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SPARBER, S. B. AND 1,. H. FOSSOM. Antphct,mine t umulation and tolerance dcve/,~pmcnt: Concurrent and opp~)sing 
phenomena. PHARMACOL BIOCHEM BEHAV 20(3) 415-424, 1984.--Whether diminished or augmented behavioral 
effects are observed after repeated amphetamine administration may reflect the relative balance between tolerance and 
drug cumulation. To investigate this, we measured the distribution of d-amphetamine in various tissues and its effects on 
performance of a conditioned behavior after acute or chronic treatment. Rats trained to lever press under a fixed ratio 5 
schedule for food-reinforcement were tested daily for 4 min epochs in each of 6 consecutive hours. After responding was 
stable, animals were injected for 16 days with saline or 1.0, 2.5 or 5.0 mg :~H-d-amphetamine sulfateikg IP 15 rain before the 
second daily behavioral epoch. On the 17th day, animals which had been receiving "~H-d-amphetamine were given their 
usual dose and those which had been receiving saline were given one of the doses of'~H-d-amphetamine; all animals were 
decapitated approximately 2~,'4 hours after this final ir~iection, immediately after the 4th behavioral epoch. Brain, heart, 
muscle, epididymal fat, and kidney were removed for subsequent analysis of unchanged :~H-d-amphetamine. The experi- 
ment was carried out in two phases, 3~/,. months apart, which inadvertently resulted in shipment of rats from different 
buildings on the supplier's campus. Acute treatment produced dose-related effects on operant responding, the lowest dose 
increasing responding and the highest dose suppressing it. Chronic injection of the highest dose of d-amphetamine resulted 
in significant attenuation of its acute suppressant effect. Additionally, chronic treatment suppressed responding of rats 
23~/4 hours after injection (i.e., before the subsequent daily injection). Tissue levels of d-amphetamine were dose related 
and d-amphetamine cumulated after chronic treatment with the highest dose. When d-amphetamine was administered 
acutely, the behavioral effect immediately before decapitation was highly correlated with the concentration of 
d-amphetamine in brain and in heart. This was not the case after chronic treatment, since rats given the higher doses 
showed less behavioral effect than would have been predicted from the concentrations of d-amphetamine in their tissues. 
Besides evidence of tolerance and cumulation of drug in one or more tissues, a significant phase or colony difference 
emerged, which could have been due to seasonal or other factors. Additional, different experiments, performed concur- 
rently on a new shipment of rats from each colony, allowed us to conclude that the original observations of phase 
differences were not due to seasonal differences or chance. Significant differences between the colonies emerged in both 
the rate of acquisition of an autoshaped behavior and its resistance to disruption by d-amphetamine. This demonstration of 
tolerance in the presence of cumulated d-amphetamine and colony differences is discussed in light of the equivocal nature 
of the literature on effects of repeated d-amphetamine administration. 

Amphetamine Disposition Iolerance Operant Autoshaped behavior 

d - A M P H E T A M I N E  has  a wide range  of  behav iora l  ac t ions  
(for  Rev iew see [241). At low to mode ra t e  doses  (i .e. ,  less 
than  2.5 mg/kg) it inc reases  uncond i t i oned  m o t o r  act ivi ty  in 
rats.  L o c o m o t o r  ac t iv i ty  is genera l ly  a t t enua t ed  at h igher  
doses  w h e n  it is rep laced  by s t e r eo typed  behav io r s .  I ,ow 
doses  (i .e. ,  less than  0.5 mg/kg) genera l ly  increase  con-  
d i t ioned r e spond ing  emi t ted  at low to in te rmed ia te  ra tes ,  
while  modera t e  doses  (i .e. ,  0.5--2.5 mg/kg) increase  or  pro- 
gress ive ly  dec rease  responding ,  depend ing  upon  the base l ine  
r e sponse  rate ,  the  schedule  ma in ta in ing  the  b e h a v i o r  I10] 
and the con t ro l l ing  c o n s e q u e n c e  [2]. Higher  doses  genera l ly  
comple te ly  d is rupt  schedu le  con t ro l l ed  responding .  Re- 
pea ted  admin i s t r a t i on  can  resul t  in a p p a r e n t  to l e rance ,  aug- 
men ta t i on  or  no change  in the  effect  of  s u b s e q u e n t  injec- 

t ions.  Inc reased  m o t o r  act ivi ty  has usually been  u n c h a n g e d  
wi th  repea ted  admin i s t ra t ion ,  h o w e v e r  occas ional  repor t s  of  
appa ren t  augmen ta t i on  [35, 36, 44] or  to le rance  13, 18] occur .  
These  have  not  been  ent i re ly  conv inc ing ,  since dec rea se s  in 
mo to r  act ivi ty  o c c u r  at h igher  acute  doses  when  emergen t  
s t e reo typ ies  p reven t  its express ion .  S tudies  on  s t e reo typed  
behav io r s  have  general ly  failed to show to le rance  or  have  
d e m o n s t r a t e d  augmen ta t i on  [7, 22, 29, 35]. In con t ras t ,  par- 
tial or  comple t e  to le rance  has  of ten  been  o b s e r v e d  for the 
d i s rup t ive  effects  of  d - a m p h e t a m i n e  on  ope ran t  cond i t ioned  
r e spond ing  [4, 5, 6, 17, 41, 45]. In general ,  to le rance  and  
augmen ta t i on  are seen wi th  different  behav io r s  and these  
different  behav io r s  are of ten  s tudied using different  doses  of  
d - a m p h e t a m i n e .  A u g m e n t a t i o n  is usually o b s e r v e d  for 
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stereotypies caused by high doses and tolerance develops to 
the disruption of  conditioned behaviors caused by moderate 
doses. 

Conditioning factors have been implicated for both aug- 
mentation and tolerance. Increases in motor activity or 
stereotypies have been reported to become conditioned to 
stimuli associated with drug treatment [12, 31, 44] and this 
may partially account for the augmented effects seen with 
subsequent injections. Conditioning factors may also have 
an impact on tolerance to operant behavioral disruption. 
Tolerance did not develop if subjects were not allowed to 
perform the operant behavior after each injection 15,6], 
suggesting that exposure to repreated d-amphetamine was 
not sufficient to produce tolerance and that some (repeated) 
interaction between drug administration and the behavioral 
response or the consequences of responding was necessary. 
As suggested above, another factor which may be important 
in determining the outcome of chronic treatment is cumula- 
tion of drug. Repeated administration of d-amphetamine al- 
ters levels of d-amphetamine in various tissues [23,381, 
which may interact with stress to produce a much greater 
behavioral effect than either the stress or drug alone [81. 
Therefore, the effect of repeated d-amphetamine adminis- 
tration may depend upon several factors, including the be- 
havior being measured, environmental factors, the dose, as 
well as route and schedule of  administration, conditioning 
effects, and factors relating to the disposition and/or cumu- 
lation of d-amphetamine. 

The present study investigates the involvement of cumu- 
lation of  drug, in development and expression of tolerance or 
augmentation to d-amphetamine. Acute and chronic admin- 
istration of  a range of d-amphetamine doses (1-5 mg/kg) are 
investigated. A single behavior was used to measure the ef- 
fects of all doses,  rather than confounding the results and 
their interpretation by using different behaviors for different 
doses. We chose fixed ratio 5, food reinforced operant lever 
pressing by rats, since it generates lower overall response 
rates than higher fixed ratio schedules and would conse- 
quently allow us to detect both rate-increasing and rate- 
decreasing effects for low and high doses of d-amphetamine. 
Previous experience indicated low doses of d-amphetamine 
alters performance soon after administration, behavior re- 
turning to baseline within I-2 hr. Higher doses completely 
suppress operant behavior for 1-2 hours, resulting in floor 
effects. This makes it difficult to compare behavioral altera- 
tions induced by a range of doses administered acutely or 
chronically, if the standard procedure of studying operant 
behavior for ~/~, to 2 hr after drug treatment is followed. 
Therefore. performance was sampled in 4 min epochs hourly 
for 6 consecutive hours. This method of sampling short be- 
havioral epochs over several hours has provided a reliable 
measure of drug effects on operant responding during a long 
time span [ 13,38], while avoiding satiation encountered with 
long continuous sessions. In the present study, performance 
was sampled once (V4 hr) before injection and 5 times, at 
hourly intervals, beginning ~/4 hr after injection. Addi- 
tionally, concentrations of d-amphetamine in various tissues 
were determined, allowing the comparison of concen- 
tration-response relationships after acute and chronic 
treatment. Because of  d-amphetamine cumulation, it was 
predicted that tolerance to operant behavioral suppression 
might either be masked or actually more pronounced if the 
tissue concentration, especially in brain or heart, were con- 
sidered. Increased d-amphetamine tissue levels, due to 
cumulation with chronic administration, might interfere with 

the behavioral expression of  tolerance, but the behavioral 
effect would still be less than would be predicted from the 
d-amphetamine concentration in tissue. Alternatively, if aug- 
mentation of the acute behavioral response occurred after 
repreated administration, it was predicted that elevated tis- 
sue levels might at least partially account for this. 

EXPERIMENT I 

METHOD 

5uhject,~ 

Subjects were 24 male Sprague-Dawley rats (Holtzman, 
Madison, WI). Because of logistics the experiment was 
done in 2 phases, 3 ~/2 months apart, with 2 animals from 
each of the 6 treatment groups in each phase. Animals in the 
2 phases were received in different shipments (and, as it 
turned out, from different colonies from the same supplier) 
but were matched for age (2 ~/, months old) and body weights 
(phase l: 342_+5 g; phase 2:344_+4 g, Mean_+SEM). Animals 
were housed in individual hanging cages in a room with a 12 
hour light/dark cycle (lights on 0800--2000 hr) maintained at 
25°C and 50cA humidity. 

Apparatu,s and Procedure 

Animals were gradually food-deprived to 80% of their 
free-feeding weights. They were trained to depress a lever 
for reinforcement with 45 mg food pellets (P. J. Noyes,  Lan- 
caster, NH) in a standard rodent operant chamber contained 
within a sound- and light-attenuating enclosure (BRS/LVE, 
Behsville, MD). Schedule contingencies were controlled and 
data were collected and reduced by a minicomputer (Nova 2, 
Data General Corporation, Southboro, MA) interfaced with 
Interact hard- and software (BRS/LVE. Beltsville, MD). 
Cumulative recordings (Gerbrands Corporation, Arlington, 
MA) were also obtained. The number of lever presses re- 
quired for reinforcement was gradually increased from 1 to 5 
(fixed-ratio 5, FR 5). Animals were allowed to respond for 
one 4 min epoch each hour for 6 consecutive hours (0900- 
1500 hr) each day. Between epochs they were removed from 
the chamber and put back in their home cages, where tap 
water was available ad lib. Rats were tested daily for 2-3 
weeks during which time they were habituated to IP injection 
with saline (1 ml/kg) 15 rain before the second epoch. 
Baseline responding was determined for 5 days before drug 
treatment was begun (Table 1). Based on these control rates, 
animals were randomly assigned to 6 treatment groups, bal- 
anced for average response rates. For the next 16 days all 
animals were injected IP with either d-amphetamine or saline 
15 min before the second behavioral epoch: one group re- 
ceived 1.0 mg 3H-d-amphetamine/kg, another group received 
2.5 mg :~H-d-amphetamine/kg, a third group received 5.0 mg 
• ~H-d-amphetamine/kg, and the remaining 3 groups received 
saline (1 ml/kg). On the 17th day, animals which had been 
receiving d-amphetamine received their usual dose and each 
group that had been receiving saline was injected with one of 
the 3 doses of  d-amphetamine. All animals were killed by 
decapitation immediately following the fourth behavioral 
epoch, and brain, heart, thigh muscle, epididymal fat and 
kidney were saved for subsequent analysis of :~H-d- 
amphetamine. 
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T A B L E  1 

SUCCESIVE BEHAVIORAL EPOCHS 

1 2 3 4 5 6 

Phase 1 54 .. 1.7 56 ± 1.9 56 _+ 2.0 56 ~- 2.0 54 ;_ 1.7 53 ± 1.7 

Phase 2 56 _+ 3.1 60 _+ 3.7 59 + 3.1 58 '- 3.4 58 _~ 3.1 57 _+ 3.2 

Baseline fixed ratio 5 responding across 6 epochs, sampled for 4 min at hourly intervals. 
Values represent responses per minute averaged for 5 control days (Mean ± SEM, for 12 
animals in each phase). 

Drugs 

Trit ium labelled d-amphetamine  sulfate (d-:~H(G) - 
amphetamine ,  New England Nuclear ,  Boston,  MA) was 
combined  with d-amphetamine  sulfate (Sigma, St. Louis,  
MO) and dissolved in isotonic saline daily. The same amount  
o f  tritium (5/,tCi/kg) was injected with each dose.  Inject ions 
were  always intraperi toneal  in a vo lume of  1 ml per kg body 
weight.  Doses are given for the salt. 

Analysis of "JH-d-Amphetamine 

d-Amphetamine  content  of  the var ious t issues was esti- 
mated as previously descr ibed [39]. Briefly, 3H-d- 
amphetamine  was extracted from tissue homogenate  into 
benzene  at a basic pH. It was then ext rac ted  from the ben- 
zene phase into formic acid. The  amount  of  radioact ivi ty 
recovered  in an aliquot o f  the formic acid was correc ted  for 
recovery  of  "~H-d-amphetamine carried through the extrac-  
tion (89_+3%, Mean_+SD, n=  10). 

I)ata Analysis 

The average response  rates for each animal during each 4 
min behavioral  epoch,  determined for the 5 days prior to the 
start of  the exper iment ,  served as control  baselines. The 
response rate for each animal during each behavioral  epoch 
during the exper iment  was expressed  as a percentage of  its 
appropriate  baseline rate. 

A 3-way analysis o f  var iance ( A N O V A )  was performed 
on the data for each of  the 4 behavioral  epochs  from the final 
day of  the study, with dose (1.0, 2.5 or  5.0 mg 
d-ampbetamine/kg) ,  t reatment  (acute or  chronic)  and phase 
(first or  second) as grouping factors.  A least significant 
difference (LSD) test was used to further characterize signifi- 
cant effects  [47]. Concentra t ions  of  d-amphetamine  in the 
various tissues were  similarly analyzed by 3-way A N O V A  
and LSD tests. Significance was determined by an alpha 
level of  0.05. 

Least -squares  linear regression analyses  were performed 
to relate the behavioral  response immediate ly  before decapi-  
tation to the concent ra t ion  of  d-amphetamine  in brain or  
heart after acute  or  chronic  t reatment .  Where  appropriate  
the 95% predict ion limits were also calculated.  

RESUI.TS 

Behavioral Effects 

Figure 1 shows data for the effects  on FR 5 responding for 
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FIG. 1. Effects of acute and chronic administration of 1.0, 2.5 and 
5.0 mg d-amphetamine/kg IP on FR 5 operant responding. Rats 
which received d-amphetamine acutely (open bars) had received 
saline (I ml/kg IP) on the previous 16 days. Rats in the chronically 
treated groups (,solid bars) received d-amphetamine daily for 17 
days. Behavior was sampled in 4 rain epochs before and after 
d-amphetamine injection. Responding in each epoch is expressed as 
a percentage of control responding for that epoch, determined for 5 
days prior to saline or d-amphetamine administration. Values are 
Mean_+SEM, for 4 rats in each group. *p<0.05, **p<0.01, chronic 
compared to acute treatment; + +p<0.()l, chronic compared to acute 
treatment, for rats in phase 2 only: ##p<0.01,  compared with next 
dose, collapsed across treatments (2-tailed LSD test). 
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FIG. 2. Cumulative recordings of FR 5 operant behavior emitted 
by rat No. 8, treated chronically with 5.0 mg d-amphetamine/kg IP for 
17 days. Responding during each of 6 hourly 4 min epochs is de- 
picted for 4 days of treatment. Panel A shows control responding 
with saline injected 15 rain before the second epoch. Panels B. C, 
and D show the first, sixteenth, and seventeenth (final) exposures to 
d-amphetamine, respectively. Response rates are indicated by the 
slopes of the recordings. Diagonal hatches indicate delivery of rein- 
forcers. Rats were killed after the fourth epoch on day 17, therefore 
subsequent epochs are not depicted (n/d). 

rats treated acutely or chronically for 17 days with 1.0, 2.5 or 
5.0 mg d-amphetamine/kg. Analysis of variance demon- 
strated only a main effect of dose, F(2,12)=71.11, p<0.005, 
t/,s hour after d-amphetamine administration with no differ- 
ence between acute and chronic treatments at this time. Re- 
sponding was increased at the lowest dose, with 6 of the 8 
rats responding at rates more than 2 standard deviations 
above their individual baselines. Responding was decreased 
in a dose-related manner at the higher doses. 

Analysis of variance of the data obtained 1 ~/4 hours after 
d-amphetamine administration showed a significant 3 way 
interaction of dose, treatment and phase, F(2,12)=9.19, 
p<0.005. This was due to apparent tolerance to the behavior 

suppression at the high dose, but only for animals in the 
second phase. This phase difference in the extent of 
tolerance development was also reflected in the tissue levels 
of d-amphetamine (see below). 

Two and one quarter hours after d-amphetamine adminis- 
tration there were significant dose, F(2,12)= 13.59, p--~0.005. 
and treatment, F(1.12)=5.93, p<0.05, effects, as well as, a 
dose by treatment interaction, F(2,12)=9.00, p,~0.005. 
Tolerance was evident for all rats at the highest dose ~regard- 
less of phase). Rats treated acutely were suppressed to 17c; 
of control response rates while those treated chronically 
were responding at 96~ of control. 

For the behavioral session ~..4 hour before d-amphetamine 
administration (i.e., 23 ~.'4 hours after the 16th administration 
in animals receiving d-amphetamine chronically), there was 
a significant treatment effect, F~1,12)-8.83. p-~ 0.05, with 
animals treated chronically showing suppression, especially 
at the high dose. 

Some of the effects described above are illustrated in Fig. 
2 by cumulative recordings obtained for a rat which received 
the highest dose of d-amphetamine chronically. Panel A 
shows control responding by that animal; injection of saline 
15 rain before the second 4 rain epoch did not affect subse- 
quent responding. The first administration of 5.0 mg 
d-amphetamine/kg (15 rain before the second epoch; Panel 
B) completely suppressed responding during the following 3 
epochs; responding had partially returned by 3~,'4 hr after 
injection. On the sixteenth day of repeated administration 
(Panel C) responding had returned by 2t,'~ hr after injection. 
The increased responding 3~.'~ and 4~./~ hr after injection. 
which is apparent for this rat on day 16 of treatment (panel 
C), was seen for 3 of the 4 rats which received the high dose 
chronically. Their responding after the first injection of 
d-amphetamine was less than or not different from baseline 
(mean + 2S D) but after repeated treatment their responding in 
these epochs was elevated Imore than 2SD) above baseline. 
The shortening of the duration of behavioral suppression, 
(i.e., tolerance) was also evident on the seventeenth day of 
injections (Panel D), when animals were killed immediately 
after the fourth behavioral epoch lapproximately 2~.'~ hr after 
injection). 

lT.;sue l,evel.~ ~[" d-Amphetamim" 

Concentrations of d-amphetamine in the various tissues 
after acute and chronic treatment are presented in Fig. 3. 
Results for the 2 phases of the study are presented separately 
since ANOVA showed a significant phase by dose by treat- 
ment interaction for 3 tissues, F(2,12)= 13.14, 6.43, and 5.86 
for brain, heart and kidney, respectively: p<0.02 for each. 
Inspection of the data shows that tissue concentrations are 
dose-related after acute administration regardless of phase. 
After chronic administration of the highest dose, 
d-amphetamine cumulated to a significant extent in brain, 
heart, muscle, fat and kidney from animals in the first phase, 
but only in fat of those from the second phase. The cumula- 
lion of d-amphetamine in tissues of rats from the first phase 
and not in those from the second phase is consistent with the 
observation that responding returned I hr earlier in animals 
from the second phase treated chronically with the highest 
dose (vide .sttpra). Concentrations after acute treatment were 
not different for the 2 phases, except in fat, where animals in 
the second phase receiving the highest dose had lower con- 
centrations than those in the first phase. 



T I S S U E  L E V E L S  O F  A M P H  A N D  B E H A V I O R  419 

P H A S E  1 P H A S E  2 

4 . 0 -  

2 . 0 -  

0 

1.5- 

ILl 
S3 
C.O O5-  
¢.0 
C--- o 

O) 1 . 0 -  

z 

0.5- 
h- 
ILl 
"1- 
13_ 0 

,,~ 2 0 -  

O l  

: : 1 -  1 0 -  

0 

20- 

1 0 -  

0 

BRAIN 

B 

H E A R T  

CB 

M U S C L E  

Ii 

o ~  

o 

o ~ : ¥  

o 

o 

o~ 
FAT 

0 

O 

KIDNEY 
o ~  

[] 

o 

I 

t ~  

tz 

[] 

I 

1.0 2 .5  5 .0  1.0 

5i 

[] 
[] 

[3 

I : ~  

[] ~ - +  

li [] 

2.5 5.0 

D O S E  of  d - A M P H E T A M I N E  ( m g / k g )  

FIG. 3. Tissue levels of d-amphetamine after acute or chronic treat- 
merit. Circles depict data from the first phase of the experiment, 
squares from the second phase. Open symbols denote acute treat- 
ment. solid symbols denote chronic treatment. Each symbol repre- 
sents a mean value for 2 rats. *p--~0.05. **p<0.01. chronic compared 
to acute treatment; t 4p<0.01, phase 2 compared to phase 1 (2-tailed 
LSD test). 

Behav ior  as a Func t ion  oJ'Brain or Hear t  Concen t ra t ion  

After  acute administrat ion of  d-amphetamine ,  the behav- 
ioral effect immediate ly  prior to decapitat ion (i.e., 2u/4 hours 
after administrat ion) is highly correla ted with concentra t ion  
o f  d-amphetamine  in brain or  in heart.  Linear  correlat ion 
analyses  were  not performed on the data from other  t issues 
because it was felt that brain and heart were  representat ive  
target t issues probably responsible for behavioral  effects  of  
d-amphetamine  and indicative of  the most  important  rela- 
t ionship be tween drug concentra t ion  and effect.  Figure 4, 
reveals  that the linear relation be tween tissue concentra t ion  
and behavioral  effect,  which is so evident  after acute admin- 
istration, is lacking after chronic  t reatment  {brain: 
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FIG. 4. Correlation between brain or heart concentration of 
d-amphetamine and behavioral response after acute administration 
and lack of correlation after chronic treatment. The behavioral re- 
sponse immediately before killing the rats is plotted as a function of 
concentration of d-amphetamine in tissue for each subject. Circles 
depict data from the first phase of the experiment, squares that form 
the second phase; open symbols represent rats treated acutely, solid 
symbols those treated chronically. After acute administration, the 
behavioral response is highly correlated with brain levels 
(y=-0.699×+ 1.362, R~,,=-0.870, p<0.001) and with heart levels 
(y = - 1.467× + 1.350, R,,,= -0.903, p<0.001 ). Dotted lines indicate 
the 9Y~ prediction limits for behavioral response regressed against 
tissue concentration after acute treatment. 

R(10)=-0 .348 ,  p > 0 . 1 ;  heart: R(10)= -0.272,  p>0.1) .  Addi- 
tionally, the points from data for all of  the animals which 
received the highest dose and 2 of  the 4 animals which re- 
ce ived the median close chronically lie to the right o f  the 95% 
conf idence limits for the behavioral  response predicted from 
either tissue level of  d-amphetamine.  Thus,  the behavioral  
effect is actually less than would be predicted from the brain 
or  heart levels,  as well as being less than would be expected 
at the dose administered (Fig. 1). It is of  particular interest 
that tolerance to d-amphetamine- induced behavioral  disrup- 
tion was evident  even in the 2 rats in phase I which had 
greatly elevated tissue levels of  d-amphetamine  after chronic 
treatment.  

E X P E R I M E N T  2 

The first exper iment  reported herein was carried out in 2 
phases because of  its size, duration and complexi ty .  Care 
was taken to control  for confounding variables which might 
otherwise  influence the outcome.  Never the less ,  during the 
course  of  the behavioral  component  it became apparent  that 
responsiveness  to the behavioral  effects  of  d-amphetamine  
differed be tween subjects in the two phases. This was subse- 
quently borne out by A N O V A  of  both the behavioral  and 
tissue concentra t ion  data, which included phase  as one of  
the factors. Since significant phase differences emerged,  we 
could not be certain as to their  origin, be they seasonal,  
genetic,  ontogenet ic ,  etc. However ,  we felt it was important 
to ascertain if genetic and/or ontogenet ic  factors also were 
important determinants  of  the ou tcome  of  exper iments  of  
this type, especial ly if there was no reason to believe the 
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same supplier was not shipping "'identical" rats. When we 
found out that the supplier shipped rats from one building 
(Colony 4) for phase I and shipped rats from another building 
IColony 3) for phase 2, we chose to do a contemporaneous 
experiment using subjects from each colony. We felt that 
investment of time and effort for training and stabilizing 4 
min epochs of FR behavior might not be necessary for de- 
termining if inherent differences in conditioned behavior 
and/or its sensitivity to disruption by d-amphetamine existed 
between the so-called "identical" colonies (i.e., phases). If 
we could establish that such differences existed without 
doing a chronic study or determining tissue concentrations, 
it would corroborate our initial observations and help us 
interpret the otherwise unexpected phase (colony) differ- 
ences we observed in the first experiment. Additionally, if 
such differences emerged in an experiment which utilized a 
considerably different behavioral procedure, the robustness 
and generalizability of the importance of such factors would 
be strengthened. Accordingly, the second experiment 
utilized a modified autoshaping procedure wherein delivery 
of the reinforcing stimulus (food pellet) was under a 
random-time schedule associated with the retraction of a 
lever which previously emerged from behind the manipulan- 
dum panel; or contingent upon a lever-touch response, 
which caused immediate retraction of the lever and delivery 
of the food pellet. As such, we have chosen to refer to the 
procedure as an autoshaped operant but it has been referred 
to as a forward-pairing autoshaped procedure as well [11. 
After acquisition and stabilization of this conditioned behav- 
ior at asymptotic levels, the rats were challenged with 
d-amphetamine to determine whether they were also differ- 
entially sensitive to the behavioral disruptive action of this 
drug. While the previous experiment, which suggested that 
this might be the case, was carried out on rats performing an 
operant maintained on a FR 5 schedule of reinforcement, the 
autoshape procedure, with pharmacological challenge 
utilized in this experiment has been demonstrated to detect 
behavioral teratogenic consequences of exposure to other- 
wise relatively nontoxic doses of methylmercury itt utero 
[20]. Since we have previously shown this behavior to be 
more resistant to disruption than FR responding [37], we 
used a higher dose of d-amphetamine than those used in the 
previous study. We sampled behavior at approximately 2 hr 
after injection, the median time used in the previous study. 

METHOD 

Subjects 

Ten adult (4 month old) male Sprague-Dawley rats from 
each of two colonies from which subjects were obtained for 
the previous experiment (Colonies 4 and 3, Holtzman, Madi- 
son, Wl, as used in Phases 1 and 2 of Experiment 1, respec- 
tively) served as experimental subjects. They were individ- 
ually housed and gradually reduced to 809~ of their free- 
feeding weights. Their final weights ranged from 350 to 400 g. 
They were subsequently tested on three consecutive days for 
acquisition of an autoshaped operant response. 

Apparatus 

A standard rodent operant chamber was equipped with a 
retractable lever and 8 cm wide metal strips near the top of 2 
adjacent walls as described elsewhere [20,37]. Touches by 
the rat which completed a circuit (less than 2.5 M Ohms 
resistance) between the grid floor of the chamber and either 

the lever or the strips were counted. It is problematic 
whether initial lever-touches are a reflection of horizontal 
exploratory activity or a combination of such random activ- 
ity plus responses directed toward the lever as conditioning 
occurs. Rearing (strip-touching) is a measure of exploratory 
activity and tends to diminish as the rats habituate to the 
chamber, diminishing even more as they acquire and per- 
form the autoshaped response, attending more and more to 
the lever or the hole it emerges from [27]. A computer (Nova 
2. Data General Corporation, Southboro, MA) interfaced 
with Interact hardware and software I BRS"LVE. Beltsvillc, 
MD) controlled environmental contingencies and collected 
and reduced data. 

Autoshaped Behavior 

During autoshaping sessions, the lever was extended into 
the operant chamber an average of once each minute, the 
time between presentations ranging randomly from 30 to 90 
sec. If the rat touched the extended lever, completing a cir- 
cuit with the grid floor, the lever retracted and concurrently 
a 45 mg food pellet (BioServ, Frenchtown, N J) was deliv- 
ered. If the rat did not touch the lever, it was retracted after 
15 sec and a food pellet was delivered. An autoshaping ses- 
sion consisted of 20 lever presentations. In addition to 
cumulative recordings of lever contacts IR. Gerbrands Co., 
Arlington, MA) during each session, a computer printout of 
latencies to respond to each lever presentation, total lever 
touches, and total strip touches were obtained. 

l)rugs 

d-Amphetamine sulfate (Sigma, St. I~ouis, MO) was dis- 
solved in isotonic saline to contain 7.5 mg d-amphetamine 
sulfate per ml. Injections were intraperitoneal in a volume of 
I ml per kg body weight. 

RESULIS 

Analyses of variance performed on data from the first 3 
days of autoshape acquisition with colony (3 or 4) as the 
grouping factor showed significant effects of repeated testing 
on all variables (correct responses, latencies and strip 
touches) (Fig. 5). Animals made more correct responses, 
F(2,36)=31.40, p<0.001, with shorter latencies 
F(2,36)=42.66, p<0.001, indicating acquisition of the lever 
touch response. At the same time, rearing behavior (i.e., 
strip touching) diminished. F(2,36)-4.47, p<'0.025. Consis- 
tent with our expectations, ANOVA also indicated a main 
effect of colony on all dependent variables, with rats from 
Colony 3 making more correct responses. F(I,18)=4.56, 
p<0.05, with shorter latencies. FI1,18)=4.75, /~':~0.05. and 
rearing less, F(I,18)-6.76, p<0.025. There was no signifi- 
cant interactions for any dependent variable. 

Animals were allowed 14-16 additional daily sessions to 
stabilize on the autoshaped operant. The average of the last 5 
days served as baseline rate for each animal (Table 2). Two 
rats (one from each colony) were dropped from further study 
because their autoshape performance was erratic. Rats from 
Colony 3, which had acquired the autoshape response more 
rapidly, had slightly longer latencies to respond than rats 
from Colony 4: however, all rats were responding to essen- 
tially all lever presentations at the time baselines were de- 
termined two weeks after initial training. 

Rats from each colony were randomly assigned to two 
treatment groups. One group (5 rats from each colony) re- 
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FIG. 5. Differential acquisition of an autoshaped operant by rats 
obtained from different, but "'identical" colonies. Values are 
Mean_+SEM for 10 rats from each colony. Although significant ef- 
fects of repeated testing indicated subjects from both colonies 
learned the reslxmse, rats from colony 3 made significantly more 
correct responses, F(I,18)=4.56. p<O.05, with shorter latencies, 
F(I,18)=4.75, p<0.05, and less rearing, F(I.18)=6.76, p<0.025, 
than those of Colony 4. 

T A B L E  2 

BASELINE RATES OF AUTOSHAPED BEHAVIOR 

Colony 4 Colony 3 

Total Correct Responses 19.7 ~. 0.1 19.5 ± 0.2 
Average Latency (see) 1.8 +_ 0.2* 2.6 ± 0.3 
Total Strip Touches 29.5 = 5.8 22.5 = 7.0 

Values represent averages for 5 control days ( Mean t SEM, for 9 
animals in each colony). 

*p<O.05, Compared with colony 3. F( 1.16)-4.71, ANOVA. 

T A B L E  3 

COI,ONY DIFFERENCES IN EFFECTS OF ACUTELY 
ADMIN ISTERED d-AMPH ETAMIN E ON AN AUTOSHAPEI) OPERANT 

Colony 4 Colony 3 

SAI, d-A SAL d-A 

Total Correct Responses 19.2 5.1)* 19.8 16.5 
Average Latency (see) 2.1 12.0" 2.4 4.3 
Total Strips Touches 47.8 12.0 39.5 6.4 

Values (Mean ± SEM) represent 4 animals from each colony 
given saline (SAL) and 5 animals from each colony given 7.5 mg 
d-amphetamine/kg IP approximately 2 hr before testing. 

*p<0.01 compared with each other group (2-tailed LSD test). 

for str ip t ouches  to be lower  af te r  d - a m p h e t a m i n e ,  
F( I ,  14) =4.37,  p <0.055.  

The  resul ts  of  this  s tudy d e m o n s t r a t e  d i f fe rences  b e t w e e n  
rats  of  the same s t ra in  f rom a single suppl ier  ma tched  for 
sex,  age, body weights  and  p re sumed  to be identical .  Differ- 
ent ial  acquis i t ion  of  an  a u t o s h a p e d  ope ran t  and  different ial  
r e spons ivenes s  to acute ly  admin i s t e r ed  d - a m p h e t a m i n e  were 
found,  in spite of  the  s imilar  base l ines  of  this  b e h a v i o r  when  
they were  cha l l enged  with drug. Rats  f rom Colony  4, which  
s h o w e d  cumula t ion  of  d - a m p h e t a m i n e  af te r  chron ic  t reat-  
men t  in Expe r imen t  1, were  more  sens i t ive  to acute ly  ad- 
minis te red  d - a m p h e t a m i n e  in E x p e r i m e n t  2. 

ce ived  7.5 mg d - a m p h e t a m i n e / k g  IP one  hour  50 minu te s  
before  the  behav io ra l  sess ion ;  the o the r  g roup  (4 ra ts  f rom 
each  co lony)  rece ived  saline IP one  hou r  50 minu tes  before  
the behav iora l  sess ion.  

A N O V A ' s  on  total  cor rec t  r e sponses ,  average  la tency 
and total  s t r ip  t ouches  ( expres sed  as pe rcen t age  of  base l ine  
values) ,  wi th  co lony  (3 or  4) and  t r e a t m e n t  (sal ine or  
d - a m p h e t a m i n e )  as g rouping  factors ,  now revea led  co lony  
d i f fe rences  in r e sponse  to acute  d - a m p h e t a m i n e  (Table  3). 
Rats  f rom Colony  4 were  great ly  af fected by d - a m p h e t a m i n e .  
They  r e sponded  to fewer  lever  p re sen ta t ions ,  F(1 ,14)=4.90 ,  
p < 0 . 0 5 ,  and  had longer  ave rage  la tencies ,  F ( I ,14 )=6 .04 ,  
p < 0 . 0 5 ,  than  rats  f rom Co lony  3 tha t  rece ived  
d - a m p h e t a m i n e  (which  were  hardly  affected)  or  ra ts  f rom 
e i the r  co lony  which  rece ived  sal ine.  T h e r e  were  no  signifi- 
can t  e f fec ts  on  s tr ip  touch ing ,  a l though  the re  was a t e n d e n c y  

D I S C U S S I O N  

This  s tudy was  des igned  to measu re  effects  of  a b road  
dose  range for d - a m p h e t a m i n e  o v e r  severa l  hours .  These  
resul t s  show the  initial effect  (i.e.,  15 min af ter  inject ion)  of  
acute ly  admin i s t e r ed  d - a m p h e t a m i n e  on  lever  press ing main-  
ta ined u n d e r  an FR-5 food r e in fo rcemen t  schedule  was 
dose - ra la ted ;  tha t  1 mg/kg inc reased  re spond ing  and  2.5 
mg/kg and  5.0 mg/kg suppres sed  r e spond ing  in a dose  re la ted 
manne r .  R e s p o n d i n g  r ema ined  suppre s sed  for at least  2~/4 hr  
af ter  the h ighes t  dose  but  had r ecove red  by 3~/4 and  4~/4 hr  
(group da ta  not  p resen ted) .  T w o  poin ts  require  fu r ther  expli- 
ca t ion .  First ly,  the  ope ran t  behav iora l  suppress ion  as a 
measu re  of  drug ac t ion  was  subjec t  to a f loor-effect  and,  ~/4 
to 1~/, hr  a f te r  the highest  dose ,  the o b s e r v e d  behav iora l  
suppres s ion  was  p robab ly  a c o n s e r v a t i v e  es t imate  of  the  
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actual effect. Secondly, it is possible the lowest d-am- 
phetamine dose would have produced a shorl-lived 
suppression of responding which was no longer apparent at 
the time of the first test epoch (i.e., 15 min after injection). 
This d-amphetamine dose has been previously shown to 
suppress FR 30 food maintained lever pressing within ap- 
proximately 5-10 min of injection when the animal's behav- 
zor was continuously monitored [421. d-Amphetamine-in- 
duced suppression can be considerably attenuated by return- 
ing the animal to its home cage for 10 min before behavioral 
testing of operant responding [42]. 

After repeated administration of d-amphetamine for 17 
days, alterations in operant behavioral effects were still 
dose-related. However, the effect of repeated administration 
upon operant behavior also turned out to be dose-dependent. 
At the lowest dose, no change in the increased responding 
was observed: it was neither augmented nor attenuated. 
Similarly, no apparent difference in operant behavior was 
demonstrated between acute and chronic treatment with the 
median dose, although brain and heart concentrations in half 
the rats treated chronically were higher than would be ex- 
pected from their behavior. Behavioral tolerance emerged 
for the highest dose with chronic administration. Tolerance 
was evidenced by a shortening of the duration of the operant 
behavioral suppression. A decreased response to this dose 
would most readily be seen as a shortening of duration rather 
than as a diminution of peak effect, since the peak effect 
after acute treatment was very likely greater than could be 
measured by the behavioral suppression at this dose (i.e., 
complete suppression resulting in a floor-effect). The dura- 
tion of operant suppression has been reported to be directly 
related to the dose of d-amphetamine administered [4,30] and 
the shorter duration of suppression with the highest dose 
after repeated treatment indicates a lower-dose effect: that 
is, tolerance had developed. As mentioned in the Introduc- 
tion, tolerance to d-amphetamine's effects on operant behav- 
ior has been previously reported but not under all conditions. 
It is possible that the mechanism for and/or rate of tolerance 
development (if at all) to the response-increasing action of 
d-amphetamine is different from the mechanism for and/or 
rate of tolerance development to the response-suppressing 
action of the drug. Schuster and coworkers 1341 suggested 
tolerance develops to effects which interfere with accom- 
plishment of schedule contingencies but not to effects which 
facilitate it. Our data support this theory inasmuch as we 
observed tolerance to the response suppressing effects of the 
highest dose but no tolerance to the response-facilitating ef- 
fects of the lowest dose. 

Repeated administration of d-amphetamine also produced 
progressive suppression of responding 23~,'4 hr after injec- 
tion, which was significant for the highest dose. This 
"baseline shift" could be due to some sort of conditioned 
aversion because the daily dose of d-amphetamine was ad- 
ministered shortly after this epoch [15]. d-Amphetamine 
administered immediately after daily operant sessions using 
fixed ratio or fixed interval schedules of reinforcement has 
been reported to suppress responding in subsequent daily 
sessions [11,43]. 

Alternatively, suppression 23~/,, hours after the previous 
administration of d-amphetamine may be evidence of with- 
drawal. This interpretation is supported by the observation 
that repeated administration of the highest dose resulted in 
tolerance to the acute behavioral-suppressant effect 2t/4 
hours after injection and responding had completely re- 
covered by 4J/4 hours. Others have also reported a "withdrawal 

depression'" syndrome after repeated administration of 
d-amphetamine to animals [46I or man 128,33]. If the baseline 
shift was the result of a residual effect upon chronic injection 
(conditioned aversion and/or drug cumulation), one should 
expect augmented FR behavioral suppression after daily in- 
,jection, not tolerance. In previous research it has been 
demonstrated that FR operant behavior studied in a similar 
manner can be a sensitive indicator of spontaneous with- 
drawal [14] when drugs are administered chronically. 

The determinations for relative distribution and amounts 
of d-amphetamine in various tissues after acute administra- 
tion presented here agree well with those reported by others 
19, 21, 23, 25]. d-Amphetamine can cumulate in tissue after 
repeated administration, with brain and heart levels increas- 
ing as much as 2-fold after 5.0 mg d-amphetamine/kg. Similar 
findings have also been reported by others, but following 
more frequent dosing schedules, Kuhn and Schanberg [231 
found a 4(F/~ increase in brain levels and 809~ increase in 
heart levels of d-amphetamine 12 hours after the last of 6 
intraperitoneal injections of 5 mg d-amphetamine/kg given at 
12-hour intervals. Similarly, Segal and coworkers [36] found 
a 50~; increase in brain 3 hours after the last of 31 injections 
of 2.5 mg d-amphetamine (base)/kg Given subcutaneously at 
4-hour intervals. In contrast, cumulation has not always 
been observed. Lowered d-amphetamine levels in brain and 
unchanged levels in heart and kidney (though fat levels were 
increased) have been previously reported after 6 daily injec- 
tions of 2.5 mg d-amphetamine (base)/kg subcutaneously 
[39]. In the present study no evidence of cumulation was 
found when 1.0 or 2.5 mg d-amphetamine/kg was adminis- 
tered intraperitoneally daily, for 17 days. Five mg/kg 
produced elevated levels of drug in till 5 tissues that were 
analyzed for one cohort of rats but some cumulation of un- 
changed d-amphetamine was only evident in fat (not brain, 
heart, muscle or kidney) for another cohort. The results of 
this study, while demonstrating a difference in cumulation 
between rats in the 2 phases, did not allow us to characterize 
the source of this variability. 

More importantly, brain and heart levels of amphetamine 
correlated with behavioral response after acute administra- 
tion, regardless of any individual or phase differences. This 
is not an unexpected finding, but it has not been so clearly 
demonstrated previously for operant behavior. Maickel and 
coworkers [25] determined brain concentrations and effects 
on several conditioned behaviors at several time intervals 
(from 0.5 to 8 hr) after acute administration of d-am- 
phetamine over a 30-fold dose range. They found a 
broad range of concentrations of d+amphetamine in brain at 
different doses and times after injection. However. of their 
behavioral measures, only the food-reinforced portion of a 
discrimination procedure (with a shock maintained es- 
cape/avoidance as the other behavior) showed a large 
enough range of disruption by d-amphetamine (6-78',7() to be 
used in a correlation analysis. Their data show that. at a 
given time after acute administration (specifically 0.5-3 hr), 
brain concentrations and suppression of operant responding 
for food reinforcement were directly related to the 
d-amphetamine dose, with higher doses producing higher 
brain concentrations and greater response suppression. 
However, because the dispositional and behavioral meas- 
urements were determined on different subjects, it would be 
unwise to speculate further regarding a functional relation 
between brain concentrations of drug and behavioral effects. 
Since behavioral manipulations can affect d-amphetamine 
disposition [26. 32. 39], in the current study the same sub- 
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jec t s  were used for disposit ional and behavioral  determina-  
tions. Thus,  the linear concent ra t ion- response  relat ionships 
control  for effects  on d-amphetamine  disposit ion produced 
by the behavioral  procedure  and at the same time probably 
reflect more closely the effects on operant  responding re- 
lated to d-amphetamine  concent ra t ions  in tissue. 

Al though brain or  heart d -amphetamine  concentra t ion 
and operant  behavioral  response were  highly correlated after 
acute administrat ion,  a significant correlat ion was not evi- 
dent after chronic  t reatment .  After  repeated administrat ion 
of  higher doses ,  the behavioral  suppression was much less 
than would have been predicted from the levels of  
d -amphetamine  found in brain or heart. Animals  which 
showed diminished behavioral  disruption after repeated 
administrat ion o f  a given dose of  d-amphetamine  also 
showed a diminished behavioral  effect fi.e., tolerance) based 
on tissue d-amphetamine  levels,  even when cumulat ion was 
evident .  In fact, for all animals receiving the highest dose 
and half the animals receiving the median dose chronically,  
the behavioral  response was much less than would have been 
predicted from brain or  heart levels o f  d-amphetamine.  Thus,  
tolerance to the operant  behavioral  suppressant  effect of  
d-amphetamine  was evident  even  in the face of  e levated 
levels of  d -amphetamine  in target tissue. Increased tissue 
concent ra t ions  without ev idence  of  enhanced behavioral  ef- 
fects or  enhanced behavioral  effects  in the presence of  tissue 
concent ra t ions  which are proport ionately  even more ele- 
vated should also be considered as ev idence  of  tolerance.  

The highest dose  produced effects upon behavior  after 
chronic  injection which were varied and most interesting. It 
appears  that the magnitude and duration of  response sup- 
pression was great enough to induce behavioral  tolerance to 
this effect and as tolerance deve loped ,  even in the face of  
significant cumulat ion in half of  the subjects,  there emerged 
significantly increased responding in epochs  3~/4 or  4~/a hr 
after chronic  injection in 3 of  the 4 subjects,  which was not 
evident  after acute  injection. 

This phenomenon  may be interpreted in several ways. 
Simply.  it may be a rebound increase in responding after 
maximal  suppression in earl ier  epochs  which would have 
emerged after acute  injection, had we studied them for more 
than 4~/.~ hr after injection. As tolerance to the response-  

suppressing action o f  d-amphetamine  developed,  the time- 
effect curve  shifted to the left, unmasking this effect because 
it was now occurr ing while we studied the rats" behavior .  
Al ternat ively,  the rate-increasing action of  d-amphetamine 
on FR 5 behavior  is incompatible with its rate-suppressing 
action and emerges  as tolerance to the latter effect develops .  
This interpretat ion is somewhat  akin to the concept  dis- 
cussed earl ier  whereby  emergence  of  s tereotypies  is incom- 
patible with locomotor  behavior ,  thereby suppressing the 
latter. 

In summary,  the time course  of  the acute effects of  rate- 
increasing and rate-decreasing doses  of  d-amphetamine  on 
operant  behavior  were determined.  Tolerance  to the 
behavior-suppressant  effect o f  d-amphetamine  was demon-  
strated while failing to find tolerance to its behavior-  
increasing effects,  d -Amphetamine  cumulated in various tis- 
sues 'after repeated IP administrat ion of  the high dose,  but 
not lower doses.  This cumulat ion was not observed  for all 
rats and a subsequent  study suggested that genetic or  on- 
togenetic differences be tween  rats, as reflected in differ- 
ences  in acquisi t ion of  an autoshaped operant  and in the 
behavioral  response to acute t reatment ,  may also be respon- 
sible for differences in drug cumulat ion after repeated admin- 
istration. Tolerance  was evident  even  in the presence of  ele- 
vated tissue levels of  d-amphetamine,  but was even more 
obvious  when these e levated levels were taken into account .  
The co-deve lopment  and co-exis tence  o f  tolerance and 
cumulated drug in target t issues and the relative balance of  
these two opposing phenomena  may be responsible for 
tolerance as well as augmentat ion of  a particular behavioral  
or physiological measurement  after repeated administration. 
The confounding effects of  these two opposing factors,  as 
well as genetic and ontogenet ic  differences be tween sub- 
jects ,  may help to explain some of  the diverse  and apparently 
contradic tory  results reported in the literature. 
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