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attenuate amphetamine self-administration in the rat. PHARMACOL BIOCHEM BEHAV 25(4) 849-855, 1986. -  
Previously, it had been shown that lesions of cerebral 5-hydroxytryptamine (5-HT)-containing neurons and injections of 
drugs affecting 5-HT synthesis or receptor mediated function would alter amphetamine self-administration in the rat. The 
present study sought to ascertain whether diets enriched in L-tryptophan (L-TRY), the amino acid precursor to 5-HT, 
would: (1) elevate cerebral 5-HT concentrations and (2) affect amphetamine self-administration behavior. Diets containing 
2.0 and 4.0% L-TRY increased cerebral 5-HT concentrations above those of rats on normal rat chow (0.26% L-TRY). The 
4.0% diet elevated brain 5-HT to the same degree in rats exposed to the diet for 1, 2 or 3 days. When normal diets were 
restored, brain 5-HT concentrations rapidly returned to normal. Animals trained to self-administer d-amphetamine, when 
given access to the L-TRY enriched diets, significantly reduced their daily amphetamine self-injection during exposure 
periods. When normal rat chow was restorbd a delay in recovery to pre-diet amphetamine self-administration was ob- 
served: 1 day with the 2.0% L-TRY diet and 2 days with the 4.0% L-TRY diet. The 4.0% L-TRY diet failed to alter 
saline-frustration responding indicating the diet did not produce decrements in motor performance. When animals were 
placed on the 4.0% L-TRY diet and allowed access to amphetamine for 1 day then exposed to saline, a profound decrease in 
saline-frustration responding was observed. These data suggest that the combination of elevated cerebral 5-HT and 
amphetamine may produce or unmask some aversive qualities of the stimulant which reduce further drug abuse in the rat. 
The data is discussed in terms of a suggested modification of the present dopamine-reward hypothesis. 

Amphetamine self-administration L-Tryptophan 5-Hydroxytryptamine Diet Negative reinforcement 

T H E  abuse o f  p sychomoto r  st imulants (cocaine,  am- 
phetamine,  methamphetamine)  is not  only a growing inter- 
national concern  but difficult to treat  medical ly.  Encouraging  
reports  of  success  in treating cocaine  and amphe tamine  
addicts  with desipramine have  been repor ted  [4,23], but few 
medical  texts  even  suggest t rea tment  strategies for st imulant  
abuse.  The reasons  are that, for the most  part,  the neuronal  
substrates  involved  in drug seeking behavior ,  posi t ive rein- 
fo rcement  and wi thdrawal  are not  well unders tood.  

It is known,  however ,  that cerebral  dopamine  (DA)- 
containing neurons  are of  major  import  in not  only 
p s y c h o m o t o r  st imulant  abuse but perhaps even o ther  agents 
of  addict ion [27]. It has been shown that the rat will self- 
adminis ter  s t imulant  type drugs,  maintain stable rates of  re- 
sponse and plasma levels  o f  these  drugs [27, 31-34]. Injec- 
tion of  DA recep tor  antagonists  (e.g.,  haloperidol)  lead to 
increased lever  pressing behav ior  [3,32] similar to that ob- 
served when saline is subst i tuted for the st imulant  

(frustrat ion-extinct ion [33]). These  findings have led to the 
DA-reward  hypothesis ,  i .e.,  s t imulation of  DA receptors  is 
necessary  for the posi t ive reinforcing effects of  the 
p sychomoto r  st imulants [27]. This hypothesis  was furthel  
cor robora ted  by the finding that: (1) non-cont ingent  injection 
of  DA receptor  agonists  reduce  self-administrat ion for 
periods consis tent  with their  durat ion of  action [34], (2) le- 
sions of  DA-containing neurons  within the nucleus accum- 
bens septi abolish the acquisi t ion o f  cocaine  and am- 
phetamine  self-administrat ion behavior  [14,20] and (3) 
human studies in which the subject ive ratings ot 
amphetamine- induced  euphor ia  were  significantly reduced in 
individuals who had rece ived  a -methyl tyros ine ,  a drug 
which inhibits DA synthesis  [8,9]. 

Ano the r  monoamine  of  impor tance  in st imulant abuse,  
and apparent ly  independent  of  cerebral  DA and the DA- 
reward hypothesis ,  is 5-HT. Lesions  of  cerebral  5- 
HT-conta in ing  neurons with the neurotoxin  5,7-dihydroxy- 
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T A B L E  1 
E F F E C T  O F  D I E T A R Y  T R Y P T O P H A N  S U P P L E M E N T S  ON B R A I N  5 - H T  A N D  5-HIAA 

Time (hr) 

Monoamine/Metabolite (ng/g) 

0900 1300 

Diet 5-HT 5-H1AA 5-HT 5-HIAA 

Control 243.4 ± 12.9 397.7 ± 17.4 153.2 ± 6.8 350.6 ± 14.4 
(7) (10) 

2.0%TRY 355.8 ± 17.2" 474.4 _+ 21.3 181.7 +_ 14.3 344.7 ± 23.3 
(6) (6) 

4.0%TRY 476.1 ± 37.5* 516.7 ± 34.1" 256.8 ± 6.7* 404.3 ± 11.6" 
(6) (6) 

Amphetamine naive animals were placed in individual cages and allowed access to diets containing 
0.26c~ L-tryptophan (control) or supplemented tryptophan diels with either 2.0 or 4.(F/~ of the amino 
acid from 1700 hr the preceding day until 0900 hr the next day. At this time groups of animals were 
sacrificed at 0900 or 1300 hr and the dietary influence on the indoleamine and its metabolite ascertained 
in whole brain using methods already described. Values represent the mean _+ 1 S.E. Numbers in 
parentheses indicate the number of animals in each group. Asterisks indicate statistically significant 
differences from the appropriate control group and time period (/9<0.05, Students t-test). 

t r y p t a m i n e  inc rease  a m p h e t a m i n e  sel f - inject ion by  near ly  
2-fold [10,15]. In jec t ions  of  L - t r y p t o p h a n  (L-TRY),  which  co 
e leva te  b ra in  5-HT [30], dec rea se  i n t r a v e n o u s  a m p h e t a m i n e  ,- 
se l f -admin i s t ra t ion  [10,12] as do  IP in jec t ions  of  the  5-HT o 
r eup t ake  b locker  f luoxe t ine  and  the  indo leamine  r e c e p t o r  z 
agonis t  qu ipaz ine  [10]. L es i ons  of  5 -HT n e u r o n s  have  been  
s h o w n  to abol i sh  the a t t e n u a t i o n  of  d rug  se l f -admin i s t ra t ion  co 
induced  by f luoxet ine  and  L - T R Y  sugges t ing  the  ac t ions  of  z 
these  agen ts  are med ia ted  by 5 -HT n e u r o n s  [10]. _o 

The  p r e sen t  s tudy  was des igned  to de t e rmine  w h e t h e r  a o 
diet  en r i ched  with L -TRY would p roduce  an  a t t e n u a t i o n  of  
a m p h e t a m i n e  se l f -admin i s t ra t ion ,  as IP in jec t ions  of  the  _z I 
amino  acid are k n o w n  to do,  and  to d e t e r m i n e  w h e t h e r  ~- 

..A 
t o l e rance  d e v e l o p e d  to the  d ie ta ry  inf luence  on behav io r ,  uJ 
While  the  la t ter  goal was  not  ach ieved ,  L - T R Y  enr iched  co 
diets  marked ly  af fec ted  a m p h e t a m i n e  se l f -adminis t ra t ion .  
F u r t h e r  e x p e r i m e n t s ,  in fact ,  sugges t  a poss ib le  m e c h a n i s m  
of  L - T R Y  ac t ion  in s t imulan t  abuse .  

METHOD 

Male Sp rague -Dawley  rats  (King Animal  Labs ,  Oregon ,  
WI;  250-300 g) were  used  t h r o u g h o u t  these  s tudies .  U p o n  
receipt ,  an ima l s  were  a l lowed access  to food (Pur ina  Rat  
Chow 5001) and  wa te r  ad lib. 

An ima l s  which  were  to be used  in se l f -admin is t ra t ion  
s tudies  were  a n e s t h e t i z e d  wi th  pen toba rb i t a l  (50 mg/kg) and  
h a l o t h a n e  (as necessa ry )  and  implan ted  with a ch ron ic  silas- 
tic j ugu la r  c a n n u l a  exi t ing s u b c u t a n e o u s l y  as has  been  al- 
r eady  desc r ibed  [12, 14, 25]. Ra ts  were  housed  in individual  
cages  and  a l lowed a 7 day pos t - surg ica l  r e c o v e r y  per iod  be- 
fore acces s  to the  se l f -admin is t ra t ion  appara tus .  

Rats  were  p laced  in the  se l f -admin is t ra t ion  a p p a r a t u s  
f rom 0900-1700 hr  each  day wi th  access  to w a t e r  bu t  not  
food.  The  appa ra tu s  cons i s t ed  of  cages  ( 1 8 x 2 0 z 2 6  cm;  
width ,  he ight  and  length,  r espec t ive ly )  equ ipped  with an op- 
e ran t  l eve r  which ,  w h e n  ac t iva ted ,  ini t ia ted the  i n t r a v e n o u s  
in jec t ion of  0.125 mg/kg d - a m p h e t a m i n e  (Sigma Chemica l  
Co. ,  St. Louis ,  MO).  The  vo lume  per  in jec t ion was 200 
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FIG. I. Two different groups of animals are shown with the number 
of amphetamine self-injections 3 days prior to diet changes. Dark bar 
at the bottom of the graph indicates the diet substitution [2.0e/~ 
L-TRY diet (D) and 4.0% L-TRY diet (O)]. Values shown are the 
mean±S.E,  of 6-8 animals. Darkened symbols indicate statisli- 
cally significant differences from the control diet period (ANOVA). 

/zl/kg. Detai ls  of  the cages ,  pneuma t i c  syr inge dev ice  and 
record ing  t echn iques  have  a l ready  been  desc r ibed  [13, 14, 
26]. Wi th in  5-10 days  mos t  ra ts  ach ieved  s table  ra tes  of  am- 
p h e t a m i n e  se l f -adminis t ra t ion .  At  least  5 days  before  record-  
ing any  se l f -adminis t ra t ion  data ,  the  an imal s '  diet  was  
changed  f rom Pur ina  Rat  C h o w  5001 to an AIN-76  diet 
(Bio-Serv ,  Inc . ,  F r e n c h t o w n ,  N J), he rea f t e r  re fer red  to as 
the  cont ro l  diet .  While  the two diets  are c o m p a r a b l e  in con-  
ten t  of  the nut r i t ional  e l ement s ,  the AIN-76  diet was cert i f ied 
as to c o n t e n t  by the m a n u f a c t u r e r  and  cons ide red  more  ap- 
p ropr ia te  for  these  s tudies .  The  AIN-76 diet  cons i s t s  of  18% 
pro te in  (0.26% L-TRY),  5% fat,  72% c a r b o h y d r a t e  and the  
r ema in ing  pe rcen t ages  a c c o u n t e d  for  by fiber,  ash and  mois-  
ture.  
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FIG. 2. Five separate groups of drug naive rats were fed as follows: (1) only control 
rat chow, (2) 1 day of 4.0% L-TRY diet, (3) 2 days of the 4.(F~ L-TRY diet, (4) 3 days 
of the 4.0% L-TRY diet or (5) 3 days of the 4.(F~ L-TRY diet and 1 day of control rat 
chow. Access to food was from 1700 to 0900 hr each day. Animals were sacrificed at 
1300 hr on the next day. Analyses of whole brain 5-HT, DA and NE were performed. 
Values shown are the mean_+S.E, determined from 6 animals per group. Statistical 
comparisons were made against the pre-diet change values (test day 3; corresponding 
to test day legend of Fig. 1). Dark bar at the bottom of the graph indicates the 
exposure to the 4.(F~ L-TRY diet. 

A specially prepared AIN-76 diet containing 5.0%, L-TRY 
was prepared by Bio-Serv, Inc. and served as a stock diet 
consisting of 22% protein, 5% fat and 66% carbohydrate. 
This stock diet was mixed with the appropriate volumes of 
control AIN-76 chow to yield diets containing 2.0 and 4.0% 
L-TRY. All animals, both amphetamine naive and self- 
administration animals were allowed access to food only dur- 
ing a 16 hr period (1700-0900 hr). Food consumption and 
body weight were recorded daily (0900 hr). 

Neurochemical analyses of brain 5-HT, 5-HIAA, DA and 
NE were performed using whole brain (cerebellum and lower 
brain stem removed after sacrifice). The brain was weighed, 
homogenized with a Brinkman Polytron '~ and centrifuged at 
10,000 × g. Aliquots of the supernatant were injected onto a 
BioAnalytical Systems (West Lafayette, IN) high pressure 
liquid chromatograph with an amperometric detector. The 
mobile phase consisted of 10% methanol and 40 mg/l sodium 
octyl sulfate in a 0.1 M citrate-phosphate buffer. A 5/z  C~ 
/zBondapak chromatographic column was used. Electrode 
potential was +0.72 V vs. Ag/AgC1 reference electrode and 
flow rate was 1.0 ml/min at ambient temperature. Further 
details are described elsewhere [11]. 

Statistical analyses were performed using analysis of 
variance with Duncan's Multiple Range Test (a level 0.05) or 
the Student's t-test (values where p<0.05 were considered 
statistically significant). 

RESULTS 

Diets enriched in L-TRY induce increases in cerebral 
5-HT and 5-HIAA in part, because the competition for neu- 
tral amino acid uptake by the brain is shifted in favor of 
L-TRY and the rate limiting enzyme in 5-HT synthesis, tryp- 
tophan hydroxylase, is normally-unsaturated [30]. The data 
illustrated in Table 1 shows that the diets utilized in this 

study do indeed increase brain 5-HT. Two time points were 
examined: 0900 and 1300 hr. The first point, 0900 hr, corre. 
sponds with the beginning of a self-administration test ses. 
sion, immediately after the diets are removed from the rats 
cages. The second time point, 1300 hr, corresponds with th~ 
4 hr midpoint of a self-administration test session. 

The 2.0% L-TRY diet increased brain 5-HT at 0900 hr bul 
not at 1300 hr. Concentrations of 5-HIAA were high at 090( 
but not statistically different from animals on the control ral 
chow. The concentrations of both 5-HT and 5-HIAA were 
comparable to control diet values at 1300 hr. Thus, the 2.0~ 
diet alters cerebral indoleamine concentrations only tran- 
siently. The 4.0% L-TRY diet nearly doubled brain 5-HT ant 
significantly increased 5-HIAA at the first time point (090( 
hr). While the values are still significantly increased 4 hr later 
(1300 hr), the trend is clear that these values are decreasing 
and approaching normal, control indoleamine concentra- 
tions. 

Figure 1 shows the effects of the 2.0 and 4.0% L-TR'Y 
diets on the behavior of animals trained to self-administer 
d-amphetamine. The range of experience in these rats (botl" 
groups) was from 27-42 consecutive days of amphetamine 
exposure (8 hr test sessions). The 4.0% L-TRY diet producec 
a dramatic decrease in the number of amphetamine self. 
injections after the first night and the two subsequent day,, 
on the diet. After the normal rat chow (AIN-76) was restorec 
the number of amphetamine self-injections was still signifi- 
cantly reduced for an additional 2 days. 

Rats in the 2.0%, L-TRY diet study were also affected. 
After the first night on the diet, the number of self-injections 
was reduced on the first day but not significantly. The sec- 
ond and third nights on the diet did produce a significanl 
attenuation of drug intake. Again, some delay in the resump- 
tion of normal self-injection behavior occurred since, aftel 
restoration of a normal diet, the number of amphetamine 
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T A B L E  2 

EFFECTS OF A TRYPTOPHAN SUPPLEMENTED DIET ON FOOD INTAKE IN NAIVE AND CHRONIC 
AMPHETAMINE SELF-ADMINISTRATION ANIMALS 

Food intake (g) 

Pretreatment Diet Body Wt (g) Day 1 Day 2 Day 3 

Naive Control(6) 367.2 _+ 28.1 34.0 _+ 1.7 27.1 _+ 2.6 28.4 _+ 2.2 
4.0%TRY(6) 395.0 ± 16.0 33.9 ± 2.8 30.7 ± 4.5 29.3 ± 2.9 

Chronic Control (5) 350.0 ± 22.5 26.0 ± 3.2 28.6 ± 2.9 28.6 ± 3.6 
Amphetamine 4.0%TRY(6) 361.2 ± 22.8 24.4 ± 2.4 30.4 ± 3.3 26.1 ± 5.7 

Body weights of drug naive and chronic amphetamine self-administration rats (Range 27-42 
consecutive days) were measured before dietary changes. Daily food intake was monitored (access to 
food 1700--0900 hr) using a 0.26% L-TRY diet (control) and the 4.0% L-TRY supplemented diet. 
Statistical comparisons of daily food intake indicated that neither the supplemented L-TRY diet nor an 
animal's past drug history altered total food intake (p <0.05). 
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FIG. 3. Animals trained to self-administer d-amphetamine for at 
least 20 days were placed in cages which delivered intravenous 
saline. Open bars (far left) indicate the number of lever presses 
during 2 consecutive 8 hr test sessions in rats on a normal diet 
(0.26% L-TRY, N=12). Animals on a 4.0% L-TRY enriched diet, 
commencing 1 day prior to the saline-frustration testing are shown in 
the middle (dark bars, N=10). The third group (far right) was 
allowed access to the 4.0% L-TRY diet and 1 test session with intra- 
venous d-amphetamine with each lever press. The following day 
saline was received with each lever press (N=9). Values represent 
the mean±S.E,  of the total number of lever presses recorded with 
each session. The letters in each bar represent the substance self- 
injected (s: saline, a: amphetamine). Asterisk indicates a statistically 
significant difference from test day 2 values in both normal rat chow 
and 4.0% L-TRY diet groups (p<0.05). 

se l f - in jec t ions  was still s ignif icant ly  r educed .  On s u b s e q u e n t  
days  the  dai ly drug in take  was c o m p a r a b l e  to pre-d ie t  
per iods .  P re l iminary  e x p e r i m e n t s  using a 1.0% L - T R Y  
en r i ched  diet  have  failed to induce  s ta t is t ica l ly  s ignif icant  
changes  in d - a m p h e t a m i n e  se l f -admin is t ra t ion .  

Of  some  c o n c e r n  are the  pre -d ie t  d i f fe rences  in the  
n u m b e r  o f  daily a m p h e t a m i n e  se l f - in ject ions  b e t w e e n  the  2.0 
and  4.0% L - T R Y  diet  g roups  (Fig. 1). T he  2.0% L - T R Y  
group  cons i s t en t ly  se l f - in jected less a m p h e t a m i n e  dur ing  the  
con t ro l  die t  per iod.  T he  r ea s ons  for  this  are unce r t a in .  This  
g roup  was  ini t ia ted a p p r o x i m a t e l y  2 m o n t h s  af te r  the  4.0% 
L - T R Y  diet  s tudies  were  conc luded .  H o w e v e r ,  the  ra ts  were  
a l lowed  c o m p a r a b l e  drug  e x p o s u r e  and  se l f -admin is te red  
a m p h e t a m i n e  in c o n s i s t e n t  pa t t e rns .  W h e t h e r  the  d i f fe rence  

in con t ro l  die t  se l f -admin i s t ra t ion  ref lects  a seasona l  var ia-  
t ion  in some  u n k n o w n  p a r a m e t e r s  is unce r t a in .  While  the  
d i f fe rences  in con t ro l  a m p h e t a m i n e  se l f -admin is t ra t ion  could 
a l te r  the  poss ib le  c o m p a r a t i v e  magn i tude  of  the  L- 
T R Y - i n d u c e d  r e sponses ,  it is c lear  tha t  bo th  the  2.0 and  4.W/b 
L - T R Y  diets  did a t t enua t e  a m p h e t a m i n e  abuse  in rats.  

Tab le  1 had  s h o w n  tha t ,  at  leas t  acu te ly ,  one  night  of  an 
L - T R Y  en r i ched  diet  could  e leva te  ce rebra l  5 -HT concen-  
t ra t ions .  It was  i m p o r t a n t  to a sce r t a in  w h e t h e r  success ive  
e x p o s u r e s  to the diet  p r o d u c e d  cons i s t en t  changes  in 5-HT 
c o n c e n t r a t i o n s ,  and  w h e t h e r  o t h e r  m o n o a m i n e s ,  i .e. ,  DA 
and  n o r e p i n e p h r i n e  (NE)  were  a l t e red  in some  manne r .  Fig- 
ure  2 shows  tha t  the  diet ,  on  3 consecu t i ve  nights  of  expo-  
sure ,  inc reased  5-HT each  day  to roughly  the  s ame  ex ten t .  
W h e n  the  no rma l  rat  c h o w  (AIN-76)  was re ins ta ted ,  af ter  3 
days  of  the  4.0% L - T R Y  diet ,  b ra in  5-HT c o n c e n t r a t i o n s  
r e t u r n e d  to normal .  Thus ,  the  d ie t - induced  changes  in 5-HT 
were  t rans ien t .  Whole  b ra in  c o n c e n t r a t i o n s  of  DA and  N E  
were  unaf fec ted  by  the  diet .  

Logis t ical ly ,  it would be  difficult  to use  an imals  t ra ined  to 
se l f -admin is te r  d - a m p h e t a m i n e  for  the  n e u r o c h e m i c a l  
ana lyses  and  the  effects  of  diet  on  ce rebra l  m o n o a m i n e s .  
A m p h e t a m i n e  na ive  ra ts  were  used  for  these  purposes .  
H o w e v e r ,  a c o n c e r n  which  had  to be  a d d r e s s e d  was w h e t h e r  
ch ron ic  a m p h e t a m i n e  e x p o s u r e  a l te red  food  in take  and  more  
ser ious ly ,  w h e t h e r  the  c o n s u m p t i o n  of  the  L - T R Y  enr iched  
diet in c o m b i n a t i o n  wi th  a m p h e t a m i n e  was reduced .  I f  this  
were  so, i .e. ,  less food was c o n s u m e d ,  the  n e u r o c h e m i c a l  
changes  in 5-HT c o n c e n t r a t i o n s  would  undoub t ed ly  be re- 
duced .  

A l though  a m p h e t a m i n e  is a well k n o w n  anorex igen ic  
agent ,  the ch ron ic  se l f -admin i s t ra t ion  an imal s  did not  eat  less 
food than  weight  m a t c h e d  drug na ive  an imals  (Table  2). 
T o l e r a n c e  to a m p h e t a m i n e - i n d u c e d  ano rex i a  is d o c u m e n t e d  
to be ve ry  rapid.  Our  an imals  may  have  been  to le ran t  to this  
effect  by  the  t ime of  our  o b s e r v a t i o n s .  It  can  also be seen  
(Table  2) tha t  the  4.0% L - T R Y  enr iched  diet  was also con-  
s u m e d  to the  same ex ten t  as cont ro l  rat  c h o w  in bo th  the 
drug na ive  and  chron ic  a m p h e t a m i n e  se l f -admin is t ra t ion  
animals .  

The  final ser ies  of  e x p e r i m e n t s  was  des igned  to de t e rmine  
w h e t h e r  L - T R Y  en r i ched  diets  p roduced  d e c r e m e n t s  in 
m o t o r  p e r f o r m a n c e  capab le  of  reduc ing  lever  p ress ing  be- 
hav io r  to the  ex t en t  o b s e r v e d  in Fig. 1. An imals  t ra ined  to 
se l f -admin is te r  d - a m p h e t a m i n e  with a normal  rat  chow were  



TRYPTOPHAN EFFECTS ON AMPHETAMINE ABUSE 853 

given access to the self-injection apparatus for 2 days in 
which the amphetamine solution had been replaced with 
saline. These animals lever press quite frequently, a phe- 
nomenon observed by others [31-33] and termed saline frus- 
tration. This behavior did not show signs of extinction during 
the two test days (Fig. 3). A second group of animals was 
given a 4.0% L-TRY enriched diet the night before access to 
the saline substitution test (1700-0900): a protocol identical 
to that used in Fig. 1. The number of lever presses recorded 
during the 2 days of saline-substitution were comparable to 
those animals consuming the control diet (Fig. 3). This would 
strongly indicate that the high L-TRY diet did not reduce 
motor performance. 

A third and separate group of animals was allowed access 
to only the 4.0% L-TRY enriched diet for 2 days. After the 
first night the animals were allowed access to the self- 
administration apparatus. This time d-amphetamine was de- 
livered IV to the rats with each lever press. This led to a 
significant attenuation of amphetamine self-injection 
(16.2_+4.9 injections over an 8 hr test session; Fig. 3). After 
removal from the test cages, animals were exposed, again, to 
the high L-TRY diet (1700-0900 hr) and the amphetamine 
reservoir replaced with one containing normal saline. These 
animals, when allowed to press a lever the next day in which 
they received IV saline, accumulated a mere 47.1 _+ 19.3 self- 
injections. These results were significantly different from the 
233.1 +43.1 and 212.6+_50 injections accumulated by the 2 
day exposure to saline in control and high L-TRY diet 
groups, respectively. This observation may, in fact, give a 
clue as to the mechanism of L-TRY action in the attenuation 
of amphetamine self-administration. 

DISCUSSION 

The actions of 5-HT in psychomotor stimulant abuse 
could not be explained in the confines of the DA-reward 
hypothesis. Lesions, both general whole brain 5,7-DHT- 
induced or discrete nuclear neurotoxin injections, fail to alter 
either DA synthesis or turnover [13, 16, 19]. This does re- 
main controversial, however, since some authors have ob- 
served increased DA turnover [4] or decreased turnover [22] 
after similar lesions. Injections of L-TRY (100 mg/kg), a dose 
which produced a marked attenuation of amphetamine self- 
administration, fail to alter DA turnover in either whole brain 
or nucleus accumbens [12], a brain region of import in the 
DA-reward hypothesis. It would appear then that the mech- 
anisms of 5-HT action are independent of a direct action 
upon DA-containing nerve terminals. 

The attenuation of amphetamine self-administration by 
L-TRY could, however, have several explanations. First, 
L-TRY and other drugs which enhance the indoleamine re- 
ceptor interaction could be euphorigenic, i.e., positive rein- 
forcers by themselves. This does not appear to be the case. 
Clinical literature would certainly indicate if this were so. 
Furthermore, IP L-TRY fails to affect a place preference in 
rats given a range of doses 25-100 mg/kg (Yu, Smith, Smith, 
Gels and Lyness, in preparation). The data presented in Fig. 
1 and 2 also suggest L-TRY is not a positive reinforcing 
compound. Rats given the 4.0% L-TRY diet require 2 days 
after normal diets are restored before a resumption of pre- 
diet amphetamine intake is observed. The neurochemical 
analyses (Fig. 2) show the dietary changes in cerebral 5-HT 
concentrations are transient and rapidly return to normal, as 
one might expect from other studies which have examined 
the effects of this amino acid on brain chemistry [24]. 

A second possibility is that diets high in L-TRY produce 
decrements in motor performance rendering the animal in- 
capable of lever pressing at pre-diet levels. L-TRY has after 
all been used as a sedative in man [2]. This hypothesis is as 
equally a poor explanation of our findings. The amino acid is 
only efficacious when administered at the normal onset of 
sleep in humans [2]. In the rat, doses of 100 mg/kg IP fail to 
alter shuttle escape behavior [1]. Similarly 120 mg/kg IP 
L-TRY did not alter EEG or EMG recordings in rats [29], 
failed to alter lever pressing response in an FR-40 food rein- 
forced paradigm [12] and only began to affect the locomotor 
activity in mice at doses in excess of 700 ms/ks [17]: doses 
likely to also affect the synthesis and release of other impor- 
tant monoamines, e.g., DA and NE [30]. Finally, the data 
presented in Fig. 3 show that the 4.0% L-TRY diet failed to 
alter saline-frustration responding. The diet only reduces 
lever pressing for IV amphetamine. 

There is a third hypothesis. It relies on somewhat cir- 
cumstantial evidence but is a hypothesis our data may sup- 
port and, in actuality, supports some of the inexplicable find- 
ings associated with the DA-reward hypothesis. The third 
hypothesis is that procedures which enhance the synaptic 
availability of 5-HT, in the presence of amphetamine, may 
induce or exaggerate an aversive or negative reinforcing 
property of the stimulant. 

The evidence for this hypothesis stems from several find- 
ings. Under certain test conditions, amphetamine can be 
used as an aversive stimulus even though it is most known 
for its positive reinforcing component [28]. The use of acute 
IP doses of L-TRY appeared to attenuate amphetamine 
self-administration for periods consistent with the elevations 
in the cerebral indoleamine and its metabolite [12]. The 
chronic 4.0% L-TRY diet attenuated drug self-injection for 2 
days following the restoration of a normal diet. This oc- 
curred despite normal 5-HT concentrations the day after the 
normal diet was reinstated. The neurochemical changes and 
behavior are divergent at this point. While speculative, if 
enhancement of 5-HT function (mediated by L-TRY) exag- 
gerated an aversive component of amphetamine, rats might 
be expected to reduce or even abolish lever pressing for drug 
self-injection. If during the 3 days on the high L-TRY diet the 
animals learned that such behavior led to unpleasant sensa- 
tions, one might expect a delay in the re-learning of previ- 
ously positive-reinforced behaviors. Hence the delay in re- 
covery to pre-diet drug intake. 

The data in Fig. 3 lend further support to this hypothesis. 
The 4.(}% L-TRY diet clearly does not alter the saline-frus- 
tration response. These animals were trained to self- 
administer d-amphetamine, placed on the diet and then 
allowed access to cages which would only administer saline. 
If L-TRY induced a euphoria or decrements in motor per- 
formance one might expect a decreased responding, even foi 
saline. This did not occur. 

When rats are placed on the diet and allowed access tc 
amphetamine a marked decrease in responding occurs. Aftel 
this time, if rats are allowed access to cages which delivel 
only saline, one might predict a decreased saline-frustratio~ 
response if animals had learned the previous day that sucl~ 
behavior produced unpleasant effects. At present, these ob- 
servations cannot be explained in any manner other than 
learned aversion to amphetamine. 

The hypothesis that 5-HT mediates an aversive compo. 
nent of amphetamine action might explain some puzzlin~ 
findings in rats with 6-hydroxydopamine-induced lesions ol 
DA neurons in the nucleus accumens: findings not explicable 
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by the  DA-reward  hypo thes i s .  If DA-con ta in ing  neu rons  
within nuc leus  a c c u m b e n s  media te  the  posi t ive  re inforc ing  
effects  of  the  p s y c h o m o t o r  s t imulan t s ,  it is p red ic tab le  tha t  
les ions  of  these  n e u r o n s  in drug naive an imal s  would 
p roduce  rats  which  would  not  acquire  the habi t  of  IV self- 
admin i s t r a t ion .  Devoid  of  posi t ive  re inforc ing  p roper t i e s ,  the 
an imal s  would not be m o t i v a t e d  to learn the behav io r .  This ,  
in fact ,  does  occu r  in an imal s  tes ted  with bo th  coca ine  [20] 
and  a m p h e t a m i n e  [14]. The  difficulty in the DA-reward  hy- 
po thes i s  ar ises  with  the  use  of  an imals  t ra ined  to self- 
admin i s t e r  these  s t imulan t s  then  pe r fo rming  6 -OHDA le- 
s ions of  DA neurons .  Remov ing  only  the  r eward ing  proper -  
ties of  a drug should  p roduce  a sa l ine- f rus t ra t ion  type  re- 
sponse ,  i .e. ,  inc reased  lever  p ress ing  behav io r ,  if one 
a d h e r e s  to the present  c o n c e p t s  of  the  DA- reward  hypo th -  
esis.  Yet this  does  not  occur .  An imals  t ra ined  to self- 
a d m i n i s t e r  coca ine  or  a m p h e t a m i n e ,  when  6 - O H D A  lesions 
are pe r fo rmed ,  do not  exhib i t  sa l ine- f rus t ra t ion  behav io r .  A 
p ro found  a b s e n c e  of  l ever  p ress ing  was o b s e r v e d  by bo th  
au tho r s  [14,20]. 

U n d e r  normal  c i r c u m s t a n c e s ,  when  an animal  self- injects  
a p s y c h o m o t o r  s t imulan t ,  the  posi t ive  re inforc ing  effects ,  
med ia ted  by DA in nuc leus  a c c u m b e n s  and pe rhaps  the  me- 
dial p re f ron ta l  cor tex  [7], are the  d o m i n a n t  effects  inst igat ing 
fu r the r  d rug  abuse  behav ior .  Our  s tudies  p ropose  that  5 -HT 
media tes  an ave r s ive  or  nega t ive  re inforc ing  p rope r ty  of  am- 
p h e t a m i n e  which  is normal ly  m a s k e d  by the d o m i n a n c e  of  
DA media ted  posi t ive  r e in fo rcemen t .  If the  r ecep to r  ac t ions  
of  5 -HT are exaggera ted  by L-TRY or o the r  se ro tonerg ic  
agents  this ave r s ive  c o m p o n e n t  may b e c o m e  more  d o m i n a n t  
and  reduce  s u b s e q u e n t  d rug  intake.  Fu r the r .  if the 
euphor igen ic  c o m p o n e n t  of  a m p h e t a m i n e  is r em oved  by 
6 - O H D A - i n d u c e d  les ions ,  the ave r s ive  c o m p o n e n t  is un- 
masked .  

The  DA-reward  hypo thes i s  is indeed  sound but modif ica-  
t ion of  this  theory  to include 5-HT media t ion  of  an ave r s ive  
c o m p o n e n t  is conce ivab le .  The  concep t  tha t  5 -HT could 
med ia te  ave r s ion  to drug in take  is not  wi thout  p receden t .  

In jec t ions  of  5 - h y d r o x y t r y p t o p h a n ,  the immedia te  p r ecu r so r  
to 5-HT, k n o w n  to e leva te  ce rebra l  5-HT c o n c e n t r a t i o n s ,  
were  able to p roduce  a cond i t ioned  tas te  avers ion  to e thanol  
in rats  c o n s u m i n g  12% e thanol  solut ions .  The  ave r s ion  was 
of  such magni tude  that  a n u m b e r  of  the an imals  died of  de- 
hydra t ion  s ince the  alcohol  solut ion was the i r  only source  of  
fluids [35]. It is in teres t ing  that  rats  con t inued  to show an 
avo idance  to a lcohol  for  some t ime af ter  the d i scon t inua t ion  
of  5 - h y d r o x y t r y p t o p h a n  in ject ions  [36]. F luoxe t ine ,  the 
5-HT reup take  inhibi tor ,  has  also been  shown  to reduce  
a lcohol  c o n s u m p t i o n  in e thanol  d e p e n d e n t  rats [37]. 
Zimel id ine ,  a n o t h e r  5-HT reup take  inhibi tor ,  has s imilar  ef- 
fects  in man [18]. 

The  p h e n o m e n o n  of  5-HT recep to r  act ive agents  modify- 
ing drug in take  may be appl icable  ove r  even  a wider  spec- 
t rum of  drugs  of abuse .  S tudies  with opiate  self-adminis-  
t ra t ion  may yield similar  f indings.  It has  been  shown  that  
z imel idine  dec rea sed  oral morph ine  c o n s u m p t i o n  in depend-  
ent  rats  [21]. Les ions  reduc ing  brain 5-HT c o n c e n t r a t i o n s  
have  repor ted ly  increased  morph ine  se l f -adminis t ra t ion  in 
n o n - d e p e n d e n t  rats  [6]. 

In s u m m a r y ,  the s tud ies  r epo r t ed  here in  sugges t  that  
5 -HT might media te  an avers ive  c o m p o n e n t  of  amphe l -  
amine  ac t ion .  If th is  is so and the an imal  se l f -admin is t ra -  
t ion model  is app l i cab le  to h u m a n  drug abuse ,  this  phe-  
n o m e n o n  might  be c l inical ly  exp lo i t ed .  G iven  the cur ren!  
m a g n i t u d e  of  the drug  a b u s e  p rob l em lhe  role of  5 -HT in 
addic t ive  s ta tes  should  be e x a m i n e d  fltrther.  
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