated administration of soman (70 pg/kg, SC) was determined.
The dose of oxotremorine that was chosen was found to be ap-
proximately 70% of the maximum as determined from the oxo-
tremorine dose-response curve (10). The results in Fig. 1 illustrate
that there was cross-tolerance to oxotremorine-induced (156 pg/
kg) hypothermia after the 3rd soman injection which appeared
to reach a maximum by the 5th soman injection; the 5th and
10th injection results were not significantly different from one
another. Following cessation of the soman injections, the ox-
otremorine hypothermia approached control levels within 12
days, indicating that the cross-tolerance to oxotremorine was
slowly reversible.

The effect of repeated soman administration on the soman
hypothermia dose-response curve was also investigated. In order
to keep the mortality to a minimum (Table 2), mice were in-
jected repeatedly with soman (70 pg/kg, SC) as described in the
Method section. This particular injection schedule resulted in
extensive inhibition of brain acetylcholinesterase (Table 2). Two
days after the 5th soman injection, mice were administered an
additional dose of soman (either 40 or 60 pg/kg, SC) and the
core temperature monitored. The doses of soman (40 and 60
pg/kg, SC) were on the lower portion of the soman hypother-
mia dose-response curve (in naive mice) and would thus be more
sensitive in demonstrating a shift in the soman hypothermia
dose-response curve. Soman pretreatment (5 injections of 70
pg/kg dose) did not appear to shift significantly the soman-in-
duced hypothermia dose-response curve. The mean minimum
temperature data for the 40 and 60 pg/kg doses of soman in
control and following repeated administration of soman were as
follows: Control, 40=35.62+0.5 (N=7), 60 =32.30+3.09; af-
ter repeated administration, 40 =35.63+0.30, 60=30.16*1.2.
The AUC data for these groups were as follows: Control, 40=
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40

[
(L]
s
+

Min Temp
) (* x min)
Control 28.71 + 1.0 , 9848 x 229 10

Temperature (°)

30 + 3rd inj 32.93 :+ 1.62 10504 + 133 11
5th inj 39.97 & 1.za: 10530 £ 61 ~ 9§

O Control 10th inj 34.80 & 0.71° 10623 : 132” 6
@ 3rd inj 12 days atter 30.26 + 0.91 10178 z 199 6
A 5th inj
A 10 inj F(4.37)= 27.83 27.88
0O 12 days after p < 0.01 0.01

25 —+ —t— ——

0 70 140 210 280
Time (min)

FIG. 1. Effect of repeated administration of soman (70 pg/kg) on the
development of tolerance to oxotremorine-induced hypothermia. In sepa-
rate experiments, oxotremorine (156 pg/kg, IP) was administered 2 days
after the 3rd, Sth and 10th injections of soman (70 ug/kg, SC). To de-
termine the disappearance of the cross-tolerance to oxotremorine, 12
days after the 10th injection of soman, oxotremorine (156 wg/kg, IP)
was injected. Each point represents the mean of 7-10 observations. Val-
ues in the table are the mean=SD. The asterisk (*) indicates that the
value was significantly different (p<<0.05) from the control group.

27837 =397, 60=26397 +1227; after repeated administration,
40=27470=260, 60=26140* 660.

Repeated Administration of DFP

In experiments similar to those for soman, another organo-
phosphorus anticholinesterase, DFP, was administered repeatedly
to mice. There was no mortality after the first injection of DFP
and 58.3% mortality after the second injection, with no further
mortality following the additional doses of DFP. The results fol-
lowing repeated administration of DFP were similar to those fol-
lowing repeated administration of soman, namely, there was no
tolerance development to the organophosphate-induced hypother-
mia (Table 4), but there did appear to be cross-tolerance to oxo-
tremorine-induced (625 pg/kg) hypothermia. The oxotremorine-
induced hypothermia measured 2 days after the 5th injection of
DEP was reduced significantly when compared to the con-
trol [mean minimum temperature: 30.13=1.59 (N=5) vs.
28.78 1.04 (N=24), p<0.05; AUC, 9968 =214 vs. 9553«
307, p<<0.01, respectively].

TABLE 4
REPEATED ADMINISTRATION OF DFP: MEAN MINIMUM
TEMPERATURE AND AUC*
Injection Min. Temperature AUC
Number (°C) (°C X min)
1 30.66 = 1.62t 24498 + 1027
2 29.56 = 1.39 24629 + 1127
3 29.54 = 1.15 25090 = 615
4 29.85 + 0.88 25586 + 408
5 29.80 + 1.33 25569 = 596
ANOVA F(4,20)=0.62 F(4,20)=1.97
NS NS

*Mice received 5 injections of DFP (1.0 mg/kg, SO).
¥Mean = SD. N=5.
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DISCUSSION

Based on the pharmacology, anticholinesterase-induced hypo-
thermia is presumed to be cholinergic in nature. The increased
concentrations of acetylcholine (41,47) may activate muscarinic
receptors in the anterior hypothalamus (29) leading to a lower-
ing of the set point for heat release (35). The tolerance to the
repeated administration of sublethal doses of soman took greater
than 3 injections to occur, and the degree and development of
tolerance did not appear to be as great as the cross-tolerance to
oxotremorine. This result suggests that perhaps, in the case of
soman-induced hypothermia, there is an additional component
which contributes to the hypothermia. The neurotransmitter ace-
tylcholine will activate muscarinic and nicotinic receptors. Since
the hypothalamus is rich in nicotinic receptors (14), perhaps the
nicotonic receptors play a role in soman-induced hypothermia.
Cross-tolerance to nicotinic agonists, either carbachol (36) or
nicotine (11), was not apparent after soman poisoning. If there
was no downregulation of the nicotinic receptors, then there
would not be as great a decrease in the soman-induced hypo-
thermia, as the nicotinic component would still be contributing
to the overall effect. However, this argument is incompatible
with other information from this laboratory which indicates that
the soman-induced hypothermia is primarily a muscarinic-recep-
tor-related event as muscarinic antagonists, such as atropine, are
effective in antagonizing, although not completely, soman hypo-
thermia, whereas nicotinic antagonists, such as mecamylamine,
are not. Thus the apparently smaller degree of tolerance to so-
man-induced hypothermia could be due to the fact that the dose
of soman is near the maximum following repeated administra-
tion or else that there is some other component involved in or-
ganophosphate-induced hypothermia. The latter is not without
precedence, as monoamines have been implicated in soman poi-
soning (15).

Other investigators have demonstrated tolerance to the or-
ganophosphate-induced hypothermia following repeated adminis-
tration. The number of injections required before tolerance be-
came evident varied from as few as 1 (37), to 5 (25) and as
many as 10 or more (29,43) for DFP or 7 for soman (39). Also,
there appeared to be differences in the degrees of tolerance be-
tween the various studies. Tolerance to anticholinesterase-in-
duced hypothermia developed in the rat (25, 30, 37-39) but not
in the mouse (12,43). There also appears to be strain differences.
The DBA (12,43) mouse strain did not develop tolerance, whereas
the C;H (12) and the CD-1 (this study) strains did develop tol-
erance to anticholinesterase-induced hypothermia. From an ex-
amination of the details of the various studies, perhaps the major
factor in the differences observed among the various studies is
the species and, in the case of mice, the strain used.

The degree of tolerance could also be moderated by factors
unrelated to synaptic events but due to dispositional factors.
Plasma carboxylesterase has been shown to be an important
detoxification route for organophosphates such as soman (8,34).
Anticholinesterase administration was reported to stimulate pro-
tein synthesis (7, 18, 19). Upon repeated administration of the
organophosphate, the synthesis of carboxylesterase may be stim-
ulated. The concentration of plasma carboxylesterase could be
increased to a degree such that following administration of the
organophosphate anticholinesterase increasing amounts would be
bound to the carboxylesterase and, as a result, the characteristic
signs of poisoning and hypothermia would decrease in intensity.
Following repeated administration of soman (100 pg/kg, SC),
there was a slight decrease in the inhibition of plasma carboxyl-
esterase (Table 2) over the duration of the experiment which
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would suggest that there may be an increase in the concentration
of plasma carboxylesterase over that which was present at the
initiation of the experiment. However, in this study, it was not
enough to alter significantly the inhibition of the acetylcholines-
terase in the various brain regions or to affect the anticholines-
terase-induced hypothermia. Similar results were found following
repeated administration of DFP (24) and soman (39). Perhaps
the rate of recovery and even the isoenzyme pattern of carboxyl-
esterase in the plasma of rats and mice might be different and
contribute to the species difference in response to repeated or-
ganophosphate administration discussed above.

The results of the present study show that, following repeated
administration of either soman or DFP, cross-tolerance devel-
oped to oxotremorine-induced hypothermia. There are a number
of possibilities to account for this cross-tolerance to the oxotrem-
orine. The decrease in the oxotremorine response may be meta-
bolic in nature and could be explained if soman altered the
metabolism of oxotremorine. However, oxotremorine-induced
hypothermia does not appear to be influenced by the activity of
hepatic mixed function oxidases [this study; (26)], and repeated
organophosphate exposure does not appear to affect the activity
of the hepatic mixed function oxidases, making this argument
untenable. In survivors of soman poisoning, a distinct neuropa-
thology was evident, characterized by the loss of neuronal tissue
in certain areas of the brain (31,32). The cross-tolerance to
oxotremorine could be due to the loss of muscarinic-receptor-
containing neurons which participate in thermoregulation. How-
ever, in order for this neuropathology to become evident follow-
ing soman administration, the animals must display sustained
convulsive activity. The animals in this study exhibited tremors
but not overt convulsions. Also, soman (130 pg/kg, SC) failed
to produce the characteristic neuropathology in mice [(J. G.
Clement, unpublished observations)] viewed by others (31,32) in
rats. Thus it is unlikely that the loss of muscarinic-receptor-
containing neurons could account for the cross-tolerance to ox-
otremorine-induced hypothermia.

Tolerance to the symptoms following repeated administration
of organophosphate anticholinesterases is frequently paralleled
by downregulation of muscarinic receptors. Using receptor bind-
ing studies, numerous laboratories have consistently demon-
strated a decrease in the number, but not affinity, of muscarinic
receptors in various brain regions, except the hypothalamus, af-
ter repeated administration of either soman (5) or DFP (4, 33,
43). Similarly, the physiological response (hypothermia) follow-
ing administration of a cholinergic agonist such as pilocarpine
or carbachol was reduced following subchronic administration of
DFP (37). Thus it was assumed that the two events, i.e., recep-
tor downregulation and the decreased response to the cholinergic
agonist, were directly related. The anatomical site of the down-
regulation should be the hypothalamus, based on the proposed
site of action of oxotremorine (29). However, it has been re-
ported that there was no change in the muscarinic receptor num-
ber in the hypothalamus following repeated administration of
soman or DFP (4,5). Similarly, others have reported that there
is a poor correlation between receptor binding in the hypothala-
mus and the development of cross-tolerance (12,43). It may be
that the radioligand used, QNB, labeled all receptors and not just
the functional receptors (3,22). Desensitization, following expo-
sure to a cholinergic agonist or an anticholinesterase inhibitor,
has been associated with the loss of N-methyl scopolamine
(NMS) binding sites (6, 30, 22). This downregulation of NMS
binding sites was associated with a selective loss of the agonist
low-affinity and pirenzepine high-affinity binding sites (6). These
NMS binding sites could represent the receptor population in-
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volved in the oxotremorine-induced hypothermia. The cross-tol-
erance to the oxotremorine-induced hypothermia may be indica-
tive of the functionality of the receptor coupling, i.e.,

18.

19.

20.

21.

22.
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downregulation (of the functional receptors), a reduction in the
intracellular signal transduction, or both. This relationship will
be investigated in a separate study.
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