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VARIATION OF COMMERCIAL DIISOPROPYL FLUOROPHOSPHATE
PREPARATIONS IN TOXICOLOGICAL STUDIES

I. K. Ho and Beth Hoskins
Department of Pharmacology and Toxicology
University of Mississippi Medical Center

2500 N. State Street
Jackson, Mississippi 39216

ABSTRACT

The varfation of three diisopropyl fluorophosphate (DFP) lots
obtained from two sources was investigated. The effects of
different lots of DFP on body weight, mortality, and brain
acetyicholinesterase activity in rats varied significantiy. The in
vitro effects of these OFP  preparations on brailn

acetylcholinesterase activity also were markedly different. It

appears that different commercial preparations of DFP possess
different potencies and that the same apparent doses of different
DFP preparations will not produce the same effects upon any
physiological system under study.
INTRODUCTION
Diisopropyl fluorophosphate (DFP) 1s an odoriess, colorless
volatile Hquid1 which is commonly used in research laboratories
as an f{rreversible cholinesterase 1nh1b1tor2’3. Although OFP {s
very toxic to all species of animals, there is difference in
susceptibility among species‘. In an attempt to {initiate the
studies on neurotoxicity induced by DFP, we have encountered
difficulty due to varfations in potency when different lots of DFP
were tested. Therefore, the present communication reports on
experiments designed to study the variation of three OFP lots
obtained from two sources. The study includes the effects of

differert lots of DOFP on body weight and brain’

acetylcholinesterase activity in rats. The in vitro effects of
these DFP preparations on brain acetylcholinesterase activities

also are compared, B
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MATERIALS AND METHODS

Materials and animals: The three different difisopropyl
fluorophosphate (DFP) preparations used in this experimert were
purchased from Calbjochem-Behring Corp. (La Jolla, CA) and Aldrich
Chemical Co. (Milwaukee, WI). They are designated as DFP-1 (Lot
101318, Calbiochem), DFP-2 (Lot 103288, Calbiochem) and DFP-3 (Lot
1029PH, Aldrich). Each preparation was sealed in a glass vial
with 1 gram in each vial. Each 1 gram unit of DFP was diluted
with saline to make up 100 ml. This stock solution was then
divided into S to 10 ml aliquots in test tubes. They were then
stored in a freezer. Different lots of DFP were prepared at the
same time. The desired concentrations of DFP were freshly prepared
before use. Acetylthiocholine fodide and 5:5-dithio-bis-2-nitro-
benzoic acid¢ (DTNB) also were obtained from Calbiochem (La Jolla,
CA). Male Sprague-Dawley rats weighting 175 to 200 grams from
Charles River Breeding Labs (Wilmington, MA) were used throughout
the study.

Treatments of animals: In the lethality study, rats were
administered with various doses of DFP ranging from 1 to 8 mg/kg,
s.C., depending upon the different preparations. Mortalities
occurring within 24 hours afier the administration of DFP were
recorded. The number of animals which died at a certain DFP dose
during various experiments are summarized in Table 1.

When the potencies of different DFP preparations were
compared, 4 groups of rats with 3 rats ‘n each group received
saline (1 ml/kg), OFP-1, DFP-2 and DFP-3, 2 mg/kg, S.c.,
respectively. The body weight of each rat prior to and 24 hours
after the administration of saline or DFP was recorded. Al
groups of rats were sacrificed by decapitation 24 hours after the
treatment. Whole brain acetylcholinesterase activity of each
anime?) was assayed.

In arnother experiment, the in vitro effects of the different
OFP preparations on acet}]cholipesterase activity in rat brain
homogenate also were determined. ODose-response effects for each
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OFP preparation were studied with at least four OFP
concentrations.

Biochemical assay for acetylcholinesterase activity: The
colorimetric method of acetylcholinesterase activity by Ellman et

gl.s was used. Each brain was homogenized with 0.1M phosphate

buffer, pH 8.0, in a Potter-Elvehjem homogenizer with 20 mg of
tissue per ml. Two 0.4 ml aliquots of this homogenate were added
to separate cuvettes containing 2.6 ml of 0.1M phosphate buffer,
pH 8.0. OTNB reagent {0.014 in 0.1M phosphate buffer, pH 7.0),
100 pl, were then added to each cuvette. Twenty ul acetylthiocho-
1ine fodide (0.075M) were then added to the sample cuvette. The
absorbance was measured at 412 mu with a Beckman-2600K spectropho-
tometer and changes 1in absorbance were recorded. In studies of
the in vitro {nhibitory effects of OFP on brain acetylcholinester-
ase activity, the same procedures were used except different con-
centrations of DfP were added directly to the reaction mixture.
RESULTS and DISCUSSION
Effects of different OFP preparations on lethality in rats:
There were significant differences in potency on mortality rate in
rats treated with different DFP preparations. As shown in Table
1, DFP-2 was the most potent preparation among the three tested.

TABLE 1
Effects of Different DOFP Preparations on Lethality in Rats
DOSE MNORTALITY*
mg/kg, S.C. 0FP-1 DFP-2 0FP-3
1 mg/kg 0/10 0/16
2 mg/ky 0/20 3/30 0/3
4 ng/kg 0/20 8/8 0/3
5 mg/kg 0/10 4/4
6 mg/kg 8/8
8 mg.'kg 4/4

*humber of animals that died
Total number of animals tested at a dose

®
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Effects of a single administration of different CFP prepara-
tions on body weight and brain acetylcholinesterase activity in
rats: The body wefght and brain acetylcholinesterase activity in
rats treated with the same dose (2 mg/kg, s.c.), of the three DFP
preparations also were compared. As shown 1in Table 2, body
weights of rats treated with OFP-1 were not significantly
different from those of the saline-treated controls 24 hours after
DFP was injected. In contrast, both DFP-2 and DFP-3 treated rats
lost 11% of the body weight as compared with a 4% weight gain in
control animais. Thus, OFP-) was less potent than the other two
preparations.

As far as the acetylcholinesteras. activity in brain f{s
concerned, the different batches of OFP also exhibited marked
variations in the degree of enzyme {nhibition. As also shown in
Table 2, the brain acetylcholinesterase activities were 45.3, 64.3
and 53.6% {inhibited in OFP-1, DfP-2 und OFP-3 treated animals,
respectively. These differences in brain acetylcholinesterase
inhibition by the three OFP preparations were statistically
significant. Thus the order of potency was DFP-2>0FP-3>DFP-1.

The in vitro effects of different DFP preparations on brain
acetylcholinesterase activity: DOifferent OFP preparations also
exhibited significant differences in the degree of inkibition of
brain acetylcholinesterase activity when they were tested in
vitro. As shown in Figure 1A, all three preparations exhibited
concentration-dependent inhibition of brain acetylcholinesterase
activity. The median inhibitory concentrations (I1C50s) were 18,
12 and 14 ug/ml for DFP-1, OFP-2 and OFP-3, respectively. When
these lcso were compared with the brain acetylcholinesterase
activity in animals treated with OFP, 2 mg/kg, s.c., for 24 hours,
there was good correlation between in vitio and in vivo data
(Figure 1B).

The results of these experiments have demonstrated the neces-
sity for knowing (and reporting) acetylcholinesterase inhibitory
potency of any preparation of DFP to be used in research
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TABLE 2
Effects of Single Adwinistration of Different DFP
Pveparations on Body Weights and Brain
Acetyocholinesterase Activity in Rats

Brain Acetylcholines-

Body Weight, g ¢ S.E. terase Activity
Treatments Berore 24 Hrs after umoles of acetyl-
2 mg/kg, s.c. Administration Administration thiocholine {o-
dide ¢ S.E.
min/gram
Saline 185.3 + 7.3 192.7 £ 5.5 7.76 £ 0.20
OFP-1 179.3 £ 0.6 182.7 ¢ 3.8 4.20 % 0.11*
BFP-2 183.3 £ 4.4 163.3 ¢ 4.3*7 2,77 ¢ 0.18++%
OFP-3 184.7 ¢ 8.8 162.7 ¢ 6.2*" 3.60 £ 0,10+

DFP-1: Lot 101318, Calbiochem  Symbols *, ¥ and 1 are the in-
dications of significance (p <
0.0%)
DFP-2: Lot 103288, Calbiochem *: All DfP groups compared with
the control group
DFP-3: Lot 1029PH, Aldrich +: DFP-2 or DfP-3 compared with
OFP-1
} : OFP-2 compared with DFP-3

{nvestigations., Since 1t {s apparent that different commercial
preparations of DFP do possess different potencies, we can expect
that the same mg/kg doses of differeat preparations will not
produce the same effecls upon any physfological system under
study. We therefore suggest, on the hasis of the present report,
that i{nvestigators determine and report the ICSO of any DfP
prepsration being studied, and further report doses used as
fractions or multiples of the leo value,

_—
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Figure 1. A. In vitro effects of different DFP preparations on
rat brain acetylcholinesterase activities. Four different
concentrations cf DFP were tested in duplicate. B. Correla-
tion between in vivo and in vitro effects of different pre-
parations of DFP on rat brain acetylcholinesterase activity.
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ABSTRACT
Single s.c. injection of 1, 2, 3 or 4 mg/kg of DFP in saline was

given to male rats. Control rats received saline, Beginning 24 hr

after injecticns, body weighta and food and water consumpiicn were
measured at 24 hr intervals., The 1 and 2 mg/kg DFP-treated group
maintained these parameters at levels equal to those of the controls,
The other DFP-treatment groups showed significant depressions in body
veights and in food and water consumption, but these groups recovered 48
and 72 hrs after DFP administration of 3 mg/kg or & mg/kg, respectively.
Naily injections of 2, 3 or & mg/kg of DFP, s.c., caused significant
depressions of all three parameters, with only 751 of the 2 mg/kg group
showing recovery over the 14 day treatment pericd., Of the 2 mng/kg
group, 25% died follow’ag the 6th injection, 1002 of the 3 mg/kg group

vere dead following the 4th injection and 100X of the & mg/kg group were

dead following the 3rd injection. Prior to deaths in all DFP-treatment
groups, the decreases in body weights and i{n food and water consumption
vere progressive and dose-depeandent. The data show dose-dependency of

general toxicity during acute and subacute exposure to DOFP and of

tolerance during subacute exposure.

Running Ticle: DFP Toxicity and Tolerance

Kaywords: Difsopropylfluoroplosphate, Toxicity, Tolerance, Rats

L

"

"

-

e

i T, R IR, 2 S

-
-

-
-
s

-
<5 e naigl ’ m '_-:,‘_i».'“.

-
-




. G
b3 3

INTRODUCTION

The touxicicty of organophosphate irreversible inhibitors of cholin-
esterase has been extensively studied (Murphy, 1980). Along with
studies of toxicity, tolerance to these agents has aroused interest
since the phenomenon was first reported by Rider et al. (1952). Those
studies involved octamethyl pyrophosphoramide (OMPA) and were aimed at
obtaining as much information as possible regarding the therapeutic use
of OMPA in myasthenia gravis. Therrfore, these studies which reported
tolerance to the agent, with no gross or microscopic pathological
changes, upcn chronic administration, were clinically exciting. Since
thst report, there have been other reports of tolerance to
organophosphate cholinesterase inhit’tors, both in man (Summerford et
al., 1953; DeRoeth et al., 1965) and in snimals (Brodeur and DuBois,
1964; Glow and Richardson, 1966; Glow and Rose, 1966; McPhillips, 1969;
Richardson and Glow, 1967; Stavinoha et al., 1966). Russell et al.,
1971a, 1971b, 1975) and Overstreet (1973) have reported on studies of
chronic adoinistration of diisopropylfluorophosphate (DFP) and the
resulting behavioral tolerance to low dose administration of DFP. In all
of these reports of rolerance to DFP, an initial dose of 1.0 mg/kg of
DFP to rats vas followed at 3-day intervals by 0.5 mg/kg doses. Animals
were housed in 24 ur lighted quarters and the one-hour consummatory

behavioral responses (drinking, lapping and eating) were measured after

23 hours of food snd vater deprivation. Results of their studies showed

3
»

not only that behavioral tolerance does develop to chronic maintenance

of cholinasterase at lov levels of activity (approx. 27X of normal); but
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consummatory behaviors. Development of inleri.ace was reported to be
significantly faster as evidenced by eating behavior than by drinking
behavior, the latter behavior requiring about twice as long to bacome
normal as did eating behavior.

The present study was undertaken in order to examine more closely
the effects of acute and subacute toxicities of DFP on consummatory
behaviors under more natural conditions (i.e., without deprivation in
adaition to 12 hrs of nocturnal environment) and to further study the
effects of tolerance to continuous exposure to DFP on theae behaviors.

METHODS

Animsls and chemicals: Male, Sprague-Dawley rats (Charles River

Breeding Laboratories, Wilmington, MA) with inicfal weights of 175 - 200
g vere used. Animala vere maintained ad libitun on standard laboratory
chowv and tap water and were housed in a room with automatic 12 hour
light and dark cycles and temperature set st 25.5 ¢ 1,0°C., They were
kept in the animal quartera for one week prior to beginning the
experimenta. Diisopropylfluorophosphate (DFP), Calbiochem Lot #101318
vas used throughout sll studies. This preparatior of DFP waa found to
have an IC;) value in vitro of 18 ,g DFP/ml (concentration required to
inhibit 502 of the cholinesterase activity in whole brain homogenates
from rats).

Effects of single administrations of DFP on body weight, food and

vater consumption: Four groups, each containing 5 rats, were injected

vith DFP, subcutaneously, in doszs of 1, 2, 1 or & mg/kg in saline. A
control group of 3 rats was injected with saline gslone. Individual rats
vere kept in stainless steel wetabolic cages. Twenty~five grama of

powdered food and 150 ml of tap vater were available for each rat every
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day. Body weight and food and water consumptions of each animal were
recorded daily. The percent of change from the body weight on the first
day of administration was recorded for each animal. The mean body
weight change (¢ S.E.M.) was obtained from all rats in a given group.
Food and water consumptions per 100 g of body weight were calculated
similarly., Differences between the means of various treatment groups
wvere evalueted by the test of variance.

Effect of daily administration of DFP on body weight, food and

water consumption, other toxicity and cumulative mortality: Three

groups of eight rats each were treated daily with DFP in doses of 2, 3
or 4 mg/kg, s.c. The control group received daily s.c. injections of
saline (1 cc/kg). These animals were also housed, fed, and given water
exactly as described for the single injection studies. Body waights and
food and water consumption of the snimals in each group were recorded
prior to esch daily injection and other symptoms of toxicity (tremors
and ocular hemorrhages) were monitored visually. The dara wsre treatad
in the same way ss those from the acute experiments. Any mortality
appearing within s given group was recorded tefore administration of the
next dose to survivors in that group.
RESULTS

Toxicity induced by a single administration of DFP: The results

clearly demonstrate that DFP inducsd toxicity, as evidsnced by loss of
body weight, in a dose-dependent manner (Figure 1). Rats which raceived
DPP at 3 to & mg/kg lost weight drsuatically during the first 48 \r
period following DFF adwinistration, compsred to rats treated with ] or
2 mg/kg of DFP or with saline alone. DFP, when given st doses of | or 2

ng/kg, did not sffect body weight. However, in the groups of rats which
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received higher doses of DFP, and which did suffer wefght loss, the body
weights started to recover at 48 and 72 hr respectively, for the 3 mg/kg
and 4 mg/kg groups. Five days after the administration of DFP, there
were no significant differences in body weights between the groups.

There also were no significant changes in food consumption in the
groups of animals which had been treated with single dosee of 1 or 2
mg/kg of DFP (Figure 2). However, there wae a dose-dependent decrease
in food consumption in *he groups of animals which had been administered
eingle dore of 3 or & mg/kg of DFP. Rats receiving DFP in a doee of 3
or 4 mg/kg ehowed food consumption which was only about 40X and 20X that
of the control group, reepectively, et 24 hr after administretion of
DFP. The group which received DFP, ) mg/kg, regained normal food
conaumption by 48 houre; however, the rate that received DFP, & mg/kg,
exhibited food consumption which was still significantly reduced at this
tine, Intereatingly, there wae a significant increaee in food
consumption 5 daye after adminietration of DFP, 4 mg/kg.

In terms of vater consumption, rats which received the low dose of
DFP (1 or 2 mg/kg) ehowed no difference in drinking capacity from
controls; howaver, rats which received the higher doee of DFP (3 or 4
ag/kg) ehowed a S0X decrease in water consumption withim 24 hr (Figure
J). Forty-eight hours after DFP administration, water consumption of
theaa DFP-treated animala returned to normal levele. There wvae also
evidence that rate which had been treated with & mg/kg DFP had
eignificantly higher water consumption tlian that of the rest of the
groups.

Toxicity i{nduced by daily administration of DFP: The data in

Figure 4 summarize the mortality of rate which received 3 different
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doses of DFP on a daily basis., Mortality began to occur 1, 2 and 6 days
after daily administration of DFP at doses of 4, 3 and 2 mg/kg,
respectively. Rats which had been treated daily with high doses of DFP
(3 and 4 mg/kg) all died within &4 days. Interestingly, of the rats
which received DFP, 2 mg/kg, daily, seven animals survived for the two-
week experimental period.

Daily administration of DFP also resulted in the loss of body
wveight i{n a dose~dependent manner (Figure 5). Rats receiving DFP at
doses of 3 or 4 mg/kg lost weight dramatically compared to rats treated
with 2 mg/kg of DFP or compared with saline-treated controls. The body
wveights of those animals which received daily administration of DFP, 2
mg/kg, steadily decreased for the first 4 days, remained steady between
4 and 8 days, and then gradually increased.

As shown in Pigure 6, the high doses of DFP (3 and 4 mg/kg) caused
a marked reduction in daily con;umption of food. Rats receiving 2 mg/kg
of DFP exhibited an initial decrease in food consumption followed by a
sharp regain vhich. continued until after ten days of daily
adminiastration of 2 mg/kg DFP; food consumption was significantly higher
than that of controls.

Studies of water consumption (Figure 7) revealed the biphasic
phenomenon similar to that of food consumption; that is, after the
initial decrease in water consumption in the low dose DFP=treatment
group, on the 9th day of daily administration of 2 mg/kg DFP, water
consumption was significantly higher than that of controls.

Table | summarizes other toxic symptoms of rats treated daily with
2, 3 or 4 mg/kg DFP, and reveals the dose-dependency of the onset and

gseverity of symptoms, Onset of symptoms was one day earlier in the &
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mg/kg DFP-treated group than in the 3 mg/kg group; onset of symptoms in
the latter group preceeded that im thc 2 mg/kg group by one day.

In both the 2 and 3 mg/kg DFP-treatment groups, tremors were noted
first, preceeding ocular hemorrhages by one day. All animals in the 3
and 4 mg/kg groups died within 12 hours of the Sth and 3rd DFP doses,
respectively (see Figure 4), and ocular hemorrhages were apparent in all
of the animals prior to these final doses.

Ocular hemorrhages in the 2 eg/kg DFP-treated animala disappeared
after the ninth dos~ of DFP, preceeding the disappearance of tremors by
3 days. All signs of toxicity remained absent for an additional two
administrations of 2 wmg/kg DFP and an additional 48 hours of
cbservation.

DISCUSSION

The resulta of thcse studies demonstrate certain similarities to,
as vell gs differences from other studies on DFP-indvced toxicity and
tolerance. It has been reported that a doaing schedul« of DFP, 1 mg/kg,
followed at thres day intervals with doses of 0.5 mg/kg maintained brain
acetylcholinesterase activity at approximately 30X of control levels
(Glov and Richardson, 1966; Russell et al., 1969, 1971a,b, 1975;
Overstreet, 1973). We have already reported that DFP, 1 mg/kg, daily
for 14 days maintained brain acetylcholinesterase activity at
approximately 331 of control activity (Sivam et al., 1982). Thus, it
appears that high levels of depression of brain acetylcholinesterase
activity allov for studies of DFP-induced toxicity and tolerazcas.

Significant decreases in both wster and focd intake, bzginning 23
hrs after a single injection of DFP, | mg/kg, with short-teru recovery

taking place beivean subsequent injections of 0.5 mg/kg has been
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reported (Russell et al., 1969, i 71b). It has also been reported that

24 hrs after a single injection of DFP, 1 mg/kg, brain cholinesterase
activity wvas approximately 30X thact of the normal animals (Kussell et
al., 1969, 1971a,b, 1975; Glow and Richardson, 1966; Glow et al., 1966;
Overstreet, 1973). Althoug: Glow et al. (1966) reported no evidence of
toxic effects with brafn cholinesterase activity being 20-40% of
controls, they did rceport body weights to be significantly depressed
from normsl weights during chronic administration of DFP. They reported
a reducticn in food consumption only at days 1 and 4 (following the
first and second injections of DFP, respectively) with decreased water
consuaption throughout the entire experimental period. Therefore
tolerance to DFP in terms of water consumption was not found to occur.
Russell et al. (1969, 1971b) reported tolerance to DFP-induced decreased
vater cousumption and food consumption. Finally, Russell et al. (1969,
1971d) reported that the time to develop tolerance was shorter in terms
of food intake than of drinking behavior; and furthermore that a
suprabaseline drinking behavior waa found following "withdrawal" of DFP
and after 25 days of normal drinking.

In contrast to the above reports on DFP-induced toxicity "and
tolerance, we found no acute effects of a single dose of DFP, 1 mg/kg,
or of twice this dose, to decrease significantly either eating or
drinking behavior. After & daily doses of DFP, 2 mg/kg, we did observe
significant depressions in doth food and water consumption as well as
significant depression in body weights. Concerning the level of brain
cholinesterase activity 24 hr sfter a single dose of DFP, we have found
(unpublished data) chet only those doses which are lethal upon chronic

aduinistration (3 and & wmg/kg) inhibit brain acetylcholinesterase
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activity more than 50 after a single injection. We have observed
significant signs and symptoms of toxicity when the enzyme activity was
approximately 30X of =he control level (see Table 1). Our studies
agree, in part, with those of Russell et al. (1969, 1971b) in that we
have found that tolerance develops to DFP in terms of both eating and
drinking behaviors. However, we found that chronic DFP treatment
yieided similar effects upon both of these behaviors. In fact, the
data, when plotted, result in graphs which are nearly superimposable
upon each other., That 1is, maximum decreases in both consummatory
behaviors occucred at the same time. Time to develop tolerance wvas also
the same for both behaviors as were suprabaseline performances which
occurred during continuous DFP treatment.

We can only surmize that the differences between our findinys aund
those cited above from other laboratories are due to different dosing
schedules and to different potencies of DFP preparations. We have re-
cently reported (Ho and Hoskins, 1982) on studies comparing differemt
lots of DFP from the same and from different commercial sources. We
showed that there exists some significant differences in DFP pre-
parations such that the only way to avoid seemingly contradictory
results in the literature is to report on the potency of the particular
preparation of DFP used.

On the basis of those studies, we suspect that the preparations of
DFP used by other laboratories were considerably more potent than the
preparation used in the present study. Our own data lead us to suggest
that the dose of | mg/kg foliowed at 3 day intervals by 0.5 mg/kg would
be equivalent to our DFP preparations in doses of & mg/kg followed at

three day intervals by doses of 3 wg/kg. In our hands, thecve doscs wvere




lechal when given in daily injections, but not so 1if given inter-

mittently,

We believe that our dosing schedule more closely relates to chronic
exposure to organophosphate cholinesterase inhibitors than does inter-
mittant dosing which, we have found (Sivam et al., 1982) does allow for
some recovery of brain AChE activity (approximately 34X of 4inhi{bited
AChE having regenerated by 24 hours). In the working environment, there
would be continuous sxposure to sublsthal amounts of these agents.
During chemical warfare there would most likely be scute exposure to
lethal amounts of such agents. Therefore, we suggest that daily dosing
with sublethal doses snd acute dosing with lsthal doses provides the
best model for studies of toxicity from and tolerancs to these agents.

Thus, ws have clsarly shown that tolerancs does devslop to sub-
1sthal continuous exposure to thess sgents. The tolsrancs can be sgesn
ir growth rates and in consummatory behavior. Furthermors, continued
exposure after the tolerance has developed results i{a suprabaseline con-
sumnatory behaviors vhile growth rates remaia ths same as control growth
rates. Many studies have provided evidsnce thst tolsrsnce to organo-
phosphates is due to a depressed sensitivity of wmuscarinic recsptors to
ACk (Ehlert et sl., 1980a,b; Overstreet, 1973, 1974; Russsll et al.,
1975; Sivam et al., 1982; Smit et al., 1980). With this in mind, then,
we suggest that the suprabaselins consummetory behaviors may be due to s
compensatory decrease {n the activity of the sympathstic nervous system
and/or of central inhib{tory neurotransmitters.

Clearly, aince both eating and drinking were affected similarly,
our data suggest that ACh is cthe transmitter or neural modulator in a

nuaber of behavioral systems, iuncluding wmotor function and the

-y
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regulation of water intake. Thys, alteration of the cholinergic systam

affects all Patterns of behavior which are cholinergic, Rugsell et al
(1969) have Postulated cthat che motor fuaction, eating, i{s Jlegg
dependent upon ach than is drinking, accounting for cheir finding that
drinking took longer for tolerance to develop than did eating, We, on
the other hand, found that with continuous exposure to DFP, tolerance

developed in both behaviors at the same rate, Thus, the dependency of

one behavior on Ach more than the other either does not really exist or

tolerance to DFP,
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FIGURE LEGENDS

Figure 1. Percent of original body weight (growth rates) as assessed

:é%fg for 8 days after a single s.c. injection of DFP. Numbers in
e,
%%Ei parentheses indicate number of rats studied in each treatment
‘ :v:; group. Asterisks denote significant (P ¢ 0.05) difference from
?é;z saline-treated control group.
;-;E Figure 2, Food consumption by each treatment group of rats during 8
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days following a single s.c. injection of DFP. Numbers in

parentheses indicate number of rats studied in each treatment

group. Asterisks denote significant (P < 0,05) difference from

re

saline-treated control group.

Figure 3, ‘Yater consumption by each treatment group of rats during 8
days following a single s.c., injection of DFP. Numbers in paren-
theses indicate numbar of rats studied in each treatment group.
Asterisks dencte significant (P < 0.05) difference from the saline-
treated control group.

Figure 4. Percent mortality in each DFP treatment group undergoing
daily s.c. injections of DFP, Numbers in parentheses iadicate the
original number of rats in each DFP treatment group.

Figurs 5. Percent of original body weight (growth rate) as assessed

during daily s.c. injections of DFF over a !4 day period. Nuaobers

TP AVAT PR

in parentheses indicate original number of rats in each treatment

N e % %t

group. Asterisks denote significant (P < 0,05) difference from the

saline-treated control group.
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FPigure 6. Food consumption by each treatment group of rats during lé
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days of daily s.c. injections of DFP, Numbers in parentheses
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indicate the original number of rats in each treatment group.

~S

‘l

ey
[ S5

AP 5P 2oV P BT PNANT VORGP PP S PR TS FV ANP PP AETSPALL L1 P NANS RAT S PRVR IR IS 1P 1P 1P B LI B P By By v Be B4 P o masoe i ve

G

rapor

SS——— +




'l
-’_'/._'.'.'. i

A A

fkn‘gf\fs/

oo i

B

WP

sl 20 B

v

Y

vy e s
at.an _('

s a 8

P

SR

A

s
Nwvarie et arsnwrn

18

Asterisks denote significant (P < 0.05) difference from the saline-
treated control group.

Figure 7. Watsr consumption by each treatment group of rats during 14
days of daily s.c. injections of DFP. Numbers fin parentheses in-
dicate the original number of rats in each treatuent group.
Asterisks denote significant (P < 0.05) difference from the saline-

treated control group.
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THE EFFECT OF ACUTE AND CHRONIC CHOLINESTERASE INHIBITION
WITH DIISOPROPYLFLUOROPHOSPHATE ON MI!SCARINIC, DOPAMINE
AND GABA RECEPTORS OF THE RAT STRIATUM

S. P, Sivam, J, C. Norris, D, K. Lim, B. Hoskins and I. K. Ho
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B_. ., Maximum number of binding sites; DA, Dopamine; DFP, Diisopropyl-
fTﬂBrophosphate; GABA, Gamma-aminobutyric acid; KD' Dissociation
constant; QNB, Quinuc’®idinyl benzilate.
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Abstract: The effects of acute and chronic administration ¢f diisopro-

pylfluorophosphate (DFP) to rats on acetylcholinesterase (AChE) activity
(fn striatum, medulla, diencephalon, cortex and medulla) and muscarinic,
dopamine (DA) and GABA receptor characteristics {(in striatum) were
investigated. After a single 1injectfon of (acute exposure to) DFP,
striatal region was found to have the highest degree of AChE inhibition.
After daily DFP 1injections (chronic treatment), all brain regions had
the same degree of AChE inhibition, which remained in a steady level
despite the regression of the DFP-induced cholinergic overactivity.
Acute administration of DFP increased the number of DA and GABA recep-
tors without affecting the muscarinic receptor characteristics.
Whereas chronic administration of DFP for either 4 or 14 days reduced
the number of muscarinic sites without affecting their affinity, the DFP
treatment caused increase in the number of DA and GABA receptors only
after 14 days of treatment; however, the increase was considerably lower
than that observed after the acute treatment. The {n vitro addition of
DFP to striatal membranes did not «ffcct DA, GABA or muscarinic recep-
tors. The results indicate an involvement of GABAergic and dopaminergic
systems in the actions of DFP, It is suggested that the GABAergic and
dopaminergic involvement may be a part of a compensatory inhibitory pro-
cess to counteract the excessive cholinergic activity produced by OF?.

Key words: Acetylcholinesterase - Diisopropylfluorcphosphate - Dopamine
receptors - GABA receptors - Tolerance. Sivam, S. P. et al. The effect

of acute and chronic choiinesterase inhibition with diisopropylfluoro-

phosphate on muscarinic, dopamine and GABA receptors of the rat striatum.




Organophosphates constitute one of the few classes of drugs for
which a mechanism ¢f action has been defined {n terms of inhibition of a
specific enzyme namely acetylcholinesterase (AChE). Prior to World War
[I, this enzyme was of purely academic interest, but the synthesis of
the organopliosphorus anticholinesterase agents created new interest in
the enzyme, and AChE determinations have become of practical importance
to a number of peopie, such as those involved in the fields of industri-
al health, agriculture, insecticides, and chemicali warfare agents
(Holmstedt, 1959). In addition, accidental, suicidal and komicidal
poisonings with these agents have been reported (Davis and Richardson,
1980). Organophosphates exhibit behavioral, neurological and biochemi-
cal effects in both animals and humans (Holmstedt, 1959; Davis and
Richardson, 1980). On long term exposure, these compounds are known to
induce neurotoxic effects (Aldridge et al., 1969; Johnson, 1975; 1977).
Tolerance develops to the behavioral effects of these agents and evi-
dence suggests that this may result from subsensitivity to acetylcholine
(ACh) (Russell et al., 1969; 1981). Recent studies have demonstrated
that following chronic treatment with diisopropylfluorophosphate (DFP),
there is a significant decrease in the number of muscarinic cholinergic
receptors labeled by 3H-quinuclidinyl benzilate (3H-QN8) (Schiller,
1979; Uchida et al., 1979; Ehlert et al., 1980). Enhanced cholinergic
activity consequent to AChE inhibi’.on has traditionally been believed
to be the cause of many effects of organophosphates. The discovery of a
variety of neurotransmitters, especially, dopamine (DA) and gamma-amino-
butyric acid (GABA) and their participation in a number of neurological
and behavioral disorders (Hornykiewicz, 1975; Seeman, 1981; Enna, 1981)

suggest that these systems also may be influenced by organophosphates.
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An imbalance of dopaminergic and cholinergic systems in the basal
ganglia {s associated with motor dysfunction, particularly Parkinsonism
(Hornykiewicz, 1966; Hornykiewicz, 1975). The basal ganglia are rich in
AChE (Quastel, 1962; Dawson and Jarrott, 1981). It is well known that
GABA is an important inhibitory neurotransmitter in the mammalian CNS
(Roberts et al., 1976; McBurney and Barker, 1978; Lal et al., 1980).
There 1s evidence which suggests that the drugs which increase GABAergic
activity in the brain decrease striatal DA turnover (Lahti and Losey,
1974). It has been further suggested that ACh may regulate GABA synthe-
sis (Roberts and Hammerschlag, 1972). Finally an involvement of the
GABA system in organophosphate-induced convulsions has been demonstrated
(Kar and Martin, 1972; Green et al., 1977; Lundy et al., 1978). The
foregoing evidence indicate that the effects produced by organophos-
phates inclide a variety of behavioral and neurological manifestations
311 of which cannot be attributed entirely to croiinergic hyperactivity.
Other systems may, in addition or {ndependently, be involved. The
present paper describes alterations of the postsynaptic muscarinic, DA
and GABA receptors, consequent to acute and chronic exposure to DFP,

MATERIALS AND METHOOS
Animals

Male albino Sprague-Dawley rats (Charles River Lab, Wilmington, MA)
weighing 200-250 g were used throughout the study. The animals were
housed four to a cage with free access to food and water.

Administration of DFP

Freshly prepared solutions of DFP in saline (0.9%, NaCl w/v) were
administered subcutaneously in volumes of 0.1 ml/100 3 body weight.
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Both acute and chronic treatments with DFP were carried out. In the
acute treatments, a single dose of OFP 1 mg/kg or 2 mg/kg was finjected
and the animals were sacrificed by decapitation 6 hr, 24 hr, 7 days or
14 days after the treatment. In chronic ¢raatments, a dose of 1 mg/kg
was administered daily for 4 days or for 14 days. The treatments were
scheduled in such a way that hoth saline treated (0.1 ml1/100 g body
weight) control and DFP-treated animals were sacrificed on the same day.

Determination of AChE activity

Different brafn areas were dissected out according to the procedure
of Glowinski and Iversion (1966). The AChE activity was detcrained
according to the method of Ellman et al. (1961). The tissues were homo-
genized in fce-cold sodium phosphate buffer (0.1 M, pH 8.0) at a concen-
tratfon of approximately 20 mg wet* weight per ml buffer. The activities
were expressed as nmoles of acetylthiocholine hydrolyzed/min/mg protein.

Memb; ane preparation for binding assays

Membranes were prepared according to the method of Zukin et al.
(1975), with slight modification. The animals, after appropriate treat-
ments, were decapitated, the brains were rapidly removed and the striata
were dissected out. The pooled samples were then homogenized in 15
volumes of 1ce cold 0,32 M sucrose using a Brinkman Polytron PT-10 at
low speed (setting 3). The homogenate was centrifuged at 1,000 x g for
10 min; the pellet was discarded and the supernatant fluid was centri-
fuged at 20,000 x g for 20 min to obtain a crude mitochondrial pellet.
The crude mitochondrial pellet was resuspended in double distilled
defonfzed water and dispersed with a Brinkman Polytron PT-10 (setting 6)
for 30 sec. The suspensfon was centrifuged at B,000 x g for 20 min, The
supernatant including the buffy layer was collected and centrifuged at

48,006 x g for 20 min to obtain a pellet. The pellet was resuspended in
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water and centrifuged at 48,000 x g for 20 min. The rinal pellet
(membrane preparation) was suspended in Tris-HC1 buffer (pH 7.4) and
stored at -20°C for one to four days.

34-QN8 binding

The frozen membranes were thawezZ and centrifuged at 25,000 x g for
15 min and the pellet was suspended in 50 mM sodium phosphate buffer (pH
7.4). The kinding of 3H-QNB. was carried out according to the method of
Yamamura and Synder (1974), with minor modifications. In brief, the
binding assay was performed {n 50 mM sodium phosphate buffer (pH 7.4),
with different concentrations (0.01 to 2 nM) of 3H-QNB to generate
saturation curves in a final volume of 1 ml. Specific binding was
calculated as the total binding minus that occurring in the pressure of
1 uM atropine. The binding was {nitiated upon addition of 0.2 ml of
membrane preparation (0.2 to 0.4 mg/ml) and incubations were allowed to
proceed for 1 hr at 25°C in a shaking water bath. The reaction was
terminated by rapidly filtering thiough Whatman GF/B glass fiber
filters. Each filtar was washed twice with 5 ml buffer and the dried
filter was transferred to scintillation vials containing 10 ml of
Aquasol (New England Nuclear, Boston, MA). The radicactivity retained

in the filters was determined by 1iquid scintiliatfon spectrophotometry.
3H-Musc1mol b:nding

The specific binding of the GABA receptor l{gand, 3H-luscilal. was
carried out as previously described (Sivam et al., 1981). The frozen
membrane preparation was thawed and diluted with 10 volu «s of 50 sNM
Tris-citrate buffer (pH 7.1) and centrifuged at 25,000 x g for 20 min,
to obtain a pellet; the nellet was rehomogenized with a suitable volume
of the Tris-citrate buffer and incubated at 37°C for 30 min to dissoci-

ate endogenous inhibitors (Kingsbury et al., 1280). After incubation,
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the suspension was recentrifuged at 25,000 x g for 20 min to obtain a
pellet which was resuspended in fresh buffer for assay. Binding of
3H-musc‘lmol was initiated by the addition of 0.2 ml of the membrane
preparation (1-1.5 mg/ml) to a mixture contzining the required final
concentration of 3H-muscimo‘- (2-100 nh) in a total volume of 1.0 ml.
Incubations were carried out at 4°C for 10 min. The reaction was
stopped by rapidly filtering through Whatman GF/B filters; the filters
were washed twice with 5 ml of ice cold 50 mH Tirs-citrate buffer (pH
7.1) and transferred to scintillation counting vials containing 10 ml of
PCS (Phase Combining System, Amersham, Co., Arlington Heights, IL). The
vials were shaken for 60 min, then the radioactivity was measured by
1iquid scintillation spectrophotometry. Non-specific binding was
determined by incubation in the presence of 1 mM unlabeled GABA,
3H-Sp‘hr‘oger"ldol binding

Specific binding of the DA receptor ligang, 3H-sp1roper1dol. was
determined following the method of Tabakoff and Hoffman (1579) with
minor modifications. The frozen membrane preparation was thawed and
centrifuged at 25,000 x g for 15 min to obtain a pallet. The pellet was
suspended in 50 mM Tris HC1 (pH 7.4) containing 5 mM ethylenediaminete-
tracetic acid (Tris-EDTA buffer). The suspension was incubated for 20
min at 37°C and centrifuged 25,000 x g for 15 min., The supernatant was
discarded and the pellet was resuspended for final assay in a suitable
volume of Tris-EDTA buffer.

Aliquots of (0.2 m1) of the membrane preparation {2-2.5 mg/ml1) were
incubated with various concentrations (0.05 to 2 nM) of 3H-sp1roper1dol

in the presence of 10'7 M (+)- or (-)-butaclamol (Seeman et al., 1976),
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in a final volume of 1 ml. Incubations were carried out for 20 min at
25°C. At the end of the incubation, the sample were filtered under
reduced pressure through glass fiber filters (GF/B, Whatman). The
filters were then washed with 5 ml of Tris-EDTA buffer and after drying,
were placed into scintillation vials with 10 ml of Aquasol. After at
least 45 min of shaking to equilibrate, the radioactivity was quantified
by iiquid scintillation spectrophotometry. Specific binding of spiro-

peridol was defined as the amount bound in the presence of 10”7

M
(-)-butaclamol minus that bound in the presence of 1077 M (+)-butacla-
mol.

In vitro effect of DFP on receptor binding

The effect of in vitro additions of DFP, (107 to 10°* Wy upon
binding of H-QNB (0.2 nM), H-muscimol (5 nM) or SH-spiroperidol (0.2
nM) was investigated using the methods descrihed above.

Determination of protein concentration

The protein content of the membrane preparations was determined by
the method of Lowry et al. (1951) using bovine serum albumin as a
standard.

Drugs and chemicals

3H-QNB (specific activity, 40.2 Ci/mmol), Hy-muscimol (specific
activity, 10.1 Ci/mmol) and d-spiroperidol (specific activity, 31.3
Ci/mmol) were obtained from New England Nuclear Corporation, Boston, MA.
The radiochemical purity was verified by thin layer chromatography using
appropriate solvent systems. OFP (Lot #103288) was obtained from Cal-
biockm, Ladolla, CA; this preparation of DFP was found to have an ICSO
(concentration required for 50% inhibition of control AChE activity (in
the whole brain homogenate of rat) value in vitro of 12 ug/ml. Atropine
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sulphate and GABA were obtained from Sigma Chemical Company, St. Louis,
MO. Dextro (+) and levo (-)-butaclamol were generously supplied by
Ayerst Laboratories, New York, NY. Other chemicals and reagents of
analytical grade were obtained from commercial suppliers.
Statistics

Linear regression analyses were used to obtain all values of disso-
ciation constant (K;) and maximum number of binding sites (Bmax)' When
applicable, data were analyzed for significance by Student's t-test: a
P value of < 0.05 between two means was considered significant.

RESULTS

Effect of DFP on the qross behavioral activity, and on AChE activity in

different regions of the rat brain

Acute administration of OFP in 1 or 2 mg/kg doses, induced para-
sympathetic overactivity consisting of salivation, lacrimation, urina-
tion, excessive bronchial secretion, sweating, diarrhea, muscular
twitching, fasciculations and tremor. On chronic administration of DFP
(1 mg/kg, daily) the animals continued to exhibit these symptoms for 4
to 5 days; thereafter, the symptoms regressed and by the 14th Jay, the
animals no longer showed any of the symptoms including the characteris-
tic intermittant tremor observed on the 4th and S5th day. The relative
activity of AChE fn different regions of brains from control rats was as
follows: striatum > medulla A diencephalon * cortex a cerebellum
(Table 1). Six hr after an acute administration of DFP (1 mg/kg), AChE
activity was significantly reduced in all brain regions except the
cerebellum. Striatum and medulla were affected more than the other

regions. When the dose of DFP was increased to 2 mg/kg, the enzyme ac-

tivity was abcut 20X of control in striatum, diencephalon and medulla,
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whereas, in the cortex and cerebellum, the activity w's 38 and 75%,
respectively.

Twenty-four hr after administration of 1 mg/kg DFP, the inhibition
of AChE activity remained almost the same as that observed & kr after
OFP administration. The relative activities among different regions
were similar to those in control brains, despite inhibitfon. Twenty-
four hr after administration of 2 mg/kg DFP, the enzyme activity had
recovered significantly (P < 0.05) in straitum, medulla and diencephalon
compared to the activities in these areas, 6 hr after administration of
the same dose. In cortex and cerebellum, the inhibition 24 hr after DFP
administration was not different from that observed § hr after adminis-
tration. The inhibiticn 24 hr after a single injection of 2 mg/kg was
in general, the same as that observed 6 hr after a single injection of 1
mg/kg DFP,

After chronic administration of OFP for 4 and 14 days, there was a
substantial inhibition of AChE in all regions (Table 2). The degree of
inhitition after 4 days of daily treatment with 1 mg/kg DFP was signifi-
cantly higher than that Jbserved after a single DFP injection. The
levels of AChE activity after 4 and 14 days of daily OFP treatment were
essentially the same.

Effect of DFP on muscarinic receptor binding

Scatchard analysis of 3H-QNB binding data revealed a single popu-
lation of muscarinic receptors. A single injection of OFP (1 or 2 mg/
kg) failed to alter efther the KD or the Bm“ except for a 20% decrease
in the latter 24 hr after OFP treatment (Table 3). After chronic
treatment with OFP for 4 and 14 days, the Bmax was significantly
decreased (Tadle 4; Fig. 1). ' o
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None of the treatments affected the affinity of muscarinic receptors.

Effect of DFP on GABA receptor binding

Six hr after an acute treatment with DFP (1 mg/kg), the number of
striatal GABA receptors, as determined by Scatchard analysis, were in-
creased by 37%; 24 hr after the treatment, the receptor population had
returned to control levels (Table 3; Fig. 2). On the other hand, DFP at
a dose of 2 mg/kg increased the number of GABA receptois both 6 and 24
hr following treatment, though there was a significant (P < 0.05)

difference between these groups. Seven days after a single injection of

"DFP (1 mg/kg), there was a significant decrease in GABA receptor popula-

ORI DI L

tion. Daily administration of OFP (1 mg/kg) for 4 and 14 days showed a
significant increase only in the latter group (Table 4). Neither acute
nor chronic administration of DFP altered the affinity of GABA recep-
tors.

Effect of DFP on DA receptor binding

Saturation studies with 3H-sp1roperidol as a ligand and Scatchard
analysis of the data revealed a single population of DA receptors. Six
and 24 hr after a single injection of DFP (1 or 2 mg/kg), an increase in
the 8, of 3H-spiroperidol binding (Table 3; Fig. 3) was observed.
There was a significant (P < 0.05) difference between thz {ncrease pro-
duced by 1 and 2 mg/kg DFP after 6 hr; however 24 hr after these doses,
the increases in the DA populations induced by the two doses did not
differ significantly. Dafly treatment with 1 mg/kg DFP for 4 days had
no effect on the number of DA receptors, whereas DFP treatment for 14
days produced a significant increase {n the DA receptor population.
This increase was significantly (P < 0.05) lower than that observed 24
hr after a single injection of DFP at a dose of 1 or 2 mg/kg (Table 4).
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None of the acute or chronic DFP treatments affected the KD of 3H-spiro-
peridol.
Effect of in vitro addition of DFP on receptor binding

The in vitro presence of DFP at concentrations ranging from 10'9 to

107 M, failed to affect muscarinic, GABA or DA receptor binding.
DISCUSSION

Although there have been many studies on brain AChE inhibition by
DFP and related agents, relatively few have reported studies of discrete
brain areas. In brains from control animals, the relative activity of
ACht {n different regions {ndicated that straitum had the hi{ghest
activity followed by medulla, diencephalon, cortex and cerebellum. This
fs consistent with the reports of other workers (Silver, 1974; Dawson
and Jarrott, 1980). All regions were not, in general, uniformly af-
fected by a single injection of the low dose (1 mg/kg) of DFP, in
contrast to the effects of single high dose (2 mg/kg) treatment which
affected all regions equally. For example, striatum, medulla and
diencephalon were affected to a larger extent and the degree of inhibi-
tion was similar among these regions. The cortex was affected to a
lesser extent and the cerebellum was not affected by low dose acute
treatments., It is possible that the low levels of basal AChE activities
of the cortex and cerebellum may be related to this observation. It
should be pointed out idat the inhibitifon of AChE after a single low
dose was about 50% at both 6 and 24 hr treatment. After continuous ad-
ministration of DFP, a steady level of inhibition (65%) was maintained
during the treatment perfod. Further, during chronic exposure, all

regions of the brain were equally susceptible to AChE {nhfbition, unlike
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acute exposure. Moreover, continuous administration did not lead to a
recovery of enzyme activity. This confirmns earlier reports that AChE
remained chronically depressed despite the fact that behavioral toler-
ance readily occurs during chronic treatment (Russell et al., 1969;
Chippendale et al., 1972; Kozar et al., 1976; Russell et al., 1981).
Since behavioral tolerance developed during this period of enzyme inhi-
bition, the behavioral effects cannot be attributed entirely to AChE
inhibition.

It has been suggested that the behavioral tolerance which occurs
during chronic administration of DFP, may result from a decreased number
of muscarinic receptors (Bignami et al., 1975; Russell et al., 1975).
In the present study, a reductifon of muscarinic receptor density was
observed during chronic treatment with DFP. Thus our data conffrm other
reports (Bull, 1965; Costa et al., 1981; Ehlert et al., 1980; Gazit et
al., 1979; Gokhale et al., 1977; Levy, 1981; Schiller, 1979; Uchida et
al., 1979) and provide direct confirmation of the viewpoint that a
reduction in the number of muscarinic receptors may be responsible, at
least in part, for the development of tolerance to DFP. It is of inter-
est that Dawson and Jarrott (1981), while reporting 1ittle change in
nuscarinic receptors in guinea pigs, during acute or chronic administra-
tion of DFP did observe behavioral tolerance to chronic DFP treatment.
It remains to be confirmed whether this is due to species difference.

The present study indicates that the reduction in muscarinic recep-
tor density is time-dependent; 4 days of treatment caused a 43% reduc-
tion, whereas 14 days of treatment resulted in a 61% reduction from

control values.
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This was despite the fact that AChE activity remained {nhibited to the
same extent after 4 or 14 days of OFP treatment. Therefore, the reduc-

tion in the number of muscarinic receptors appears to be a gradual

process not directly related to the degree of AChE {nhibition. This LE

consistent with our observation and that of Russell et al. (1975) that
the DFP-induced cholinergic effects such as diarrhea, tremor, saliva-
tion, and lacrimatfon disappear gradually.

It is not clear whether all of the toxic effects of DFP are due to
alterations in cholinergic functfon or {1f other neurochemical changes
might be fnvolved. In the present study, the numbers of both GABA and
DA receptors were significantly increased after acute treatment, but the
fncreases were less prominent after chronic treatment. It has been
reported that anticonvulsants, which are believed to act primarily via
GABAergic mechanfsms, block organophosphate {induced convulsfons (Lipp,
1973; Rump et al., 1973; Lundy and Magor, 1977). Lundy and Magor (1977)
and Lundy et al. (1978) showed that small amounts of benzodiazepines,
which are belfeved to act through enhancing GABAergic transmission
(O1sen, 1981)] totally abolished organophosphate-induced convulsions,
whereas, the antimuscarinic agent, atropine, had no effect, even in high
doses. These authors further showed that aminc-oxyacetic acid (AOAA),
which elevates GABA levels by inhibiting GABA-transaminase, also {nhi-
bited organophosphate-induced convulsfons. Kar and Martin (1972)
suggested that paraoxon convulsfons are related to GABA levels {n the
central nervous system. Certain organophosphates cause convulsfons and
death but do not inhibft AChE (Bellet and Casida, 1976) and are believed
to produce their effects by altering central GABA functfon {Bowery et

al., 1976). Involvement of GABA fn a varfety of neuropsychiatric

@
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disorders including epilepsy and schizophrenfa has been documented
(Enna, 1981). The evidence, therefore, seems to indicate that GABA
receptor activation may play a part in the acute effects of organo-
phosphates.

In our study, we observed that, not only GABA receptor density, but
also DA receptors density was increased after a single injection of OFP.
Others have chserved that DA levels are {ncreased after acute OFP
treatment (Gilisson et al., 1974). On the other hand, mipafox was found
to decrease DA levels after chronic administration (Freed et al., 1976).
The increased motor activity of Parkinsonism {s known to be due to an
imbalance of cholinergic and dopaminergic activity {n the basal ganglia,
1.e., increased cholinergic activity due to DA deficiency (Weiss et al.,
1976; Heibronn and Bartfai, 1978). It has been reported that striatal DA
has an {inhibitory effect on striatal nesrons (Krnjevic and Phillis,
1963) and also reduces the spontaneous and cholinergic neuronal firing
in the striatum (McGreer et al., 1975). It has been suggested that
dopaminergic (inhibitory) and cholinergic (excitatory) wmechanisms
interact in a delicate way to maintain the normal function of striatum
(Anden et al., 1966). The striatal increases in GABA and DA receptor
densities observed after acute treatments with OFP, returned gradually
to control levels after cessation of treatment. Thus the neurochemical
fmbalance produced as a result of acute {inhibition of AChE may be
partially counteracted by an acute {ncrease in dopaminergic activity
supported by an increase in GABAergic activity.

The changes observed in the receptor bindings were not due to a
1 * direct effect of OFP on muscarinic, DA or GABA receptors, sirce no
fnhibition of binding was observed by high concentration (10" M) of DFP

when added in vitro.
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This confirms the earlier report of Ehlert et al. (1930) who showed that
the muscarinic receptors were not affected by high concentrations (10'S
M) DFP added in vitro.

The results of our study indicate an involvement of ACh, DA and
GABA receptors in the effects of organophosphates. It is suggested that
the GABA and DA systems, singularly or in combination, counteract the
enhanced cholinergic activity induced by organophosphates.
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o Fig. 1.

fig. 2.

Fig. 3.

AR TR e
DS

28

LEGENDS FOR FIGURES
Effect of chronic administration of OFP on 3H-QNB binding in the striatal
homogenates of rat. Incubations were carried out for 60 min at 24'C.
followed by filtration. Non-specific binding was performed in the

presence of i uM atropine.

Effect of acute administration of OFP on SH-muscimol binding in the
striatal homogenates of rat. Incubations were carried out for 10
min at 4°C, followed by filtration. Non-specific binding was per-
formed in the presence of 1 mM GABA.

Iffect of acute administration of OFP on 3H-spiroperidol binding in
the striatal homogenates of rat. Incubations were carried out for
20 min at 25°C, followed by filtration. The specific ‘binding denotes
the difference between the binding in the presence of 10° M (+)- and
(v)-wﬁCI 2mol.
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Sunmary:
The effects of acute (single dose, 1 or 2 mg/kg, s.c.) and ?

sub-acute {1 mg/kg, s.c., daily for 4 or 14 days) administration E

of diisopropylfluorophosphate (DFP) to rats on cholinergic .

enzymes, acetylcholinesterase (AChE), choline acetyltransferase

(CAT) and on GA3A synaptic function were investigated in the
striatal region of brain. Acute and sul-acute administration
of OFP fnhibited AChE activity but did not affect CAT activity.
The cholfinergic kyperactivity seen on acute administration
receded graduaily during continuous treatment, despite a steady
: fnhibitfon of AChE activity during this period. In general,
acuta as well as sub-acute treatments fincreased levels of GABA
and fts precursor (glutamate) and decreased GABA uptake and
release. However, none of the treatments affected activities of
the GABA related enzymes: glutamic acid decarboxylase and
GABA-transaminase. These results, together with our previous
finding that the postsynaptic GABA receptor population is in-
creased by OFP treatment, findicate that GABA transmission is
affected by DFP. An overall enhancement of GASA function appears
to be involved in DFP poisoning; it s suggested that this may be
iy a compensatory mechanism to counteract the cholfnergic

hyperactivity.

Key words: O0i{sopropyifluorophosphate, tolerance, acetylcho-

linesteras.y, GABA system | ¢
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Introduction:
Organophosphates are known to exhibit a broad spectrum of
behavioral, neuroiogical and biochemical effects in both animals

L&12,13 a0 enhanced cholinergic overactivity

and humans
consequent to the inhibition of the enzyme acetylcholinesterase
(AChE) which terminates the activity of the cholinergic transmit-
ter acetylcholine (ACh), has been traditionally and generally be-
iieved to be the cause of the many effects of organophosphates.
The relatively, recent awareness of the function of a variety of
central nervous system (CNS) neurctransmitters, especially,
y-aminobutyric acid (GABA) and {fts alleged participation in a

variety of neurological and bchavioral disorders, raises the

- possibility of an {nvolvement of G/’BA 1in organophosphate

toxicity. It {is well recognized that GABA {s an {important
inhiditory neurotransmitter {n the masmalian CNS 15'22'27.
There {s evidence which suggests that acetylcholine may regulate
GABA syntheslszs. An involvement of GABA has been suggested {n

8. 4 somanl?+20

Paraoxon -induced convulsions. The foregoing
evidence indicate a possible interaction between the cholinergic
and GABA systems. The present study deals with the acute and
sub-acute effect of diisopropylfluorphosphate (DFP) on various
steps of GABA synaptic function.

Methods:

Animals and Chemicals:

Male Sprague-Dawley rats (Charles River Lab, Wilmington, MA)

weighing 175-250 g were used in the present study. Animals were
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maintained ad libitum on standard laboratory chow and tap water
and wer + housed in a room with automatic I2 hour light and dark
cycles and temperature set at 25.5 ¢ 1.8°C. Difsopropylflroro-
phosphate (DFP, Lot #103288; Calbfochem, La Jolla, CA) was used
throughout all studfes. This preparation of DFP was found to
Fave an IC;, value fn vitro of 12 ug DFP/ml (concentration
required to Inhibit 503 of the cholinesterase activity® n homo-
genates of whole brains from rats). L-["C(U)]-glumic scid
(271 mCi/mmo1), *H-GABA (33°3 Ci/mmo1) and [M¢]-acetyl Cor (53
wCi/mmo0)) were obtained from Mew England Nuclear, Boston, MA.
The radiochemical purity was verified by thin layer chromato-
graphy using appropriate solvent systems. Acetylthiocholine
fodine and 5,5°-dithio-bis-(2-nitrobenzoic acid) (OTN8) were
purchased from Calbfochem-Behring, La Jolla, CA. Acetyl-CoA,
GAcA, tetraphenylboron, glutamic acid, 3,5-diaminobenzofc acid,
succinic  semfaldehyde, pyridoxol phosphate, glutathione,
a-ketoglutaric acid, NADH, NADP, NADPH, GABAase, 2-mercapto-
ethano!l, glycine and hydrazine hydrate were obtained from Sigme
Chemical Co., St. Louis, MO. Glutamate dehydrogenase was
purchased from Boehringer Mannheim Biocheaicals, Indianapolis,
IN. Other chemicals and reagents were obtained from commercial
suppl fers.

Administration of OfP:

Stock solutions (10 mg/ml) of DFP were prepared in norsa)
saline (0.9%, NaCl) and kept frnzen at -30°C. Just before
‘njection, the stock solution was diluted in saline to give the

desired concentrations. DOFP was administered subcutaneously in a

£y
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4 Sg volume of 0.1 ml/100 g body weight. Both acute and sub-acute b
l 1" treatment with OFP were carried out between 9-11 a.m. everyday.
} i ._ in the acute treatments, a single dose of DFP, ! or 2 mg/kg was
i "- injected and the animals were sacrificed by decapitation 6 hr, 24 )
E 1 j: hr, 7 days or 14 days after the treatment. The entire treatment
I: ‘ was scheduled in ;uch a way that both control and treated animals
8 ,: were sacrificed on the same day. In the sub-acute treatments, a )
: ‘ *3 single dose of OFP, 1 mg/kg, was administered daily for 4 or 14
i days. Appropriate controls received saline (0.1 m1/100 g body
: ' i+ weight).
e :\q Dissection of striatum: ’
i J ’ The striata of the brain were dissected out following the a
\'§ 8 method of Glowinski and Iversenl®. A microwave oven (Thermex
E P ?3, #44104 Metabostat System, Santa Clara, CA) was used to irradiate ’
i the head for 2 sec at 2.5 kw, for the determination of GABA and
E | : glutamate levels . , :
'; p 3 Determination of AChE activity: »
; \ The determination of AChE activity was carried out according
I: ‘.:‘3 to Ellman et al%. In brief, the homogenates were prepared in
kS fce-cold 0.1 M sodium phosphate buffer, pH 8.0. The enzyme ,
i ¢ ‘ activity was measured photometrically by measuring the intensity
*; of the yellow color produced from acetylthiocholire when ft ‘
3 reacts with dithiobisnitrobenzoate fon. The AChE activity was ;
| @ p expressed as nmoles acetylthiocholine hydrolyzed/min/mg protein,
o
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Determination of choline acetyltransferase (CAT) activity: ' 'Y

g The radiochemical assay developed by Fonnum8 was used to \..9 ;\:
| 1 assay CAT activity. In brief, homogenates of striatum were %
:' prepared in 10 mM EDTA buffer, pH 7.4. The incubation mixture & ‘{
: § contained (final concentration): 0.2 mM acetyl-CoA containing 0.5 {:
j £ W [1-1%Cacety)-CoA, 300 oM NaCl, SO mM sodfum phosphate E
; 3 buffer (pH 7.4), 8 mM choline chloride, 20 mM EDTA buffer (pH a
f 'é 7.4) and 0.1 mM physostigmine. The homogenate (0.2 ml) was ’ .g
| § incubated with 0.8 ml of the incubation mixture for 15 min at v
E l | 37°C. Au (he end of the incubation the contents of the reaction

,: \| vessels were transferred to scincilation vials., The tubes were

| washed once with S m] of sodium phosphate buffer (10 mM, pH 7.4)
|} i and the wash was added to the scintillation vials. To each vial,

o
.-y -
T BRRAR PR A LTRSS

1B m! of acetonitrile containing 10 mg of tetraphenylboron and 10 ml ® ) P
j of toluene scintillation mixture [0.05% diphenyloxezole and 0.02% 2

E 5 1,4-bis-(4-methyl-5-phenyloxazole-2-y1) benzene] were added. The | %
 dp vials were shaken gently for 1 min and then the organic and = .;
, aqueous layers were allowed to separate for 10 min. radisactiv- i
‘ ity present in the organic layer was counted by liquid scintil- a
ok lation spectrometry. Enzyme activity was expressed as nmole ACh g
“ formed/hr/mg protein. ’ .‘E
'; Determination of GABA-transaminase (GABA-T) activity: ’g
GABA-T activity was measured following the procedure of ;
. . Loscher!®, based on the method of Salvador and mbers®t.  In ’ .
. brief, the assay consisted of fluorometic measurement of succinic g

: :{
q{ ’ ‘é
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semialdehyde produced from GABA during incubation with GABA-T,
The incubation medium contained in a final volume of 1.0 mi: 50
mMd a-ketoglutaric acid, 125 mM GABA and 0.2 ml of homogenate.
The saples were incubated at 37°C for 60 min, and then cooled in
an ice bath and centrifuged at 3500 x g for 10 min at 4°C. An
aliquot (0.3 ml) of the supernatant was added to 0.3 ml of 200 mM
3,5-diaminobenzofc acid and the samples were heated at 60°C for 1
hr. After dflutica 1: 100 or 200, the samples were activated at
405 nm in a spectrophotofluorometer and the fluorescence was read
at 505 nm. The enzyme activity was expressed as nmoles succinic
sem{aldehyde formed/hr/mg protein.

Determinaticn of gqlutamic acid decarboxylase (GAD) activity:

GAD activity was assayed as previously describedzs. Homoge-

nates were prevared in 0.1 M potassium phosphate buffer (pH 6.5).
The incubation mixture (fina) volume 1 ml) contained 10 uM gluta-
mate which include 100 nM of (U-14C)-L-glutamate, 0.2 &M pyri-
doxol phosphate and 1 m¥ glutathione. Two tenths m)l of the
homogenate and 0.8 m) of the incubation mixture were placed in a
test tube and closed with a rubber stopper, from which hung a
plastic vial containing 1 M hyamine hydroxide in methanol. The
reaction was carried out at 37°C for 30 min in a water bath, At
the end of the fncubation 0.2 ml of 4N HSO, was injected through
the rubber stopper along the inner side of the test tube in order
to stop the reaction and release CO. After equilibrating at 37°C
for 90 min, the plastic vials were removed and placed in a scin-

tillaticn counting vial with 10 ml of Aquaso) (New England

G




Nuclear). The radioactivity was measured by a liquid scintilla-
tion spectrometry. The enzyme activity was expressed in nmoles
14C-(:O released/hr/mg protein.

Determination of GABA and glutamate levels:

The GABA and glutamate levels were measured by the fiuoro-
metric method described by Graham and Aprisonll. Briefly, the
brain tissue was homogenized in 75% ethanol., Aftar centr!fuga-
tion, the supernatant was air-dried, the residue was suspended in
water; the clear supernatant obtained after ultracentrifugation
of the suspension was used for GABA and glutamate determination.
For GABA determinatfon, the reaction mixture {final volume 0.4
ml) contained 3 mM a-ketoglutarate, 1.5 sM 2-mercaptosthanol, 0.4
M NADP, and 1 unit/ml of GABAase. Incubations were carried out
at 37°C for SO0 min and the reactfon was stopped by heating the
samples at 60°C for 30 min., The NADPH formed was measured
fluorometrically (e;:citAtien 350 nm and emissfon 460 nm). The
glutamate concentration was meastured as follows: the reaction
mixture contained in glycine-hydrazine buffer (5 mM, pH 8.6), 0.2
mM NAD and 100 ug of glutamate dehydrogenase from beef liver,
The fluorescence was measured in a spectrophotofliuvorometer at 350

na excitation and 450 nm emission,
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3H-GABA uptake in crude synaptosomal preparations of striatum:

Animals were sacrificed by decapitation and the brains were

removed and the striata were dissected out. Striata from rat

prains were pooled and homogenized in 20 volumes of 0.3¢ M

sucrose, using 2 Poller-Elvejem glass homogenizer.  The

homogenate was centrifuged at 1,000 g for 10 min at 4°C. The

supernatant thus obtained, was centrifuged at 20,000 g for 20 min

1"et (P fraction). The pellet, after
was used in the uptake studies.

e method of Olsen et

at 4°C to obtain a pe
resuspensfon in 0. 32 M sucrose,

3H-GABA uptake was meas ured using th

124 The pellet suspension (0.2 m1) was incubated for 30 min at

0°C in a medium containing 0.1 M NaCl, 0.1 wM aminooxyacetic acid

(ROAA), and 0.05 M Tris HC1 buffer, pt 7.4. The 34-GABA concen-

tration varfed from 12.5 to 150 nM. Non-specific uptake was

unlabelled GABA, Triplicate
sed. The protein concentra-

deternined in the presence of 1 mM
samplas (final volume of 1 ml) were u

tion was 0.5-1.0 mg/ml. After the incubation, the reaction

s filtered under vacuum with GF/B glass filters, washed

the buffer, and the radioactivity was deter-

mixture wa

twice with 5 ml of
nined by liquid scintillation spectrometry, using 10 ml of

Aquasol as the scintillation cocktail.

The effects of in yitre additfon of DFP (10" to 104 #) on

34.GABA (15 nM) uptake was also investigated using the procedures

Just described.




¢ 10

¢ 3H-GAB&'\ release from striatal slices:

The 3H-GABA release studies were conducted as described

earlierza. Slices having dimensions of approximately 0.5 X 1 X 1

¢ mm were preincubated at 27°C for 10 min in ml of Ca*’-free
Krebs bicarbonate-EGTA (referred hereafter as Krebs medfum)
medium corsisting of: 124 oM NaCl, 5 mM KC1, 1.3 mM MgCl, 1.2 mM
KHP04. 26 mM NaHC03. I mM EGTA, 10 mM glucose, 20 uM AQAA,
adjusted to pH 7.4 by bubbling with 95% 0-5% CO (carbogen).
slices ware transferred to the Krebs medium containing 0.1 uM
3M-GABA (specific activity 33.3 Ci/mmo)) and incubated at 37°C
for 20 min. The slices were washed twice with ml of the Kredbs
medium every 5 min for 20 min to observe spontaneous release. Yo
- observe the Ca* dependent k*-stimulated GABA release, the slices

¢ were transferred to Ca'*-K* Krebs medium every S min for 25 min.
The Ca**-k* Krebs medium contained: 4 mM CaCl, 60 mM XC1, 64 mM

NaCl, 1.3 mM MGCl, 1.2 mM KHPO,, 26 m{ NaHCO,, 10 M glucase and

¢ 10 uM AGAA, A1l incubations were carried out at 37°C under
carbogen atmosphere inr a Oubnoff metabolic shaker, After appro-

priate incubation, an aliquot of the medium from each time point

was transferred to scintillation vials and counted for radioac-
tivity. The % of release of 3I-I-GABA was calculated as 100 x {dpm
of released GABA)/(dpm of accumulated GABA in the slices).

Determination of protein concentration

The protein content of the homogenates used in the present

study was determined by the method of Lowry et _allg.
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Statistics:

Data from the 3H-GABA uptake studies were evaluated
according to Lineweaver and Burkls. Linear regression analyses
were used to calculate the affinity constant (Km) and uptake
velocity (vmax)’ When applicable data were analyzed for
significance by Student's t test: P value < 0.05 between two
means was considered significant.

Results:

Effect of DFP on general behavior of animals:

Acute administration of OFP, 1 or mg/kg, s.c., resulted in
prominent parasympathetic overactivity which consisted of
salfvation, lacrimation, urinatfon, excessive bronchial se-
cretions, sweating, defecatfon and dfarrhea. Skeletal muscle
twitching, fasciculations and tremors were also observed.
Animals {n the sub-acute treatment group continued to exhibit the
symptoms for 4 to 7 days; thereafter, the symptoms regressed
slowly, and by the 14th day the animals no longer showed any
symptoms .

Effect of OFP on AChE and CAT activities:

As previously reported36 the control AChE activity was 186 ¢
9 nmoles/uin/mg protein. DFP inhibited AChE activity in a dose-
related fashion. Six hr after 1 and mg/kg DFP, the inhibition
of AChE activities was 53 and 84% of the control, respectively.
Even at 24 hr after the administration of a single dose of DfP,
the inhibitfon remafned around 50% of the control activity. A
30% inhibition could be observed 14 days after a single dose of
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DFP. After sub-acute administration, the inhibition of ACht
activity was maintained at about 70% of the control. The con.:Jl
CAT activity was 113 + 8.6 amoles’hr/mg protein. The C. ' activ-
ity remained unaltered by 211 the treatments.

Effect of OFP on GABA and qlutamate levels:

Twenty-four hr after acute treatment with 2 mg/kg of OFP,
levels of both GABA and fts precursor, glutamate, were signifi-
cantly elevated. None of the other acute treatments caused
any sfgnificant changes (Table I). In animals continuously
treated with DFP for 4 days GABA :nd glutamate levels were also
increased; continuous treatment for 14 days fatled to change the
levels significantly.

Effect of DFP on SH-GABA uptake:
Twenty-four hr after a single injection of DFP 2 mg/kg,

there was a sfgnificant decrease fn the uptake velocity (me) of
GABA. A similar effect was observed after contfnuous adminfs-
tratfon for 4 or 14 days. None of the treatments affected the
affinfty constant (Kn) (Table II).

Effect of DFP on SH-GAZA release:
Six hr after doses of 1 or mg/kg of DFP, there wag a

significant decrease fn the basal release of GABA; however there
was no alteratfon in basal release 24 hr after the treatments.
Continuous administratfon for 4 or 14 days also decreased basal
GABA release. Nefther acute nor chronic treatments altered the

k*-induced Ca“-dependent GABA release (Table III).
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Effect of DFP on GABA related enzymes:

None of the treatment schedules altered GAD and GABA-T

activities (Table 1V).

Discussion:
The literature dealing with the involvement of GABA in the

effects produced by organophosphates 1s limited to a few which
have examined the convulsive action of organophosphatesl"l"zo'
21'29. A systematic examination of acute and chronic effects of
organophosphates on GABA synaptic function {s lacking. Recently
we reported36 that postsynaptic GABA receptor densigy was {in-
creased after acute and sub-acute treatment with DFP., The
present study examined the effects of DfP on various steps
involved in GABA synaptic neurotransmission.

In o.der to assess the state of the cholinergic system, we
monftored the activities of AChE and CAT in the rat striatum.
The present results confirm a previous r~c-.'port36 that AChE ac-
tivity was {nhibited in a dose-dependent manner by acuts OFP
administration; continuvous administratfon of DFP led to behavio-
ral tolerance despite the lack of reversal of AChE fnhibition.
This fs consistent with earlier reportssl'33f36 by other investi-
gators. The present study also showed that CAT, the enzyme in-
volved in the synthesis of ACh was not affected by acute or
sub-acute treatments. RussellJJ has pointed out that CAT appears
unlikely to be a rate-limiting step in ACh synthesis because of

its presence in large excess of maximum turnover rates of
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ACh, and because itg inhibition has 1ittle effect on ACh levels,

&

It is not clear whether the lack of effect of DFP on CAT activity
is related to these factors.

The present study revealed that DFp (a) did not influence
the metabolic enzymes of GABA, GAD and GABA-T, (b) increased the

GABA and glutamate levels, (c) decreased the uptake of GABA and
(d) decreased the spontaneous release of GABA. (Qur previous
report showed that postsynaptic GABA receptors were {ncreased by
DFP treatment. These data, taken together indicate that organo-
phosphate-1induced alterations in GABA synaptic function may, at
least partly, {influence the overall outcome of organophosphate
poisoning. Apparently, DFP effects pre- and post-synaptic
mechanisms., [t {s well-recognized that GABA 1s a major inhibi-
tory transaftter in the marmal{an CNS. Since cholinergic func-
tion 1s greatly increased due to inhibition of ACKE by DFP, a
possible compensatory increase 1in GABAergic activity may be
p expected. The incr~ase in GABA levels 1s probably due to the

decrease in spontaneous release. In order to compensate for this

effect, the uptake process may be i{nhibited so that avaflabtlity
: ' of the transmitter to the postsynaptic sites 1s not grossly

iapaired. As mentioned earlfer, anticor 1lsants which are

believed to act primarily via GABAergic mechanisms block organo- ‘
phosphate-induced convulsionsn'zo. : o

Lundy et Q_ZO showed that small amounts of benzodiazepines
[which are believed to act through enhancing GABAergic trans-
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missionzS] tntally inhibited organophosphata-induced convulsions,
whereas, even in high doses, the antimuscarinic compound atro-
pine, had no effect. These authors further demonstrated that

aminooxyacetic acid (AOAA) which elevates GABA levels by inhi-

biting GABA-T, also inhibited the convulsions. Certain organo-
phosphates which do not inhibit AChE, but share the convulsive
property, are believed to act through alterations in GABA func-

tion. The evidence therefore, appears to {ndicate that an
overall GABA receptor activation may play a part in the acute ,- .
effects of organophosphates. o | : (]

As mentionea earlier, the overt parasympathetic activity 3 |
seen after acute exposure {s no ionger seen after continuous
administration though there was no reduction in the AChE inhibi- "!“3"- » P
tion. The next question is: how are GABA synaptic changes
related to the phenomenon of DFP-induced behavioral tolerance? g
In general this pheu;éaenon is attributed to neuronal adaptability
which is seen with a variety of drugs such as narcotics, bardi-
turates etc. However, the neurochemical events underlying this

phenomenon are largely unknown. It should be noted, however,

e

g A Coatini Sty o
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that the reduced muscarinic receptor density found to occur

i

- 15?}

during tolerance, is one of the mechanisms suggested for the
tolerance develomtz's"'ss'”. The trend of GABA synaptic
changes seen after acute administration of DFP, was miﬁuined '3 »
after chronic treatment. It appears therefore, that the acute

effect on the GABA system might be due to a compensatory effect




to counteract immediate cholinergic overactivity; the effect also
appears to be maintained on the GABA system irrespective of the

- behavioral tolerance to continuous DFP treatment.

Acknowledgments :

This study was supported by contract from the U.S. Army
Medical Research and Development Command, Contract #OAMD
17-81-C-123R. Thanks are due to Annette McGrigg for her secre-

tarial assistance.

]

T

s atbiianies e o s

= .. L ropreneon AL 2 e e e A

B T e e T AT POROE A T e
] 1

\ 1

i
t

(%

an




e L1
AR
-

PTS rE T e . S o Tor - - -
ISR RIS R R MR R AP RR T2 e v

17

References

l. Aldridge, W. N., darnes, T. M. and Johnson, M. K., Studies
on delayed neurotoxicity prcduced by some organophosphorous
compounds, Ann, N. Y, Acad. Sci., 102 (1969) 314-320.

2. Bignamf, G., Rosic, N., Michalek, H., Milosevic, M. and
Gattf, G. .., Behavioral toxicity of anticholinesterase
agerits: methodological?, neurochemical and neuropsycholoyi-
cal aspects. Jn: Qehavioral Yoxicoiogy, 8. keiss and V. G.
Latfes (Eds), pp 155-215, Plenum New York.

3. Bowery, N. G, Collins, J. F., Hi11, R, G. and Perason, S.,
GABA antagonism as a possible basis for the conwulsant
action of a serfes of bicyclic phosphorus ecters, Proc.
8rit. Pharmacol. Soc., & (1976) 435-436,

4, Davis, C. S. and Richardson, R. J.. Organcphosphorous
Compounds, In: Experimental and Clinical Neurotoxicology,
P. S. Spencer and H. M. Schaunburg (Eds.), Williams and
Witkins, pp 527-544, 1980,

5. Ehlert, I. J., Kokka, N. end Fairhurst, A. S., Altered
3H-quinuclidinylbenzilate binding in the striatum of rats
following  chronic cholinesterase inhibition  with
diisopropy’ fluorophosphate, Mol. Pharmacol., 17 (1980)
24-30,

4 4y
RCE

-

1Y
L RS RN >
~h‘;\’ 'a 3

:
4
£
1S
¥
£
£
§
v
H

e 23R
. 3

& "L.“-_;.:r. PO Y

" ]




S m e

I'..s‘v. .t;‘-.'-' [

et sb

P amd

v, 0

S 1 8

10.

12.

‘\ \ f\(. ., ‘._'.‘

£}

Ellman, G. L., Courtrney, K. D., Andres, Jr., V. and
Featherstone, R. M., A new and rapid colorimetric
determination of acetylcholinesterase activity, Biochem.
Pharmacol., 7 (1961) 88-95.

Enna, S. J., GABA receptor pharmacoloqy, functional
considerations, Biochem. Pharmacol., 30 (1981) 907-913.
Fonnum, F., A rapid radiochemical method for the
determination of choline acetyltransferase, J. Neurochesm.,
24 (1974) 407-409.

Gazit, H., Silman, I. and Dudai, Y., Administration of an
organophosphate causes a decrease in smuscarinic receptor
levels in rat brain, Brain Res., 174 (1979) 351-356.
Glowinski, J. and Iversen, L. L., Regional studies of
catecholamines in the rat brain I. The disposition of 314-
norepinephrine, 3H-dopuine and 3H-t)t)l’A in various regions
of rat brain, J. Neurochew., 13 (1966) 655-669.

Graham, L. T., Jr. and Aprison, M. H. , Fluometric
determination of aspartate, glutiaate and y-amincbutyrate
in nervous tissue using enzymatic methods. Anal. Biochem.,
15 (1966) 487-497,

Hoimstedt, B
cholinesterase firhiditors, Pharmacol. Rev., 11 (1959)
567-620.

» Pharmacology of organophosphorus

) £, »> \s\ 535 . DRy Ve, ie 1.
”k 3 1hud - \,\ \\\f 0 ;’. TN .)~ 3 k }. )\{\*\)\ 3N, :'~.\ TS TR TSR SN
'~P - o e e N o ¢
R s e 23

£ ' . A
% \ .,;! )ﬂ‘ ua R O Rt B G
{ Lw ,\ r X ".v R& v 'f ot e \,m *N"‘l .4(34",.; ' :": o B

------
X a

- -_-m—u.-‘-u




13. Johnson, M. K,, Organophosphorus esters causing delayed »
neurotoxic effects: mechanism of action and structure
activity relatfonship, Arch. Toxicol., 34 (1975) 259-288.

14. Kr, P. P. and Matin, M. A, J., Possible role of »
v-aminobutyric acid fin Paraoxon ifnduced convulsions, J.
Pharm. Pharmacol., 24 (1972) 996-997.

15. Lal, H., Fielding, S., Malick, J., Roberts, E., Shah, N.

-
B Y——

and Usdin, E., GABA neurotransmission: current developments i
fn Physiology and Neurochemistry, Brain Research Bulletin {
Yol. 5, Suppl. Ankho International Inc., NY 1980, !

ELUL = o Al G B ' drbe T

-
-

— .
DIVENTIE T,

16. Lineweaver, K. and 8urk, D., The determination of enzyme
dissocfatfon constants, J. As. Chem. Soc., 56 (1934)
658-667.

17. Lipp, J. A., Effect of benzodiazepine derivatives on ) o
somn-induced sefzure activity, Arch. Int. Pharmacodyn.

Ther., 202 (1973) 244-251.
18. Lischer, W., Tffect of inhibitors of GABA transaminase on ' )

- 3
~= oy

S TAEEN YIS PTIERT TN

R
i
$
’
!

the synthesis, binding, uptake and metabolisa of GABA, J.
Keurochem, 34 (1980) 1603-1608.

19. Lowry, 0. M., Rosebrough, X. J., Farr, A. L. and Randal, R.
J., Protein messursment with the Ffolia phenol reagent, J.
Biol. Chem., 193 (1951) 265-215.

[ ] .
-_F—_—_-q-’nm’-m
Ll
o
-~
-
>
3,
4
(3]
AR o

N Y
< T AL

L]
RADUATT T It

AT RTINSV IR Y

* Lo iartatatioy il 2 gk

M e e ‘. TR Ty 00 .
"-:'1‘,":‘;‘ ‘-_{?'t‘.’ CLro o _'-,‘_-. -“'_‘."}.-,w‘-,'.qs’\;\, 33 }-,)"._s:.\ R L

rd
23w i ‘»,) .i'-, 5

FALT LT e

i
r

|
f—




-,

‘
0’
>
"l
2
i
ra
M
~
>
b
v
o
Y
>
By
~
»

-
...‘
ans

5 B

AN

o

)

et
B ST AN

¥ ORKARA < SR

0
a's

1
XXXV L7 S B

]
*rNTe =
LA

21.

23.

2,

2.

M

Lundy, P. M., Mager, G. and Shaw, R. K., Gamma aminobutyric
acid metabolism in different areas of rat brain at the
onset of soman induced convulsions, Arch, “at.
Pharmacodyn., 234 (1978) b64-73.

Martin, M. A, and Kar, P. P,, Further studics on the role
of y-aminobutyric acid in Paraoxon {induced convuisions,
Eur. J. Pharmacol., 21 (19i3) 217-221.

%B.rney, R. N. and Barker, J. L. GABA-induced conducianic
tluctuations 1n cultured spinal neurones, Nature, 274,
(1978) 596-597.

Habeshima, T., Sivaa, S. P., Norris, J. C. and Ko, 1. K,,
Calciun~dependent GABA relesse from mouse brain slices
following tcute and chronic phencyclidine administration,
Res. Comm. Subst. Abuse, 4 (1981) 343-353,

Olsen, R. W., Lamer, E. E. and Bayless, J. D., Calcium-
induced release of v-aminobutyric acid from synaptosomes:
effects of tranquilizer drugs, J. Neurochem., 28 (1977}
299-305.

Clsen, B V¥,, GASA-8eniodiazepine-barbiturate receptor
interactions, J. Weuroches., 37 (1981) 1-13.

‘woberts, €., Chase, T. N, and Tower, D. B. (eds.) (1976),
GABA {n nervous system function, Raven Press, New York.
Roberts, E., v-Aminobutyric acid and nervous systea
function: a perspective, Biochem. Pharmacol. 23(1974)
2637-2649.

¥ B :
N b ot o Hoss) adhanth o igtn. o

iy
>}

SN TR e e

Tk s B T




3

1 Ay g
L )

R e e

[lg ™ “’ W scithlig

Gp ey

Nt D PNl o i 5

oy e

LS Pl e AN P
SRR S s

'J-'-‘ﬂ‘-"'-i‘ Jes

- ity
SRR SIS ORI

LRy~
.

( -
SRR Yy, PO SO FODN

- ..

« - -
o e

el

[P L - - . - m, . -
LAY _..._"4 '::. h LRt l’\’._‘_lg."{(._:,:_:st"{.'l.:f(‘ NN {,\'""“-{:‘:‘:’:"“:'?
P 724! o) 2ttt £l s . W

21

Tzeng, S. F. and Ho, 1. K., Acute and continuous
administration of morphine on the y-aminobutyric acid system
in the mouse. Prog. Neuro-Psychopharmacol. (1978) 55-64.
Rump, S., Grudzinska, €. and Edelwejn, Z., Effects of
dfazepam on epfleptiform patterns of bioelectrical activity
of the rabbit's brain induced by flurostigmine,
Neuropharmacology, 12 (1973) 813-817.

Russell, R. W,, Warburton, D. !". and Segal, D. S.,
Behavioral tolerance during chronfic changes fin the
cholinergic system, Cosm. Behav. Biol., 4 (1969) 121-128.
Russell, R, W., Overstreet, D. H., Cotman, C. W. Carson,
Carson, V. 6., Churchill, L., Dalglish, F. W. and Vasquez,
8. J., Experimental tests of hypotheses about neurochemical
mechanisms underlying behavioral tolerance to the anticho-
1inestersse, diisopropylfluvorophosphate, J. Pharmacol. Exp.
Ther., 192 (197S) 73-8S.

Russell, R, W., Carson, V. G., Booth, R. A., and Jenden, D.
J., Mechanism of tolerance to the anticholinesterase DFP:
acetylcholine levels and dynamics in the rat brain, Neuro-
pharmecology, 20 (1981) 1197-1201,

Russell, R, W., Cholingrgic system {n behavior: The search
for mechanisms of actiomn, Ann, Rev. Pharmacol. VToxicol., 22
(1982) 435-463.

oy o ‘.}'-":" St Gyy X

o

AR O AN
M o LAV B i



34,

3.

27

Salvador, R. A, and Albers, R. W., The distribution of
glutamic-y-aminobutyric transaminase in the nervous system
of Rhesus monkey, J. Biol. Chem., 234 (1959) 922-925.
Shiller, G. D., Reduced binding of 3H-quinuc]idiny]
benzilate associated with chronically low acetylcholines-
terase activity, Life Sci., 24 (1979) 1159-1164.

Sivam, S. P., Norris. J, C., Lim. D. K., Hoskins, B. and

Ho, I. K., Influence of acute and chronic cholinesterase

inhibition with diisopropylfluorophosphate on muscarinic,

dopamine and GABA receptors of the rat striatum, J. deurochem,

accepted for publication (1982).

A o ety
i

fhdh et oy ) Q'fn:,"}"\ﬁ_. R W ARD L o L T2 0 A 94 »PI, PXT ) O TN AR ¢ . .o
, AT SRS £ TR 2 SRR A L AN LR MO ¢
L AW A e 3 o O ¥k ko X 4

ks

i

=@ e

€2




23

Table |
Effect of acute and sub-acute administration of DFP on GABA and

glutamate levels in rat striatum.

% change of control

DFP
\ g GRBA Glutamate
Acute
1 mg/kg (single dose)
¢ Afte- 6 hr 11 -3
24 +i2 +3
I mg/kg (single dose)
) After & hr 41 H0
‘ 24 kr +28* +37
7 days 8 ‘ "
14 days -3 +
: Sub-acute
1 mg/kg/day x & +18% a7t
1 mg/kg/day x 14 +1 +14

The control levels of GABA snd glutamate, were 2.13 ¢ 0.12 and
12.63 ¢ 1.32 wrole/g tissve respectively. ¢ and - sign represent
increase and decrzase from the control respectively. Each group
’ consisted of & samples. *P < 0.05, **p < 0,01 compared to

control (comouted on the original data before normalization into

 change of control).
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Table [1
Effect of acute and chronic administration of DFP on 3H-GABA uptake of the rat ¥
striatal homngenate.
¢ [
OFP 3H-GABA Uptake
Treatment
¢ Kn Vmax g
(nM) {pmole/g protein)
p Acute »
Control 155 £+ 7.9 10.4 £ 1.0
1 mg/kg (single dose)
After 6 hr 149 £ 7.3 9.4 £ 0.6
¢ ® o
24 hr 161 ¢ 7.4 8.7 £ 0.4

mg’kg (single dose)

After 6 hr 144 + 8.3 . 8.610.5
J 24 hr 143 £ 5.6 6.1 20.4¢ »
Chronic
Control 125 2 8.2 10.3 £ 0.4
‘ 1 mg/kg/day x 4 109 + 11.0 6.62 £ 0.3* »
1 mg/kg/day x 14 days 113 ¢ 10.0 6.73 £ 0.2*
. Data represent mean t S.E. of three determinations. ** P < 0.05 compared to »
. the respective control.
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Table LV

Fffect of 4acute and sub-acute administration of D on

GABA-related enzyme activities of rat striatum

DFP GAD GABA-T
Treatment (nmole/hr/mg) (nmole/nr/mg)
Acute
Control 31.2 £ 0.32 196 + 23
1 mg/kg (single dose)
After 6 hr 38.2 £ 0.33 169 + 21
24 hr 29.8 £ 0.30 177 + 19
mg/kg (singie dose)
After 6 hr 30.4 £ 0,22 166 + 25
24 hr 27.2 ¢ 0.48 181 ¢ 11
Sub-acute
Control 27.4 ¢+ 1.20 230 ¢+ 17
1 mg/kg/day x & 31.2 ¢ 1.44 236 ¢ 12
1 mg/kg/day x 14 27.8 ¢ 2.41 23+ 10

Data represent mean ¢+ S.E. Four to 5 samples were used ir each

group.
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