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SARIN AND PYRIDOSTIGMINE UNDER PHYSICAL
STRESS (EXERCISE) IN MICE

KAZIM HUSAIN* AND SATU M. SOMANI

Departments of Surgery and Pharmacology,
Southern 1llinois University School of Medicine,
Springfield, IL 62794 — 9629, USA

(Received on April 16, 2002)

Abstract : Pyridostigmine bromide, a reversible anticholinesterase drug,
was used by military personnel during the Gulf War. They were under
physical stress and might have been exposed to low-dose nerve gas, sarin.
This study examined the interactions of low-dose sarin and pyridostigmine
in exercised mice. Male NIH Swiss mice were treated as follows : 1) Control;
2) Sarin (0.01 mg/kg, sc); 3) exercise; 4) sarin plus exercise; 5) pyridostigmine;
6) pyridostigmine plus exercise; 7) pyridostigmine plus sarin;
8) pyridostigmine plus sarin plus exercise. Exercise was given daily for 10
weeks on treadmill and pyridostigmine and sarin were administered daily
during the 5th and 6th weeks only. Respiratory exchange ratio decreased
significantly during the dosing period of 5th and 6th weeks in groups 4,
6, and 8. Animals were sacrificed 24 hours after the ten-week exercise,
tissues isolated and analyzed. Sarin significantly decreased butyrylcholine
esterase (BChE) activity in plasma; AChE activity in platelet, triceps
muscle, and striatum; neurotoxic esterase (NTE) activity in platelets, spinal
cord, cortex and striatum and malondialdehyde (MDA) levels in sciatic
nerve and cord. Sarin plus exercise significantly reduced BChE activity in
plasma; acetylcholinesterase (AChE) activity in platelets, muscle, nerve
and striatum; NTE activity in platelets, cord, cortex and striatum; and
increased creatinine phosphokinase (CK) activity in plasma and MDA levels
in cord. Pyridostigmine plus exercise significantly decrease BChE activity
in plasma; AChE activity in muscle and enhanced malondialdehyde (MDA)
levels in muscle. Pyridostigmine plus sarin significantly decreased NTE
activity in platelets, cord, cortex and striatum. Pyridostigmine plus sarin
plus exercise significantly altered AChE activity and MDA levels in muscle;
and NTE activity in platelets, nerve, cord and cortex. Exercise significantly
augmented the changes in plasma CK activity, muscle and nerve AChE
activity, platelet NTE activity and cord MDA levels induced by sarin. It
is concluded that physical stress (exercise) enhanced the persistent/delayed
toxic effects of low-dose sarin and pyridostigmine in specific tissues of mice.
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INTRODUCTION

Pyridostigmine is a reversible
anticholinesterase drug most frequently
used in the treatment of patients with
myasthenia gravis and as a pretreatment
drug against nerve gas exposure. Most of
the U.S. and British troops took
pyridostigmine for atleast two weeks as a
pretreatment drug against possible exposure
to nerve gases during the Gulf War (1, 2).
Sarin (methylisopropyl phosphonofluoridate)
is an organophosphorus nerve gas with a
potent anticholinesterase property in
humans (3). Sarin has been used as a
chemical warfare agent since World War 11
and also during the lIran-lraq conflict and
the Gulf War (4, 5, 6). It has been reported
that personnel exposed to low-dose sarin
during its production in sarin manufacturing
plants suffered neurological and psychiatric
abnormalities even 5 to 10 years after their
last exposures (7, 8, 9, 10). Neurological
dysfunctions have also been reported 6-8
months after sarin exposure to humans in
Japan (11). Exposure to nerve gases may
produce acute cholinergic toxicity, which is
related to inhibition of cholinesterase at
neuromuscular junctions and the neuronal
membrane and the accumulation of
acetylcholine (12, 13). The persistent/
delayed neurotoxic effect induced by nerve
agents is referred to as organophosphate-
induced delayed neurotoxicity (OPIDN),
which is due to inhibition and subsequent
aging of enzyme neurotoxic esterase or
neuropathy target esterase (NTE) in the
neuronal membrane of the nervous system
(14, 15). A minimum of 70% NTE inhibition
after single exposure and 45% after multiple
exposures to neuropathic organophosphorus
compounds is required to initiate OPIDN

Sarin/Pyridostigmine/Physical Stress : Delayed Effects 151

(15, 16, 17, 18). Recent data show that NTE
is comprised of two functional domains : an
N-terminal regulatory domain and C-
terminal effector domain (19). It is proposed
that the N-terminal domain may bind a
cyclic nucleotide and thereby modulate the
activity of the C-terminal effector domain.
The non-esterase function of NTE may be
important for axonal maintenance and
neuron-glia cells signalling. Platelet NTE
has been demonstrated as a peripheral
biochemical marker for exposure to
neuropathic organophosphorus compounds
(18, 20, 21). Physical stress has been known
to influence the disposition and
pharmacokinetics of drugs/chemicals and
(22, 23) and also alter the cholinergic system
(24). During exercise, blood flow is
redistributed so that the active muscle
tissue receives the greater cardiac output.
Vasodilatation of arterioles occurs during
exercise, thus there may be an increased
uptake of the drug/agent by the muscle and
it may get trapped and persist for a longer
time. Recently, our laboratory has shown
that physical stress enhanced the oxidative
injury specifically to skeletal muscle of mice
exposed to pyridostigmine (25). Although
Gulf War veterans were exposed to
pyridostigmine, or might have been exposed
to low doses of sarin for weeks, during
combat, the symptoms continued for months
and years. It is hypothesized that under
stressful conditions, sarin/pyridostigmine
will cause delayed injury to specific tissues
of mice. Therefore, this study was
undertaken to elucidates the mechanism of
interaction of Ilow-dose sarin and
pyridostigmine (for two weeks) with physical
stress (ten weeks) on esterases, creatine
phosphokinase, and lipid peroxidation in
central and peripheral tissues of mice.
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METHODS

Chemicals

Sarin was provided by US Army Institute
of Chemical Defense, Aberdeen Proving
Ground, MD. Pyridostigmine bromide,
creatin phosphokinase kit, acetylthiocholine
iodide, butyrylthiocholine iodide,
dithiobisnitrobenzoic acid (DTNB), 1,1,1,1-
tetraethoxypropane and thiobarbituric acid
(TBA) were purchased from Sigma Chemical
Co., St. Louis, MO.

Animals

Adult male Swiss mice (Harlan
Industries, Indianapolis, IN), (25-30 gm)
were used in this study. They were kept in
guarantine for one week and were fed ad
libitum with Rodent Laboratory Chow
(Ralston Purina Company, Indianpolis, IN)
and tap water. Feed consisted of protein
(23.4%), fat (4.5%) and was balanced
with carbohydrates, fibers, vitamins and
minerals. The animals were maintained on
a 12:12 hr light:dark photo period. They
were randomly divided into different groups
and were treated as follows:

Experimental groups

Group | (Sedentary Control): For an
equivalent handling, control mice were
put on the treadmill at a low belt speed of
5 m/min for 5 min daily for 10 weeks. Mice
received saline orally in the 5th and 6th
weeks (n=15).

Group Il (Sarin): Mice were put on the
treadmill at a belt speed of 5 m/min for 5
min daily for a total of 10 weeks. They were
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administered sarin (0.01 mg/kg, sc [1/20 of
LD ] daily during the 5™ and 6™ weeks
(n=15).

Group 11l (Exercise): Mice were
exercised on the treadmill daily for 10 weeks
as per the protocol shown in Table I. They
were administered saline orally during the
5th and 6™ weeks (n=15).

Group 1V (Sarin plus Exercise): Mice
exercised on the treadmill daily for 10 weeks
as per exercise protocol shown in Table I.
They were administered sarin (0.01 mg/kg,
sc) daily during the 5™ and 6t weeks (n=15).

Table I: Exercise training protocol for mice on
treadmill.

Week Belt speed Inclination Total time
(m/min) (degree) (min)

1 12 0° 30

2 24 0° 30

3 30 8° 45

4 30 8° 45

5 30 8° 60

6 30 8° 60

7 30 8° 60

8 30 8° 60

9 30 8° 60

10 30 8° 60

Group V (Pyridostigmine): Mice were
put on treadmill daily for 10 weeks. They
were administered pyridostigmine (1.2 mg/
kg, po) during the 5" and 6™ weeks (n=15).

Group VI Pyridostigmine plus exercise) .
Mice were exercised on the treadmill daily
for 10 weeks. They were administered
pyridostigmine (1.2 mg/kg, po) during the
5th and 6t weeks (n=15).
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Group VII (Pyridostigmine plus Sarin):
Mice were put on treadmill daily for
10 weeks. They were administered
pyridostigmine (1.2 mg/kg, po) followed by
sarin (0.01 mg/kg, sc) daily during the 5t
and 6™ weeks (n=15).

Group VIII (Pyridostigmine plus Sarin
plus Exercise): Mice were exercised on
treadmill daily for 10 weeks. They were
administered pyridostigmine (1.2 mg/kg, po)
followed by sarin (0.01 mg/kg, sc) daily
during the 5™ and 6™ weeks (n=15).

Exercise training

The Oxyscan System and Omni-Pacer
Treadmill (Omnitech Inc., Columbus, OH)
were used for exercising the mice as per
protocol shown in Table I. The Oxyscan
System determined the rate of oxygen
consumption (VO,, ml/kg/min), exchange
ratio (vVCO,/VO,), (RER) and heat
production AH every 2.5 minutes. This
AH is related to caloric expenditure (Kcal/
kg/hr).

The five animals from each group were
sacrificed 24 hr after the 10-week
treatments for biochemical analysis. The
remaining ten mice from each group were
used for physiological and histological work
for a separate study.

Sacrifice and tissue isolation

The animals were sacrificed by
decapitation using decapicones (Braintree,
MA) and blood was collected in heparinized
vials. Plasma and RBC were separated by
centrifugation at 2000 rpm for 10 min. The
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animals were dissected and the brain
regions (cerebral cortex and corpus
striatum), spinal cord, sciatic nerve and
right leg triceps muscle were quickly
isolated, rinsed in cold saline, immersed in
liquid nitrogen and stored in a -80°C
biofreezer.

Preparation of tissue extract

Cerebral cortex, corpus striatum, spinal
cord, sciatic nerve and triceps muscle were
homogenized in 0.5 M phosphate buffer pH
7.0 using motor driven glass homogenizer
(Eberbach Corporation, Ann Arbor, Ml). The
homogenates (5%, w/v) were used to
determine protein and enzyme activity.

Isolation of platelets

Blood was collected in tubes containing
0.1 M citrate buffer for pH 7.4 and was
centrifuged at 600 rpm for 45 min. Platelet-
rich plasma was transferred to another tube
and was centrifuged at 2000 rpm for 30 min.
The plasma was decanted and sedimented
platelets were carefully resuspended in cold
saline to wash out adhering blood proteins.
The tube was centrifuged at 2500 rpm for
20 min and the saline was discarded.
Platelets were lysed with saponin and
diluted with 50 mM Tris-HCI1/0.02 mM
EDTA buffer of pH 8 (20).

Determination of protein in tissues

Protein concentrations in plasma,
platelets and tissue homogenates were
determined by the Coomassie reagent
using serum bovine albumin as a standard
(26).
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Enzyme assays
Acetylcholinesterase

Enzyme activity was determined in
tissues according to the modified method of
Ellman et al (27). In a cuvette, 100 pl of
tissue extract was added to 780 pl of 0.1 M
phosphate buffer pH 8. One hundred pul of
0.01 M dithiobisnitrobenzoic acid (in 0.1 M
phosphate buffer pH 7.0) was added to the
cuvette. The reaction was started after the
addition of 20 ul of acetylthiocholine (0.075
M) as a substrate, and optical density
was recorded at 412 nm every 30 seconds,
up to 4 minutes, using a Hitachi U-2000
spectrophotometer. The change in
absorbance per minute and molar extinction
coefficient for Thiocholine (1.36 x 10%) and
enzyme activity was calculated by a
computerized enzyme kinetic program. The
enzyme activity was expressed as pmoles
of acetylthiocholine hydrolyzed/min/mg
protein.

Butyrylcholinesterase

This enzyme activity in plasma was
determined by the modified method of
Ellman et al (27). In a cuvette containing
920 pl of 0.1 M phosphate buffer (pH 8),
10 pl of plasma and 50 pl of 0.01 M
dithiobisnitrobenzoic acid (in 0.1 M
phosphate buffer pH 7) was added. The
reaction was started with the addition of
20 pl of 0.075 M butyrylthiocholine as
substrate as substrate and optical density
was recorded at 412 nm every 30 sec, up to
4 minutes The enzyme activity was
calculated using the change in absorbance
per minute and molar extinction coefficient
of thiocholine (1.36 x 10%) by a computerized
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enzyme Kkinetic program. The specific
activity was expressed as pmoles of
butyrylthiocholine hydrolyzed min/mg
protein.

Neurotoxic esterase (NTE)

Enzyme activity was determined by the
method of Johnson (28). In a paired tube (A
and B) containing 940 ul and 920 pl of 50
mM Tris-EDTA buffer (pH 8), respectively,
was added 10 pl of 4 mM paraoxon (in
acetone and 10 ul of 4 mM paraoxon plus
10 pl of mM mipafox (in 5 mM Tris-citrate
buffer, pH 6.0), respectively. In both tubes,
50 pl of tissue homogenate or platelet
extract was added, vortexed and was
incubated at 37°C for 20 min. The substrate
1 ml phenyl valerate prepared in dimethyl
formamide (15 mg/ml) and 0.03% Triton
X-100 (1:30 v/v) was added, mixed and
incubated for 15 min. at 37°C. After
incubation, the reaction was stopped
by adding 500 pl of 0.5% potassium
ferricyanide was added and the absorbance
was measured spectrophotometrically at 510
nm. The activity was calculated by
subtracting the absorbance of tube B from
tube A. The enzyme activity was expressed
as nmoles of phenyl valerate hydrolyzed/
min/mg protein.

Creatine phospho kinase (CK)

The enzyme activity in the plasma was
determined by the spectrophotometric
method using a commercial kit from Sigma
(520-C). A tube containing 600 pl of 0.1 M
Tris—buffer (pH 7.4), 200 pl phosphocreatine
and 20 ul of ADP-glutathione reagent,
received 10 ul of plasma and the tube was
incubated for 30 min at 37°C. After
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incubation, the reaction was stopped by
adding 500 pl of 4N NaOH. Then 100 pl of
0.05 M p-hydroxy mercuribenzoate, followed
by 100 pl of diacetyl and 100 pul of
a-nephthol, was added to all tubes at room
temperature. The tube was vortexed and
color (pink) intensity was measured at 540
nm. The enzyme activity was expressed as
pmoles of creatine formed/min/ml of plasma.

Lipid peroxidation

This assay was used to determine
malondialdehyde (MDA) levels as described
by Ohkawa et al (29). Two hundred pl of
tissue homogenate was added to 50 pl of
8.1% sodium dodecyl sulfate (SDS),
vortexed, and was incubated for 10 minutes
at room temperature. Three hundred
seventy five pl of 20% acetic acid (pH 3.5)
and 375 ul of thiobarbituric acid (0.6%) were
added and placed in a boiling water bath
for 60 min. The samples were allowed to
cool at room temperature, then 1.25 ml of
butanol: pyridine (15:1) was added, vortexed
and centrifuged at 1000 rpm for 5 minutes.
Five hundred pl of the colored layer was
measured at 532 nm wusing 1,1,3,3-
teteraethoxy propane as a standard.

Statistical analysis

Values for RER were averaged per day
and then per week for the ten-week period
(n =15) per group. Data analyses for RER
were performed using a two-factor split-plot
analysis of variance. The biochemical data
were expressed as mean £ SEM (n=5) and
statistical analyses were performed using
two-way analysis of variance (ANOVA) with
Duncan's follow-up procedure using the SAS
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statistical software package (SAS Institute,
Cary, NC). Statistical significance was set
at the 5 percent level.

RESULTS
Respiratory exchange ratio (RER)

RER value significantly (P<0.05)
decreased after sarin, pyridostigmine or
pyridostigmine plus sarin dosing compared
to the initial week in exercising mice
(Fig. 1). Interestingly, the recovery in RER
values to towards normal level were
different in sarin plus exercise and
pyridostigmine plus sarin plus exercise

Respiratory Exchange Ratio (RER)
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Fig. 1: Changes in respiratory exchange ratio (RER)
at different week in mice treated with sarin
(0.01 mg/kg, sc [1/20 of LDg]) plus exercise for
ten weeks (-O-), pyridostigmine (1.2 mg/kg, po)
plus exercise (-t ---), and pyridostigmine plus
sarin plus exercise for ten weeks (-0-)
and exercise for ten weeks (-=-). Sarin or
pyridostigmine were administered during 5t
and 6t weeks only. RER significantly decreased
after sarin, pyridostigmine or pyridostigmine
plus sarin dosing compared to initial week
(*P<0.05) in exercising mice.
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BChE Activity in Plasma
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Fig. 2. Effects of sarin (0.01 mg/kg, sc [1/20 of LD.]),
exercise for ten weeks, sarin plus exercise for
ten weeks, pyridostigmine (1.2 mg/kg, po)
pyridostigmine (PB) plus exercise, PB plus
sarin and PB plus sarin plus exercise for ten
weeks on plasma butyrylcholinesterase (BChE)
activity in mice. BChE activity significantly
decreased (*P<0.05) compared to control and
exercise groups. Control plasma BChE activity
was 537.05 + 28.80 u moles of butyrylthiocholine
hydrolyzed/min/mg protein.

groups. The recovery in RER value was
slower in pyridostigmine plus sarin plus
exercise compared to sarin plus exercise

group (Fig. 1).

Plasma
activity

butyrylcholinesterase (BChE)

BChE activity decreased (81, 79, 87, 79,
93 and 92% of control) in sarin, sarin plus
exercise, pyridostigmine, pyridostigmine
plus exercise, sarin plus pyridostigmine and
sarin plus pyridostigmine plus exercise
group, respectively (Fig. 2). The significant
(P<0.05) depression of BChE activity was
noticed in sarin plus exercise and
pyridostigmine plus exercise groups as
compared to control (Fig. 2).
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Fig. 3: Effects of sarin (0.01 mg/kg, sc [1/20 of LD.]),
exercise for ten weeks, sarin plus exercise for
ten weeks, PB (1.2 mg/kg, po), PB plus exercise,
PB plus sarin, and pyridostigmine plus sarin
plus exercise for ten weeks on plasma creatine
phosphokinase (CK) activity in mice. CK
activity significantly increased (***P<0.0001)
compared to control and exercise groups,
(**P<0.01) compared to control and exercise
groups and (P<0.05) compared to sarin group.
Control plasma CK activity was 22.92 + 3.42 u
moles of creatine formed/min/ml.
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Plasma creatine phosphokinase (CK)
activity

CK activity in plasma increased (108,
112, 108, 122 and 110% of control) in sarin,
sarin plus exercise, pyridostigmine plus
exercise, sarin plus pyridostigmine and
sarin plus pyridostigmine plus exercise
group, respectively (Feg. 3). The significant
(P<0.0001) elevation of plasma CK was
noticed in sarin plus exercise and sarin plus
pyridostigmine plus exercise groups
compared to control. A significant (P<0.05)
increase of plasma CK activity in sarin plus
exercise and in pyridostigmine plus exercise
group (P<0.01) was noted when compared
to sarin and pyridostigmine alone groups
(Fig. 3).
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TABLE Il: Effects of sarin (0.01 mg/kg, sc [1/20 of LD,]), exercise, sarin plus exercise, pyridostigmine
(1.2 mg/kg, po), pyridostigmine plus exercise, pyridostigmine (1.2 mg/kg, po) plus sarin, and
pyridostigmine plus sarin plus exercise for ten weeks on acetylcholinesterase (AChE) activity
in peripheral and central tissues of mice. Sarin and pyridostigmine were administered daily
during 5th and 6th week. Each value represents mean = SEM (n=5).
Acetylcholinesterase activity*
Group
RBC Platelets Triceps Sciatic Spinal Cerebral Corpus
muscle nerve cord cortex striatum
Control 4.94+0.44 10.98+0.87 12.47+0.88 16.30+£1.60 67.06+3.06 82.15+7.05 169.92+7.00
Sarin 4.31+£0.20 7.77+0.89b 851+1.34c 14.42+1.71 59.69+5.72 61.84+9.45 107.35+5.06d
Exercise 5.10+0.51 10.02+2.01 13.20+1.25 15.80+2.02 73.70£8.70  85.22+8.50 170.40+7.52
Sarin+exercise 4.00+£0.46 6.33+1.12b 6.94+1.33c,e 12.37+1.33a,e 50.64+8.96 60.94+7.61 106.94+9.59b
Pyridostigmine 4.58+0.26 9.74+1.85 11.88+1.44 15.33+£2.12 70.77+2.11 81.85+4.31 169.72+7.50
Pyridostigmine+exercise 4.87+0.65 9.47+1.65 9.73+£0.40a 15.11+2.13 66.83£6.50 78.63£8.24 165.15+8.24
Pyridostigmine+sarin 4.94+0.47 10.62+1.01 11.08+1.23 18.98+1.44 64.60+4.87 77.67+3.54 154.30+7.93
Pyridostigmine+ 4.39+0.18 9.03+0.37 8.95+0.40c 16.34+1.73 56.24+9.07 75.31+6.38 111.22+5.49d

sarin+exercise

*Activity is expressed as umoles of acetylthiocholine hydrolyzed/min/mg tissue protein.
a=P<0.05 compared to Groups 1, 3, 7 and 8; b=P<0.008 compared to Groups 1 and 3; c=P<0.004
compared to Groups 1 and 3; d=P<0.0001 compared to Groups 1 and 3; e=P<0.05 compared to Group 2.

Acetylcholinestease (AChE) activity

A significant (P<0.05) inhibition of
AChE activity was observed in the
sarin plus exercise group compared to
sarin alone group, indicating the
interaction of sarin and physical stress
(Table 11). The significant (P<0.004)
inhibition of muscle AChE activity was
observed in sarin, sarin plus exercise and
sarin plus pyridostigmine plus exercise
groups and in pyridostigmine plus
exercise group (P<0.01) compared to
control. The significant (P<0.05) decrease
in sciatic nerve AChE activity was observed
in sarin plus exercise group compared to
sarin alone group. The significant (P<0.05)
decrease in sciatic nerve AChE activity was
observed in sarin plus exercise group
compared to sarin alone group. The
significant (P<0.001) decrease in AChE
activity observed in corpus striatum of

Pyridostigminc Exercise
protects sarin- %%%
induced ChE} iggg

lood flow T

Dilation of arterioles

Persists in tissues

Reactive oxygen species (ROS) T

Xy Lipid peroxidation’A

Fig. 4: Influence of exercise on possible pathways of
sarin and pyridostigmine-induced delayed/
persistent toxic effects in tissues of mice.
Exercise enhances the blood flow, dilates
arterioles leading to persistence of sarin and
pyridostigmine in tissues, specifically in muscle.
Exercise also enhances sarin-induced hypoxia,
acidosis leading to excess ROS generation.
ROS-induced membrane lipid peroxidation
leads to decline in AChE and NTE activity and
enhances in CK activity. Pyridostigmine
protected the decline in cholinesterase activity
caused by sarin.
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TABLE I1l: Effects of low-dose sarin (0.01 mg/kg, sc [1/20 of LD]), exercise, sarin plus exercise, pyridostigmine

(1.2 mg/kg, po), pyridostigmine plus exercise, pyridostigmine (1.2 mg/kg, po) plus sarin, and

pyridostigmine plus sarin plus exercise for ten weeks on neurotoxic esterase (NTE) activity in tissues

of mice. Sarin and pyridostigmine were administered daily during 5th and 6th week. Each value

represents mean £ SEM (n=5).

Neurotoxic esterase (NTE) activity*
Group
Platelets Sciatic nerve Spinal cord Cortex Striatum

Control 1.22+0.22 0.80+0.09 2.07+0.18 4.45+0.41 2.85+0.23
Sarin 0.66+0.03c 0.66+0.04 1.55+0.13b 2.82+0.15¢c 2.15+0.21a
Exercise 1.25+0.22 0.88+0.11 2.14+0.23 4.65+£0.42 2.83+0.27
Sarin+exercise 0.51+0.02c,d 0.63+0.04 1.43+0.05b 2.60+0.14c 2.06+0.13a
Pyridostigmine 1.35+£0.15 0.83+0.10 2.17+0.21 4.35+0.31 2.92+0.21
Pyridostigmine+exercise 1.21+0.12 0.79+0.09 2.06+0.12 4.25+£0.42 2.84+0.25
Pyridostigmine+sarin 0.63+0.10c 0.69+0.07 1.49+0.09b 3.10+0.25¢c 2.22+0.14a
Pyridostigmine+sarin+exercise 0.59+0.07c 0.62+0.07 1.41+0.21b 3.10+0.22¢ 2.23+0.14a

*Enzyme activity was expressed as n moles of phenyl valerate hydrolyzed/min/mg tissue protein.
a=P<0.05 compared to Groups 1 and 3; b=P<0.003 compared to Groups 1 and 3; ¢c=P<0.001 compared to

Groups 1 and 3; d=P<0.001 compared to Group 2.

mice in sarin, sarin plus exercise and sarin
plus pyridostigmine plus exercise groups
(Table 11).

Neurotoxic esterase (NTE)

Platelets NTE activity significantly
(P<0.0001) decreased (55, 42, 52 and
49% of control) in sarin, sarin plus
exercise, sarin plus phridostigmine, and
sarin plus pyridostigmine plus exercise
group, respectively (Table 111). Exercise

significantly (P<0.05) enhanced the
changes in platelet NTE activity
induced by sarin. NTE activity

significantly decreased (82, 79, 86 and 77%
of control) in sciatic nerve; (75, 69, 72
and 68% of control in spinal cord
(P<0.003); (63, 58, 70 and 70% of control)
in cerebral cortex (P<0.0001) and (75,
72, 78 and 78% of control) in
corpus striatum (P<0.05) of mice in

sarin, sarin plus exercise, sarin
plus pyridostigmine and sarin plus
pyridostigmine plus exercise group,

respectively (Table I111).

Lipid peroxidation end product (MDA)
concentrations

MDA concentration significantly
enhanced (110, 126 (P<0.05), 121 (P<0.05),
106 and 125% (P<0.05) of control) in triceps
muscle and (122 (P<0.05), 114 (P<0.05), 103,
116 and 109% of control) in sciatic nerve of

mice in sarin, sarin plus exercise,
pyridostigmine plus exercise, sarin
plus pyridostigmine and sarin plus
pyridostigmine plus exercise group,

respectively (Table 1V). MDA concentration
significantly increased (126 (P<0.008), 138
(P<0.008), 103 and 112% of control) in spinal
cord of mice in sarin, sarin plus exercise,
sarin plius pyridostigmine and sarin plus
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TABLE IV : Effects of low-dose sarin (0.01 mg/kg, sc [1/20 of LD_]]), exercise, sarin plus exercise, pyridostigmine
(1.2 mg/kg, po), pyridostigmine plus exercise, pyridostigmine plus sarin and pyridostigmine plus sarin
plus exercise for ten weeks on lipid peroxidation end product, malonidialdehyde (MDA) concentration
in peripheral and central tissues of mice. Sarin and pyridostigmine were administered daily during 5th
and 6th week. Each value represents mean + SEM (n=5).

MDA concentration (n moles/mg protein)
Group
Triceps muscle Sciatic nerve Spinal cord Cerebral Cortex Corpus Striatum

Control 7.75+0.66 6.72+0.43 17.67+1.27 18.35+0.81 19.55+1.03

Sarin 8.49+0.37 8.21+0.22a 22.35+0.60b 21.63+1.93 22.07+2.07

Exercise 7.85+0.61 6.88+0.23 17.69+1.14 18.05+£0.92 20.21+1.05

Sarin+exercise 9.73+0.91a 7.64+0.48a 24.26+0.83b,c 22.24+1.10 22.79+1.77

Pyridostigmine 7.92+0.48 6.78+0.32 17.33+1.23 19.20+1.12 20.15+0.83

Pyridostigmine+exercise 9.61+0.39a 6.91+0.25 17.83+1.23 19.35+1.20 20.28+1.22

Pyridostigmine+sarin 8.22+0.5 7.79+£0.45 18.22+1.17 19.65+1.25 20.46x1.16

Pyridostigmine+sarin+exercise 9.72+0.38a 7.32+0.46 19.76+1.50 20.83+1.82 21.67+1.54

a=significant P<0.05 compared to Groups 1 and 3; b=significant P<0.008 compared to Groups 1 and 3;

¢=P<0.05 compared to Group 2.

pyridostigmine plus exercise group,
respectively. A significant elevation (P<0.05)
of MDA in spinal cord of animals in
sarin plus exercise group, respectively. A
significant elevation (P<0.05) of MDA
in spinal cord of animals in sarin plus
exercise group compared to sarin alone
group (Table 1V).

DISCUSSION

We consider that this is the first report
that has systematically analyzed the effects
of anticholinesterase and exercise on oxygen
inhalation and carbon dioxide exhalation in
a mice model. Previous studies from our
laboratory have shown a significant increase
in oxygen consumption, respiratory
exchange ratio and heat production after
8-10 weeks exercise in rats (30, 31, 32, 33).
Exercising mice had significant lower RER
values after pyridostigmine bromide or sarin
doses compared to exercised controls during
the 5" and 6™ weeks. This indicated that

the mice had greater respiratory problems
due to pyridostigmine and sarin alongwith
exercise. It is possible that the differences
in RER values between exercise and sarin
plus exercise and pyridostigmine plus sarin
plus exercise could reflect a lower
elimination of carbon dioxide via respiration
due to the effect of sarin during treadmill
exercise. Lower carbon dioxide loss is
normally reflected as the RER values
decrease. However, it has been reported
that performance of soldiers did not
decrease due to Pyridostigmine intake (1).
The decreased RER due to sarin plus
exercise, pyridostigmine plus exercise and
pyridostigmine plus exercise group may be
explained due to alterations in lung
mechanics. A previous study in rats has
shown that sarin exposure depresses the
respiratory rate, airflow and minute volume
and enhances the transthoracic pressure
and tidal volume (34). Interestingly, the
recovery of RER in sarin plus exercise and
pyridostigmine plus sarin plus exercise
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group is different indicating the interaction
of pyridostigmine and sarin on the
pulmonary mechanics of mice.

Low-dose sarin (1/20 of LD 50) significantly
inhibited BCDhE activity in plasma as well
as AChE activity in platelet 4 weeks after
the last dose suggests the persistent/delayed
effects of sarin on blood cholinesterase
activity significantly 4 days after the last
dose of sarin in mice (35). Data of the
present study show that pretreatment with
pyridostigmine protected the cholinesterase
in the blood. However, physical stress
enhanced sarin and pyridostigmine-induced
depression of cholinesterase activity in mice.
An increase in plasma volume due to
exercise and a decrease in hepatic blood flow
may be responsible for decline in enzyme
activity. Data on muscle and nerve AChE
activity demonstrate that physical stress
amplifies the persistent/delayed effects of
sarin and pyridostigmine exposure on the
neuromuscular system of the mice. A
previous study has shown that exercise
increases the severity of myonecrosis caused
by irreversible cholinesterase inhibitors
(36). Muscle fatigability is also caused by
AChE inhibition in rats (37). The data of
the present study also demonstrate an
enhanced activity of plasma CK in mice
treated with sarin plus exercise,
pyridostigmine plus exercise and
pyridostigmine plus sarin plus exercise.
Thus, physical stress seems to be one of the
factors that may be responsible for
enhancing the effects of sarin and
pyridostigmine on the skeletal muscle. The
data further demonstrate the ability of sarin
(a lipid soluble organophosphorus
compound) to penetrate into deeper area of
the brain (striatum) and interact with
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AChE. This area of the brain contains
highest AChE activity and controls motor
functions (38). Even a very small change in
AChE activity can be detected in this brain
region (39). The present data suggest that
exercise does not influence sarin-induced
changes in striatal AChE activity.

This is the first report to demonstrate
the interaction of exercise and
cholinesterase inhibitors on tissue NTE
activity in mice. The data show that sarin
significantly inhibited NTE activity in
platelets, spinal cord, cerebral cortex and
corpus striatum. But the NTE inhibition was
close to the threshold levels in platelets and
was below the threshold levels in CNS. A
minimum of 70% NTE inhibition after a
single exposure and 45% after multiple
exposures to neuropathic organophosphorus
compounds, and subsequent aging of NTE,
is the prerequisite for the development of
OPIDN (16, 17, 40, 41). The data further
indicate that NTE inhibition was enhanced
in sarin plus exercise group compared to
sarin alone in platelets. It is suggested that
exercise seems to increase the susceptibility
of mice to the inhibition of NTE thereby
enhancing the delayed neurotoxicity of
sarin. Previous studies have shown that
sarin inhibits NTE activity in platelets and
induces delayed neurotoxicity in hens (41)
as well as in mice (35, 40) at low-dose
repeated subcutaneous and inhalation
exposures, respectively. However, studies
with a single high dose of sarin in protected
hens also showed significant NTE inhibition
in the brain but OPIDN symptoms were not
observed (42, 43). Crowell et al (43) have
reported that sarin inhibited NTE activity
(60% of control) in lymphocytes but less
inhibition was observed in the brain of hen
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24 hr after sarin dosing. Pyridostigmine
pretreatment did not protect NTE in
platelets as observed in pyridostigmine plus
sarin and pyridostigmine plus sarin plus
exercise groups. Previous studies have
suggested the lymphocyte NTE inhibition as
a marker for risk assessment for OPIDN
in experimental animals (44, 45, 46, 47),
but many problems have been encountered
(20, 48, 49, 50, 51, 52, 53). Later platelet
NTE as a peripheral biochemical
marker has been proposed and established
(20, 21, 41, 54, 55). Platelet NTE is a
food peripheral models for central
neurons and can be reliably measured
in humans as well as in experimental
animals for monitoring exposure
risk to neuropathic organophosphorus
compounds.

During exercise, the arterioles dilate,
and this might enhance the entry of
pyridostigmine, a quaternary ammonium
compounds, into the tissue compartment
causing alteration in enzyme activity (23).
Exercise is likely to enhance the uptake of
sarin in the tissues. Exercise increase the
oxygen species in tissues and exerts
oxidative stress response (32, 33, 56).
Reports from our laboratory have
demonstrated that exercise and ethanol
interaction resulted in a decrease in
AChE activity that was correlated
with enhanced lipid peroxidation in
tissues of rats (31, 57). Data show
that physical stress further increased
membrane lipid peroxidation (MDA)
levels in the spinal cord and triceps
muscle of mice exposed to sarin and
pyridostigmine indicating oxidative tissue
injury. Exposures to cholinesterase
inhibitors have been known to alter the
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respiration, oxygen consumption and
catabolic effects in central and peripheral
tissues (60, 61, 62, 63) leading to oxidative
damage.

Based on these findings, Fig. 4
illustrates the possible mechanism of
persistent/delayed effects due to interaction
of low dose sarin and pyridostigmine in
exercised mice. The changes in tissue
respiration and oxygen consumption
following exercise and/or following exposure
to anticholinesterase agents may enhance
the influx of reactive oxygen species.
These reactive oxygen species can initiate
lipid peroxidation leading to membrane
damage. Thus, the interaction of sarin/
pyridostigmine and exercise result in
peroxidative tissue injury in mice. Exercise
enhances the blood flow, dilates arterioles
leading to persistence of sarin and
pyridostigmine in tissues, specifically in the
muscle. Exercise also increases sarin-
induced hypoxia and acidosis leading to
increased ROS generation. ROS-induced
membrane lipid peroxidation leads to
a decrease in AChE and NTE activity and
increase in CK activity resulting in
enhanced toxic effects. It is concluded that
exercise augmented the persistent/ delayed
toxic effects of low-dose sarin and
pyridostigmine in specific tissues of mice.
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