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KANDEL, D., D. DOYLE AND M. W. FISCHMAN. Tolerance and cross-tolerance to the effects of  amphetamine, 
methamphetamine and fenfluramine on milk consumption in the rat. PHARMAC. BIOCHEM. BEHAV. 3(4) 705-707,  
1975. - It has been reported that rats develop tolerance to the milk intake suppressant effects of d-amphetamine, 
d-methamphetamine, and d, 1-fenfluramine. However, it has been hypothesized that the mechanism of action of 
fenfluramine is different from that of the other two drugs. In the present experiment, rats were given one of these 3 
phenylethylamine derivatives each day until tolerance developed to the suppression of milk intake. A second of these 
drugs was then substituted and milk intake measured. There was cross-tolerance to the drug-induced suppression 
between d-amphetamine and d-methamphetamine, but not between d-amphetamine and d,l-fenfluramine. The lack of 
cross tolerance suggests a different mechanism of action for these drugs. 

Amphetamine Methamphetamine Fenfluramine Tolerance Cross-tolerance 

D - A M P H E T A M I N E ,  d - m e t h a m p h e t a m i n e  and d,l-fen- 
f lu ramine  are th ree  re la ted p h e n y l e t h y l a m i n e  derivat ives 
wi th  s imilar  food  in take  suppressan t  effects  [1, 3, 6, 8, 9, 
I 0 ] .  Despi te  this  s imilar i ty  in ac t ion ,  the i r  behav iora l  
effects  are no t  to ta l ly  comparab le .  F o r  example ,  d,1- 
f en f lu ramine  causes a decrease  in s p o n t a n e o u s  m o t o r  
act ivi ty  while  d - a m p h e t a m i n e  and  d - m e t h a m p h e t a m i n e  
cause an increase in s p o n t a n e o u s  m o t o r  act ivi ty  [2, 3, 6, 8, 
9, 10, 11] .  It is t he r e fo re  possible t ha t  these  drugs, wh ich  
all cause a decrease in food  c o n s u m p t i o n  w h e n  adminis -  
te red  acutely ,  are mod i fy ing  food  in take  via d i f fe ren t  
mechan i sms  o f  ac t ion .  If  so, t hen  to le rance  to the  appe t i t e -  
suppressan t  e f fec ts  of  one of  these  p h e n y l e t h y l a m i n e s  
might  no t  be expec t ed  to persist  w h e n  a n o t h e r  is sub- 
s t i tu ted  in the  t o l e r an t  animal .  This  research was designed 
to  examine  the  d e v e l o p m e n t  of  to le rance  to the  milk in take  
suppressan t  effects  of  d - a m p h e t a m i n e ,  d - m e t h a m p h e t a m i n e  
and  d , l - fenf lu ramine  in the  rat .  When to le rance ,  de f ined  as a 
r e tu rn  to s table  milk in take ,  developed,  a second  of  these 
drugs was s u b s t i t u t e d  and  in take  measured .  It was f o u n d  

t ha t  ini t ial  to le rance  deve loped  in all animals  for  all three  
drugs. Cross to le rance  was d e m o n s t r a t e d  b e t w e e n  d- 
a m p h e t a m i n e  and  d - m e t h a m p h e t a m i n e ,  bu t  no t  be tween  
d - a m p h e t a m i n e  and d , l - fenf luramine .  

METHOD 

The  animals  were 37 male  H o l t z m a n  rats, weighing 
b e t w e e n  340  and  390 g at the  beg inn ing  of  the  expe r imen t .  
Each  rat  was housed  individual ly  and ma in t a ined  on  a 
feeding schedule  of  15 rain daily access to  40 ml Bordons  
Swee tened  C o n d e n s e d  Milk (2 parts  water :  1 par t  mi lk)  in 
the  h o m e  cage. Water  was available at all t imes  excep t  
dur ing  the  15 min  per iod  of  access to  milk.  Af te r  the  15 
min  had  elapsed,  each rat  was given 4 - 6  g Pur ina  Lab 
Chow.  

Af te r  mi lk  in take  s tabi l ized for  each rat  (less t han  10 
pe rcen t  var ia t ion  in in take  for  3 - 6  days),  the  animals  were 
divided in to  9 groups  on  the  basis of  m a t c h e d  weight  and  
were given daily s u b c u t a n e o u s  in jec t ions  of  0.1 ml saline 15 
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TABLE 1 

DRUG TREATMENT SCHEDULE: ORDER, NUMBER OF SUBJECTS IN GROUP, DRUG, DOSE, AND NUMBER 
OF DAYS ON DRUG REGIMEN 

Drug Regimen No. 1 Drug Regimen No. 2 

Group N Drug Dosage Days Drug Dosage Days 

A F 4 d-amphetamine 1.5 mg/kg 19 d,l-fenfluramine 10.0 mg/kg 12 

A S 4 d-amphetamine 1.5 mg]kg 19 saline 0.1 ml 12 

S-F 4 saline 0.1 ml 19 d,l-fenfluramine 10.0 mg/kg 1 2 

F-  A 4 d,l-fenfluramine 10.0 mg/kg 19 d-amphetamine 1.5 mg/kg 12 

F -  S 4 d,l-fenfluramine 10.0 mg/kg 19 saline 0.1 ml 12 

S-A 4 saline 0.1 ml 19 d-amphetamine 1.5 mg/kg 12 

A-M 5 d-amphetamine 1.5 mg/kg 19 d-methamphetamine 1.5 mg/kg 12 

S-M 4 saline 0.1 ml 19 d-methamphetamine 1.5 mg/kg 12 

M-A 4 d-methamphetamine 1.5 mg/kg 26 d-amphetamine 1.5 mg/kg 5 

min prior to each milk feeding. When milk intake was again 
stable, the first daily drug regimen was begun. Table 1 
presents the order of drug administration and number of 
animals in each of the 9 groups. The doses selected 
produced equal effects on milk intake when administered 
acutely during a pilot study prior to this experiment. All 
drug doses, given daily in subcutaneous injections 15 rain 
prior to each milk-feeding period, have been shown to be 
nonlethal in the rat and produced food intake suppression 
to which tolerance develops [1, 2, 3, 4, 6, 9, 101. The drugs 
were in the salt from and dissolved in 0.1 ml of 0.9 percent 
saline for injection. 

During the 19 days (26 days for group M-A, because 
tolerance developed more slowly) of the first drug regimen, 
tolerance to the drugs' suppressant effect on milk intake 
developed for all rats. This was defined as a return of milk 
intake to the initial saline baseline or a new stable baseline. 
Rats given saline maintained stable milk intake. The second 
drug regimen was then instituted for 12 days (5 days for 
Group M-A), a period of time sufficiently long for milk 
intake to approach stable baseline levels. 

RESULTS 

No cross-tolerance to the milk intake suppressant effects 
of d-amphetamine and d,l-fenfluramine was demonstrated 
in this study. In Group A-F, tolerance developed to the 
suppressant effects of d-amphetamine, but when, d,1- 
fenfluramine was substituted, milk consumption decreased. 
Similarily, in Group F-A, tolerance developed to the 
suppressant effects of d,l-fenfluramine but d-amphetamine 
again caused a decrease in milk consumption. A comparison 
of milk intake during the last 5 days on the initial drug 
regimen to intake during the 5 consecutive days of maximal 

decrease in milk consumption on the second drug regimen 
for both Groups A-F and F-A shows the difference to be 
significant (t, two-tailed = 4.33, 3.68 p<0.25). 

A closer analysis of the data reveals that neither the 
decrease in milk consumption nor the pattern of tolerance 
development on the second drug regimen was affected by 
the initial drug administration. This is shown by the 
remarkable similarity of the effects of d,l-fenfluramine in 
Groups A-F and S-F (Fig. 1A) and of d-amphetamine in 
Groups F-A and S-A (Fig. 1B). In addition, groups A-S (Fig. 
1A) and F-S (Fig. 1B) demonstrate that it was possible to 
recover initial stable milk intake baselines when saline was 
substituted for drug. 

There is cross-tolerance to the milk intake suppressant 
effects of d-amphetamine and d-methamphetamine. This 
can be seen by comparing the data from Group A-M (Fig. 
1C) and Group M-A (Fig. 1D). Tolerance developed to the 
suppressant effects of the initial drug, d-amphetamine. 
Upon substitution of d-methamphetamine, no decrease 
(and even a slight increase) in milk consumption occurred. 
In addition, the order of drug presentation is unimportant 
to cross-tolerance development as shown in Group M-A. 
With substitution of d-amphetamine for d-methampheta- 
mine, no decrease in milk consumption occurred. The 
presence of cross-tolerance may be more clearly shown by 
comparison of the data from Group A-M and M-A with the 
data from Groups S-M and S-A, Rats given d-methampheta- 
mine and d-amphetamine in Groups S-M and S-A, respec- 
tively, showed significant (t, two-tailed = 2.74, 5.03 
p<0.05) decreases in milk consumption while rats given d- 
methamphetamine and d-amphetamine in Groups A-M and 
M-A, respectively, showed no decrease. The tolerance to 
d-methamphetamine in Group A-M is contingent on prior 
administration of d-amphetamine, just as the tolerance in 
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DAYS ON DRUG REGIMEN 

FIG. 1. Effects of d-amphetamine, d-methamphetamine and d,1- 
fenfluramine on milk consumption in rats. Points are expressed as 
a percent of the pretreatment saline level of each group. The 
vertical dashed lines indicate the day chronic drug regimen No. 2 
was substituted for No. 1 drug regimen. For the methampheta- 
mine-amphetamine group this was Day 26; for the other groups it 

was Day 19. 

G r o u p  M-A is c o n t i n g e n t  on  pr ior  a d m i n i s t r a t i o n  of  
d - m e t h a m p h e t a m i n e .  

The  pa t t e rns  of  milk in take  changed  d i f fe ren t ia l ly  a f te r  
the  daily a d m i n i s t r a t i o n  of  d - a m p h e t a m i n e  and  d,1- 
f en f lu ramine .  Milk in take  af te r  d - a m p h e t a m i n e  showed  
max ima l  decreases  a f te r  a few days  of  daily drug adminis -  
t ra t ion .  On the  o t h e r  hand ,  mi lk  in take  decreased  maxi-  

mal ly  on  the  first day of  daily admin i s t r a t i on  of  d,1- 
f enf lu ramine .  D - m e t h a m p h e t a m i n e  was qu i te  s imilar  in 
effect  to  d - a m p h e t a m i n e  excep t  t ha t  the  d e v e l o p m e n t  of 
to le rance  was more  variable  t h a n  e i the r  d - a m p h e t a m i n e  or 
d , l - fenf luamine .  The  d i f ferences  in the  pa t t e rns  of milk 
in take  b e t w e e n  the  po in t s  of  max ima l  d i s rup t ion ,  however ,  
may  be  due to the  d i f ferences  in cumula t ive  effects  of  these  
drugs. 

DISCUSSION 

The  results  of  this  s tudy  d e m o n s t r a t e  the  lack of  
cross- tolerance to the  milk in take  suppressan t  effects  of  
d - a m p h e t a m i n e  and  d , l - fenf luramine .  Rats  t o l e r an t  to  the  
milk in take  suppressan t  effects  of  d , l - fenf lu ramine  and rats  
m a i n t a i n e d  o n  a saline reg imen b o t h  showed  similar 
decreases in mi lk  c o n s u m p t i o n  when  given d -amphe t amine .  
Fu r the r ,  the  lack of  cross- tolerance was found  to be 
i n d e p e n d e n t  of  the  drug order .  Rats  t o l e r an t  to  d- 
a m p h e t a m i n e  and  rats  m a i n t a i n e d  on  a saline reg imen b o t h  
showed  similar decreases in milk c o n s u m p t i o n  when  given 
d , l - fenf luramine.  

Cross- to lerance did occur ,  however ,  b e t w e e n  d -amphe ta -  
mine  and  d - m e t h a m p h e t a m i n e .  Rats  t o l e r an t  to  the  effects  
of  d - m e t h a m p h e t a m i n e  were found  to be to l e r an t  to  the  
effects  of  d - amphe t amine .  Again,  resul ts  were i n d e p e n d e n t  
of  the  drug order .  

Recen t  s tudies  have ind ica ted  t ha t  d , l - fenf lu ramine  and  
d - a m p h e t a m i n e  act by  d i f fe ren t  mechan i sms  and  possibly  at  
d i f fe rent  sites [5 ,7 ] .  These  s tudies  suggested tha t  fenf lura-  
mine  mi lk  in take  suppress ion  involved se ro ton in  mech-  
anisms whereas  a m p h e t a m i n e  mi lk  in take  suppress ion  in- 
volved c a t e c h o l a m i n e  mechanisms .  Our  s tudy  suppor t s  the  
hypo thes i s  tha t  these drugs may,  in fact,  have d i f fe ren t  
mechan i sms  of  ac t ion ,  in tha t  b o t h  the  lack of  cross- 
to le rance  and  the  differ ing pa t t e rns  of  to le rance  develop-  
m e n t  ind ica te  t ha t  a m p h e t a m i n e  and fenf lu ramine  p roduce  
milk in take  suppress ion  via d i f fe rent  mechanisms .  The dif- 
ferent ia l  ef fects  of  these  drugs on the  CNS ( d - m e t h a m p h e t -  
amine  and  d - a m p h e t a m i n e  increase spon t aneous  m o t o r  
act ivi ty  while,  d , l - fenf luramine  decreases i t)  lend fu r the r  
c redence  to th is  concep t  of  d i f ferent  mechan i sms  of  act ion.  
The  results  o f  this  research d e m o n s t r a t e  tha t  the  use of  a 
to lerance-cross  to le rance  design can be an i m p o r t a n t  tool  in 
s tudy ing  some of  the  re la t ionships  be tween  pha rmaco-  
logical c o m p o u n d s  and  behavior .  
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