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DOMINO, E. F., A. E. WILSON AND M. E. OLDS. Relation of rat brain acetylcholine levels to duration of self-stimulation 
and escape behavior. PHARMAC. BIOCHEM. BEHAV. 3(1) 103-107,  1975. - Total brain acetylcholine (ACh) was 
assayed in groups of animals after various periods of operant responding maintained by electrical stimulation of the lateral 
posterior hypothalamus or of escape behavior induced by electrical stimulation of the midbrain tegmentum. Different 
groups of trained rats were placed in identical Skinner boxes for periods of 1 to 24 hr. The following groups were studied: 
controls, self-stimulators receiving electrical stimulation, escapers from brain stimulation or peripherally applied aversive 
stimulation, self-stimulators not receiving electrical stimulation prior to decapitation, tubocurarine-paralyzed respired rats 
with electrodes in the posterior-lateral hypothalamus not receiving stimulation, and a group of tubocurarine-paralyzed, 
respired rats receiving electrical stimulation automatically. It was found that brain stimulation decreased total brain ACh, 
regardless of whether the stimulation was positive, as during self-stimulation behavior, or negative, as during escape 
behavior. Animals that received positive stimulation while being paralyzed showed similar decreases in total brain ACh, but 
the change in ACh was smaller. No changes occurred in animals that were paralyzed that received no electrical stimulation. 
It is concluded that brain usage produced by electrical stimulation of discrete functional pathways causes a reduction of 
total ACh, but this is unrelated to the specific motivational properties of the electrical stimuli. 
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T H E R E  is evidence t ha t  b ra in  ace ty lcho l ine  (ACh)  is 
involved in var ious  physiological  f u n c t i o n s  such  as arousal ,  
REM sleep, and  " n o - g o "  behav io r  [ 4 ] .  A r e d u c t i o n  of  
behav io r  m a i n t a i n e d  by  b o t h  posi t ive  and  negat ive  rein- 
f o r c e m e n t  is re la ted  to an e leva t ion  of  b ra in  A C h  [5, 11, 
13, 21,  25, 28, 2 9 ] .  On  the  basis of  these  f indings,  the  view 
has evolved t h a t  A C h  inf luences ,  in a nonspec i f i c  way,  a 
n u m b e r  of  behaviors .  This  seems to be t he  case, especial ly 
so far as se l f - s t imula t ion  behav io r  is conce rned .  Some  sor t  
of  re la t ionsh ip  exists  b e t w e e n  A Ch  and se l f - s t imula t ion  
behavior ,  a l t h o u g h  o t h e r  t r ansmi t t e r s ,  such  as the  cate-  
cholamines ,  also play an i m p o r t a n t  role in th is  sys tem.  F o r  
example ,  se l f - s t imula t ion  behav io r  is more  sensi t ive to  
depress ion  by  chol inergic  agonists  t h a n  escape behav io r  is 
f rom bra in  s t imu la t i on  in the  cent ra l  gray  region.  The  role 
of  ACh in regard to behav io r  in general  is still unc lea r  and,  
m o r e o v e r ,  the  poss ib i l i ty  exists  t h a t  se l f - s t imula t ion  

behav io r  is par t icu la r ly  sensi t ive to  changes  in levels of  
bra in  ACh.  It seemed w o r t h w h i l e  to  c o n t i n u e  the  inves- 
t iga t ion  of  t he  f u n c t i o n  of  A C h  in behav io r  m a i n t a i n e d  by  
bra in  reward to  gain add i t iona l  insight  in to  the  re la t ion  
b e t w e e n  bra in  chemis t ry  and behavior .  

It is well k n o w n  tha t  bra in  ACh can vary wi th  the  
physiological  s ta te  of  the  organism.  F o r  example ,  sedat ives 
elevate b ra in  ACh,  while  s t imu lan t s  and convulsants ,  
inc luding e lec t roshock ,  lower  it [1, 10, 2 2 ] .  In add i t ion ,  
there  is a m a r k e d  d iurna l  va r ia t ion  in b ra in  ACh  re la ted  to 
m o t o r  ac t iv i ty  [9, 12, 16] .  

We have previously  r epo r t ed  t ha t  bra in  ACh  is sl ightly 
decreased by  hand l ing  and  in jec t ion  of  naive animals .  I t  is 
also reduced  by  se l f - s t imula t ion  and escape behav io r  f rom 
bra in  shock  last ing for  a pe r iod  of  30 rain p r io r  to  decapi-  
t a t i o n  [ 6 ] .  F u r t h e r  r e d u c t i o n  occur red  when  self- 
s t imula t ing  an imals  were p re t r ea t ed  wi th  d - a m p h e t a m i n e ,  

lSupported in part by NIMH Grant NH-11846 (to EFD) and MH-11627 (to JO). 
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scopolamine, chlordiazepoxide, and diphenylhydantoin. 
The potentiation of the stimulation-induced reduction was 
small. However, this could have been related to the fact 
that the period of self-stimulation lasted only 30 rain. It 
seemed possible that longer periods of responding would 
reveal much larger decreases if such prolonged usage 
depleted brain stores of ACh and synthesis would not be 
able to keep up with utilization. The results reported here 
were obtained in experiments designed to test this possibili- 
ty. The present report summarizes data which indicate that 
prolonged self-stimulation and escape behavior for brain 
shock reduce brain ACh. Furthermore, the decreases seem 
to be a function of the amount of stimulation received 
rather than of the site where electrical stimulation was 
applied, or of the motivational characteristic of the stimuli. 

METHOD 

Animals 

The experiments were conducted on a total of 220 male 
albino Holtzman rats weighing 300 -350  g. Throughout the 
course of the experiments, the rats were maintained on an 
ad lib feeding schedule and were housed in individual cages. 

Surgery 

One pair of electrodes (twisted stainless steel wires, 
250 u dia) was implanted in each animal. The rat atlas by 
Krieg [15] was used to determine stereotaxic coordinates. 
To obtain a group of self-stimulators, the electrodes were 
aimed at the posterior lateral hypothalamus. For this group, 
the coordinates were 5 mm posterior from bregma, 1.5 mm 
lateral, and 8 mm in depth from the top of the skull. To 
obtain a group of animals that escaped from aversive brain 
stimulation, the electrodes were aimed at the central gray 
region, and the coordinates were 8 mm posterior from 
bregma, 1 mm lateral to the midline, and 5 mm in depth 
from the top of the skull. Surgery was performed under 
sodium pentobarbital anesthesia, 50 mg/kg, i.p. The details 
of the surgical procedures have been described by Olds and 
Olds [20]. 

Procedures 

After several days of recovery from surgery, the 
animals were trained in Skinner boxes to depress a metal 
l ever ,  which in self-stimulation tests caused the 
application of a 1/4 sec train of stimulation and in escape 
tests caused the abatement for 6 sec of a repetitive series of 
1/2 sec trains applied at one per sec. The stimuli were 
60 Hz sine waves delivered in the first test to the posterior 
lateral hypothalamic region, and in the second test to the 
central gray region of the tegmentum. For self-stimulation, 
a current ranging between 4 0 - 6 0  uA was selected because 
this intensity produced optimal rates of responding. 
Further details have been given elsewhere [5, 6, 18, 19]. In 
preliminary sessions to determine stimulation levels for 
escape tests, current was adjusted repeatedly (in 5 uA steps) 
and then was set at a level that optimized escape behavior, 
or at 40 uA, whichever was the lower of the two. In self- 
stimulation tests, only rats with response rates of 300 to 
1000 in an 8 rain period were used. In escape tests, the rats 
had to press the pedal often enough to escape successfully 
from a minimum of 130 aversive stimuli in an 8 min period. 

The escape test has been described previously [19,27]. 
This method differs from that of Sidman [24] in that 

responses made in the absence of shock did not postpone 
the subsequent shock. The animals remained motionless 
during the intervals between stimulation and then re- 
sponded quickly, but only after one or two trains were 
applied. Thus, one or more stimuli were needed to function 
as cues for the initiation of responding, which postponed 
the aversive stimuli for 6 sec. 

At least 10 daily sessions of 2 hr each were given for 
training before the animals were categorized on the above 
criterion as suitable for the experiments. During the 
experimental period, each rat worked in a standard session 
at a fixed time each weekday. One group of  self-stimulating 
rats was paralyzed with 10 mg/kg of tubocurarine and 
placed on artificial respiration. These animals were then 
electrically stimulated at a rate of 100 stimuli/min at the 
same current at which they normally responded, the rate 
being approximately the same as they would normally 
maintain during a self-stimulation session. 

Brain Assays 

Animals used in these assays were sacrificed by decapi- 
tation between 10 - 11:00 a.m. Each brain was quickly 
excised, and the cerebellum dissected away. 

The brain extracts were prepared by the acid-alcohol 
method [3,26]. The ACh-like activity of the extracts was 
bioassayed on the isolated frog (Rana pipiens) rectus 
abdominus muscle preparation. As suggested by Feldberg 
[8], ACh standards were prepared in alkali-inactivated 
extracts to allow for the presence of sensitizing factors in 
the brain tissue. 

Analysis o f  Data 

Response rates were calculated for the total period as 
responses/min. Mean ± S.E. were computed for each group 
of animals in a given experiment and were subjected to 
statistical analysis using the Student's t test. 

RESULTS 

The mean ± S.E. for total brain ACh and behavioral 
response rates for various groups of animals are given in 
Fig. 1. The control animals, which had brain hypothalamic 
electrodes, were habituated for a minimum of 1 hr per day 
for several weeks in the test chamber before the test period 
on the day of decapitation. These animals were not 
s t i m u l a t e d  d u r i n g  the habituation nor during the 
experimental session. By contrast, the group of self- 
stimulators were stimulated during many training sessions 
and also self-stimulated during the experimental session 
before decapitation. As can be seen in Fig. 1, total brain 
ACh decreased as a function of the duration of the 
experimental session in the group of self-stimulators; that is 
to say, as a function of the duration of the period when 
s t imula t ion  was received. Thus, the largest decrease 
occurred in the group of animals allowed to self-stimulate 
for a 24 hr period. As might be expected, the rate of 
responding during this period was not uniform from 
interval to interval and, furthermore, responding decreased 
toward the end of the session. An additional feature of the 
pattern of behavior during such a prolonged period was a 
slight increase in the rate of responding during the 12 hr 
in terval .  This was possibly related to the circadian 
properties attending self-stimulation behavior, and would 
explain the increase in the rate of responding after 12 hr 
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T A B L E  1 

EFFECTS OF ESCAPE BEHAVIOR AND CURRENT INTENSITY ON RAT BRAIN ACh 

Controls 
Type of Mean -+ S.E. Mean +- S.E. 

Procedure N t (nmol/g) N t (nmol/g) p* 

3 hr escape 14 13.9 +- 0.8 5 17.8 + 1.9 

24 hr escape 6 11.3 -+ 1.9 4 18.4 -+ 0.9 

24 hr escape 
peripheral 4 17.1 -+ 1.4 - - 

3 hr escape 
low current 4 16.0 +- 1.0 4 17.2 -+ 1.2 

3 hr escape 
high current 8 13.7 -+ 0.8 10 19.8 +- 1.0 

<0.01 

<0.001 

<0.01 

*Group comparison Student t test to control 
tN = number of animals 
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FIG. 1. Rat brain acetylcholine and response rate at various times 
during self-stimulation. Mean ± S.E. data for brain ACh and mean 
response rates are given for groups of 6 - 2 0  rats. The behavioral data 
represent the rates of responding for the period of time prior to 
sacrifice and the brain ACh data that at the time of sacrifice. 
Symbols are shown in this and Fig. 2 except *p<0.05, **p<0.01, 

***p<0.001 group comparison to control animals. 

w h e n  the  an imals  en te red  the  da rk  cycle [ 2 3 ] .  
The  effects  of  escape behav io r  on  rat  b ra in  A C h  at 3 and  

24 h r  are given in Table  1. C o n t r o l  an imals  for  this  tes t  had  
e lec t rodes  i m p l a n t e d  in t he  m i d b r a i n  t e g m e n t a l  region,  and  
the  mo t iva t i ona l  values of  such s t imu la t i on  had  been  
d e t e r m i n e d  dur ing  one  t ra in ing  session. On  the  tes t  day  on  
w h i c h  the  an imals  were decap i t a t ed ,  t h e y  were  n o t  
s t imula ted .  The  g roup  o f  e x p e r i m e n t a l  an imals  for  w h i c h  
s t imu la t ion  in the  m i d b r a i n  was aversive was divided in to  
two  subgroups .  One  subgroup  compr i sed  all an imals  t h a t  
required relat ively in tense  s t i m u l a t i o n  (50  u A )  to  m a i n t a i n  
s teady escape responding ;  the  o t h e r  subg roup  requ i red  

m o d e r a t e  to  low in tens i t ies  of  s t i m u l a t i o n  to m a i n t a i n  h igh 
response  ra tes  to  escape the  aversive s t i m u l a t i o n  for  6 sec. 
In general ,  b ra in  A C h  decreased dur ing  escape behavior ,  as 
it did dur ing  se l f - s t imula t ion  behavior ,  bu t  wi th  one  
s ignif icant  d i f ference .  When  the  escape tes t  lasted 3 hr ,  the  
decrease  in b ra in  A C h  was larger in the  g roup  receiving 
in tense  aversive s t imu la t i on  t h a n  in the  g roup  receiving low 
to  m o d e r a t e  aversive s t imula t ion .  Thus ,  for  this  tes t  pe r iod  
the  cu r r en t  in t ens i ty  appea red  to  be  an i m p o r t a n t  f ac to r  
d e t e r m i n i n g  bra in  c o n t e n t  of  ACh.  There  was no  d i f f e rence  
b e t w e e n  the  two  g roups  w h e n  the  tes t  per iod  was 24 hr. 
This  may  have b e e n  re la ted to the  fact  t h a t  a f te r  a session 
of  such p ro longed  d u r a t i o n  the  levels of  b ra in  A C h  were 
a l ready very  low and  m u c h  more  t han  a s imple  d i f fe rence  in 
cu r ren t  in tens i t ies  could have been  requi red  to  cause 
d i f ferences  in b ra in  ACh.  One  g roup  of  tes t  animals  also 
received aversive s t imu la t i on ,  bu t  the  n o x i o u s  s t imul i  were 
appl ied pe r iphera l ly  ( foo t  shock)  r a t h e r  t h a n  centra l ly .  It  is 
in te res t ing  t h a t  in this  g roup  an escape session last ing 24 hr  
caused no  decrease  in b ra in  ACh,  whi le  the  same per iod  of  
escape behav io r  for  b ra in  s t imu la t i on  p roduced  s ignif icant  
decreases.  

T h e  e f f e c t s  o f  d i f f e r e n t  ra tes  of  e i the r  escape 
responding ,  or  se l f - s t imula t ion  b e h a v i o r  on  b ra in  A C h  are 
given in Table  2. F o r  this  analysis  the  se l f -s t imula tors  were 
divided i n to  two  subgroups :  those  t h a t  r e sponded  at ra tes  
of  60  responses  or  less pe r  m in  in a session last ing 3 hr,  and 
those  t h a t  r e sponded  at rates  above  this. The  escape animals  
w e r e  s imilar ly  subdivided.  Here again,  one  subgroup  
compr i sed  those  animals  whose  rate  of  r e spond ing  was 
more  t h a n  30  responses  pe r  min ,  and the  o t h e r  those  
animals  w i th  a lower  rate .  The  h igher  ra te  of  r e spond ing  
signified fewer  aversive s t imul i  received,  since a response  
signified the  p o s t p o n e m e n t  for  6 sec of  the  average s t imuli .  
However ,  as was po in t ed  ou t  earl ier  ( M e t h o d s  sect ion) ,  
these  an imals  did n o t  avoid.  Hence ,  even the  h ighes t  rates  
of  r e spond ing  signified t h a t  a ce r ta in  n u m b e r  of  aversive 
s t imul i  were  taken .  A p p a r e n t l y ,  at  t he  f r e q u e n c y  used in 
these  tests,  t he  n u m b e r  of  s t imul i  t a k e n  e i the r  dur ing  
a p p r o a c h  or  escape behav io r  m a d e  no  s ignif icant  d i f fe rence  
in the  levels of  b ra in  A C h  w h e n  the  test  per iod  was 3 hr. 
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T A B L E  2 

E F F E C T S  O F  BAR P R E S S I N G  ON R A T  BRAIN ACh D U R I N G  S E L F - S T I M U L A T I O N  A N D  ESCAPE B E H A V I O R  

Behavior 

Low Rates High Rates ACh (nmol/g) 
resp/min resp/min Mean + S.E. 

N* mean ± S.E. N mean +- S.E. p Low responders High responders p 

3 hr 
Self-stimulation 

3 hr 
Escape 

8 55.7 + 5.3 12 103.1 + 5.5 <0.001 14.4 ± 1.0 13.2 + 0.6 NS t 

7 27.7 + 1.8 7 40.1 ± 2.2 <0.001 13.1 + 0.8 14.6 ± 0.7 NS 

*Number of animals 
tNot  significant 
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FIG. 2. Effects of electrical stimulation of posterior-lateral hypo- 
thalamus for 3 hr in self-stimulating and paralyzed artificially 
ventilated rats. Groups of 6 20 rats (see number within bar) were 
used. Rats were paralyzed with tubocurarine and artificially 
v e n t i l a t e d .  The current paralyzed group was automatically 
stimulated at the approximate rate they normally would respond 
(100/min). Note that only the electrically stimulated animals 
showed a decrease in brain ACh (p<0.05) which was greater in the 

self-stimulators. 

The  decrease  was similar  for  the  se l f -s t imulators  at h igh 
rates and for  those  r e spond ing  at low rates;  the  same was 
also t rue  for  the  escapers.  

Figure 2 summar izes  the  data  on  to ta l  b ra in  ACh 
ob ta ined  in groups  of  rats para lyzed wi th  1 0 m g / k g  of  
t ub ocu ra r i ne  and respira ted art if icially t h r o u g h o u t  the  
du ra t i on  of  the  expe r imen ta l  session t ha t  lasted 3 hr. One  
group of  con t ro l  animals  had e lec t rodes  in the  re inforc ing  
region of the  h y p o t h a l a m u s  bu t  received no  s t imu la t ion  
dur ing  the  session. However ,  the  animals  were para lyzed  
and thus  were u n d e r  stressful  condi t ions .  The  group  of  tes t  
a n i m a l s  h a d  e l e c t r o d e s  in  t h e  p o s t e r i o r  lateral  
h y p o t h a l a m u s  and s t imu la t ion  there  was rewarding,  as 
de t e rmined  in previous  t ra in ing  sessions w h e n  the  subjec ts  
were no t  paralyzed.  Dur ing the  e x p e r i m e n t a l  session, the  
animals  were s t imula ted  au tomat i ca l ly  since they  were 
paralyzed.  The  data  show tha t  to ta l  b ra in  ACh decreased in 
this  g roup  of  animals,  as compared  wi th  the  g roup  of  
animals  t ha t  were para lyzed bu t  did no t  receive s t imula t ion .  
However,  the  decrease  in the  test  g roup  was lower  t han  in 

the  g roup  of animals  t h a t  were al lowed to self -s t imulate  
dur ing a similar per iod of  3 hr. In  o t h e r  words,  a l t hough  
rewarding bra in  s t imu la t i on  caused decreases  in b ra in  ACh,  
it was larger in the  g roup  of animals  in which  f r eedom of  
m o v e m e n t  pe rmi t t ed  the  se l f -appl ica t ion of  the  reward ing  
s t imul i  t h a n  in the  g roup  of  animals  in which  the  rewarding  
s t imul i  were appl ied au tomat ica l ly .  

DISCUSSION 

This  s tudy  provides  f u r t he r  evidence t ha t  ACh,  in 
add i t ion  to  o t h e r  pu ta t ive  b ra in  n e u r o t r a n s m i t t e r s  such as 
n o r e p i n e p h r i n e  and 5 - h y d r o x y t r y p t a m i n e ,  is func t iona l ly  
related to  b ra in  act ivi ty  [1, 2, 6, 14, 17] .  However ,  we 
could find no  behaviora l  specif ic i ty  for  the  fall in to ta l  
bra in  ACh.  In b o t h  the  self -s t imulat ing and escaping 
animals,  b ra in  ACh  levels gradual ly  decreased the  longer  the  
rat  c o n t i n u e d  to  pe r fo rm,  regardless of  w h e t h e r  the  
response  rates  were h igh or low. A l t h o u g h  the  overall  ra te  
of r e spond ing  gradual ly  decl ined over  a 24 hr  per iod in 
sel f -s t imulat ing rats,  it should  no t  be cons t rued  tha t  
decreased bra in  ACh was the  cause. Scopo lamine  also 
reduces  b ra in  A C h  bu t  it does  no t  always reduce  re spond ing  
unt i l  doses as large as 2 mg/kg  or more  are given [6 ] .  I t  has 
been  suggested [14]  tha t  the  degree of  e m o t i o n a l i t y  
associated wi th  se l f - s t imula t ion  affects  b ra in  ACh.  This  may  
be an i m p o r t a n t  factor ,  b u t  our  own  research indica tes  t ha t  
the  to ta l  per iod dur ing  which  responding  takes  place, 
i rrespective of the  na tu re  of the  r e in fo rcemen t ,  is also an 
i m p o r t a n t  var iable  mod i fy ing  the  levels of  b ra in  ACh.  
F u r t h e r m o r e ,  aversive bra in  s t imu la t ion ,  in these  tests,  was 
a more  p o t e n t  f ac to r  in reducing  to ta l  b ra in  ACh  t h a n  
per iphera l  e lectr ical  shock  to the  feet.  Two o t h e r  fac tors  
t h a t  d e t e r m i n e d  b ra in  levels dur ing  se l f -s t imula t ion  were 
f reedom of  m o t o r  m o v e m e n t  and in tens i ty  of  the  cent ra l ly  
applied cur ren t .  

A severe l imi t a t ion  to this  s tudy  is t h a t  on ly  to ta l  b ra in  
ACh levels were measured.  One  would  expec t  m a r k e d  
regional  d i f ferences  depend ing  u p o n  the  func t iona l  bra in  
area involved.  Moreover ,  to ta l  bra in  levels of  any subs t ance  
reflect  on ly  the  relative rates  of  synthes is  vs. des t ruc t ion .  It  
is widely agreed t ha t  t u r n o v e r  is a m u c h  more  mean ing fu l  
measure  of  func t iona l  act ivi ty.  With respect  to b ra in  ACh,  
indirect  measures  of  tu rnover ,  for  example ,  the  use of 
b lockers  of  ACh synthes is ,  suggest m a r k e d  changes  in tu rn-  
over fol lowing the  admin i s t r a t i on  of p s y c h o t r o p i c  drugs in 
doses t ha t  do  no t  al ter  to ta l  b ra in  levels [ 7 ] .  Hence ,  da ta  
which  indica te  t h a t  to t a l  b ra in  ACh  does no t  change m u s t  
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be i n t e r p r e t e d  w i th  cau t ion .  Some  o the r ,  m o r e  sensit ive,  
measure  such as A C h  t u r n o v e r  m a y  change  d ramat ica l ly .  
When  to ta l  b ra in  A C h  is r educed ,  one  can  on ly  c o n c l u d e  
t ha t  syn thes i s  is i n a d e q u a t e  to  keep  up  w i t h  d e m a n d .  

W h e t h e r  the  synthes i s  of  b ra in  ACh  is r educed  over  t ime,  or  
w h e t h e r  the  d e m a n d  for  more  ACh  is so great  t ha t  n o r m a l  
synthes is  c a n n o t  keep  up is, of  course,  no t  k n o w n  and  mus t  
be  the  subjec t  of  f u r t h e r  research.  
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