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McMASTER, S B AND J M. CARNEY Chromc exercise produces tolerance to muscarinw antagomsts m rats 
PHARMACOL BIOCHEM BEHAV 24(4) 865-868, 1986 --Prewous work has shown that exercise can modify behavioral 
sensitivity to anttmuscanmc compounds The present study examined the effect of 10 weeks of endurance exercise on 
atropine and scopolamine potency The behaviorally disruptive effects of these compounds were evaluated in rats trmned 
to respond under a MULT TO FR30 schedule of reinforcement for food reward Following 10 weeks of endurance exercise, 
atropine and scopolamine dose response curves were s~gn~ficantly altered The ED50 values were increased 10 and 40-fold, 
respectively Tolerance to atropine or scopolamine has been reported previously only in response to chronic drug adtmms- 
tratlon The present data demonstrate that non-drug factors can significantly influence behavioral response to muscanmc 
antagomsts 

Exercmse Rats Scopolamine Atropine Anucholmerglc sens~uvily Drug tolerance 

THE number of people who regularly engage m physical 
activity for recreational and/or health related purposes has 
~ncreased dramatically over the past decade [7] Many of 
these individuals run moderate distances three or more t~mes 
per week [6]. In addition, the number of prescriptions for 
centrally active compounds written annually also increased 
steadily during the last decade [18]. We have previously 
demonstrated that acute exercise increases behavioral sen- 
stt~wty to centrally active drugs [16]. Simple population 
statistics predict some overlap between the group exerctsiog 
and the group for whom prescriptions are ordered. 
Moreover, a regular exercise program is often recommended 
as part of a comprehensive treatment plan and could result ~n 
a change ~n drug effects [3]. The commonly held belief that 
physical fitness level and mental health are positively corre- 
lated [8] ~mplies an exerc~se-mduced alteration in brain func- 
tion If some change m brain function does occur due to 
exercise, then such an alteration should produce measurable 
behaworal changes in human and non-human subjects. 

One method available to probe the central nervous sys- 
tem (CNS) for functional changes revolves the effects of cen- 
trally active drugs on behavior. The relationships between 
exercise state, fitness level and CNS drug sensittwty have 
not been studied. If daily exercise produces an adaptation 
mvolv~ng a specific system w~thin the CNS, post-exercise 
responses to drugs affecting the same system also would be 
expected to be altered We have reported an increase in 
behavioral sens~tiwty to muscannic blocking agents follow- 
mg as little as 15 minutes of acute exercise m normally 

sedentary subjects [16] Exercise-induced changes m drug 
sens~tivtty were not observed in animals that had completed 
an 8 week exercmse traimng program. These findings suggest 
that exercise may have both short and long term effects on 
CNS functioning 

The exercise program stud~ed previously is comparable to 
one typically followed by individuals desinng to increase 
cardiovascular and overall fitness level. While many people 
consmder the end-pomt of such an introductory exercise pro- 
gram a final goal, others strive for mcreased endurance. The 
present experiment evaluated the ~mpact of an additional two 
weeks of intense exercise training on sens~twity to the be- 
haworal effects of atropine and scopolamine. The resulting 
data indicate that th~s more strenuous exercise program not 
only protects against the exercise-reduced increase tn drug 
sensitivity observed m non-trained subjects, but also 
changes drug senstt~wty under rested conditions. Tolerance 
of comparable magnttude ~s observed following chromc drug 
admmtstration [19] and attributed to changes in receptor 
density Th~s is the first report of the development of drug 
tolerance in response to chromc exercise. 

METHOD 

Subye~ ts 

Twelve male Sprague-Dawley derived rats (Sasco, 
Omaha, NB) weighing 250-300 g at the start of the experi- 
ment were assigned to a control (n=6) or exercise condition- 
mg (n=6) group. The ammals were housed ind~wdually in 
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suspended cages, under a 12 hour hght/dark cycle, with un- 
limited access to water. They were fed once a day with a 
sufficient amount of  lab chow to mmntmn each rat at 80% of 
his free-feeding body weight 

Apparatus 

Behavioral testing took place in standard operant cham- 
bers (Lafayette Co #80001) enclosed in sound attenuating, 
ventilated compartments An AIM-65 microcomputer based 
system was used to determine schedule contingencies, con- 
trol stimulus lights and record data [17] Exercise sessions 
were conducted on a rodent treadmill (Quinton, Inc #4215) 

Drugs 

Atropine sulfate and scopolamine hydrobromlde were 
purchased from Sigma Chemical in crystalline form. They 
were prepared for lntraperatoneai injection by dissolving the 
salt in saline at concentrations calculated to dehver the cor- 
rect dose, calculated as the free base, at an injection volume 
of  1 0 ml per kg of body weight. 

Operant Training 

All subjects initially were trained to lever press for food 
reward under a multiple t~me-out fixed-ratio schedule of rein- 
forcement (MULT TO FR) This schedule was composed of 
time-out (TO) components, dunng which no reinforcement 
was avmlable, and fixed-ratio (FR) components dunng which 
each mullaple of  30 lever presses produced a 45 mg food 
pellet (BioServ). Ten minute TO and FR components alter- 
nated, for a total of  four each, resulung in an 80 m~nute 
operant session 

Exercise Training 

When response rates had stabilized at or above one re- 
sponse per second, six of  the rats began an exercise training 
program Treadmill running sessions took place once a day, 
five days per week. The first eight weeks of training followed 
a schedule previously reported in detail [16] Beginning with 
a mlmmal requirement of 15 minutes at 0 5 M.P H. dunng 
week one, treadmill sessions were gradually increased until 
the training goal of  60 m~nutes at 1 0 M P.H was reached. 
This occurred dunng week s~x; weeks seven and eight served 
to allow the animals to adjust to th~s level of exercise 
Thereafter, rats were required to run daffy for progresmvely 
increasing durations On day one of  week nine, an additional 
15 minute session was completed. The duration of  the 
treadmill session was increased by 15 minutes each succes- 
sive day for eight days and by 30 minutes on each of the 
following two days Thus, the final trmnlng requirement was 
a single treadmill session of four hours duration at a speed of 
I 0 M P.H The rats assigned to the control group (n=6) 
received no exercise training 

Drug Testing 

The two groups of rats, dlffenng only in exercise history, 
were tested under Identzcal conditions. The behavioral ef- 
fects of  atropine and scopolamine were evaluated in rested 
animals (i e , a minimum of 72 hours had elapsed since their 
most recent treadmdl session and stable baseline rates of 
responding had been recovered). Each drug test session 
consisted of a single 80 minute session under the MULT TO 
FR30 schedule Drugs were administered cumulatively, with 
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FIG 1 Operant responding under a MULT TO FR30 schedule of 
food reinforcement, expressed as percent of basehne level, in groups 
of rats with no exercise training (closed symbols) and following 10 
weeks of exercise training (open symbols) Each point represents 
the mean (-+S E ) for 6 rats Following treadmill sessions of 15.30, 
45 and 60 mm durauon at I 0 M P H . animals not trained to exercise 
dtsp|ayed a duration dependent disruption of operant behavior 
Within-session recovery occurred after all but the 60 mln condition 
Completion of an exerose traimng program protected agmnst the 
disrupuve behaworal effects of treadmill exercise A four hr tread- 
mill sesmon was required to produce disruption of operant respond- 
~ng in the tramed group and recovery occurred by the second FR 
component, less than 25 mm post-exercise 

one injection at the beginning of each TO component This 
method produces up to four data points within a single oper- 
ant session [13]. When more than four doses were required 
for characterization of the dose-response curve, a second 
drug test was conducted a minimum of three days after the 
first Both groups were tested with atropine first Two drug 
sessions were required to fully evaluate the effects of at- 
ropine on FR30 responding for each group However.  be- 
cause the third dose administered on the second day caused 
behavior to drop to zero in the control group, a fourth dose 
was not administered to those ammals. Following a full week 
with no drug exposure, both groups were tested with 
scopolamine The control group was tested on two days, 
with four doses administered dunng the first session and an 
additional two doses three days later Scopolamine was 
tested m the exercised group only once 

Behavioral sensitivity to atropine and scopolamine was 
determined by calculating the dose required to produce 50% 
disruption (ED50) of baseline response rates Due to the in- 
herent intersubject vanablhty m response rate, each animal's 
stable non-drug rate of responding was assigned the value of 
100 Rates of  responding under drug conditions were ex- 
pressed as a percentage of  this rate for individual ammals 
and then combined for statistical analysis A straight line 
linear regression model was employed to determine the 
statistical stgmficance of  differences in drug sensitivity be- 
tween the control and exercise conditioned groups [ 12] 

RESULTS 

The ratio and pattern of FR responding un the present 
study were similar to those previously reported for FR30 
responding The rates of lever pressing (S E ) in each of the 
four FR components were 1 2 (-+0 12), i I I (_+0 15), l I I 
(_-z-0 13) and 0 96 (-+0 20) responses/second Relatively few 
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FIG 2. Scopolamtne potency in subjects with no history of exercise 
training (O) and following completton of a 10 week exercise training 
program (&) The behavmrally disruptive effects of scopolamine, 
expressed as percent of non-drug operant rates, were measured tn 
animals trained to perform an operant task under a MULT TO FR30 
schedule of food remforcement The dose producing 50% disrupt|on 
(ED50) m the non-exercise trmned group was 0 15 mg/kg (0 07-0.32 
mg/kg) Following 10 weeks of exercise training, the ED50 was 6 5 
mg/kg (I 68-12 52 mWkg) Th~s reflects a s~gmficant (p<0.001) de- 
crease ~n senmttv~ty to the behavioral effects of scopolamine as a 
result of chromc exercise 
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FIG 3 Atropme potency m subjects w~th no history of exercise 
trmmng (O) and following completton of a 10 week exerctse trmnmg 
program (,I,) The behaworally dtsrupttve effects of atropine, ex- 
pressed a percent of non-drug operant rates, were measured m 
ammals trained to perform an operant task under a MULT TO FR30 
schedule of food reinforcement The dose producing 50% dtsruption 
(ED50) m the non-exercise trmned group was 0 42 mg/kg (0 21-0.80 
mg/kg) Following 10 weeks of exercise training, the EDS0 was 4 53 
mg/kg (1 94-10 5 mg/kg) TMs reflects a stgmficant (p<0 01) de- 
crease m sensltw~ty to the behavioral effects of atropine as a result 
of chromc exercise 

responses occurred dunng the TO components that alter- 
nated w~th the food reinforced FR components 

Prior to any exercise conditioning, acute exerose  
produced a graded decrease ~n FR responding as the duration 
of t~me on the treadmill at a speed of 1.0 M P.H. was m- 
creased (Fig. 1) For example, a 60 m~nute treadmdl exercise 
session reduced responding to approximately 50% of control 
performance After completion of the exercise trmmng pro- 
gram, ~t was necessary to extend the pre-session exercise 
period to 240 minutes before any effects on operant perform- 
ance were observed Rates of responding were not stgmfi- 
cantly altered by the 10 week exercise training program; the 
post-training basehne performance of exercise trained sub- 
jects d~d not deviate from pre-trammg levels 

Both atropine and scopolam|ne produced dose-related 
decreases ~n FR responding (F~gs 2 and 3). The effect of 
exercise trmnmg on behavioral sensmv~ty to these drugs was 
a stgmficant decrease ~n potency. In the absence of  exercise 
training, the ED50 for scopolamine-induced d|sruptlon of re- 
sponding was 0.15 mg/kg. Following exermse tralmng, the 
scopolamine dose-effect curve was sMfted slgmficantly to 
the right The post-traanmg ED50 of 6 5 mg/kg reflects a 
40-fold d~fference m the amount of drug required to produce 
an eqmvalent effect ~n the two groups. A s~mdar decrease m 
potency was observed when atropine was administered to 
the exercise trained subjects The atropme ED50 for the 
non-conditioned group was 0.42 mg/kg m contrast to 4.53 
mg/kg ~n the exermse trained group, reflecting a ten-fold sMft 
to the right. These changes in potency of both drugs are 
statistically sigmficant (p<0.001). 

DISCUSSION 

Muscanmc antagomsts such as atropine and scopolamine 
have been shown to rehably d~srupt operant behavior [20] 
However,  the schedule of reinforcement ts a sigmficant fac- 

tor in the determination of  their qualitative effects For 
example, these compounds produce response rate increases 
under fixed-interval [l] and differential reinforcement of low 
rate [5,14] schedules of reinforcement, and response rate 
decreases under fixed-ratio schedules [1,20]. In the present 
study, atropine and scopolamine had the anticipated, dose 
related, rate decreasing effects in the subjects not exposed to 
exercise training. However,  following completion of a ten 
week exercise training program, normally disruptive doses 
had no effect on FR responding. D|srupt |on of responding m 
these animals did not occur at doses less than 10 times as 
large as the ED50 in control an|mals 

It ~s ~mportant to note that completion of the ten week 
exercise program did not alter operant response rate p e r  se  

Exercise trained ammals continued to perform at pre- 
exercise training basehne levels throughout the trmmng and 
evaluation period. In the absence of an exercise or drug chal- 
lenge, operant performance by exercise trained and non- 
trained groups was indistinguishable. Furthermore, no obvi- 
ous changes ~n other behaviors were observed. All animals 
were weighed dmly No s~gnificant differences in body 
weight, or the amount of lab chow required to maintain md~- 
wduai animals at the desired weight, were noted between the 
groups. 

The term tolerance is used to describe a decrease ~n sen- 
s~tiv~ty to a drug following some treatment Traditionally, the 
treatment producing drug tolerance consists of admimstra- 
t~on of e~ther the same drug or one which ~s metabolized via 
the same pathway. Nevertheless, the term tolerance applies 
equally well to the effect produced by exercise in the current 
experiment An organism ts said to have developed tolerance 
to a compound when the same dose of a drug produces a 
lesser effect, or when a larger dose of  the drug ~s reqmred to 
produce a g~ven effect [I 1]. Both conditions are met by the 
present results 
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The  m e c h a m s m s  whtch  u n d e r h e  the  d e v e l o p m e n t  of  drug 
to l e rance  are  of ten  classif ied as e~ther dtspos~t~onal or  func- 
t ional  [I ll D~spostt~onal t o l e rance  ~s re la ted  to changes  m 
fac to rs  such  as abso rp t ion ,  d t s t r tbu t lon ,  excre t ion  and  me- 
t a b o h s m  that  in f luence  the  b~oavatlabd~ty o f  a c o m p o u n d  
Func t tona l  to l e rance  re la tes  more  d i rec t ly  to the p roper t i e s  
o f  the  target  t~ssue 

The  m e c h a n t s m  th rough  whtch  exerc i se  a l ters  behav iora l  
sens~t~vtty to m u s c a n m c  b lock ing  agents  was not  a d d r e s s e d  
by the p re sen t  e x p e r i m e n t  Addi t iona l  e x p e r i m e n t s  measur -  
ing p l a s m a  and /o r  bra~n levels  of  a t rop ine  and  s c o p o l a m m e  ~n 
exerc i se  t rmned  and  cont ro l  sub jec t s  as well as r ecep to r  
b~nd~ng s tudtes  are r eqm r ed  to c lear ly  d~fferenttate be tween  
d~spos~t~onal and  func t iona l  t o l e rance  H o w e v e r ,  da ta  f rom 
o t h e r  sou rces  a l lows some specu la t ton  and  p rov ides  guid- 
ance  for  fu ture  mvest tgat~ons 

T h e r e  ~s no  e v i d e n c e  that  exerc t se  a l ters  the  abso rp t ion  or  
exc re t ion  of  a t rop ine  or  s copo lamine  H o w e v e r ,  the i r  d~stn- 
bu t lon  could be tnf luenced  by exerc i se  A l though  ce rebra l  
b lood flow r e m a m s  u n c h a n g e d  d u n n g  and  fol lowing exerc t se  
[21], exerc i se  c lear ly  ~nduces changes  tn per iphera l  b lood 
f low tha t  ~nclude shun t tng  away  f rom the  hver ,  k~dney and 
tntest~ne [9]. Changes  m regional  b lood flow to a reas  re- 
vo lved  ~n the  m e t a b o h s m  of  a d rug  could resul t  ~n h~gher 
c~rculat,ng levels  It ~s unhke ly ,  howeve r ,  that  th~s ~s the 
m e c h a n t s m  under ly ing  the  p r e s en t  f indings E v e n  ~f one  as- 
sumes  tha t  an ex t ens tve  per iod  o f  exerc i se  t ra in ing  does  not 
resul t  ~n any  a t t enua t i on  of, or  adap ta t ton  to, th~s effect ,  
exerc~se-mduced  changes  ~n b lood flow c a n n o t  r e a s o n a b l y  
be  e x p e c t e d  to pers is t  for  72 hours  pos t  exerc i se  Fur the r ,  
dtspos~t~onal to l e rance  ~s usually res t r i c ted  to no more  than  a 
100% ~ncrease ~n the ED50 I I0l We b e h e v e  the exerc i se -  

tnduced  to le rance  o b s e r v e d  ~s more  hkely  to r ep resen t  an 
a l t e ra t ion  m the target  t~ssue, or  funct ional  to l e rance  Both  
the  m a g m t u d e  o f  the to le rance  p roduced  by exerc i se  and the 
fact tha t  ~t was o b s e r v e d  m res ted ,  r a the r  than recent ly  
exe rc i sed ,  a m m a l s  suppor t  th~s hypothes~s Changes  m the  
target  t~ssue o f  a t rop ine  and scopo lamine  relate  d~rectly to 
the  d rug - r ecep to r  complex  A change  m r ecep to r  dens i ty  or  
kmet tcs ,  revolving e i the r  the  gene ra t ion  of  new recep to r s ,  or  
conformat~onal  changes  in exis t ing recep to r s  may  occu r  m 
r e s p o n s e  to exerc i se  

Drug- reduced  regula t ion  of  m u s c a n m c  r ecep to r  dens i ty  
has  been  d e m o n s t r a t e d  bo th  m v tvo  and m v~tro [ I 1 ] C h r o m c  
admin i s t r a t i on  of  drugs  such  as a t rop ine  and  scopo lamine  
has  been  shown  to resul t  m an ,ncrease  ~n the n u m b e r  of  
m u s c a n m c  recep to r s  in the  cor tex  [15,19] Thts  ~s a s s u m e d  
to r ep re sen t  an adap t ive  r e sponse ,  d~rected toward  the  main-  
t e n a n c e  of  a s t eady  level of  chohnerg~c act ivi ty  Catechol -  
amines  have  also been  ~mphcated m the regula t ion  of  mus-  
c a n i n e  r ecep to r  k~nettcs [41 Inc reased  levels  of  d o p a m m e  
have  been  repor ted  to mh~b~t cort ical  re lease  of  a c e t y l c h o h n e  
[2[ Physical  exerc i se  ~s k n o w n  to inc rease  C N S  concen t r a -  
t ions  of  c a t e c h o l a m m e s  

Any  theory  a d v a n c e d  to expla tn  the  effect  of  exerc i se  on 
drug sens i t iv i ty  mus t  a ccoun t  for the  o b s e r v a t i o n  that  acute  
and  c h r o m e  exerc i se  p roduce  oppos t te  effects  In ra ts  not 
p rev ious ly  exposed  to exerc t se ,  a single 30 rain t readmdl  
sess ion  tnc reases  sens i t iv i ty  to the  behav io ra l ly  dmrupt~ve 
effects  of  a t rop ine  and scopo lamine  [16] In con t ras t ,  rats  
that  have  comple t ed  a 10 week  exerc t se  t ra lmng program 
d~splay no  increase  tn drug  senstt~v~ty fol lowing exerc i se  
M o r e o v e r ,  exerc ise  t rmned  a m m a l s  are far  less sens i t ive  to 
a t rop ine  and scopo lamine  u n d e r  res ted  c o n d m o n s  

REFERENCES 

I Boren, J J and A P Navarro The action of atropine, benac- 
tyzme and scopolamine upon fixed interval and fixed rat=o be- 
havior J I:Lrp Anal  Behav 2:107-115, 1959 

2 Brown. B S and W VanHuss Exercise and rat brain catechol- 
amines J Appl  Phystol 34: 664-669, 1973 

3 Carney, J M ,  M Nakamuraand H D Chnstensen Exerc=se- 
reduced changes m CNS drug potency Pharmat  ologt~t 24: 130. 
1982 

4 Ehlert. F J , W R Roeske and H I Yamamura Stnatal mus- 
canine receptors regular=on by dopam=nerg~c agomsts Ltfi' St t 
28: 2241-2248, 1981 

5 Ellen, P C ,  W C Adken, T S=msandJ M Stahl Chohnerg~c 
blockade, septal les~ons, and DRL performance ~n the rat ./ 
Comp Phystol  Psyt ho/ 89: 409-420, 1975 

6 Farrar, R P . T  P Martin, L D Abraham and E R~ckson The 
interaction of endurance runmng and ethanol on skeletal muscle 
m=tochondna Ltfi, St t 30: 67-75, 1982 

7 Fletcher, G F The dangers of unw=se exerc=se In E~ert tse m 
the Pra t t t t e  o f M e d t t m e  Mt Ktsco, NY Futura, 1982 

8 Folkms, C H and W E S=me Phys=cal fitness training and 
mental health Am P~yt hol 36: 373-389, 1981 

9 Guyton, A C Texthook o f  Med t ta l  I'hy,~tologx Phdadelphta 
W B Saunders, 1981, pp 344-356 

10 Kalant. H , A E LeBlanc and R J G~bbms Tolerance to. and 
dependence on, some non-opiate psychotrophtc drugs Phar- 
m a t o l R e v  23: 135-191, 1971 

II Klein, W L .  N Nathanson and M N~renberg Muscanmc 
acetylchohne receptor regulation of accelerated rate of receptor 
Joss Btot hem Btophv~ Res C o m m u n  90: 506-512, 1979 

12 Keppel0 G and W H Saufley In t rodut tum to Destgn and 
Analyst., San Francisco W H Freeman, 1980 

13 Logan, L and J M Carney A structure-activity study of the 
phenyhsopropyladenos~ne antagomst actw~ty of methylxan- 
throes using schedule-controlled behavior Pharmat ol Blot hem 
Behat 21: 375-379. 1984 

14 McDonough, J H Effects ofant~chohnerg~c drugs on DRL per- 
formance of rhesus monkeys Pharmat  ol Btot hem Behav 17: 
85-90, 1982 

15 McK~nney. M and J T Coyle Regulation ofneocort~cal mus- 
tarmac receptors effects of drug treatment and les~ons J 
Neurost  t 2: 97-105, 1982 

16 McMaster. S B and J M Carney An ammal model for 
evaluating the interaction of exercise and CNS drugs Sot 
Nt, uros~t Ab~t~ 9:39 I. 1983 

17 Rayfield, R and J M Carney Controlhng behavior experi- 
ments w~th BASIC on 6205-based m~crocomputers Behav R~'~ 
Meth Instr 13: 735-740. 1981 

18 Rudestam, K E and S E Tarbell The chmcal judgement 
process m the prescrtbmg of psychotrop~c drugs Int J Athlu t 
16: 1049-1070, 1981 

19 Takeyasu, K . S Uch~da. Y Noguch~, N Fu.l~ta, K Santo. F 
Hata and H Yosh~da Changes m brmn muscanmc acetyl- 
chohne receptors and behavioral responses to atropine and 
apomorphme m chrome atropine treated rats L~fe 3t t 25: 585- 
592, 1979 

20 Wdhs. R D and I. M W~ndland Effects of repeated administra- 
tion of atropine on two multiple schedules P~v~ honom St i 13: 
139-140, 1968 

21 Zobl. E G Effects of exercise on the cerebral c=rculation and 
metabohsm J App /Phvs to l  20: 1289. 1965 


