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Abstract 

In order to determine whether repeated cocaine administration produced persistent changes 
in dopamine (DA) receptor binding and release consistent with behavioral sensitization, rats were 
treated with either cocaine (25 m g / k g  ip) or saline twice daily for 14 consecutive days followed 
by a 3-d withdrawal period. The DA transporter site was assayed using [3HJGBR 12935, whereas 
D 1 and D 2 sites were assayed using [3H]SCH 23390 and [3H]spiperone, respectively. The density 
(Bma x) of the DA transporter binding sites in the ST of the cocaine-treated group increased signifi- 
cantly (p < 0.05) over controls 3 d after the last injection, whereas the density of striatal D 1 and D 2 
binding sites remained unchanged. The DA transporter in the nucleus accumbens (NA) was also 
studied with [3H]GBR 12935 and was unchanged following drug treatment. D 1 and D 2 binding 
parameters for the NA were not determined in this study. Furthermore, cocaine administration 
did not affect the affinities (K d) of the radioligands used to label the transporter, D 1, or D 2 sites in 
any of the studies performed. In addition, striatal DA release was measured using in vivo 
microdialysis in anesthetized rats. Linear regression analysis on maximal decreases in DA release 
after apomorphine (0.02, 0.2, and 2.0 m g / k g  sc) injection showed no difference in the functional 
capacity of the ST to modulate DA transmission between control and treated groups. Moreover, 
animals pretreated with cocaine showed a significant (p < 0.01) decrease in locomotor activity 
(LA) after a presynaptic, autoregulating dose of apomorphine (0.03 m g / k g  sc) was given. These 
results suggest that the effects seen after repeated exposure to cocaine may be regulated, in part, 
by changes in striatal DA transporter binding site densities and not necessarily by DA-releasing 
mechanisms or D 1 and D 2 receptor modification. 

Index  Entries: Cocaine; dopamine; hypersensitivity; behavior. 

Abbrev ia t i ons :  DA, dopamine; NA, nucleus accumbens; ST, striatum; LA, locomotor activity; 
STB, stereotypic behavior. 
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Introduction 

Cocaine's reinforcing properties are attrib- 
uted to the blockade of dopamine's (DA) high- 
affinity, sodium-dependent, transporter protein 
(Iversen, 1973; Horn, 1978; Ritz et al., 1987; 
Kuhar et al., 1990; Izenwasser and Cox, 1990). 
The behavioral and neurochemical alterations 
associated with repeated cocaine exposure are 
not completely understood. Most of cocaine's 
effects, including behavioral  sensitization, 
euphoria, and craving, are thought to be medi- 
ated by the mesol imbic and nigrostr iatal  
DAergic pathways (Ritz et al., 1987; Johanson 
and Fischman, 1989). As a result, much atten- 
tion has been given to neurochemical  and 
receptor changes in DA systems as a conse- 
quence of repeated exposure. 

Repeated exposure to cocaine, as well as 
other psychomotor  stimulants, result in an 
increased behavioral response to subsequent 
drug challenge (Mayfield et al., 1992). This is 
referred to as "sensitization" or "reverse toler- 
ance" (Peris et al., 1990). This behavioral sensi- 
tization may play a role in the evolution and 
deve lopment  of cocaine- induced paranoid 
psychosis, like those reported for amphet- 
amine (Snyder, 1973; Robinson and Becker, 
1986; Yi and Johnson, 1990). Both LA and STB 
succumb to this p h e n o m e n o n .  Various 
researchers have shown this behavioral phe- 
nomenon over a wide range of experimental 
paradigms (e.g., doses). This phenomenon can 
be detected days, weeks, and even months 
after repeated drug administration has been 
discontinued (Peris et al., 1990; Zeigler et al., 
1991; Striplin and Kalivas, 1992). Alterations 
in functional DA release, DA receptors, and 
DA transporters have all been implicated in 
explaining this behavioral  response (Peris 
et al., 1990). 

Since the compensatory changes in receptor 
binding characteristics and tissue function is 
crucial in the deve lopment  of therapeutic  
agents used to treat cocaine addiction, the 
purpose  of this s tudy was to examine the 
nature of the changes in behavior, DA trans- 

porter binding, D 1 and D 2 DA receptor bind- 
ing, and DA release using the same injection- 
withdrawal paradigm. 

Methods 

Animals 

Male Sprague-Dawley rats (Harlan-Sprague- 
Dawley, Indianapolis, IN) weighing between 
125 and 215 g were used in these experiments. 
Animals were adapted to controlled environ- 
mental conditions for at least 1 wk. Tempera- 
ture was maintained at 21 + 1~ in a room with 
a 12-h light-dark cycle. Food (Purina Rat Cho~; 
Ralston-Purina Co., St. Louis, MO) and water 
were provided ad libitum. 

Chemicals and Drugs 

[3H]GBR 12935, [3H]spiperone, and [3H]SCH 
233990 were purchased from New England 
Nuclear  (Boston, MA). Butac lamol  and 
a p o m o r p h i n e  came from Research  Bio- 
chemicals Inc. (Natick, MA). All other drugs 
and chemicals used in these experiments were 
pu rchased  from Sigma Chemica l  Co. (St. 
Louis, MO). 

Drug Administration 

Rats were divided into two groups. Treated 
animals received 25 m g / k g  (ip) cocaine hydro- 
chloride twice daily for 14 consecutive days. 
Control animals were given an equivalent vol- 
ume of saline twice daily. Injections during this 
time period were carried out in the animal's 
home cage. All subsequent studies were done 
3 d after last injection. 

Behavioral Studies 

All challenge doses given 3 d after last injec- 
tion for behavioral studies were done outside 
the animal's home cage. Animals were accli- 
mated to their respective cages at least I h prior 
to any injection. 
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Locomotor Activity 

After 14 d of d r u g  t rea tment  fol lowed by a 
3-d w i t h d r a w a l  pe r i od ,  an ima l s  f rom bo th  
g roups  were injected wi th  a challenge dose of 
e i ther  cocaine (15 m g / k g  ip) or sal ine and  
placed indiv idual ly  in electronically moni tored  
ac t i v i t y  c h a m b e r s .  LA w a s  a u t o m a t i c a l l y  
r ecorded  every  5 min  for 1 h. Coun t s  were  
r eco rded  each t ime the  an ima l  d i s r u p t e d  a 
beam of light. Based on pre l iminary  work  in 
our  laboratory,  15 m g / k g  ip cocaine caused  
opt imal  LA responses.  The four  groups  moni-  
tored were  saline-saline (n = 6), saline-cocaine 
(n = 4), cocaine-sal ine  (n = 6), and  cocaine- 
cocaine (n = 6). 

In a second behavioral  study, both  groups  
were  injected wi th  a challenge dose of either 
apomorphine  (0.03 m g / k g  sc) or saline and were 
m o n i t o r e d  for LA as p r e v i o u s l y  de sc r ibed .  
Based on pre l iminary  work  in our  laboratory, 
0.03 m g / k g  sc a p o m o r p h i n e  p r o d u c e d  maxi- 
mal  decreases in LA. The four  g roups  in this 
s t u d y  w e r e  s a l i n e - s a l i n e  (n = 6), s a l i n e -  
a p o m o r p h i n e  (n = 6), coca ine-sa l ine  (n = 4), 
a nd  c o c a i n e - a p o m o r p h i n e  (n = 6). 

Stereotyped Behavior 
Animals from both groups were injected with 

a challenge dose of either cocaine (25 m g / k g  
ip) or saline and placed individually in Plexi- 
glas T M  cages. STB was  measu red  for 30 min.  
The intensi ty of s tereotypy was  assessed every 
5 m i n  a c c o r d i n g  to the  s co r ing  s y s t e m  of 
Naylor  and Costall (1971): 0, animals  same as 
saline-treated animals;  1, d i scont inuous  sniff- 
ing, constant  exploratory activity; 2, cont inu-  
ous  s n i f f i n g  a n d  sma l l  h e a d  m o v e m e n t s ,  
pe r iod ic  exp lo ra to ry  activity;  3, c o n t i n u o u s  
sniffing and small  head  m o v e m e n t s ,  discon- 
t i n u o u s  bi t ing,  g n a w i n g ,  and  l icking,  brief  
per iods  of LA; 4, con t inuous  gnawing,  bit ing 
and licking, no  exploratory activity. The cumu-  
lative stereotypic rat ing for each animal  was 
de t e rmined  as the s u m m a t i o n  of each 5-rain 
score for 30 min. The four  groups  moni to red  
were saline-saline (n = 6), saline-cocaine (n = 7), 
cocaine-saline (n = 7), and cocaine-cocaine (n = 5). 

Binding Assays 
Rats used  in b ind ing  s tudies  were  sacrificed 

by decapitat ion.  Brains were  rap id ly  r em oved  
over  ice, and  the  s tr iata  and  N A  w e r e  dis- 
sected, frozen over dry  ice, and stored at -70~ 
until  day  of assay. 

[3H]SCH 23390 Binding 
D 1 receptors were evaluated using previously 

es tab l i shed  p r o c e d u r e s  (Billard et al., 1984; 
Schulz et al., 1985). Briefly, three striatal tissue 
pools (3-4 an imals /poo l )  for both  treated and 
control  groups  were  h o m o g e n i z e d  in 100 vol 
(w/v)  of ice-cold Tris-HC1 buffer (50 mM, p H  
7.4 at 25~ The homogena te  was centr i fuged 
at 20,000g for 10 min  at 4~ The superna tan t  
was discarded, and the pellet was centr i fuged 
as described above in fresh buffer. The final pel- 
let was resuspended  in 50 m M  Tris-HCl buffer, 
p H  7.4, containing 120 m M  NaC1, 5 m M  KC1, 2 
m M  CaC12, and 1 m M  MgCI 2 to yield a concen- 
tration of 3 m g / 0 . 7  mL. A small  a l iquot  was  
taken for protein determinat ion.  Binding was 
initiated by the addi t ion  of 700-btL aliquots of 
homogen ized  membranes  to assay tubes con- 
taining 100 btL of 50 m M  Tris-HC1 buffer  (with 
1 m M  EDTA and 0.1% ascorbic acid), 100 ~L of 
increas ing concen t ra t ions  of [3H]SCH 23390 
( r ang ing  f rom 0.02-20 nM),  and  100 ~L of 
ketanser in  (1 ~tM). Incubat ion t ime was  15 m i n  
at 37~ Parallel incubat ions  in the presence  
of 10 buV/SCH 23390 def ined  specific b inding.  
Final assay v o l u m e  was 1 mL. 

[3HySpiperone Binding 
D 2 receptors were  assayed us ing  the m e t h o d  

of Pugsley  et al. (1989). Briefly, three striatal tis- 
sue pools (6 an ima l s /poo l )  for both  treated and 
control  g roups  were  h o m o g e n i z e d  in 20 vol  
(w /v )  of ice-cold Tris-HC1 buffer  (50 mM, p H  
7.4 at 20~ con ta in ing  5 m M  KC1, 1.5 m M  
CaC12 �9 2H20, 4 m M  MgC12 �9 6H20 , and  1 m M  
EDTA. The h o m o g e n a t e  was  c e n t r i f u g e d  at 
45,000g for 10 min  at 4~ The supe rna tan t  was  
discarded,  and  the pellet  was r e s u s p e n d e d  as 
desc r ibed  above  in the  s ame  buffer ,  excep t  
p H  was 7.4 at 37~ The h o m o g e n a t e  was  incu- 
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bated for 10 min at 37~ and then set on ice for 
45 min. Afterward,  the homogenate  was cen- 
trifuged again as described above. The result- 
ing pellet was then suspended in the original 
buffer for a concentration of 4 mg/0 .7  mL. A 
small aliquot was taken for protein determina- 
tion. Binding was initiated by the addit ion of 
700-gL aliquots of homogen ized  membranes  
to assay tubes conta in ing  100 gL of the initial 
50 mM Tris-HC1 buffer (with 0.1% ascorbic 
acid), 100 ~tL of increasing concentrations of 
[3H]spiperone (ranging from 0.08-2.0 nM), and 
100 ~tL of ketanserin (1 ~u Incubation time 
was 30 min at 37~ Parallel incubations in the 
presence of butaclamol (1 mM) defined specific 
binding. Final assay volume was I mL. 

[3H]GBR 12935 Binding 
The DA transporter for both striatal and NA 

tissue was  assayed  us ing  the p rocedure  of 
Akunne  et al. (1992). Briefly, three tissue pools 
(6 animals /pool)  for both treated and control 
groups were  homogenized  (Polytron, setting 6, 
30 s, Brinkmann) in 15 vol of ice-cold NaPO 4 
buffer (55.2 mM, pH 7.4). The homogenate  was 
centr i fuged (Sorvall RC-2B centrifuge, SS-34 
rotor) at 45,000g for 10 min at 4~ The super- 
natant  was discarded,  and the resulting pellet 
was resuspended in the same volume of buffer, 
m o d e r a t e l y  v o r t e x e d ,  and  c e n t r i f u g e d  as 
above. The final pellet was suspended in 1.5 
mL of buffer, and a 0.5-mL aliquot was taken 
for protein determination.  The remaining tis- 
sue was brought  to a 25-mL vol. Binding was 
initiated by the addit ion of 200-~L aliquots of 
homogen ized  membranes  to assay tubes con- 
taining 25 gL of 55.2 mM NaPO 4 buffer and 25 
~L of increasing concentra t ions  of [3H]GBR 
12935 (ranging from 0.03-100 nM). Incubation 
time was 2 h at 25~ Parallel incubations in the 
presence of 10 ~M GBR 12909 defined specific 
binding. Final assay volume was 250 ~tL. 

All incubations were  done in triplicate and 
t e r m i n a t e d  by  f i l t r a t ion  u n d e r  r e d u c e d  
vacuum pressure over Whatman  GF/B glass 
fiber filters (presoaked in 0.5% polyethyleni-  
mine  for the DA transporter  assay) using a 
Brandel l  Cell Harves te r  (M-48R) (Brandell,  

Gaithersburg, MD). Filters were  r insed three 
times each with 5 mL of the appropriate  ice- 
cold buffer. Filters containing the m e m b r a n e  
bound  wi th  the rad io l igand  were  p laced  in 
counting vials prefilled with 8 mL of Ready Gel 
s c in t i l l a t i on  l i qu id  (Beckman ,  Brea,  CA).  
Radioactivity was de termined  by a Beckman 
LS-9800 Liquid  Scin t i l la t ion  S p e c t r o m e t r y  
(Beckman) at an efficiency of 50%. Protein con- 
tent was de termined  according to the proce- 
dure of Bradford (1976). 

In Vivo Microdialysis 
Procedures for in vivo microdialysis  were  

based on the methods  of Ungerstedt  (1984). By 
the end of the injection paradigm,  the weights  
of all rats used in this experiment  fell in the rec- 
o m m e n d e d  range needed  for accurate place- 
m e n t  of p robes  u s i n g  specif ic  s t e reo tax ic  
c o o r d i n a t e s  (Pax inos  a n d  Watson ,  1986). 
Briefly, animals  were  anesthet ized wi th  ure- 
thane (1500 m g / k g  ip) and moun ted  in a ster- 
eotaxic device. The skull was exposed, and a 
3-mm hole was made  using a 2.5-mm drill bit. 
After removing the dura, a dialysis probe (4-mm 
membrane  length; BAS, West Lafayette; IN) 
was implanted into the left striatum according 
to the coordinates relative to Bregma (A 0.7, L 
2.8, and D 7.0). Probes were cont inuously  per- 
fused (2 ~L/min)  wi th  an artificial CSF (147 
mM NaC1, 4 mM KCI, 3 mM CaC12; p H  7.0) and 
the b o d y  t e m p e r a t u r e  of each an ima l  was  
main ta ined  at 37~ Samples were  collected 
every 20 min until a stable DA baseline was  
established as de termined  by HPLC-EC detec- 
tion using a C-18 reverse-phase column (3 x 100 
ram, BAS). Mobile phase consisted of: 100 mM 
chloroacetic acid, 0.164 1riM SOS, 0.113 m M  
EDTA, and 247 mM THF). Animals  from both 
saline- and cocaine-treated groups were  then 
given a specific dose of apomorphine  (0.02, 0.2, 
2.0 m g / k g  sc), a n d  the  m a x i m a l  p e r c e n t  
dec rea se s  in the l eve l  of d o p a m i n e  w e r e  
recorded.  A dose - re sponse  curve  (n = 3 - 4 /  
dose) was de termined for both control (saline- 
apomorphine)  and treated (cocaine-apomor-  
phine) animals. 
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Fig. 1. Effect of repeated cocaine administration on cocaine-induced locomotor activity in the rat. Animals 
were treated wi th either cocaine (25 mg/kg ip) or saline twice dai ly for 14 consecutive days fo l lowed by a 
3-d withdrawal period. Animals were then given a challenge dose of either cocaine (1 5 mg/kg ip) or saline and 
monitored every 5 min for 1 h. Those groups included saline-saline, saline-cocaine, cocaine-saline, and 
cocaine-cocaine. Mean values + SE (n = 4-6/group) are shown, aap < 0.01 as compared to sal ine-sal ine; 
bbp < 0.01 as compared to cocaine-saline; COp < 0.01 as compared to saline-cocaine. 

Analysis of Data 

Data from locomotor activity experiments  
were analyzed using one-way analysis of vari- 
ance (ANOVA) in conjunction with Newman-  
Keuls test, whereas STB was analyzed using 
the Wilcoxon scores procedure  (SAS/STAT, 
1988). Both tests were performed at a signifi- 
cance of 0.05. 

The saturation curves for specifically bound 
r a d i o l i g a n d s  were  t r a n s f o r m e d  us ing  the 
L U N D O N  ( L u n d e e n  and  G o r d o n ,  1986) 
radiol igand b inding  analysis software pack- 
age. All saturation isotherms were best fit by a 
s ingle  site mode l ,  and  final de r iva t ion  of 
rad io l igand affinity (K d) and the densi ty  of 
binding sites (Bma x) w a s  made. Statistical dif- 
ferences between groups were tested by one- 
way ANOVA at a significance of 0.05. 

Data from in vivo microdialysis were also 
analyzed using one-way ANOVA at a signifi- 
cance of 0.05. Bonferonni's multiple compari- 
sons test was used for the separation of means  
(SAS/STAT, 1988). Regression analysis was  
used to determine the best linear fit and to test 
if s lopes were  s igni f icant ly  d i f fe ren t  f rom 
each other. 

Results 

Behavior 

Cocaine (15 m g / k g  ip) administered to ani- 
mals pretreated with saline for 14 consecutive 
days resulted in significant (p < 0.01) increases 
in  LA w h e n  compared  to the sal ine- treated 
group given a challenge of saline (Fig. 1). There 
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Fig. 2. Effect of repeated cocaine administration 
on cocaine-induced stereotypic behavior in the rat. 
Animals were treated with either cocaine (25 mg/kg ip) 
or saline twice daily for 14 consecutive days followed 
by a 3-d withdrawal period. Animals were then given 
a challenge dose of either cocaine (25 mg/kg ip)or  
saline and monitored every 5 min for 30 min. Those 
groups inc luded sa l ine-sa l ine,  sa l ine-coca ine,  
cocaine-saline, and cocaine-cocaine. Mean values 
_+ SE (n = 5-7/group) are shown, aap < 0.01 as compared 
to saline-saline; bbp < 0.01 as compared to cocaine- 
saline; Cp < 0.05 as compared to saline-cocaine. 
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Fig. 3. Effect of repeated cocaine administration 
on apomorphine- induced decreases in locomotor 
activity in the rat. Animals were treated with either 
cocaine (25 mg/kg ip) or saline twice daily for 14 
consecut ive days fo l lowed by a 3-d wi thdrawal  
period. Animals were then given a challenge of a 
presynaptic dose of apomorphine (0.03 mg/kg sc) or 
saline and monitored every 5 min for 1 h. The groups 
include saline-saline, saline-apomorphine, cocaine- 
saline, and cocaine-apomorphine. Mean values + SE 
(n -- 4-6/group) are shown, bbp < 0.01 as compared 
to cocaine-sal ine. 

was more  than  a fourfold  increase in LA. It can 
also be not iced that  the increase in this g roup  
was  g radua l  wi th  a peak  of activity occurr ing 
at 15 min .  W h e n  a n i m a l s  p r e t r e a t e d  w i t h  
cocaine for 14 d were  chal lenged wi th  another  
dose  of cocaine (15 m g / k g  ip), there was a sig- 
nif icant  (p < 0.01) increase in LA w h e n  com- 
pa red  to its control  (Fig. 1). This increase was 
i m m e d i a t e - - r e a c h i n g  a peak  in 10 min.  This 
rise in LA ma in ta ined  its h igh  level dur ing  the 
60-min assay per iod.  The activity of this g roup  
was  more  than  eightfold compared  to its con- 
trol group.  

The effect of a cha l lenge  dose  of cocaine 
(25 m g / k g  ip) on  a n i m a l s  p r e t r e a t e d  w i t h  
ei ther  cocaine or saline for 14 d on STB is pre- 
sented  in Fig. 2. As can be seen f rom the figure, 
cocaine adminis t ra t ion  resul ted in a significant 
(p < 0.01) increase in STB for bo th  groups.  The 
increase in s t e reo typy  in an imals  p re t rea ted  

wi th  saline, however,  was almost  half  w h a t  was  
observed  in the cocaine-cocaine-treated group.  

The results in Figs. 1 and  2 clearly show that  
cocaine p re t rea tment  resul ted  in an imal  "'sen- 
sitization" or "reverse tolerance." In both  behav- 
ioral pa rame te r s ,  p r io r  e x p o s u r e  to coca ine  
resul ted in a twofold  increase w h e n  the data 
were  compared  to sal ine-pretreated animals.  

Figure 3 shows data  regard ing  a p o m o r p h i n e  
adminis t ra t ion  (0.03 m g / k g  sc) in cocaine- or 
s a l ine -p re t r ea t ed  an imals .  The  da t a  c lear ly  
show that a p o m o r p h i n e  was  able to (p < 0.01) 
reduce LA in cocaine-pret reated an imals  sig- 
n i f icant ly  w i th  no  s ign i f ican t  effects in the  
saline controls. 

D 1 and D 2 Receptor Binding Sites 

In o rder  to inves t iga te  the  m e c h a n i s m  of 
action of cocaine sensit ization, D] and  D 2 b ind-  
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Table 1 
Effect of Repeated Cocaine Administration on the Binding of [3H]GBR 12935 

to Recognition Sites Associated with the Striatal and Nucleus Accumbens DA Transporter 

[3H]GBR 12935 binding sites 

Striatum Nucleus accumbens 

Saline Cocaine Saline Cocaine 

B 10,198 + 659 16,106 + 1544" 8357 + 2001 9495 + 1344 
m a x  

(fmol/mg protein) 
K~ (nM) 2.70 + 0.60 4.10 _+ 1.00 1.80 + 1.00 2.4 + 0.30 

Mean values _+ SE (*p < 0.05). 
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Fig. 4. Effect of repeated cocaine administration 
on apomorphine-induced decreases in striatal DA 
release. Animals were treated with either cocaine (25 
mg/kg ip) or saline twice daily for 14 consecutive 
days fol lowed by a 3-d wi thdrawal period. 
Anesthetized animals were then given varying doses 
of apomorphine (0.02, 0.2, and 2.0 mg/kg sc) or 
saline (n = 3-4/dose), and monitored until the 
maximal percent decrease in the level of DA was 
recorded. The dose-response curve for the two 
groups was generated using regression analysis to 
determine a best-fit line. No significant (p < 0.05) 
differences in the slopes were found. 

ing was measured  in striatal tissue. Alterations 
in the binding sites might  contribute to the sen- 
sitization phenomenon  to cocaine. As can be 
seen,  h o w e v e r ,  t he re  w e r e  no s ign i f i can t  

changes in the Bma • of D 1 nor D 2 binding sites 
in the rat  ST 3 d after  the last inject ion of 
cocaine. Fur thermore,  cocaine t rea tment  did 
not  alter the K d of [3H]SCH 23390 for the D 1 
receptor or [3Hlspiperone for the D 2 receptor 
in this injection parad igm (Table 1). 

In Vivo Microdialysis 
Possible changes in DA release m a y  offer 

some explanation for the enhanced  behavioral  
effects seen as a resul t  of r epea t ed  cocaine 
exposure. On the contrary, however,  the dose -  
response curves generated for the two groups 
from varying doses of apomorphine  showed  
no changes in the maximal  percent  decrease in 
DA overflow as depicted by the two regression 
lines with almost identical slopes (Fig. 4). 

DA Transporter Binding Sites 
The pr imary  site of action for cocaine is the 

DA transporter. Repeated cocaine administration 
may  alter its binding characteristics and, thus, 
affect its response to subsequent injections to 
cocaine. Animals treated repeatedly with cocaine 
showed a significant (p < 0.05) increase in Bma x 
for the DA transporter  binding site in the ST, 
whereas no changes in the NA were observed. 
K d values did not change in any of the areas 
observed (Table 2). 

Discussion 

In the present study, cocaine administrat ion 
g iven  twice  da i ly  for 14 consecu t i ve  d a y s  
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Table 2 
Effect of Repeated Cocaine Administration on the Binding of [3H]Spiperone 

and [3H]SCH 23390 to Recognition Sites Associated 
with Striatal D= and D~ Receptors, Respectively 

Striatum 

[3H]Spiperone [3H]SCH 23390 

Saline Cocaine Saline Cocaine 

B 
m a x  

(fmol/mg protein) 

K j (nM) 

813 + 53 1002 • 14 1318 • 119 1126 • 105 

0.07 + 0.008 0.088 • 0.015 0.546 • 0.03 0.555 • 0.03 

Mean values _- SE (*p < 0.05). 

resulted in behavioral  sensitization for both LA 
and STB in animals given a challenge dose of 
cocaine 3 d after last injection. The density of 
s t r ia ta l  DA t r a n s p o r t e r  b i n d i n g  sites was  
i n c r e a s e d  in p r e t r e a t e d  rats ,  w h e r e a s  no 
changes were  found in the nucleus accumbens. 
R e p e a t e d  coca ine  a d m i n i s t r a t i o n  also left 
striatal D 1 and D 2 binding sites unchanged as 
well  as in vivo striatal DA release. Apomor-  
phine- induced  decreases in LA were evident in 
subjects previously exposed to cocaine. These 
f i n d i n g s  s h o w  tha t  r e p e a t e d  e x p o s u r e  to 
coca ine  r e s u l t e d  in l im i t ed  c o m p e n s a t o r y  
changes  in the DA sys tem,  specif ical ly  in 
striatal tissue. 

LA and STB are thought  to be mediated by 
the mesolimbic and nigrostriatal dopminergic  
p a t h w a y s ,  r e s p e c t i v e l y  ( Johanson  and  
Fischman, 1989). Possible changes that could 
contribute to sensitization of these behaviors 
i n c l u d e  u p r e g u l a t i o n  of p o s t s y n a p t i c  DA 
receptors (Zeigler et al., 1991; Laruelle et al., 
1992), enhanced  DA release (Akimoto et al., 
1989), subsensitivity of autoreceptors (Yi and 
Johnson,  1990), and  changes  in t ranspor ter  
function or number  (Izenwasser and Cox, 1990; 
Peris et al., 1990; Farfel et al., 1992). Research in 
support  of these findings, however,  is equivo- 
cal (Zahniser et al., 1988). Steketee et al. (1991) 
and Striplin and Kalivas (1992) have investi- 
gated the possible role for G proteins in behav- 
ioral  sensi t izat ion.  They sugges ted  that the 
action of psychost imulants  on DA perikarya 

may be more instrumental  in the deve lopment  
of sens i t i za t ion  than  t e rmina l  fields.  The 
uncoupling of G-protein-dependent inhibitory 
mechanisms in the A10 region, for example, may 
lead to a hyperactivation of DA transmission. 

In a d d i t i o n  to pos s ib l e  n e u r o c h e m i c a l  
changes, some degree of sensitization could be 
exp l a ined  by e n v i r o n m e n t a l  c o n d i t i o n i n g  
(Kalivas et al., 1988; Pert et al., 1990). Al though 
this factor cannot be dismissed, it is unl ikely 
that  cond i t ion ing  plays  a major  role in the 
behav io ra l  changes  p r o d u c e d  by r e p e a t e d  
cocaine in the present experiment.  The condi- 
t ioning cues associated with  the injection pro- 
cedure, which was carried out in the home cage, 
are unlikely, because the response to saline in 
the activity chambers located outside the home 
e n v i r o n m e n t  was  e q u i v a l e n t  b e t w e e n  rats 
receiving repeated saline and repeated cocaine. 

In the present study, there were  no signifi- 
cant changes in the Bma x of D 1 or D 2 receptor 
sites 3 d after the last injection. Al though there 
was a 23% increase in Bma x for the D 2 site in the 
cocaine-treated group,  this increase was  not  
significant. The upregulat ion of either of these 
recep to rs  or the inc reased  af f in i ty  for the  
rad io l igand  could have  offered an explana-  
t ion for the e n h a n c e d  behav io ra l  r e sponse  
described. Other studies on D 1 and D 2 receptor 
binding as a consequence of repeated cocaine 
e x p o s u r e  have  been  d o n e  w i t h  e q u i v o c a l  
results. D 1 and D 2 b inding site densities have 
been shown to increase, decrease,  or remain  
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unchanged (Kleven et al., 1990; Zeigler et al., 
1991; Farfel et al., 1992). These differences are 
probably the result of species variations, dos- 
age, injection schedule, withdrawal period, 
and binding assay conditions. For instance, 
Kleven et al. (1990) found a decrease in Bma x 
for D 1 in the ST immediately after the last 
injection that was sustained for at least 2 wk. 
They also used a once-a-day injection para- 
digm delivering a relatively low to moderate 
dose (10-20 mg/kg)  of cocaine. Our stud~ on 
the other hand, utilized a twice-a-day injection 
paradigm delivering a total of 50 m g / k g / d  for 
14 consecutive days. This difference in dose 
and injection schedule may result in different 
compensatory changes in neuronal systems. 
This phenomenon has been seen in a more dra- 
matic way in behavioral studies of continuous 
vs intermittent drug exposure (Zeigler et al., 
1991). Time after last injection (or withdrawal 
period) is also a crucial variable when measur- 
ing behavioral and neurochemical changes. In 
the same study by Kleven et al. (1990), for 
example, they showed a significant decrease in 
Bma x for striatal D 2 20 min after the last injec- 
tion, but no difference from controls 2 wk later. 
This suggests that changes in receptor density 
after drug exposure are transient and depen- 
dent on the time after the last injection. 

The persistent effects of cocaine, however, 
may be mediated downstream from the DA 
receptor to the signal-transduction mecha- 
nisms. As mentioned previously, researchers 
are already beginning to look at the G-regula- 
tory proteins, the catalytic subunit of adenylate 
cyclase, and other components that are respon- 
sible for exerting D 1- and D2-mediated effects 
(Steketee et al., 1991; Mayfield et al., 1992; 
Striplin and Kalivas, 1992). 

Presynaptic D 2 receptors or autoreceptors 
have been suggested to be impulse-regulating, 
synthesis-modulating, or release-modulating 
(Bannon and Roth, 1983). D 2 release-modulat- 
ing autoreceptors appear to be very sensitive 
to the concentration of synaptic DA (Dwoskin 
and Zahniser, 1986). The nonspecific DAergic 
agonist, apomorphine,  given in increasing 
doses yielded a dose-dependent decrease in 

DA release. This decrease in the maximal per- 
cent of DA released was similar in both control 
and treated groups, suggesting no change in 
the autoreceptor-releasing mechanism. It is 
important, however, to be cautious in drawing 
conclusions about these types of data. A com- 
posite of many neuronal processes in the ST-- 
including DA--are  involved in an in vivo 
study of this type. It is possible that some alter- 
ations in the DA system may be masked by 
more predominant changes elsewhere. In addi- 
tion, the effects of anesthesia must be consid- 
ered. Although urethane is thought to be a 
suitable general anesthetic for studying neural 
function because of its ability to produce a 
plane of anesthesia without  affecting neu- 
rotransmission in various subcortical areas in 
the central nervous system, its composite  
effects cannot be ignored. 

The behavioral study performed showed a 
decrease in LA in the cocaine-treated group 
after receiving an autoreceptor-stimulating 
dose of apomorphine. This effect was not seen 
in the saline controls. Autoreceptor activation 
prompted a decrease in the release of endog- 
enous DA, thus resul t ing in a significant 
decrease in locomotor response. The differ- 
ences in the behavioral response between the 
two groups are not consistent with the in vivo 
dialysis results .  The net  ou tcome of this 
decreased locomotor response may be related 
to numerous systems that act in concert with 
DA, such as the cholinergic system (Claye and 
Soliman, 1990). 

Other studies performed in vitro (Dwoskin 
et al., 1988; Yi and Johnson, 1990) have shown 
both supersensitivity and subsensitivity of 
striatal D 2 autoreceptors after chronic cocaine 
treatment. Subsequent studies (manuscript in 
preparation) in our laboratory, however, have 
shown that under the same experimental para- 
digm used in the present study, amphetamine- 
induced release of DA in striatal slices was 
similar in both saline- and cocaine-treated ani- 
mals. Resting DA release, on the other hand, 
was higher in the cocaine-treated group and 
may offer, at least in part, an explanation for the 
sensitization of behavior observed in the pres- 
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ent study. These in vitro results lend support 
to the present in vivo microdialysis findings. 

Cocaine indirectly increases the concentra- 
tion of DA in the synapse by blocking its 
reuptake. The increase in DA transporter bind- 
ing sites found in the ST may be a homeostatic 
mechanism to decrease transmission of the 
postsynaptic cellular signal by regulating the 
level of DA in the synapse. The greater num- 
ber of transporter proteins available provide 
for greater effectiveness in removing synaptic 
DA. On the other hand, it may be expected that 
this increase could account for cocaine's more 
pronounced behavioral effects, as seen in this 
study. Although there have been reports of 
decreases (Farfel et al., 1992) or no changes 
(Allard et al., 1990; Kula and Baldessarini, 
1991) in DA transporter binding after repeated 
cocaine administration, Cheng et al. (1993) 
found significant increases in RTI-55-1abeled 
DA uptake sites in rat striatal tissue 24 h after a 
14-day injection (7.5 and 15 mg /kg  bid) para- 
digm. The similarities in species, injection 
schedule, and relatively short drug-free peri- 
ods may contribute to our similar findings. The 
results that are in d i sagreement  with the 
present study may be owing to a variety of 
experimental differences. Farfel et al. (1992) 
showed a decrease in the Bma x of treated mon- 
keys 2 wk after the last injection of cocaine. 
The discrepancy between these two studies 
may be owing to a difference in species or 
length  of the drug-f ree  per iod.  Kula and 
Baldessarini (1991), on the other hand, found 
no changes in Bma x after cocaine treatment. 
They used relatively low doses of cocaine in 
their experiment with a less frequent injection 
schedule. Allard et al. (1990) also reported that 
[3H]GBR 12935 binding in striatal tissue was 
unchanged after repeated cocaine exposure com- 
pared to controls. 

It has also been suggested that the trans- 
porter protein in both the ST and NA may not 
only be differentially affected by cocaine and 
other  psychoac t ive  agents,  but  that their  
structure is different (Lew et al., 1991). They 
showed in their s tudy that using a radio- 
iodinated diphenylpiperazine derivative, the 

specific photoaffinity-labeled band with a rat 
striatal p repara t ion  was sl ightly lower  in 
molecular weight than that observed with rat 
NA (mol wt 72,400 and 76,800 respectively) 
(Lew et al., 1991). These findings suggest the 
possibility of DA transporter heterogenei ty  
(Graham and Langer, 1992). One interesting 
finding in this study was the lack of change 
in the density of the DA transporter in the 
NA after repeated cocaine adminis t ra t ion.  
An increase in this transporter protein could 
have easily offered an explanation for the 
robust increase in LA mentioned earlier. Sub- 
sequent studies in our laboratory (manuscript 
in preparation) have revealed that under the 
same injection paradigm, a significant change 
occurred in [3H]DA uptake in vitro in the NA, 
but not in the ST. Compared to controls, the 
uptake of [3H]DA in NA slices from animals 
pre t rea ted with  cocaine was s ignif icant ly 
reduced .  This impl ies  an increase  in the 
amount of available DA for synaptic activity 
and can offer an explanation for the sensitiza- 
tion of LA seen in this study. These data are 
also supported by a similar s tudy done by 
Izenwasser and Cox (1990) that also showed a 
reduction in [3H]DA uptake in vitro in rat NA, 
but not ST 24 h after 3 d of cocaine injections. 
In addition, Sharpe et al. (1991) suggested that 
the medial shell of the NA should be more 
sensitive to the effects of cocaine than the 
cauda te  nuc leus .  This may  exp la in  w h y  
cocaine elicits first locomotor stimulation fol- 
lowed by stereotypy in the rat (Robinson and 
Becker, 1986). 

In summary, the present study indicates that 
repeated cocaine injections caused an increase 
in the densities of [3H]GBR 12935-labeled DA 
transporter binding sites in rat striatal tissue 
3 d after the last injection of cocaine, whereas 
no changes were seen in the NA. Although 
robust behavioral changes were observed for 
both LMA and STB in cocaine-treated rats, it is 
clear from this study that the neurochemical 
changes that may contribute to this sensitiza- 
tion phenomenon are different and region-spe- 
cific. Receptor density changes may not always 
be a reliable indicator of behavioral changes 
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seen in this type  of study. Funct ional  data  (e.g., 
[3H]DA u p t a k e ) ,  as m e n t i o n e d  ear l ier ,  wil l  
a lways  need  to fol low b ind ing  results.  This is 
also t rue for D 1 and D 2. The charac ter iza t ion  of 
the DA t ranspor te r  and  o ther  receptor  sys tems 
wi l l  o f fe r  us  m o r e  i n s i g h t  i n to  its ro le  in 
cocaine 's  re inforc ing and  behaviora l  proper t ies  
for the d e v e l o p m e n t  of the rapeu t ic  agents.  
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