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FERNANDO, J. C R., B. HOSKINS AND I. K. HO. Effect on ~trlatal dopamme metaboh~m and dtfferenna/motor 
behavioral tolerance following chromc chohne~terase :nhtbltton wtth dtl~opropylfluoropho~phate PHARMACOL 
BIOCHEM BEHAV 20(6) 951-957, 1984 --Rats were treated with dnsopropylfluorophosphate (DFP), using 1 or 2 mg/kg 
acutely, or with 1 mg/kg daily for 4, 14 or 28 days. Their behaviors and striatal dopamine (DA) and d,hydroxyphenylacet~c 
acid (DOPAC) levels were studied The behaviors tremors, chewing-movements and hind-limb abduction reduced by DFP 
increased in a steeply dose-dependent manner. Chronic treatment for up to 28 days produced blphasic patterns of change 
for all the behavioral parameters Tremor occurred in a complex spectrum of slow to intense fast types Except for 
chewing, tolerance developed for these parameters, but at different rates. After acute treatment stnatal DA and DOPAC 
levels were altered and the DOPAC/DA raUos were consistently increased within about the first two hr, suggesting an 
increased turnover of DA. After chronic treatment for 4 and 14 but not 28 days, both DA and DOPAC levels were 
decreased wtthout a change in thetr rat,os. It ~s suggested that the changes m DA metabohsm arose secondarily to an 
elevation of brain acetylcholine following chohnesterase inhibition. A prolonged change m the levels or turnover of DA 
could be responsible for increase of postsynaptlc DA receptor density previously found by us [36], which might then partly 
mediate the behavioral tolerance to DFP. 

DFP Behavior Chewing movements Dopamme DOPAC Tremor Chohnesterase mhlbltors 

DI ISOPROPYLFLUOROPHOSPHATE (DFP) is a potent 
and irreversible organophosphate acetylcholinesterase 
(ACHE) inhibitor producing peripheral and central choliner- 
gic over-stimulation. However,  tolerance to these effects 
develops upon chronic exposure to the compound despite a 
h~gh degree of  cholinesterase inhibition, in animals [2] and 
also in humans [10]. Most of  the previous work on this has 
been on the involvement of  the cholinergic system itself in 
the mediation of  behavioral tolerance to DFP [12, 24, 28, 31]. 

However,  cholinergic mechanisms alone do not 
adequately explain this tolerance for the following reasons. 
The tolerance develops at markedly varying rates for different 
behavioral alterations, although they tend to have similar 
on-set times. Thus, decrements in food intake and shock 
avoidance caused by chronic DFP-treatment recovered well 
ahead of  those in water intake and response inhibition [30], 
and a short tolerance time has been observed for the tremors 

[23,27]. DFP produces a particularly substantial reduction of 
AChE activity in the striatum [21,36], a brain area playing a 
major role in the regulation of  motor function, the disruption 
of which leads to such effects as tremors. Cholinergic drugs 
have been shown to influence other transmitter pathways 
such as those innervating the striatum-basal ganglia system 
[17] which is rich in monoamines like dopamine (DA) [4] as 
well as in ACh [33], indicating the existence of cholinergic- 
dopammerglc interactions. Thus, cholinergic agonists and 
antagonists increase and decrease or prevent agonlsts from 
increasing, respectively, the turnover or metabolism of DA 
in the striatum [6, 7, 18, 20, 25, 38]. Also, it has been re- 
ported [15] that chronic exposure to organophosphates such 
as Mipafox markedly reduced striatal DA levels. Recently, 
we have shown that DA receptor density was increased in 
the rat striatum after chronic treatment with DFP [36]. 

We therefore investigated the involvement of the 
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dopaminergic system further. The effects of acute and 
chronic administration of DFP on striatal levels of DA and its 
metabolite, dlhydroxyphenylacetlc acid (DOPAC), and de- 
velopment of tolerance to three distinctive DFP-induced 
motor behaviors (tremors, chewing-movements and hind- 
limb abduction), the latter two of which have not been char- 
acterized prewously, were studted. 

METHOD 

Ammal,~ 

Male Sprague-Dawley rats (Charles River Ltd., Wil- 
mington, MA) with initial weights of 180-220 g were used. 
They were housed four to a cage with food and water ad lib 
m a temperature-controlled room (25+ I°C) with 12-hr hght/ 
dark cycles. 

DFP Treatment 

Freshly prepared solutions of DFP (Calbiochem Lot No 
103288) in saline were used as recently reported [23,36]. 
They were administered subcutaneously as 1 ml/kg into the 
flank, while an equivalent volume of saline was given to the 
control animals. Single doses of 1 or 2 mg/kg of DFP were 
used for acute treatment while a daffy dose of 1 mg/kg was 
employed for chronic treatment. We have reported that 
using the same batch of DFP at a dose of I mg/kg SC, striatal 
AChE was inhibited by 50% (84% for 2 mg/kg) at 6 hr after 
and by 75% 4 or 14 days after chronic treatment [36]. 

Behai'toral Analy~e,s 

Rats were individually isolated in observation cages 
These were transparent plastic rat cages each having a stare- 
less steel grid resting offits floor. Each cage was divided into 
four compartments with three fitted opaque plastic sheets 
and was covered with a transparent plastic hd with several 
ventlllation holes. A thin layer of bedding, but neither food 
nor water, was available; the grid prevented the ammals 
from biting the bedding material or feces. 

Observations were made during the hr immediately pre- 
ceding (chronic treatment only) and 1 hr (0.5 hr also for acute 
treatment) periods after injections. The behaviors, 
chewing-movements (without biting or gnawing of objects), 
tremors and hind-limb abduction were separately scored on 
each rat, for a duration of 5 min repeated at 15 min intervals, 
starting at 15 mln after treatment. The scoring scale utilized 
was: 0=none,  1 =slight, 2=moderate and 3=severe, for the 
two behaviors other than tremor The latter was scored as 
0=none,  l=dist inct  slow tremor of head, 2=fast tremor 
(high frequency vibrations) of head, trunk or limbs, 
3=intense fast tremor; the scale was comparable to that de- 
scribed previously [37] for oxotremorine tremors. The scores 
for the intervals were summed and the maximum possible 
score for a I hr period for each behavior was 12 (6 for 0.5 hr) 
per rat. In general, eight animals per treatment group were 
used 

Neurochemical Analy~e,~ 

At selected t~mes after treatment, the animals were killed 
by head-focused microwave irradmtion (at 3 8 kw 2450 MHz 
for 2 sec; Metabostat, 4094, Thermex Inc.), usually between 
noon and 4:00 p.m. The brains were dissected on ice into 
umlateral striata and stored at -20°C until analyzed. 

Both DA and DOPAC were assayed in the same striatal 
halves weighing approximately 40 rag. The extraction proce- 
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FIG 1 Effect of acute treatment w~th different doses of DFP on 
behaviors. Values are means_+S E. of mdlvxdual scores on 8 rats per 
group. Behaviors were rated dunng 0 5 or 1 0 hr periods and statisti- 
cal differences were analyzed by KruskaI-Walhs multlcompanson 
procedures (see the Method section) p<0.05, p<0 01 and p<0 001 
compared w~th control [*,**,***) or 1 mg/kg dose (+,t+,?++). 

dure was that used previously [14] except for minor modifi- 
cations. The tissues were homogenized in 1 2 ml of n-butanol 
containing 0.01 M HC10~ and centrifuged at 1,500×g for 10 
rain. One ml of each of the supernatants was shaken for 5 
mln with 2 ml n-heptane and 300/~1 0.1 N HCI containing 1 
mg % ascorbic acid. Brief centrifugatlon separated the lower 
aqueous phase containing DA from the upper organic layer 
which containd DOPAC. Next, 2.6 ml of the organic phase 
were removed and shaken for 5 rain with 300 p,1 of 0.5 M 
NazHPO4/NaH2PO4 buffer, pH 7.4, containing 2 mg % as- 
corblc acid. Centrifugatlon separated the aqueous fraction 
now containing DOPAC. The residual orgamc layers were 
discarded by aspiration. The DOPAC fraction was im- 
mediately acidified with 30/xl 6 N HC1. 

DA and DOPAC were assayed essentially according to 
the fluorometric methods of Laverty and Taylor [22] and 
Westerink and Korf [38], respectively 

Stattsttc a/Analy~st~s 

Significance of differences within and across groups m 
behavioral experiments were analyzed by the Kruskal-Walhs 
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FIG. 2 Chewing-movements following chronic treatment with DFP 
(1 mg/kg dally) Values are means±S.E, of individual rat scores. 
Control, n=8, DFP, n= 10 Behaviors were examined during the first 
hr of treatment. DFP values were compared with corresponding 
pre-lnjectlon and control values by the Mann-Wh)tney U-test 
p<0 001. Also, DFP 8th-12th values were compared with the 1st by 
Kruskal-Walhs procedure' *(p<O 05) and **(p<0 01) 
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FIG. 3. Tremors followmg chronic treatment with DFP Values are 
means±S E Slow and fast tremor scores are separately given 
Mann-Whitney U-test was used for analysis of differences 
~(p<0.05) and ***++t(p<0 001) compared with pre-lnjectlon (+) 

multiple pairs comparison procedures in the case of the 
acute-treatment data, and additionally by the Mann-Whitney 
U-test for the chronic data. Neurochemical data were 
analyzed by the Student 's t-test. 

RE S UL T S 

Behavioral  Effe~ t~ o f  DFP-Trea tmen t  

A~ ute treatment" A prominent effect occurring within 15 
min of DFP injections was the intermittent chewing- 
movements of the jaws and tongue without actually chewing. 
These were brief but frequent and were sometimes preceded 
by yawning. Interestingly, controls also displayed this be- 
havior but only slightly and occasionally (Fig. 1). The chew- 
lng scores in the first half hr increased in a dose-dependent 
manner for 1 and 2 mg/kg and they were maximal during the 
first two hr. Chewing scores of DFP-treated rats were still 
significantly increased over those of controls at the seventh 
hr but were declining (p<0.05 compared with DFP-1 hr, for 
either dose). Although some chewing occurred during the 
25th hr, the values were not significantly different from those 
of control animals. 

Tremor (Fig. l) was not observed in the control group of 
rats whereas slow tremor was clearly present In the 1 mg/kg 
DFP group during the second half of the first hr, After 2 
mg/kg DFP, both slow and fast tremors occurred; the scores 
were significantly greater than after the lower dose even in 
the first half hr. By the seventh hr, tremor had greatly sub- 
sided so that the scores were not significantly different from 
control values (but p<O.O1 compared with DFP-1 hr, for 2 
mg/kg dose). 

Hind-limb abduction (Fig. 1) also was displayed as dose- 
dependent increases. The hind-limb abduction scores were 
also maximal during the first two hr. After the seventh hr the 
behavior disappeared and the scores were not significantly 
different from control values (p<0.05 vs. DFP-1 hr, for 2 
mg/kg). 

Peripheral cholinergic effects such as salivation and defe- 
cation increased dose dependently. 

Chronic treatment  Only the 1 mg/kg dose of DFP could 
be used for daily treatment, since the repeated administra- 
tion of higher doses was lethal. The behaviors were scored 
before and after every 2nd or 3rd treatment starting with the 
first. 

The chewing scores after injections for the DFP-treated 
rats were significantly greater than pre-lnjection and control 
values throughout the 4 weeks study period (Fig. 2). They 
peaked at about the 8th to 12th treatment, the values being 
significantly higher than those after the first treatment. The 
pre-injection chewing scores for the DFP-group were not 
significantly different from the corresponding control values 
(not shown). 

Scores for the slow and pre- and post-injection fast trem- 
ors are separately displayed in Fig. 3. Slow tremor was slight 
after the first two injections but showed a marked and highly 
significant rise after the 3rd treatment compared with pre- 
injection (0_+0) and control scores. It was diminished after 
the later treatments (but was significantly higher than pre- 
injection and control values after the 10th and 12th treat- 
ments) and disappeared after the 15th treatment. Fast trem- 
ors did not usually appear untd about the 3rd day of treat- 
ment. Once developed, the fast tremors, unlike slow trem- 
ors, persisted for a few days even in the absence of DFP- 
treatment which, however, exacerbated them. They were 
intermittent and were enhanced by postural changes. Pre- 
injection fast tremor scores were significantly greater than 
the control values on the 5th, 8th and 10th days. Both pre- 
and post-injection fast tremor scores reached peaks around 
the 5th day of treatment. Intense distal body tremors oc- 
curred during this period. The fast tremor scores declined 
over the next several days and during the third week of 
treatment they disappeared. 

Hind-limb abduction was present only to a slight extent 
after the first DFP treatment, however the scores were 
clearly and sigmficantly higher than pre-injection (0+_0) and 
control values after the 3rd treatment (Fig. 4). Hind-limb 
abduction was not noticeable after the 5th day. Controls 
never displayed this behavior. Like slow tremor, hind-limb 
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abduction was an acute effect of DFP which disappeared a 
few hours after the daily treatments. 

After about 5 days of  treatment with DFP, the animals 
became hyperreactive with exaggerated startle-responses. 
They also exhibited ejaculating and mounting when grouped 
together in their original cages. Peripheral chohnergic signs 
d~sappeared during the first week of treatment.  

Neurochem:c al Effect,s o f  DFP-Treatment 

Acute treatment DA and DOPAC level~. In Experiment 
1, rats were killed 0.5, 1 and 2 hr after injecting 1 mg/kg DFP. 
As shown in Table 1, DA levels were significantly decreased 
at all three time periods, the greatest change being at 1 hr 
( -35%) after treatment. DOPAC levels were not signifi- 
cantly altered at the two earlier time periods. Individual 
DOPAC/DA ratios (which indicate DA turn-over changes, 
see Discussion) were calculated and their means are repre- 
sented as percentages for clarity. As can be seen, these were 
markedly and significantly increased. 

In Experiment 2, animals were sacrificed 2 hr after giving 
2 mg/kg DFP. DA was significantly decreased whereas the 
DOPAC level and the ratio were considerably and signifi- 
cantly increased. 

In Experiment 3, 1 or 2 mg/kg DFP was injected 6 hr and 2 
mg/kg 24 hr before sacrifice. Although there were tendenoes  
towards decreases,  neither DA nor DOPAC levels were al- 
tered significantly, (Table 1) nor were the DOPAC/DA 
r a t i o s .  

Chronic treatment. DA attd DOPAC levela Seven or 14 
days after a single dose of 2 mg/kg DFP, neither the DA nor 
DOPAC levels nor the ratios were found to be altered signifi- 
cantly (Table 2). Daily treatment with I mg/kg for 4 or 14 but 
not 28 days, produced marked and significant reductions of 
both DA and DOPAC levels. The DA levels were maximally 
decreased on the 5th day, but recovered by the 29th day. The 
ratios were not significantly changed. 

D I S C U S S I O N  

An mvestlgation has been made on the changes in DA 
metabolism in order to understand the involvement of  the 
dopammergic system in the behavioral tolerance to the irre- 
versible cholinesterase inhibitor, DFP. 

Behavioral Change~ 

Tremor [1,9], hind-limb abduction or rigidity [11] and 
chewing [13,39] are elicited by central muscarinic agomsts 
given systemically or at specific brain loci. DFP also elicited 
these responses and during chronic treatment for 28 days, all 
these, except chewing, developed tolerance Even after three 
months of treatment chewing stdl occurred, becoming more 
intense, and both DI~P - and oxotremorlne-induced chewing 
were blocked by atropine but not methylatropine, confirming 
its central muscarmic origin (unpublished data). We have 
established for the first time that, chronic treatment with 
DFP causes tremors with complex characteristics. The de- 
velopment of tolerance for the tremors is in agreement with 
others [12, 23, 27]. We have, however, further shown that 
not all motor behaviors induced by DFP  develop tolerance to 
I t .  

Strmtal Dopamine and DFP To/cran~e Mechant~m~ 

The DOPAC changes, after acute treatment did not al- 
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FIG. 4, Hmd-hmb abduction following chromc treatment with DFP 
*qo<0 05}. compared with pre-mjectlon and control values using 
Mann-Whitney U-test 

ways parallel the consistently seen decreases of  the DA 
levels, but were consistent with an increased turnover of DA 
[35] as the DOPAC/DA ratios were increased. Our data on 
the acute effects of DFP are consistent with the demonstra- 
tions that central cholinomimet~cs such as, oxotremorme, 
pilocarpine or physostigmine increased the turnover of  brain 
DA following acute administration [6, 18, 20, 25, 38]. How- 
ever, m the chronic situation we found both DA and DOPAC 
to be decreased with the ratios essentially unchanged. The 
notable decreases of  DA levels in both acute and chronic 
situations could be partly due to a decreased synthesis of 
DA A report [15] suggested that chromc treatment with the 
organophosphates Mipafox and Leptophos also increased 
DA turnover However,  since drugs can have complex ef- 
fects on DA and DOPAC levels, the determination of the rate 
constant [35] would be required to establish an alteration of  
DA turnover by DFP treatment. 

Increased cholinerglc activity or diminished dopaminer- 
glc function in the basal ganglia has been implicated in the 
mediation of tremor [9] and rigidity [8,11] by cholinerglc 
agonists and neuroleptics, as well as m Parkinsonlsm [19]. 
There is now much behavioral, biochemical and clinical evl- 
dence for a cholinerglc-dopaminergic antagomstic interac- 
tion in the basal ganglia [3, 5, 6, 7, 8, 11, 25, 34]. A cumula- 
tive build up of  ACh with repeated treatment would explain 
the initial phase of increases in the DFP-induced chewing, 
tremors and hind-hmb abduction. The appreciable decrease 
of DA which occurred during the first week of treatment 
would then be expected to potentiate cholinergic behaviors 
such as tremors, which (fast tremors before or after injec- 
tion) were actually most intense during the same period, thus 
supporting this hypothesis. 

Reduced sensitivity to chohnerglc agonists [26, 28, 29, 30] 
and decreased muscarinic receptor binding in DFP-tolerant 
rats [12, 3 l,  36] strongly implicate a muscarinic receptor sub- 
sensitivity in the brain. However, this mechanism alone does not 
explain the differential rates of  development and selectivity 
of tolerance for behaviors induced by DFP. Recently we 
have [36] shown an increase of  dopamme receptor numbers 
in the striatum, 24 hr after and 14 days after chromc treat- 
ment with DFP. The small reductions in strlatal DA levels m 
the present experiments can only partly account for such an 
increase of dopamine receptors [32] A considerable lower- 
ing of  brain DA leads to akinesla and rigidity [19]. In con- 
trast, our DFP-tolerant rats were mobile and hyperreactlve 
Hyperreactivi ty develops following the depletion of  brain 
ACh [16] and is consistent with the decrease of brain ACh 
receptors after chronic DFP administration. Increase of DA 
receptors or DA turnover would partly explain the attenuation 
of tremors with chromc DFP treatment and is consistent with an 
absence of persistent motor abnormalities in the DFP- 
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T A B L E  1 

EFFECT OF ACUTE DFP-TREATMENT ON STRIATAL DA AND DOPAC LEVELS 

DOPAC 
DA DOPAC DA 

Treatment I~g/g) (~g/g) (% mean) 

ratio 

Experiment 1 

Control 7 31 ± 0 15 0.80 _+ 0.04 100 

DFP 
1 mg/kg, 0.5 hr 6 .78_+011"  0 . 7 3 ± 0 0 3  115 ~ 
1 mg/kg, 1 hr 4.79 ± 0365 071 ± 009  131" 
1 mg/kg, 2 hr 5 91 ± 0.27t 0.81 _+ 0.04 1425 

Experiment 2 

Control 6 79 ± 0 27 0 78 -- 0 05 100 

DFP 
2mg/kg,  2 h r  529 ± 009 t  1 20 ± 0085 1925 

Experiment 3 

Control 7.41 ± 0.88 0 70 ± 0.09 100 

DFP 
1 mg/kg, 6 hr 7.27 + 0 73 0.63 ± 0.09 108 
2mg/kg,  6 h r  742 ± 041 0.56-+ 008 99 
2 mg/kg, 24 hr 6 06 ± 0.98 0.53 ÷ 0 08 109 

Values are means ± S.E or their percentages on 5 animals per group. 
*(p<0.05), t ( p<0  01) and $(p<0.001) compared with the corresponding controls using 

Student 's  t-test. DA or DOPAC control values across experiments not significantly 
different from one another. 
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T A B L E  2 

EFFECT OF CHRONIC DFP-TREATMENT ON STRIATAL DA AND DOPAC LEVELS 

DOPAC 
- -  ratio 

DA DOPAC DA 

Treatment (/_tg/g) (/xg/g) (% mean) 

Control 7 92 +_ 0 39 0 69 ± 0 09 100 

DFP-SIngle Dose 
2 mg/kg, 7 days 7 19 -- 0.87 0 53 ± 0.04 93 
2 mg/kg, 14 days 6.99 ± 0 56 0 72 ± 0 07 109 

DFP-Dady 
1 mg/kg, 4 d a y s  541 ± 0.66* 046  ± 002"  97 
1 mg/kg, 14 days 6 39 ± 0 44* 0 44 -- 0 02* 91 

Control 8.46 ± 0 49 0 78 ÷ 0 03 100 
DFP-Dally 

1 mg/kg, 28 days 8.99 -+ 0.61 0 76 _+ 0 04 94 

Values are means _+ S E. or their percentages on 4-5 animals per group 
Kdled 24 hr after the last dose. *(p<0.05) compared with the control using Student 's  

t-test D~fferences between DA or DOPAC control values are not significant. 



956 F E R N A N D O ,  H O S K I N S  A N D  HO 

tolerant  rats.  Therefore ,  these  ext rapyramidal  dopammerg lc  
neurochemica l  al terat ions act ing in concer t  w~th the de- 
c rease  of  muscar in ic  recep tors  could result  in the recovery  of  
the major  mo to r  ~mpairments such as the spon taneous  trem- 
ors which  can consequen t ly  disrupt  feeding and shock- 
avotdance  [30], ea rhe r  than that  o f  the deficits  involving 
st tuattons with motivat ional  (drinking) or  learning ( response  
inhibition) mechan i sms  [30]. The correc t ion  of  the lat ter  
d e f i o t s  may fur ther  involve modif icat tons  in the hmbic 
dopaminerg ic  or  o ther  neuro t ransmi t t e r  sys tem.  The appar-  
ent  lack of  to lerance  for the non-pers i s ten t  chewing-  
m o v e m e n t s  induced by D F P  may be due to the invo lvement  
of  a chohnerg ic -nonchohnerg ic  interact ion quite different  
f rom those  underlying these  o ther  behaviors  and ts an inter- 
est ing finding which  needs  fur ther  investigation.  

In conc lusmn,  chronic  D F P  t rea tment  leads to to lerance  

for some motor  behaviors  only and at different  rates.  Af ter  
acute t r ea tment  the tu rnover  of  DA was  increased ,  whereas  
af ter  chrome t r ea tmen t  tt was  apparent ly  unchanged  whtle 
the levels o f  both  DA and DOPAC were  initially decreased .  
These  DA changes ,  may  be involved in the deve lopmen t  of  
behawora l  to lerance  to DFP.  Fur ther  b iochemical  and psy-  
chopharmacologica l  s tudies  should help to elucidate the pre- 
and pos t -synapt ic  t ransmi t te r  mechan i sms  of  to lerance to 
DFP.  
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