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OVERSTREET, D. H., R. W. RUSSELL, B. J. VASQUEZ AND F. W. DALGLISH. Involvement of muscarinic and 
nicotinic receptors in behavioral tolerance to DFP. PHARMAC. BIOCHEM. BEHAV. 2(1) 45 54, 1974. - Effects of 
various cholinergic agents on the free operant responding and single alternation behavior of rats were examined following 
two regimens of chronic treatment with diisopropylfluorophosphate (DFP), an irreversible anticholinesterase, which lower- 
ed brain cholinesterase to 45% and 30% of normal, respectively. Reduction to 45% produced no observable changes in 
behavior; reduction to 30% gave rise to a decrease in the number of reinforced responses and an increase in the number of 
nonreinforced responses. Tolerance for the former measure developed within 10 days, whereas tolerance for the latter was 
not observed. Subsequent challenges were carried out using anticholinesterase agents, and muscarinic and nicotinic agonists 
and antagonists. The results suggest that the sensitivity of both muscarinic and nicotinic receptors to acetylcholine may be 
reduced during chronic treatment with DFP, but that muscarinic receptors may be more labile than nicotinic receptors. It 
is hypothesized that this reduction in sensitivity is one mechanism underlying the development of behavioral tolerance to 
DFP. 
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SINCE we [37] first repor ted  rats to lerant  to the anti- 
chol ines terase ,  d i i sop ropy l f l uo rophospha t e  (DFP),  were 
more  sensitive to the response-suppress ing effects  of  atro- 
pine,  a central ly acting ant imuscar in ic  agent,  than  were con- 
trol animals,  there  have appeared a n u m b e r  of  repor ts  
which have conf i rmed and ex tended  these findings.  The 
water  intake of  DFP- t rea ted  rats was suppressed to a greater  
ex t en t  by scopolamine ,  ano the r  central ly acting ant imuscar-  
inic agent,  than was that  o f  normal  rats [7] .  Conversely,  
b o t h  the eating behavior  and the fixed ratio responding  of  
rats chronical ly t reated wi th  DFP were significantly less 
af fec ted  by the muscarinic  agonist ,  p i locarpine,  than  were 
the cor responding  behaviors  of  con t ro l  rats [28 ,35] .  The 
fact that  bo th  pi locarpine and a t ropine  act di rect ly  upon  
the muscarinic receptors  for  ace ty lchol ine  (ACh) suggested 
that  a change in the n u m b e r  or the c o n f o r m a t i o n  of  these 
receptors  might  be a likely mechan ism under ly ing  the devel- 
o p m e n t  of  to lerance to  DFP [28, 35, 37 ] .  

It was also repor ted  [35] that  DFP-t rea ted  animals were 
no t  cross- tolerant  to  the reversible ant ichol ines terases ,  
physos t igmine  and neos t igmine ,  a result which  appears  to 
be incons is ten t  wi th  the recep tor  change hypothes i s .  How- 
ever, this lack of  cross- tolerance may occur  because of  a 
different ia l  involvement  of  muscarinic  and nicot in ic  recep- 

tors in to lerance deve lopment :  adminis t ra t ion  of ant ichol in-  
esterases increases ACh co n t en t  [21, 35, 42] but  the 
relative sensit ivity of  muscarinic and nicot in ic  receptors  
may  be af fec ted  different ia l ly  by the bui ld-up of  ACh dur- 
ing chronic  DFP t rea tment .  

The present  expe r imen t s  were designed to examine  this 
hypo thes i s  by s tudying behavioral  effects  in DFP- t rea ted  
and cont ro l  rats o f  challenges with cholinergic agents which 
act upon  nicot in ic  receptors  and others  which act on mus- 
carinic receptors .  Effects  on free operan t  responding  and 
single a l ternat ion  behavior  were examined .  All the findings 
of the present  expe r imen t s  are cons is tent  wi th  the con- 
clusion that  a reduc t ion  in the sensit ivity of  muscarinic 
receptors  may occur  wi th  smaller decreases in brain ChE 
activity than are required to p roduce  a reduc t ion  in the 
sensitivity of  n icot in ic  receptors .  

A second purpose  of the present  invest igat ions was to 
examine  in more  detail the character is t ics  of to lerance to 
DFP in a single a l ternat ion  task in order  to  compare  these 
wi th  the character is t ics  of  to lerance  deve lopmen t  to DFP in 
o the r  behavioral  tasks, e.g., eating, dr inking,  operan t  re- 
sponding  [28, 35, 37, 38, 47 ] .  The a l ternat ion task seemed 
part icularly appropr ia te  for compar ing the t ime characteris-  
tics of  to lerance deve lopmen t  because it pe rmi t t ed  the 

This research was supported by Grant MH 18788 from the National lnstiture of Mental Health to Roger W. Russell and formed part of a 
dissertation submitted by the first author to the School of Biological Sciences, University of California, Irvine, as partial fulfillment for the 
degree, Doctor of Philospphy. 

Supported by PHS predoctoral fellowship 48981432. 

45 



46 O V E R S T R E E T  E T  AL. 

examina t ion  of  several responses having dif ferent  conse- 
quences but  elicited in the same general envi ronment :  in 
this s i tuation the animal must learn to press a bar for water  
re in forcement  on one trial (S ~ responses) and to inhibit  
responses to the same st imulus on al ternate trials (S- re- 
sponses) [19] .  On the basis of  earlier work  [38, 47] and 
because of  the suspected involvement  of  the cholinergic 
system in behavioral  inhibi t ion [3, 4, 45,  4 6 ] ,  it was pre- 
dicted that tolerance to DFP would  occur more rapidly for 
the S* than for the S- responses. This hypothesis  was com- 
pletely suppor ted  by the results of  the present studies. 

METHOD 

Animals 

The animals for each exper iment  consisted of  separate 
groups of  16 male Sprague-Dawley (S imonsen) ra t s .  They 
were approx imate ly  90 days old and weighed approximate-  
ly 450 g at the start of  the exper iments .  An exper imenta l  
group receiving chronic DFP t rea tment  and a cont ro l  group 
receiving chronic  Arachis Oil t r ea tment  were formed by  the 
random assignment of  8 animals to each of  the two groups 
for each exper iment .  

A ppara tus 

Four  standard operant  chambers,  25 × 23.75 × 18.75 
cm. which were housed in vent i la ted cabinets,  were used. 
Programming equ ipmen t  (BRS) delivered a drop of  water  
(0.05 ml) wi th  each appropriate  press of  a lever moun ted  
on the left  side of  the chamber .  The programming  equip- 
ment  also recorded the totals during the l -hr  session for the 
fol lowing measures: total  responses for the free operant  
behavior  in Exper iment  1; and trials, S*'s, S-'s, responses 
during intertr ial  intervals (ITl 's) ,  and correct  al ternations 
(defined as an S* fol lowing the absence of  an S-) for single 
a l ternat ion behavior  in Exper iment  2. An Esterl ine-Angus 
event  recorder  was used to obtain a trial by trial record of  
the animal 's  single al ternat ion performance ,  while a Massey- 
Dickinson print-out  counter ,  which was act ivated every 30 
sec, provided a cumulat ive record of  the free operant  re- 
sponses. 

Research Design 

The rats were randomly  assigned to t h e  exper imenta l  
and control  groups. They were housed 4 to a cage, wi th  2 
f rom each group in each cage. The design was balanced so 
that  there was an equal  number  of  exper imenta l  and con- 
t rol  animals in each of  the 4 operant  chambers.  

The basic research design for each exper iment  consisted 
of  three phrases: (1) es tabl ishment  of  behavioral  baselines; 
(2) chronic  t rea tment  with DFP or Arachis Oil; (3) acute 
t rea tment  wi th  the challenge agents. A 4 × 4 latin square 
design [10] was used in order to obtain dose-response data 
for most of  the challenges. The 4 t rea tments  were:  three 
doses of  a particular challenge agent and saline, the vehicle 
for all the agents. 

Procedure 

For  free operant  behavior  the animals were maintained 
on a 23-hr deprivat ion schedule.  In Phase 1 1-hr daily test 
sessions were cont inued until  each animal 's  response rate 
over a 5-day period showed less than 10% variability. In 
Phase 2 one group of  animals was subjected to a chronic 
regimen of DEP t rea tments  consisting of  adminis t ra t ions at 

3-day intervals which lowered brain ChE activity to 46% of 
normal  as de termined  by biochemical  assays[9] at the con- 
clusion of  the exper iment .  The second group were treated 
identically,  except  with Arachis Oil rather than DFP. All 
inject ions occurred immedia te ly  after  a behavioral  test ses- 
sion. Phase 3 began after  8 administrat ions of  DFP or 
Arachis Oil. Challenge agents were administered intra- 
per i toneal ly  (i.p.) prior to the test session which occurred 
23 hr  after an inject ion of  DFP. Previous work  f rom our 
labora tory  [7,37] had provided dose-response data for atro- 
pine and scopolamine f rom which opt imal  challenge doses 
of  these agents could be selected. Doses of  mecamylamine  
were selected as in termedia te  be tween the low (0.5 mg/kg) 
and high (30.0 mg/kg) doses reported by other  investigators 
to affect behavior [12, 15, 26, 27, 40] .  When all the chal- 
lenges were comple ted ,  the animals were sacrificed after 
their  final behavioral  test session. The rats were sacrificed 
by decapi ta t ion;  whole brains were rapidly removed and 
homogenized  in 10 ml of  10% sucrose. The ChE activity of  
these homogenates  was determined colorimetr ical ly [9] .  
The protein in each sample was determined by the standard 
Lowry method  [23 ]. 

In the al ternat ion si tuation the animals were maintained 
on a 23-hr deprivat ion schedule in Phase 1 until  all animals 
met  the baseline cri terion of  the establ ishment  of 90% cor- 
rect alterations,  i.e., the ratio of  correct  al ternations to S~'s, 
for three consecutive days. During the al ternat ion task each 
S + trial lasted 5 sec but  was terminated by a bar press; each 
S- trial lasted for 5 sec, with responses having no program- 
med consequences;  and each intertrial  interval lasted for 5 
sec, with ITI 's  postponing the onset of  the next  trial for 5 
sec. All animals received a 10-min water  supplement  follow- 
ing each session. Phase 2 consisted of  chronic t rea tment  
with a standard regimen of  DFP [14 ,38] :  an initial injec- 
t ion of  1.0 mg/kg was fol lowed by 0.5 mg/kg booster  doses 
at 3-day intervals. The first challenge agent was adminis- 
tered after  20 inject ions of DFP or Arachis Oil, when it was 
apparent  that tolerance was not  developing in the S- mea- 
sure. 

RESULTS 

For  determining the effects  of  the various pharamcologi-  
cal t rea tments  on free operant  behavior  each animal was 
used as its own control .  During Phase 2, the chronic injec- 
t ion phase, each animal 's  daily response ou tpu t  was 
expressed as a percentage of  his preinject ion baseline. Sig- 
nificance of  the DFP t rea tment  was analyzed by comparing 
the percentage baselines of  the exper imenta l  and control  
groups by means of  the Mann-Whitney U Test [41] .  In 
analyzing the data f rom Phase 3, each animal 's  response 
ou tpu t  on a challenge session was expressed as a ratio of  the 
response ou tpu t  on the immedia te ly  preceding day. This 
procedure  was fol lowed in order to el iminate effects of  any 
long-term f luctuat ion in baseline performance.  The signifi- 
cance of  the challenge t rea tments  was determined by Mann- 
Whitney U Tests and Fr iedman Two-Way Analyses of  
Variance [41 ]. 

In the analysis of  al ternat ion performance  S+'s, S-'s, ITI's 
and % Correct  Alternat ions were examined.  Deviations 
from the pre-DFP baselines were used to determine the 
effects  of  the various pharmacological  t reatments .  

Effects o f  Chronic Treatment 

Free operant behavior. There was no significant differ- 
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ence  b e t w e e n  the  p e r f o r m a n c e s  of  the two  g roups  dur ing  
the  p re -DFP basel ine per iod (U=25 ,  p NS), i.e., t he  g roups  
were c o m p a r a b l e  init ial ly.  Similar  tes t s  on  the  pe rcen t age  
base l ines  also s h o w e d  no s igni f icant  d i f fe rences  b e t w e e n  the  
g roups  at any  t ime  dur ing  the  ch ron ic  DFP t r e a t m e n t  
phase .  Ana lyses  of  ChE act iv i ty  in whole  bra in  h o m o g e -  
nares  of  4 con t ro l  and  all DFP- t rea ted  rats  at the  end  o f  the  
e x p e r i m e n t  s h o w e d  t ha t  the  m e d i a n  per cen t  o f  con t ro l  
levels for  the  DFP- t rea ted  rats  was 46.0%. 

Single alternation behavior. At the s tar t  of  the  ch ron ic  
t r e a t m e n t  wi th  DFP or Arachis  Oil, the  two  g roups  were 
c o m p a r a b l e  in single a l t e rna t ion  p e r f o r m a n c e  as ind ica ted  
by  the  fo l lowing basel ine  measu re s :  S ~ = 196,  191 ;S-  = 17, 
14; ITI = 46 ,  61;  % Correct  A l t e rna t i ons  = 94 .9 ,  95.8 for 
the  con t ro l  and DFP- t rea ted  g roups ,  respect ively .  Mann-  
W h i t n e y  U Tes ts  revealed no s igni f icant  d i f fe rences  in the  
base l ines  o f  the  two groups .  

Ana lyses  of  the  m e d i a n  dev ia t ions  f r o m  basel ine  du r ing  
the  ch ron ic  t r e a t m e n t  phase  are s u m m a r i z e d  in Table 1. 
E x a m i n a t i o n  o f  the  table  reveals cer ta in  bas ic  f ea tu res :  (a) 
the  DFP- t rea ted  g roup  m a d e  s igni f icant ly  fewer  S + re- 
sponses  af ter  the  first t r e a t m e n t ,  b u t  the  e f fec t s  d imin i she d  
wi th  succeed ing  in jec t ions  so t ha t  by  the  f o u r t h  t r e a t m e n t  
the re  was no  longer  a s igni f icant  d i f fe rence  b e t w e e n  the  
con t ro l  and  DFP- t rea ted  an imals ,  i.e., t o l e rance  deve loped  
wi th in  10 days ;  (b) the  n u m b e r  of  S- r e sponses  for  the  
DFP- t rea ted  g roup  r ema ined  s igni f icant ly  above basel ine  

levels, bu t  t e nde d  to decrease  in the  con t ro l  g roup ,  i.e., 
there  was no  evidence  o f  to le rance  d e v e l o p m e n t ;  (c) at no  
t ime  were the  d i f fe rences  in ITI ' s  b e t w e e n  con t ro l  and 
DFP- t rea ted  g roups  s igni f icant ,  b o t h  decreas ing  as treat-  
m e n t s  c o n t i n u e d ;  (d) DFP- t r ea t ed  an imals  r e ma ined  signifi- 
can t ly  be low while con t ro l s  were genera l ly  above thei r  
basel ine  % Correct  A l t e rna t ions ,  again ind ica t ing  tha t  toler-  
ance had  no t  deve loped .  

Effects of Challenge Agents 

Intragroup Effects. The ef fec ts  of  the  chal lenge agents  
on to ta l  response  o u t p u t  dur ing  the  1-hr tes t  sess ion for 
free o p e r a n t  behav io r  are r epor t ed  in Table  2 in the  order  in 
w h ic h  the  chal lenges  occur red .  E x a m i n a t i o n  of  the  c o l u m n s  
of  ra t ios  for  each  g roups  suggests  t ha t  mos t  chal lenge agents  
p r o d u c e d  d o s e - d e p e n d e n t  decreases  in r e spond ing .  Fried- 
m a n  tes ts  e s tab l i shed  tha t  all were in fact  s ta t is t ical ly  
s igni f icant  e xc e p t  for  ca rbacho l  and  n ico t ine  in the  
DFP- t r ea t ed  group .  

Tables  3 and 4 s u m m a r i z e  the  e f fec t s  o f  the  chal lenge 
agen t s  on the  4 measures  of  single a l t e rna t ion  p e r f o r m a n c e ,  
again in the  order  in which  t he y  were admin i s t e r ed .  Resu l t s  
of  F r i e d m a n  ana lyses  of  var iance jus t i fy  the  fo l lowing s ta te-  
m e n t s :  all chal lenges ,  e xc e p t  for  ca rbacho l  in the  con t ro l  
g roup ,  p r o d u c e d  a d o s e - d e p e n d e n t  decrease in the  S~'s; the  
pa t t e rn  o f  e f fec ts  on S-'s was more  c o m p l e x ,  p i locarpine  
reduc ing  p e r f o r m a n c e  in the  con t ro l  rats ,  bu t  increas ing it 

T A B L E  1 

EFFECTS OF CHRONIC TREATMENT WITH DFP OR ARACHIS OIL (Ao) ON VARIOUS 
MEASURES OF SINGLE ALTERNATION BEHAVIOR IN MALE RATS 

Deviations from Baseline (Medians, N = 8) 

Number of S+ S ITI % 

DFP Treatments AO DFP AO DFP AO DFP AO DFP 

1 + 4.0 -75.5* -3.0  +15.0" -16.0  -23.0  +1.3 -11 .0"  

2 + 3.0 -36.0* +1.0 +15.5" - 7.5 -17 .0  -1.5 6.0* 

3 + 8.0 - 7.0* -3 .0  +14.5" - 6.5 +16.0 +1.2 - 3.2* 

4 + 0.5 -17.0 -4.5 +12.0" - 9.0 -12.5 +0.6 - 6.2* 

5 - 3.5 -16.5 +4.0 +28.0 - 8.5 -21.5 +0.2 - 5.9 

6 -19.0  -34.0  +0.5 +17.0" -37.5 -10.0  -0.8 - 8.4* 

7 -10.0 -24.0  -4.5 +16.5" - 9.5 - 6.0 +0.2 - 5.7* 

8 - 4.5 -16.0 -5.5 +13.5" - 9.5 -15.5 ~3.6 - 5.8* 

9 - 2.5 -33.0 -3 .5  +20.5* -24.0  -20.5 +1.6 - 6.0* 

10 + 4.0 -28.0  -9.5 +16.0" - 9.5 + 2.5 +3.2 - 6.6* 

11 - 6.5 -18.5 - 4 . 0  + 1 5 . 5 "  -10.5 -11.5 + 0 . 3  - 5 . 6 *  

12 - 5.5 -19.0  -8 .0  +17.5" -14.5 -15.5 +2.3 - 6.1" 

13 - 3.5 -18.0  -4 .0  + 7.5* -16.0  -35.0  +0.8 - 3.2* 

14 - 5.5 -11.5 -4.5 +17.0" -14 .0  - 7.0 +0.7 - 8.2* 

15 - 6.5 -13.0 -6 .0  +17.5" -15.5 -33.5 +1.7 - 5.7* 

16 - 6.5 -13.5 -6 .0  +12.0" -14.5 -30.5 +1.1 - 5.0* 

17 +10.5 -17.5 -5.5 +19.5" -14.5 -31.0 +0.9 - 5.8* 

18 + 9.0 -17.5 -4 .5  +16.5" -17.0  -26.5 +1.1 - 7.5* 

19 + 0.5 -11,0 -9 .0  + 8.5* -13.5 -28.0  +1.6 - 2.3* 

*Significantly different (p<0.05) from control subjects by Mann-Whitney U Tests [41]. 
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TABLE 2 

EFFECTS OF CHALLENGE AGENTS ON FREE OPERANT 
RESPONDING OF CONTROL AND DFP-TREATED RATS 

ChaUenge/Pre-Challenge Ratios 

Dose-~ Control DFP-Treated 
Challenge Agent* (mg/kg) N = 8 N = 8 

Physostigmine (0) 

Neostigmine (0) 

Carbachol (0) 

Pilocarpine (0) 

0.0 96.0 91.9 

0.1 87.2 81.5 

0.2 55.2 73.5 

0.4 54.3 43.2 

0.1 78.1 82.5 

0.0 97.2 101.1 

0.1 91.0 87.3 

0.2 83.5 96.8 

0.4 76.6 96.9~ 

0.0 89.4 93.5 

2.0 94.6 120.3 

4.0 71.5 112.25 

8.0 4.7 74.4 5 

Methyl atropine (30) 8.0 

+ Pilocarpine (0) 8.0 30.9 70.2z~ 

Atropine (30) 8.0 58.7 48.8 

12.0 65.4 8.4:~ 

Methyl atropine (30) 8.0 72.8 72.9 

12.0 60.7 68.8 

0.0 100.1 93.7 

0.1 96.1 93.6 

0.2 81.1 93.6 

0.4 67.1 76.5 

Nicotine (0) 

Mecamylamine (15) 0.0 87.2 91.9 

1.0 88.7 85.8 

2.0 72.8 84.1 

4.0 66.1 72.9 

Scopolamine (30) 1.0 39.8 4.95 

*Number in parenthesis refers to the time of administration in 
min before the start of the behavioral session. 

~Refers to the dose of the respective salt: sulfate for physostig- 
mine, neostigmine, atropine and nicotine; chloride for carbachol; 
nitrate for methyl atropine; and hydrochloride for pilocarpine, 
mecamylamine and scopolamine. 

$Significantly different from controls at the p<0.05 level by 
Mann-Whitney U Tests [41}. 

in the DFP-treated rats; a t ropine and mecamylamine  in- 
creased S-'s in bo th  groups;  with the except ion  of atropine 
and  nicot ine the challenge agents produced a dose- 
dependent  decrease in ITI 's;  finally, all challenge agents 
o ther  than carbachol  reduced the 5% Correct  Al ternat ions  
in a dose-related manner .  

Intergroup effects. Reference to Table 2 indicates that 
the only significant in tergroup differences in free operant  
responding occurred as a result of  challenges with agents 
w h i c h  act upon muscarinic receptors:  bo th  cholino- 
mimetics ,  i.e., carbachol and pilocarpine,  depressed the 
responding of  DFP-treated animals to a lesser ex ten t  than 
that  of  the controls ;  conversely,  the centrally acting anti- 
muscarinics,  i.e., a t ropine and scopolamine,  depressed the 
responding of  DFP-treated animals to a greater ex ten t  than 
that  of  controls.  When the peripheral  effects of  pilocarpine 
were blocked by prior inject ion of  methy l  atropine,  the 
behavior  of  the DFP-treated rats was still significantly less 
affected than was that  of  controls.  None of  the o ther  agents 
produced  significant intergroup effects.  

Significant intergroup differences in S+'s occurred as a 
result of  challenges with nicotine,  pilocarpine,  and atropine 
(Table 3). Both the nicot inic  and muscarinic agonists 
depressed the responding of  the DFP-treated animals to a 
lesser ex ten t  than that of control  animals. In contrast ,  
atropine,  a central ly acting muscarinic antagonist,  depressed 
the responding of  DFP-treated animals to a greater extent  
than that of  controls.  When the peripheral  effects of  pilo- 
carpine were blocked by prior t rea tment  with methyl  
a t ropine the number  of  S÷'s of  the DFP-treated group were 
still less depressed than were those of  the control  group. 

The differences be tween  the control  and DFP-treated 
animals for ITI 's  were never significant (Table 4). The large 
variability among individual animals may have accounted 
for this lack of  significant intergroup differences.  

In terpre ta t ion of  in tergroup effects for S ' s  and % Cor- 
rect Alternat ions is compl ica ted  by the fact that significant 
differences were observed with saline challenges even after 
ex tended chronic  t rea tment  with DFP. Such intergroup dif- 
ferences were to be expected  because of  the fact stated 
earlier that  tolerance had not  developed for these two 
measures when the challenges began. 

Time-response effects. Because a number  of  the chal- 
lenge agents produced an immedia te  effect  upon the behav- 
ior of  bo th  groups but  were metabol ized within the l -hr  
test session, t ime-response analyses of  the drug effects are 
essential to provide in format ion  about  possible intergroup 
differences which could be masked by analyses of  total  
response output  only. Such analyses can be rpesented most 
clearly by graphic means. (Mechanical failures prevented 
t ime-response analyses for physost igmine and neostigmine,  
but  the required data for all o ther  challenges were com- 
plete.) 

Examina t ion  of  Fig. 1 indicates that  the responding of  
bo th  groups ceased fol lowing the higher doses of  carbachol,  
but  that  responding started again in the DFP-treated ani- 
mals sooner  than in the controls.  Also apparent  from the 
figure are the significant dose-response effects of  carbachol 
in the DFP-treated rats. Recovery  f rom all carbachol treat- 
ments was sufficiently rapid that the DFP-treated group 
was able to recover and attain a normal  response ou tpu t  
within the session. 

Figure 2 shows the subsensit ivity of  the DFP-treated ani- 
mals to pilocarpine.  Particularly striking is the near super- 
imposabi l i ty  of  the DFP + 8.0 curve with the Arachis Oil + 
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T A B L E  3 

EFFECTS OF CHALLENGE AGENTS ON S+ AND S -  RESPONSES OF CONTROL AND 
DFP--TREATED RATS 

Deviations from Baseline (Medians, N = 8) 

Challenge Agent* Dose]- S+ S-  
5 (mg/kg) AO DFP AO DFP 

Carbachol (0) 0.0 - 25.5 - 26.5 - 4.5 +11.05 

0.1 - 60.0 - 52.0 + 1.0 +17.0:~ 

0.2 - 63.0 - 49.0 - 2.0 +15.05 

0.4 -149 .5  - 92.0 - 4.0 + 1.5 

Pilocarpine (0) 0.0 - 1 0 . 0  - 1 4 . 0  - 4 . 5  + 1 1 . 5 : ~  

0.0 - 90.5 - 39.5 - 0.5 +25.5 

4.0 - 1 4 3 . 0  - 51.5:~ -11 .5  +20.5 

8.0 - 1 9 5 . 5  -170 .5  :~ 14.0 - 3.0 

Methyl atropine (30) 

+ Pilocarpine (0) 

8.0 

8.0 - 1 1 4 . 0  - 60.05 - 8,0 +27.5:~ 

Nicotine (0) 0 . 0  0 . 0  - 1 4 . 5  - 1 . 5  + 3.5 

0,1 38.5 - 18.0 + 1,0 +11.5:~ 

0,2 - 68.0 - 32.55 + 2.5 +16.05 

0,4 - 85.5 - 59.55 + 2.0 + 4.0 

Mecamylamine ( l  5) 0.0 - 7 . 5  - 8 . 0  - 2 . 0  + 6.0~c 

1.0 + 1.5 - 18.5 - 5.0 - 6.5 

2.0 - 12.0 - 15,0 + 3.0 + 5.5 

4.0 - 4 7 . 0  - 19.5 + 8.0 +15.5 

8.0 - 92.5 - 55.0 + 7.5 +32.0:~ 

Atropine (30) 0.0 + 2.0 + 3.5 - 2.5 + 2.0 

2.0 - 16.0 - 18.0 + 1.5 +17.55 

4.0 - 35.0 - 52.0 + 3.0 +42.05 

8.0 - 92.5 -137.0:~ +13.5 +19.5 

Methyl atropine (30) 8.0 + 5.0 + 2.5 - 3.0 + 4.5 

Physost igmine (0) 0.4 - 1 1 4 . 0  -164 .0  - 4.0 - 1.5 

*Number in parentheses refers to the t ime of adminis t ra t ion in min before the start of the 
behavioral session. 

].Refers to the dose of the respective salt; see Table 2. 
$Significantly different  from controls at the p<0 .05  level by Mann-Whitney U Tests [41 ]. 

4 . 0  cu rve ,  s u g g e s t i n g  t h a t  p i l o c a r p i n e  m u s t  be  i n c r e a s e d  b y  

a f a c t o r  o f  2 t o  o b t a i n  t h e  s a m e  b e h a v i o r a l  e f f e c t  in  t h e  
D F P - t r e a t e d  ra ts .  

T h e  c u r v e s  in  Fig .  3 c l e a r l y  d i f f e r e n t i a t e  c e n t r a l  and  per-  

i p h e r a l  e f f e c t s  o f  p i l o c a r p i n e .  C o m p a r i s o n  o f  t he  t w o  cu rves  
s h o w i n g  e f f e c t s  o f  p i l o c a r p i n e  w i t h  t h o s e  s h o w i n g  e f f e c t s  o f  
m e t h y l  a t r o p i n e  + p i l o c a r p i n e  i n d i c a t e s  t h a t  a s l o w i n g  o f  
t he  r e s p o n s e  r a t e  is d u e  p r i m a r i l y  t o  t h e  c e n t r a l  e f f e c t s  o f  

p i l o c a r p i n e ,  w h i l e  a c o m b i n a t i o n  o f  t h e  c e n t r a l  a n d  per i -  
p h e r a l  e f f e c t s  o f  t h i s  a g e n t  p r o d u c e  c o m p l e t e  c e s s a t i o n  o f  
b e h a v i o r .  T h u s ,  D F P - t r e a t e d  a n i m a l s  b o t h  s t a r t e d  r e s p o n d -  
i ng  s o o n e r  a f t e r  t h e  i n j e c t i o n  a n d  r e s p o n d e d  at  a h i g h e r  r a t e  
t h a n  d i d  t h e  c o n t r o l s ,  i n d i c a t i n g  t h a t  t h e y  w e r e  s u b s e n s i t i v e  
t o  b o t h  t h e  p e r i p h e r a l  a n d  c e n t r a l  e f f e c t s  o f  p i l o c a r p i n e .  

T h e  t i m e - r e s p o n s e  d a t a  fo r  n i c o t i n e ,  p r e s e n t e d  in  Fig .  4 ,  
s h o w  t h a t  n i c o t i n e  h a d  a n a l o g o u s  e f f e c t s  in  t h e  t w o  g r o u p s ,  
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T A B L E  4 

EFFECTS OF CHALLENGE AGENTS ON ITI RESPONSES AND % CORRECT ALTERNATIONS 
OF CONTROL AND DFP-TREATED RATS 

Deviations from Baseline (Medians, N = 8) 

Dose t ITI % 
Challenge Agent* (mg/kg) AO DFP AO DFP 

Carbachol (0) 0.0 - 12 .0  -33 .0  + 0.4 - 6.5~ 

0.1 -12 .0  - 3 7 . 0  - 2 . 7  - 9.3~ 

0.2 2 4 . 5  ~ 3 . 0  - 0 . 9  - 7.1~ 

0.4 4 4 . 5  ~ 6 . 0  - 2 . 3  - 6 . 3  

Pilocarpine (0) 0.0 -16 .5  -10 .5  + 0.8 - 4 . 8 ~  

2.0 -17 .5  -19 .5  - 7 . 9  - 12 .8  

4.0 2 6 . 0  2 2 . 0  -14 .4  - 1 2 . 0  

8,0 ~ 0 . 5  -34 .0  - 3 4 . 8  -10 .6  

Methyl atropine (30) 

+ Pilocarpine (0) 

8,0 4 5 . 5  - 1 6 . 0  - 7 . 1  - 10 .9  

8,0 

Nicotine (0) 0,0 - 5 . 0  -27 .5  + 0 . 6  - 2.8~ 

0,1 -16 .5  - 2 . 5  - 2.4 - 4 . 8  

0.2 -17 .5  +12.0 - 2 . 0  - 9.2~ 

0.4 -24 .5  -12 .5  - 5 . 8  - 6 . 6  

Mecamylamine (15) 0.1 - 11 .0  -25 .0  0.0 - 3 . 5 ~  

1.0 -24 .5  ~ 2 . 0  + 1.0 - 2.1 

2.0 ~ 7 . 5  -31 .5  - 1.5 - 4 . 3  

4.0 - 4 8 . 0  - 4 9 . 0  - 5 . 5  - 4 . 7  

8.0 -41 .5  - 4 0 . 0  - 5 . 7  - 1 5 . 3  

Atropine (3) 0.0 - 18 .0  -28 .5  + 1.0 - 2.9 

2.0 -18 .5  - 9.5 - 2.8 - 8.1:~ 

4.0 -16 .5  - 7.5 - 2.1 - 1 7 . 6 ~  

8.0 -22 .5  - 9.5 - 1 2 . 7  -43.9:~ 

Methyl atropine (30) 8.0 - 20 .0  - 4 7 . 0  - 1.1 - 3.4 

Physost igmine (0) 0.4 - 28 .0  - 5 4 . 0  - 6.7 - 18 .0  

*Number  in parenthesis  refers to the time of  adminis t ra t ion in rain before the start o f  the 
behavioral session. 

tRe fe r s  to the dose of the respective salt; see Table 2. 
$Significantly different  f rom controls at the  p<0 .05  level by Mann-Whitney U Tests [41].  

i n d i c a t i n g  t h a t  t h e r e  we re  n o  s i g n i f i c a n t  i n t e r g r o u p  d i f f e r -  
e n c e s  as a r e s u l t  o f  c h a l l e n g i n g  w i t h  th i s  a g e n t .  A l so  
a p p a r e n t  f r o m  t h e  f igu re  are  t h e  d o s e - r e s p o n s e  e f f e c t s  o f  
n i c o t i n e  in b o t h  g r o u p s  as r e f l e c t e d  in  t h e  s y s t e m a t i c  sh i f t  
o f  t h e  c u r v e s  a l o n g  t h e  t i m e  axes .  

A n a l y s e s  o f  t h e  d a t a  f r o m  t h e  E s t e r l i n e - A n g u s  e v e n t  
r e c o r d e r  r evea l ed  t h a t  t h e  t i m e - r e s p o n s e  e f f e c t s  o f  t h e  
s h o r t - a c t i n g  c h a l l e n g e  a g e n t s  in  t h i s  t a s k  we re  c o m p a r a b l e  
to  t h o s e  in  t h e  f ree  o p e r a n t  t a s k :  D F P - t r e a t e d  a n i m a l s  g iven  

n i c o t i n e ,  p i l o c a r p i n e ,  a n d  c a r b a c h o l  r e c o v e r e d  s o o n e r  t h a n  
d id  t h e  c o n t r o l  ra t s .  

DISCUSSION 

Tolerance De ve lopmen  t 

T h e  D F P  t r e a t m e n t  r e g i m e n  u s e d  in t h e  f i rs t  e x p e r i m e n t  
l o w e r e d  b r a i n  C h E  a c t i v i t y  to  4 6 %  o f  n o r m a l  a n d  n o  c o n -  
s e q u e n t  b e h a v i o r a l  e f f e c t s  were  n o t e d ,  as c o u l d  be  
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FIG. 1. Time-Response Effects of Carbachol on the Free-Operant 
Responding of Control and DFP-treated Rats. 'The carbachol was 
administered i.p. immediately before the behavioral session. Each 
curve represents the median for 8 animals. O " - - 0 =  AO + 0.0, 
~-------0 = DFP + 0.0, [] • • "[] = AO + 0.1, ~ - - - -m= DFP + 0.1, 
A . . . A =  AO + 0.2, ~---.-A= DFP + 0.2, o . . . o =  AO + 0.4, 

= DFP + 0.4. 

p red ic ted  on  the  basis of  earl ier  f indings  t h a t  b ra in  ChE 
act ivi ty  mus t  be acute ly  lowered  to  be low a th re sho ld  at  
45% of  n o r m a l  be fo re  behaviora l  e f fec ts  are observed [ 13, 
33, 34,  3 9 ] .  This  lack of  ini t ia l  e f fec t  m e a n t  t h a t  to l e rance  
to  DFP could  n o t  be observed  by  changes  in overt  b e h a v i o r  
[ 3 7 ] .  We have i n t e r p r e t e d  such  resul ts  in t e rms  of  a two  
process  mode l  of  to l e rance  d e v e l o p m e n t :  if  the  ra te  of  
r e d u c t i o n  of  ChE act ivi ty  is s lower  t h a n  the  ra te  of  the  
process  unde r ly ing  to le rance  to  DFP,  the  t w o  an tagon i s t i c  
processes  may  c o u n t e r b a l a n c e  each  o t h e r  so t h a t  n o  behav-  
ioral  e f fec ts  are observed  [ 7 ] .  Tha t  some to l e rance  did in 
fact  develop in the  p resen t  DFP- t rea ted  animals  is evidenc-  
ed b y  the  s ignif icant  i n t e rg roup  d i f fe rences  dur ing  the  la ter  
chal lenges wi th  a t rop ine  and  p i locarp ine ,  thus  con f i rming  
our  earl ier  obse rva t ions  of  o the r  behav io r  p a t t e r n s  [ 7 , 2 8 ] .  

Acu te  DFP t r e a t m e n t  exh ib i t ed  th ree  ma jo r  effects  u p o n  
the  single a l t e rna t i on  b e h a v i o r  of  the  rats  in the  second  
s tudy:  the  n u m b e r  of  S+ responses  was s igni f icant ly  depress- 
ed; the  S-'s were s igni f icant ly  e leva ted;  and the  ITI 
responses  were una f f ec t ed .  To le rance  to DFP for  the  S* 
measure  deve loped  wi th in  10 days of  ch ron ic  t r e a t m e n t .  
This f inding is s imilar  to  results  o b t a i n e d  earlier in our  
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FIG. 2. Time-Response Effects of Pilocarpine on the Free-Operant 
Responding of control and DFP-treated Rats. The pilocarpine was 
administered i.p. immediately before the behavioral session. Each 
curve represents the median for 8 animals. 0 " "  "0=  AO + 0.0, 

= DFP + 0.0, [] " ' ' [ ]  = AO + 2.0, " -" = DFP + 2.0, 
A . . . A =  AO + 4.0, ~ =  DFP + 4.0, o . . . o =  AO + 8.0, 

e • = DFP + 8.0. 

l abo ra to ry :  behav iora l  to le rance  to DFP deve loped  wi th in  
10 days in a var ie ty  of behav iora l  measures  [37,  38,  4 7 ] ,  
inc lud ing  a d iscre te  trial  ope r an t  response  wh ich  was very 
similar  to  the  S ~ measure  in the  p resen t  s tudy  and was 
a f fec ted  in an ana logous  manne r .  

On the  o t h e r  hand ,  two  behav iora l  measures ,  S-'s and % 
Correc t  A l t e rna t ions ,  did no t  r e tu rn  to p r e t r e a t m e n t  levels. 
This f inding of  a lack of comple t e  to l e rance  d e v e l o p m e n t  to  
DFP for  these  two  measures  of  i n h i b i t o r y  r e spond ing  may  
help  to  clarify some earl ier  work.  F o r  example ,  in one 
s t u d y  [32]  animals  w i th  chron ica l ly  reduced  ChE act ivi ty  
had  d i f f icu l ty  in inh ib i t ing  n o n r e i n f o r c e d  responses .  This 
f inding may  have been  because  the  d e v e l o p m e n t  of  toler-  
ance was incomple t e .  This i n t e r p r e t a t i o n  may  also be 
p e r t i n e n t  to  s imilar  resul ts  r epo r t ed  b y  inves t iga tors  mea- 
suring o t h e r  behavi.or pa t t e rn s  [ 1,39 ] 

Receptor Changes 

The ma jo r  pu rpose  of the  p resen t  e x p e r i m e n t s  was to 
s tudy  the  possible  i nvo lvemen t s  of  muscar in ic  and n ico t in ic  
recep tors  in the  d e v e l o p m e n t  of  to l e rance  to DFP.  The 
effects  of  chal lenges wi th  muscar in ic  agents  were en t i re ly  
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FIG. 3. Comparison of Time-Response Effects of Pilocarpine Alone 
with a Combination of Methyl Atropine and Pilocarpine on the 
Free-Operant Responding of Control and DFP-treated Rats. Methyl 
atropine and pilocarpine, respectively, were injected 30 rain and 
immediately before the behavioral session. Each curve represents the 
median for 8 animals. [] "" "• = AO + Methyl Atropine + Pilo- 
carpine; H = DFP + Methyl Atropine + Pilocarpine; © • • • o = 
AO + Pilocarpine; ~ = DFP + Pilocarpine. The dose for each 

was 8.0 mg/kg. 

cons is tent  wi th  previous work in this field: animals chron-  
ically t rea ted  with DFP were subsensit ive to pi locarpine and 
carbachol  and supersensi t ive to a t ropine  [28, 35, 37] .  
These findings may be in te rp re ted  to suppor t  the h y p o t h e -  
sis that  the sensit ivity of muscarinic  receptors  to ACh is 
al tered during chronic  DFP t rea tment .  

Changes in the sensitivity of  muscarinic  receptors  were 
observed in b o t h  exper imen t s ,  i.e., when  ChE activity levels 
were at 46% and 30% o f  normal  respect ively.  In contras t ,  
the sensit ivity of  nicot inic  receptors  was altered wi th  ChE 
at 30% of  normal ,  bu t  no t  at 45%. This suggests that  the 
la t ter  are more  resistant to change than are the former .  

The results of  the present  expe r imen t s  involve a situa- 
t ion in which  decreases in ChE activity give rise to increases 
in ACh con ten t .  The hypo these s  of  di f ferent ia l  changes in 
r ecep to r  sensit ivi ty during to lerance deve lopmen t ,  i.e., 
lability of  muscarinic  receptors  and relative stabil i ty of 
n icot in ic  receptors ,  has received suppor t  f rom expe r imen t s  
in which  ACh con ten t  is decreased by denerva t ion  of  auto-  
nomic  ganglia: under  these c i rcumstances  the sensit ivi ty of  

GO bJ 
Z 
0 O. 

n¢ 

h i  
> 
F- 
J 

O 

440  

42O 

40O 

38O 

36O 

340 

320 

3OO 

28O 

260 

24O 

22O 

2OO 

180 

160 

140 

120 

I 0 0  

8O 

6O 

4O 

20 

0 

.p.....O 

Z 3 " "  O ' " " C '  
..... J::l" ~C, "• . . . . .  ,. 

. . .o'•  . -0 " "  z~ " ' ' ' ' ~ ' • '  z~ 
• . .O . . . . .  0 . .~. .O" . . . '" 

..o" . o'" ~ ...... ?" 
• .0" , .0" .- 

, z'O"""" .El '° '° 

~ ~ ~ . "  " ...A.'" . .0 

i / /? /....o. 
: : : .o" 

i " " o 

I J 1 I I I I I I I I 

5 I0 15 20 25 30 35 40 4 5  50 55 60 

MINUTES 

FIG. 4. Time-Response Effects of Nicotine on the Free-Operant 
Responding of Control and DFP-treated Rats. The nicotine was 
injected i.p. immediately before the behavioral session. Each curve 
represents the median for 8 animals. ~ • • • ~ = AO + 0.0, ~ = 
DFP + 0.0, ~ • • "[~= AO + 0.1, m-----m = DFP + 0.1,/~ • • "/x= AO 
+ 0.2, ~ - - - ~  = DFP + 0.2, o • • .© = AO + 0.4, • • = DFP + 

0.4. 

n icot in ic  receptors  remained the same while that  o f  
muscarinic receptors  was greatly enhanced ,  as measured 
e lect rophysiological ly  [ 18,43 ]. 

Mecamylamine ,  a central ly acting nicot ine antagonis t  
[44] ,  did no t  p roduce  a different ia l  e f fec t  on the behavior  
of  the contro l  and DFP-t rea ted  rats in e i ther  exper iment ,  
even though  nicot ine  i tself  p roduced  such an effect  in the 
second exper iment .  This f inding contras ts  wi th  that  found 
after  challenge wi th  the muscarinic agents:  b o t h  the agonist 
(pi locarpine)  and the antagonis t  (a t ropine)  resulted in dif- 
ferential  effects  on the  behavior  of  the two  groups in each 
exper iment .  Al though the doses of  mecamylamine  were 
high enough  to  result in behavioral  deficits  in b o t h  groups 
in the present  studies and higher than those used in some 
o ther  s tudies [26, 27, 40 ] ,  it is possible that  different ial  
effects  would no t  occur  until  even higher doses were used. 
Only fur ther  studies wi th  this agent can answer this ques- 
t ion.  In any event  the lack of  different ia l  e f fec ts  at the 
doses of  mecamylamine  used in the present  studies may be 
fur ther  evidence to suppor t  the hypothes i s  that  the nicot ine 
receptors  are more  resistant  to change than are the musca- 
rinic receptors .  

The results o f  the present  and o the r  recent  studies f rom 
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our l abora tory  [7, 28, 35, 37] clearly establ ish that  a 
reduc t ion  in the sensit ivity of cholinergic recep tors  may be 
one mechan i sm under ly ing  the d e v e l o p m e n t  of  to lerance  to 
DFP. Only fu r ther  s tudies  can establish w h e t h e r  this re- 
duced  sensit ivity is the result  of  an a l tera t ion in the con- 
fo rma t ion  of  the receptors  [20, 30, 31 ] ,  a r educ t ion  in 
their  number s  [6] ,  or a change in the metabo l i sm of  the 
pos t synap t i c  cell at some stage b e y o n d  the r ecep to r  [11] .  

Results  o f  the present  s tudies  suggest that  during chronic  
DFP t r ea tmen t  changes in muscarinic receptors  may occur  
in b o t h  per iphera l  and central  tissues. Fo r  example ,  the 
q u a t e r n a r y  cho l inomimet i c ,  carbachol ,  whose  pr imary 
ef fec ts  are per ipheral  [22 ] ,  a f fec ted  the behavior  of  the 
DFP- t rea ted  rats to  a lesser ex t en t  than  tha t  of  con t ro l  rats. 
This result  suppor t s  the findings of  o ther  invest igators who  
have r epo r t ed  a subsensi t ivi ty  to carbachol  and pi locarpine 
in isolated per ipheral  tissues of  animals chronical ly t rea ted  
wi th  ant ichol ines terase  agents [2, 5, 11, 16, 29 ] .  Changes 
in central  muscarinic sensit ivi ty must  also have occurred .  
When the per ipheral  effects  of  pi locarpine,  a ter t iary chol- 
inomimet ic ,  were b locked  by me thy l  a t rop ine ,  the behavior  
of  the DFP- t rea ted  animals was still s ignificantly less 
a f fec ted  than  was tha t  of  cont ro ls .  

Cross-tolerance 

In the original design of  the single a l ternat ion  s tudy chal- 
lenge wi th  physos t igmine  was no t  included.  However ,  when  
the DFP- t rea ted  animals appeared to be subsensit ive to 
b o t h  n icot ine  and pi locarpine,  it was decided to  challenge 
w i t h  physos t igmine .  The lack o f  any cross- tolerance 
b e t w een  physos t igmine  and DFP confirms earlier results 
[35] and cannot  be a t t r ibu ted  to a lack of  a l tera t ion of  
n icot in ic  receptors .  Tolerance to ant ichol ines terase  agents is 
only partial because there are several instances of  an in- 
creased sensit ivi ty to  one ant ichol ines terase  fol lowing 
chronic  t r ea tmen t  wi th  ano the r  [17, 24, 25] .  The lack of  
cross- tolerance be tween  physos t igmine  and DFP indicates 
that  these two ant ichol ines terases  may differ  in their  
mechan i sms  of  act ion.  The d e m o n s t r a t i o n  of  several 
i sozymes  of  AChE [8] suggests that  DFP and physo-  
st igmine may inhibit  d i f fe ren t  subpopu la t ions  of  the 
enzyme.  Thus,  physos t igmine  may disrupt  behavior  by 
inhibi t ing an i sozyme of ChE that  is resistant  to DFP. 
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