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Abstract 

Cholecystokinin coexists with dopamine in mesolimbic 
neurons in mammalian brain. When injected directly into the 
nucleus accumbens, cholecystokinin (CCK) potentiated do- 
pamine (DA)-induced hyperlocomotion and apomorphine-in- 
duced stereotypy. These effects were not mimicked by non- 
sulfated CCK, but were blocked by proglumide, a putative 
CCK antagonist, as well as by antisera raised against sul- 
fated CCK. CCK alone had no effect on locomotion or stereo- 
typy, indicating that this peptide acts primarily as a modulator 
of DA-mediated behaviors in the mesolimbic pathway. In 
addition, CCK did not potentiate DA-induced hyperlocomotion 
or apomorphine-induced stereotypy when injected into the 
caudate nucleus, where CCK and DA are localized in sepa- 
rate neurons in rats. Facilitation of DA-mediated behaviors 
by CCK may represent a functional interaction specific to the 
neuromodulator-neurotransmitter coexistence phenomenon. 

Several recent immunocytochemical studies suggest that chole- 
cystokinin (CCK) is co-localized in the same neurons as dopamine 
(DA) In the mesolimbic pathway of the rat. lmmunofluorescence 
micrographs from ventral tegmental sections incubated with antisera 
to gastrin/CCK and subsequently to tyrosine hydroxylase showed 
identity between CCK-immunoreactive neurons and DA-immuno- 
reactive neurons (Hokfelt et al., 1980a). Combined immunocyto- 
chemistry and retrograde tracing of fluorescent dyes showed CCK/ 
DA-containing cell bodies in the ventral tegmental area projecting to 
the caudal, medial nucleus accumbens (Hbkfelt et al., 1980b), 
amygdala, and olfactory tubercles (Fallon et al., 1983). Injection of 
6-hydroxydopamine into the ventral mesencephalon produced a 
parallel reduction in both tyrosine hydroxylase immunoreactivity and 
gastrin/CCK immunoreactivity (Hokfelt et al., 1980b; Studler et al., 
1981; Marley et al., 1982). 

Functional studies indicate interactions between CCK and DA in 
vitro and in viva. DA potentiated veratridine-induced release of CCK 
(Meyer and Krauss, 1983) whereas CCK inhibited release of DA 
from cat caudate nucleus (Markstein and Hdkfelt, 1984) and rat 
nucleus accumbens (Voight and Wang, 1984) while stimulating 
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release of DA from rat striatum (Chesselet, 1984) and mouse striatum 
(Kovacs et al., 1981). In addition, CCK reduced DA turnover in the 
nucleus accumbens and caudate nucleus of the rat (Fuxe et al., 
1980). CCK levels in the striatum and mesolimbic system increased 
after chronic DA receptor blockade (Frey, 1983). DA-binding sites 
in the cerebral cortex and olfactory tubercles showed an increase in 
number and a decrease in affinity after CCK treatment (Murphy and 
Schuster, 1982; Agnati et al., 1983). 

Neurophysiological studies of extracellular recording from the 
ventral tegmental neurons and the nucleus accumbens found that 
CCK enhances the inhibition of neuronal firing induced by DA and 
apomorphine (APO), even though CCK is excitatory when adminis- 
tered alone (Hommer and Skirboll, 1983; Crawley et al., 1984; 
DeFrance et al., 1984). Taken together, these several lines of 
evrdence support the concept that CCK coexists with DA in the 
mesolimbic system, functioning as a modulator of dopaminergic 
activity. 

Although the behavioral actions of peripheral CCK on digestive 
processes and food intake have been elaborated (Mutt, 1978; Smith 
and Gibbs, 1981; Morley, 1982; Crawley et al., 1982) the behavioral 
functions of central CCK remain obscure. High doses of CCK, 
injected intraventricularly, decrease open field behaviors (Van Ree 
et al., 1983; Katsuura et al., 1984) suppress operant responding 
(Cohen et al., 1983) and induce sedation and catalepsy (Zetler, 
1980, 1982). However, these effects may be of peripheral origin, 
since the microgram doses of CCK employed in these studies are 
likely to enter the systemic circulation (Passaro et al., 1982). Intrathe- 
cal administration of the CCK antagonist, proglumide, potentiated 
opiate analgesia, suggesting that in the spinal cord CCK may 
modulate opiate function (Faris et al., 1983; Watkins et al., 1984). 

Since the mesolimbic DA pathway has been shown to have 
relatively specific behavioral actions on locomotion (Creese and 
Iversen, 1974; Iversen, 1977) and also plays a role in the induction 
of stereotypy (Costall and Naylor, 1975; Costal et al., 1977; Joyce, 
1983) CCK might be expected to elicit the same set of motor 
behaviors when injected into the nucleus accumbens. Studies using 
high doses of CCK found no direct effect of CCK on stereotypy or 
locomotion (Schneider et al., 1983; Widerlov et al., 1983; Hamilton 
et al., 1984). Microgram doses of CCK injected into the nucleus 
accumbens were found to inhibit amphetamine-induced hyperlocom- 
otion (Schneider et al., 1983) and APO-induced stereotypy (Ellin- 
wood et al., 1983). However, physiologically relevant doses of CCK 
have not been tested in the nucleus accumbens for their behavioral 
effects. 

The studies presented here were undertaken to provide a sys- 
tematic behavioral analysis of a wide range of doses of CCK injected 
directly into the nucleus accumbens. The effects of CCK adminis- 
tered alone, of CCK administered in conjunction with DA, and of 
CCK administered in conjunction with APO were tested on both the 
hyperlocomotion paradigm and the stereotypy paradigm. In addition, 
since CCK in the substantia nigra and in the caudate nucleus 
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appears to be localized in a population of neurons separate from 
those containing DA (Hiikfelt et al., 1980b; Marley et al., 1982; Gilles 
et al., 1983), the effects of CCK alone and in conjunction with DA 
or APO on stereotypy and hyperlocomotion were also tested in the 
caudate nucleus. 

Materials and Methods 
Male Sprague-Dawley rats, 200 to 250 gm, were stereotaxically implanted 

with indwelling guide cannulae into the nucleus accumbens or caudate 
nucleus, under sodium pentobarbital anesthesia. Hypodermic stainless steel 
tubing, 24 gauge (Small Parts Inc., Miami, FL), was bilaterally placed into the 
nucleus accumbens according to the stereotaxic coordinates of Paxinos and 
Watson (1982) and the sites of coexisting CCK and DA terminals described 
by Hokfelt et al. (1980b): 1.2 mm anterior to bregma, fl.2 mm lateral to the 
sagittal suture, and 5.7 mm ventral to bregma, with the mouthbar at -3.5 
mm. Hypodermic stainless steel tubing, 24 gauge, was bilaterally placed into 
the caudate nucleus according to the stereotaxic coordinates of Paxinos and 
Watson (1982): anterior-posterior coordinate at bregma, +3.5 mm lateral to 
the sagittal suture, and 6.0 mm ventral to bregma. The ventral coordinates 
were 1.0 mm dorsal to the intended site of injection, to minimize potential 
damage to the target site by the implanted guide cannula. The injection tube, 
fabricated of 31 gauge hypodermic stainless steel, (Small Parts Inc.), was 
exactly 1.0 mm longer than the implanted guide cannula, such that the tip 
used for injection directly into the target site consisted of extremely fine 
gauge tubing. 

Injectton sites were htstologrcally venfted In each anrmal at the end of each 
experiment. Fast green dye, 0 2 rl/mtn/accumbens, or 0.5 rl/mtn/caudate, 
was injected, and brains were removed for frozen sectioning at 50 pm and 
subsequent staining with cresyl violet. Approximately 5% of the placements 
directed at the nucleus accumbens and 2% of the placements directed at 
the caudate nucleus were erroneous. Data from animals with Incorrect 
cannula placements were eltminated from the statrstical analysts and are not 
included In the figures below. 

Location of cannulae in the nucleus accumbens and caudate nucleus are 
represented in figure 1. The volume of Injectton was chosen from Myers 
(1966) to deliver a maximal spherical diameter of 0.5 mm for the nucleus 
accumbens and 1.0 mm for the caudate nucleus, to compensate for the 
larger spherical dtameter of the caudate nucleus. The rate of rnjection was 
chosen to mtnimtze tissue damage in the target site during injection. 

All drug adminrstratron and behavioral testing was performed at least 1 
week after surgtcal procedures for cannula implantation. Drug admrnrstration 
was performed by constant infusion of 0.2 pi/nucleus accumbens sate and 
0.5 pl/caudate nucleus site, over a I-mln time penod/stte. A Sage mrcrotn- 
fusion pump (Orion Research, Inc., Cambridge, MA) advanced the plunger 
of a 10 PI-Hamilton syringe (PGC Scientifrcs Corp., Gaithersburg, MD), 
connected to PE-20 polyethylene tubing, attached to the injection tube. The 
following drugs were administered in the doses described below: CCK8- 
sulfate and CCK8-nonsulfate (Bachem, Inc.. Torrance, CA), progiumide (A. 
H Robins Co., Richmond, VA), prelmmune rabbit serum and rabbit serum 
raised against sulfated CCK8 (gtft of Dr. Margery C. Bernfeld, Department 

F/gure 7. Location of rndwellrng 24 gauge hypodermic 
stainless steel cannulae, stereotaxically implanted In male 
Sprague-Dawley rats under pentobarbrtal anesthesia. A, 
Caudal ventral region of the nucleus accumbens. Termi- 
nals containing both CCK and DA, from ventral tegmental 
neurons in which CCK and DA co-extst, have been dem- 
onstrated in this region (Hbkfelt et al., 1980a, b). B, Medlal 
caudal caudate nucleus. Terminals contalnrng either CCK 
or DA, from cortical or substantra nlgra neurons which 
contain either CCK or DA, have been demonstrated in this 
region (Hokfelt et al., 1980a). In the nucleus accumbens, 
0.2 I.LI of drug/mtn was Injected through a 31 gauge 
hypodermic stainless steel Injection tube In consctous rats. 
In the caudate nucleus, 0.5 ~1 of drug/mtn was ldenttcally 
injected. Drug was injected rmmedrately before behavioral 
testing. Fast green dye was InJeCted under identical con- 
ditions before sacrifice at the end of each experiment. 
Histologrcal analysts of the location of the cannula tip and 
spread of the Injected fast green dye was performed at 
the end of each experiment. 
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TABLE I 

An/ma/ testing paradigm for the four experimentsa 

Group 
Test Day 

1 2 3 4 

1 SALb DA CCK DA + CCK 
2 DA CCK DA + CCK SAL 

3 CCK DA+ CCK SAL DA 

4 DA + CCK SAL DA CCK 

a In all studies, animals were used four times, with intervals of at least 4 
days between uses, In a Latin Square Design (Fisher, 1950). See the text for 
details. 

b SAL, saline. 

of Pharmacology, University of St. Louis School of Medicine, St. Louis, MO), 
and 0.9% physlologlcal saline (Abbott Laboratories, Chicago, IL). 

In all studies, animals were used four times, with Intervals of at least 4 
days between uses, In a Latin Square Design (Fisher, 1950). For example, 
in experiments 2 and 4, animals were dtvided Into four treatment groups: 
saline, DA, CCK, and DA + CCK, for each dose of CCK (Table I), On a 
given test day, locomotion scores for saline and DA were required to be not 
significantly different from scores obtatned for saline and DA on previous 
test days for lncluslon of the data on CCK and DA + CCK in the present 
study. 

Two behavloral paradigms were employed. Ambulatory locomotion was 
quantitated over a 15.mln test session in a photocell-equipped Dlgiscan 
OptIcal Animal Activity Monitor (Omnitech Electronics Co., Columbus, OH). 
Stereotypy was scored over a 15.min test session by a human observer who 
was uninformed of the drug treatment condition. Rats were individually placed 
in clear plastic cages, 18 x 29 x 13 cm, and rated every 30 set for 15 min 
by the stereotypy rating scale of Creese and lversen (1974): 0 = Inactive; 1 
= active; 2 = locomotion with bursts of stereotyped sniffing; 3 = locomotion 
with continuous stereotyped sniffing or rearing; 4 = stereotyped behavior 
maintaIned tn one location; 5 = stereotyped behavior in one location with 
bursts of gnawing, licking, or biting Behavioral data were analyzed for 
statistlcal significance by analysis of variance (ANOVA) followed by the 
Newman-Keuls a posteriori test for significance of individual means. 

Experiment 1 analyzed the dose-response relationship for DA injected into 
the nucleus accumbens on hyperlocomotion, and for APO injected subcu- 
taneously on stereotypy. DA (IO, 20, 30, or 40 ng) or saline (0.2 ~1) was 
injected into each side of the nucleus accumbens, 1 min before scoring of 
ambulatory locomotion as described above. APO (0.1, 0.15, 0.2, 0.3, or 0.4 
mg/kg) or saline (0.2 ml) was InJected subcutaneously 15 min before scoring 
of stereotypy as described above. These doses were chosen from previous 
studies (Pilnenburg and Van Rossum, 1973; Costall and Naylor, 1975; 
Iversen, 1977; Joyce, 1983), to determine the optlmal doses of DA and 
apomorphine for elicitation of hyperlocomotion and stereotypy, respectively. 

Experiment 2 investigated the effects of CCK on ambulatory locomotor 
activity. CCK (2, 20, or 200 pg; 2, 20, or 200 ng) or saline, in 0.2 ~1, was 
bilaterally injected over a 1-mln period into the nucleus accumbens as 
described above. CCK (4, 40, or 400 pg; or 4, 40, or 400 ng) or saline, In 
0.5 ~1, was bilaterally injected over a 1 -min period into the caudate nucleus. 
One minute after injection, rats were placed into the Digiscan activity monitor 
for 15 min, as described above. 

Experiment 3 investigated the effects of CCK on stereotyped behavior. 
CCK (2, 20, or 200 pg; 2, 20, or 200 ng; or 2 pg) or saline, In 0.2 ~1, was 
injected bilaterally over a l-mln period into the nucleus accumbens, as 
described above. CCK (4, 40, or 400 pg; or 4, 40, or 400 ng) or saline, in 
0.5 ~1, was injected bilaterally over a 1 -min period Into the caudate nucleus, 
as described above. Stereotyped sniffing, gnawing, and licking were scored 
for 15 min, beginning 1 min after in]ection, as described above. 

Experiment 4 investigated the effects of CCK on DA-induced hyperloco- 
motion. CCK (2, 20, or 200 pg; 2, 20, or 200 ng; or 2 pg) or saline was 
combined wrth DA (20 fig/O.2 ~1) and injected bilaterally over a I-min period 
into the nucleus accumbens, as described above. CCK (4, 40, or 400 pg; 
or 4, 40, or 400 ng) or saline was combined with DA (20 pg/O.5 @I) and 
injected bilaterally over a 1 -mln period into the caudate nucleus, as described 
above. One minute after injection, rats were placed into the Diglscan activity 
monitor for 15 min, as described above. 

Experiment 5 investigated the effects of CCK on APO-induced stereotypy. 
CCK (2, 20, or 200 pg; 2, 20, or 200 ng; or 2 fig) or saline was injected 
bilaterally over a I-min period rnto the nucleus accumbens, 12 min after 
subcutaneous injection of APO (0.2 mg/kg). CCK (4, 40, or 400 pg; or 4, 
40, or 400 ng) or saline was Injected bilaterally over a 1 -min period into the 

caudate nucleus, 12 min after subcutaneous injection of APO (0.2 mg/kg). 
Stereotyped sniffing, gnawing, and licking were scored for 15 min, beginntng 
15 min after apomorphine injectlon and 1 min after intracerebral injection. 

Experiment 6 Investigated the activity of unsulfated CCKB as compared 
to sulfated CCK8 on DA-induced hyperlocomotion and APO-Induced stereo- 
typy after peptide injection into the nucleus accumbens. Unsulfated CCK or 
sulfated CCK (2 ng or 2 pg), or saline was injected bilaterally into the nucleus 
accumbens, in conjunction with DA (20 pg) into the nucleus accumbens, or 
in conjunction with APO (0.2 mg/kg, s.c.), as described in experiments 4 
and 5. 

Experiment 7 Investigated the ability of proglumide and of antiserum raised 
against sulfated CCK8 to block the effects of CCK on DA-induced hyperlo- 
comotion. CCK (200 pg) + DA (20 rg), CCK (200 pg), or saline was 
bilaterally injected in a volume of 0.2 ~1 over a I-min period into the nucleus 
accumbens, 5 min after administration of (a) proglumide (8 or 20 fig), (b) 
preimmune serum, undiluted; (c) antiserum to CCK, undiluted or diluted 1:5 
with 0.9% NaCI; or (d) saltne, in a volume of 0.2 ~1, bilaterally over a I-mln 
period, into the nucleus accumbens. 

Results 

Figure 2A shows the dose-response curve for DA injected into 
the nucleus accumbens on locomotor activity. ANOVA yielded a 
significant effect of dose: f4,20 = 9.83, p < 0.01. Newman-Keuls a 
posteriori analysis for significance of individual means showed a 
significant increase in locomotion after doses 20, 30, and 40 pg of 
DA injected bilaterally into each nucleus accumbens ( l *p < O.Oi), 
as compared to saline controls (N = 5 for each dose); data are 
represented as mean + SEM. A dose of 20 pg/side was chosen, to 
employ a dose of DA which significantly increased locomotion 
without approaching a maximal response. Figure 26 shows the 
dose-response curve for apomorphine injected subcutaneously on 
stereotyped sniffing behaviors. ANOVA yielded a significant effect 
of dose: F5, 25 = 11.45, p < 0.01. Newman-Keuls analysis showed 
a significant increase in stereotypy score after doses of 0.10, 0.15, 
0.2, 0.3, and 0.4 mg/kg of APO subcutaneously, as compared to 
saline controls (*p < 0.05; **p < 0.01; N = 5 for each dose; data 
represented as mean + SEM). A dose of 0.2 mg/kg, s.c., was 
chosen as approximately half-maximal from this curve, to employ a 
dose of APO which significantly increased stereotypy without ap- 
proaching a maximal response. 

Figure 3A shows the lack of effects of CCK on locomotor activity 
when injected Into the nucleus accumbens over the dose range of 
2 pg to 200 rig/side, as compared to saline-injected controls (AN- 
OVA: F5, 25 =1.41, not significant; N = 5 for each dose). Figure 38 
shows the lack of effect of CCK on locomotor activity when injected 
into the caudate nucleus over the dose range of 4 pg to 400 ng/ 
side, as compared to saline-injected controls (ANOVA: &, = 1.54, 
not significant; N = 5 for each dose). 

Figure 4A shows the lack of effect of CCK on stereotypy scores 
when injected into the nucleus accumbens over the dose range of 
2 pg to 2 pg/side, as compared to saline-injected controls (ANOVA: 
F6, 28 = 2.25, not significant; N = 5 for each dose). Figure 48 shows 
the lack of effect of CCK on stereotypy when injected into the 
caudate nucleus over the dose range of 4 pg to 400 rig/side, as 
compared to saline-injected controls (ANOVA: F5,23 = 2.61, not 
significant; N = 5 for each dose). 

Figure 5A shows a significant effect of CCK on DA-induced 
hyperlocomotion when CCK was injected in combination with DA 
into the nucleus accumbens. CCK significantly increased the loco- 
motion scores at doses from 20 pg to 200 rig/side when adminis- 
tered with DA (20 wg/side), as compared to DA (20 pg/side) + 
saline (ANOVA: F+,8 = 4.46, p < 0.01; Newman-Keuls *p < 0.05, 
**p < 0.01; N = 8 for each dose). Figure 5B shows that CCK had 
no effect on locomotion when injected in combinatton with DA tnto 
the caudate nucleus in CCK doses of from 4 pg/side to 400 ng/ 
side + DA (20 Fg/side), as compared to DA (20 pg/side) + saline 
(ANOVA: I& = 1.54, not significant; N = 8 for each dose). 

Figure 6A shows a significant effect of CCK on APO-induced 
stereotypy when CCK was injected into the nucleus accumbens 15 
min after subcutaneous injection of APO. CCK significantly increased 
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A) DOSE-RESPONSE FOR DOPAMINE-INDUCED 
HYPERLOCOMOTION IN THE NUCLEUS ACCUMBENS 
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Figure 2. Dose-response relatronshrp for DA Injected into the nucleus accumbens on the elicitation of hyperlocomotion (A) and for APO injected 
subcutaneously on the elicitation of stereotyped behaviors (B). Data are represented as mean f SEM. N = 5 for each dose of each treatment. *, p < 0.05; 
**, p < 0.01, by Newman-Keuls analysis of srgnificance of individual means, as compared to saline-treated controls, followrng a significant value for ANOVA. 
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Figure 3. A, CCK had no effect on locomotor actlvlty when injected into the nucleus accumbens over the dose range of 2 pg to 200 rig/nucleus 
accumbens, as compared to saline-Injected controls. B, CCK had no effect on locomotor activity when injected into the caudate nucleus over the dose 
range of 4 pg to 400 ng/caudate nucleus, as compared to sallneqected controls. N = 5 for each dose of each treatment. 

the stereotypy scores at doses from 20 pg to 200 rig/side when 
administered after APO (0.2 mg/kg, s.c.), as compared to APO (0.2 
mg/kg, s.c.) + saline (ANOVA: Fs,~~ = 7.64, p < 0.01; Newman- 
Keuls *p < 0.05, **p < 0.01; N = 8 for each dose). Figure 613 shows 
that CCK had no effect on stereotypy when injected into the caudate 
nucleus 15 min after subcutaneous injection of APO. Doses of CCK 
from 40 pg to 400 rig/side following APO (0.2 mg/kg, s.c.) were not 
significantly different from APO (0.2 mg/kg, s.c.) + saline (ANOVA: 
I&, = 1.93, not significant; N = 8 for each dose). 

Figure 7 shows the lack of effect of unsulfated CCK8 on DA- 
induced hyperlocomotion and APO-induced stereotypy in the nu- 
cleus accumbens. Illustrated are the significant effects of CCK- 
sulfated (2 rig/side) on DA-induced hyperlocomotion and APO- 
induced stereotypy, using grouped t test statistics to compare DA 
+ CCK to DA + saline, and APO + CCK to APO + saline (*p < 
0.05). CCK-nonsulfated did not produce an effect on DA-induced 
hyperlocomotion or APO-induced stereotypy when injected into the 
nucleus accumbens In a dose of 2 rig/side, as compared to DA + 
saline or to APO + saline by grouped t test statistics. Since the 
affinity of CCK-nonsulfated is approximately 1000.fold less than 
CCK-sulfated for the pancreatic CCK receptor (Gardner et al, 1977; 
lnnis and Snyder, 1980), and since controversy exists on the relative 
affinities of CCK-nonsulfated and CCK-sulfated for the brain CCK 
receptor (Hays et al., 1980, lnnis and Snyder, 1980; Saito et al., 
1980; Praissman et al., 1983; Van Dijk, et al., 1984), a dose of CCK- 
nonsulfated which was 1000.fold higher than the active dose of 
CCK-sulfated was also tested. CCK-nonsulfated did not produce an 
effect on DA-induced hyperlocomotion or APO-induced stereotypy 
when injected into the nucleus accumbens in a dose of 2 pg/side, 
as compared to DA + saline or APO + saline by grouped t test 
statistics. As found in experiments 4 and 5, presented in Figures 5A 
and 6A, CCK-sulfated had no effect on DA-induced hyperlocomotion 
or APO-Induced stereotypy when injected into the nucleus accum- 

bens in a dose of 2 pg/side, as compared to DA + saline or APO 
+ saline by grouped t test statistics (N = 6 for each dose of 
treatment, p < 0.05). 

Figure 8A shows the ability of the relatively specific CCK receptor 
antagonist, proglumide, to block the effects of CCK on DA-induced 
hyperlocomotlon. Proglumide (8 or 20 pg/slde) + saline had no 
effect on base line locomotion (ANOVA: F2, 15 = 1.33, not significant), 
as compared to saline + saline. Proglumide (8 and 20 fig/side) had 
no effect on DA-induced hyperlocomotion (ANOVA: F,,,, = 1.67, 
not significant), as compared to saline + DA (20 pug/side). Proglum- 
ide (20 pg/side) significantly inhibited the CCK-induced increase in 
DA-induced hyperlocomotion (F2,15 = 5.21, p < 0.05; Newman- 
Keuls l p < 0.05 for proglumide, 20 pg/side), as compared to saline 
+ DA (20 pg/side) + CCK (200 pg/side) (N = 6 for each dose of 
each treatment). Figure 88 shows the ability of rabbit antiserum 
raised against CCK-8-sulfated to block the effects of CCK on DA- 
induced hyperlocomotion. Undiluted preimmune serum, undiluted 
CCK antiserum, and CCK antiserum diluted I:5 had no effect on 
base line locomotion (ANOVA: F 3,20 = 0.98, not significant), as 
compared to saline + saline. Undiluted preimmune serum, undiluted 
CCK antiserum, and I:5 diluted CCK antiserum had no significant 
effect on DA-induced hyperlocomotion (F3,20 = 2.36, not significant), 
as compared to saline + DA (20 Kg/side). CCK antiserum, undiluted 
and diluted 15, significantly inhibited the CCK-induced increase in 
DA-induced hyperlocomotion (F3,20 = 7.24, p < 0.01; Newman- 
Keuls “p < 0.05), as compared to saline + DA (20 pg/side) + CCK 
(200 pg/side). Preimmune serum had no effect on the CCK-induced 
increase in DA-induced hyperlocomotion (N = 6 for each dose of 
each treatment). 

Discussion 

CCK was found to potentiate the behavioral effects of intracere- 
brally administered DA on locomotor activity and to potentiate the 
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Figure 5 CCK slgnlflcantly Increased DA-induced hyperlocomotlon when CCK was Injected Into the nucleus accumbens In comblnatlon with DA (20 

pg/slde) (ANOVA F6 48 = 4 46, p < 0 01, Newman-Keuls p < .05 (*), p < 0.01 (se) as compared to DA (20 pg/slde) + saline). CCK had no effect on 
locomotion when Injected Into the caudate nucleus in comblnatlon with DA (20 fig/side). N = 8 for each dose of each treatment. 

behavioral effects of systemically administered APO on stereotypy of elicitation of stereotypy may involve a feedback pathway from the 
when Injected into the nucleus accumbens of awake rats. Effective caudate nucleus to the nucleus accumbens (Costall et al., 1977). 
doses of CCK ranged from 20 pg to 200 ng, which are within the The use of stereotypy tests in the present paradigm for both the 
range of concentrations that have been reported for endogenous caudate nucleus and the nucleus accumbens was based on these 
CCK in the nucleus accumbens (Belnfeld and Palkovits, 1981). The recent findings. The ability of CCK injected into the nucleus accum- 
facllttatory effects of CCK appear to occur at physiologically relevant bens to potentiate APO-induced stereotypy lends further support to 
concentrations. a role for the nucleus accumbens in stereotyped behaviors. 

CCK did not show any effects on locomotion or stereotypy when The lack of effect of CCK alone in the caudate nucleus, and in 
administered alone Into the nucleus accumbens, over a wide dose combination with systemic APO, provides evidence that CCK does 
range. CCK, therefore, does not appear to have any direct postsyn- not potentlate behaviors mediated by a dopaminergic agonist in the 
aptic activity in the nucleus accumbens which would be equivalent caudate nucleus. However, the inability of the combination of CCK 
or analagous to the postsynaptic actions of DA on the behaviors + DA to induce hyperlocomotion when injected into the caudate 
tested. This finding leads to the suggestion that CCK may act nucleus cannot be considered definitive, since DA at 20 pg/side did 
primarily as a modulator of DA in the nucleus accumbens. not produce hyperlocomotion in the caudate nucleus. Hyperlocom- 

CCK had no effect on stereotypy when administered alone into otion is thought to be mediated primarily in the mesolimbic projection 
the caudate nucleus, or in conjunction with intracerebral DA or to the nucleus accumbens rather than the caudate nucleus (Pijnen- 
systemic APO. Stereotyped snuffing has been considered as primarily burg and van Rossum, 1973; Costall and Naylor, 1975; Costall et 
a nlgrostrlatal behavior (Creese and Iversen, 1974; Iversen, 1977; al., 1977; Iversen, 1977). A pilot dose-response study of DA injected 
Joyce, 1983). More recent evidence suggests that stereotypy can into the caudate nucleus did not show any doses of DA which 
also be elicited from the nucleus accumbens (Costall and Naylor, induced hyperlocomotion. It is possible that some combination of 
1975; Costall et al., 1977; Joyce, 1983). The mechanism of action CCK and DA doses might have an effect on locomotion when 
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figure 6. A, CCK significantly increased APO-induced stereotypy when CCK was injected into the nucleus accumbens 15 mln after APO (0.2 mg/kg, 
SC.) (ANOVA: Fe.48 = 7.64, p < 0.01, Newman-Keuls p < 0.05 (*), p < 0.01 (**) as compared to APO (0.2 mg/kg, s.c.) + saline). B, CCK had no effect 
on stereotypy when qected Into the caudate nucleus 15 mtn after APO (0.2 mg/kg, s.c.). N = 8 for each dose of each treatment. 

injected into the caudate nucleus. The main finding at present, 
however, indicates that CCK does not increase or decrease ster- 
eotyped behaviors most closely linked to the caudate nucleus. If  
further studies confirm the ability of CCK to potentiate behavioral 
effects of DA and dopaminergic agonists in the nucleus accumbens, 
but not in the caudate nucleus, the present paradigm could be used 
to test other anatomical regions receiving terminals from the CCK/ 
DA-containing neurons in the ventral tegmentum, such as the olfac- 
tory tubercles, the prefrontal cortex, and the amygdala. 

Unsulfated CCK had no effect on DA-induced hyperlocomotion 
or APO-induced stereotypy in the nucleus accumbens. This lack of 
effect does not appear to be a function of a potency differential, 
since a dose three orders of magnitude above effective sulfated 
CCK doses was also without effect. Receptor-binding studies of 
CCK in the brain report no difference, or only one order of magnitude 
difference, between sulfated and unsulfated forms of CCK (Hays et 
al., 1980; lnnis and Snyder, 1980; Van Dijk et al., 1984). Behavioral 
studies have reported either no difference or small differences in 
effects of sulfated and unsulfated CCK (Itoh and Katsuura, 1981; 
Jurna and Zetler, 1981; Kovacs et al., 1981). The present study 
provides evidence for a modulatory function of CCK on dopami- 
nergic activity which is specific for the sulfated form of the octapep- 
tide. 

Two pharmacological antagonists of CCK blocked the facilitatory 
effect of CCK on dopaminergic actions, indicating some degree of 
pharmacological specificity for the CCK effect. Proglumide is a 

glutaramic acid derivative developed as a specific antagonist of 
CCK at receptors in the pancreas and gall bladder. Proglumide was 
shown to block the physiological effects of CCK in stimulating 
release of pancreatic amylase (Gardner et al., 1977; Hahne et al., 
1981). Proglumide has also been shown to block behavioral effects 
of peripherally and centrally administered CCK (Collins et al., 1983; 
Hoebel and Aulisi, 1984; Schneider et al., 1985) and electrophysio- 
logical effects of centrally administered CCK (Chiodo and Bunney, 
1983). In the present paradigm, proglumide blocked the ability of 
CCK to enhance DA-induced hyperlocomotion when injected directly 
into the nucleus accumbens. The effective dose for this action of 
proglumide was 20 pg, as compared to the minimum effective dose 
of CCK, 20 pg. Proglumide does not appear to be a potent antag- 
onist of CCK in this paradigm. However, it may be pharmacologically 
specific, since proglumide injected alone, or in combination with DA, 
had no effect on either spontaneous locomotion or on DA-induced 
hyperlocomotion. 

Antiserum raised against sulfated CCK8 provides an immunolog- 
ically determined, pharmacologically specific antagonist of CCK. 
Undiluted antiserum and 15 diluted antiserum effectively blocked 
the actions of CCK on DA-induced hyperlocomotion. Preimmune 
serum, tested as a control for nonspecific effects of serum injected 
into the nucleus accumbens, had no effect on the actions of CCK. 
As with proglumide, CCK antibodies had no effect on spontaneous 
locomotion and did not effect DA-induced hyperlocomotion, indicat- 
ing pharmacologic specificity to the facilatatory effects of CCK. The 
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Figure 7. Unsulfated CCK, 2 ng/slde, InJected into the nucleus accumbens had no effect on DA-Induced hyperlocomotion (A) or APO-induced stereotypy 
(B). as compared to DA (20 pg) + saline or to APO (0.2 mg/kg, s c.) + saline. Sulfated CCK potentlated DA-Induced hyperlocomotlon and APO-Induced 
stereotypy at this dose (*, p < 0 05 by grouped t test statlstlcs). Unsulfated CCK at 2 pg/slde, a dose 1000.fold higher than the active dose of sulfated 
CCK, also had no effect on DA-Induced hyperlocomotlon or APO-Induced stereotypy. N = 6 for each dose of each treatment. 

fact that these two antagonists block only the facilitatory effects of 

CCK Increases the likelihood that CCK IS not exerting a nonspecific 
peptlde effect. 

A biphasic dose-response curve was seen for the potentiating 

effects of CCK on DA-induced hyperlocomotion and APO-induced 
stereotypy in the nucleus accumbens. The highest dose of CCK 
tested, 2 pg, failed to show the potentiation effect. Higher doses of 

CCK were not tested, due to difficulty in dissolving greater quantities 

of CCK in the 0.2.~1 volume required for intra-accumbens injection. 
It is likely that doses of CCK above 2 pg could have effects opposite 
to those of picogram and nanogram doses. Electrophysiological 

studies demonstrated that high doses of CCK produce depolariza- 
tion block, causing a temporary cessation of firing of ventral teg- 
mental neurons (Skirboll et al, 1981; White and Wang, 1984). 

Several previous behavloral studies have investigated Interactions 
between CCK and DA in the mesollmblc system. Early studies 

employed inJectIons of mlcrogram quantities of CCK in combination 
with DA, amphetamine, or APO (Kovacs et al., 1981; Elllnwood et 

al., 1983; Schneider et al., 1983; Wlderlov et al., 1983; Hamilton et 
al., 1984). These publlcatlons reported either no change or Inhibition 

of DA-mediated behaviors by CCK. Since microgram doses of CCK 
are within the range which Induces depolarization block (Skirboll et 
al., 1981; White and Wang, 1984), it is likely that the behavioral 
studies cited would yield data resembling the extreme right of the 
dose-response curve of Figures 5 and 6 of the present study. 
Facllitatory effects of picogram and nanogram doses of CCK, used 
in the present paradigm, may more accurately reflect the physiolog- 
ically relevant actions of endogenous CCK. 

In another recent behavioral study, CCK was administered into 
the nucleus accumbens 60 min before testing (Van Ree et al., 1983). 
An Inhibition of APO-Induced behaviors by CCK was reported. CCK 
is a relatively labile peptlde, with a half-life in viva between 10 
(Lonovics et al., 1979) and 52 min (Deschodt-Lanckman et al., 
1981). The breakdown products of CCK8 are reported to include 
smaller fragments such as CCK4 (Deschodt-Lanckman et al., 1981). 
CCK-4 has been reported to have behavioral effects opposite to the 
behavioral effects of CCK-8 on open field behaviors (Hsiao et al., 
1984). It is possible, therefore, that behavioral testing begun at a 
time point considerably after injection of CCK could yield different 
results due to formation of active metabolites of CCK. A complete 
time course for the actions of CCK is required to test this hypothesis. 
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To determine definitively the functional specificity of CCK in 
potentiating dopamine-induced behaviors in the nucleus accum- 
bens, other peptides can be tested in the present paradigm. Several 
studies have addressed the question of peptides interacting with 
DA in the nucleus accumbens. Nemeroff et al. (1983) demonstrated 
that neurotensin microinjected into the nucleus accumbens antago- 
nizes DA-induced increases in locomotion and rearing. Kalivas et al. 
(1984) have demonstrated that methionine-enkephalin increases 
locomotor activity when injected into the nucleus accumbens, either 
alone or in combination with DA. Since the nucleus accumbens 
contains a large number of neuropeptides, it is not surprising that 
other peptides influence dopaminergic functions. CCK appears to 
be the first peptide demonstrated to increase the response to 
dopaminergic functions, without having an effect alone. However, 
the functional specificity of this CCK-DA interaction must be further 
explored with a variety of neuropeptides. 

In conclusion, CCK microinfused into the nucleus accumbens 
potentiated DA-induced hyperlocomotion and APO-induced stereo- 
typy. The potentiation was blocked by the CCK receptor antagonist, 
proglumide, and by rabbit antiserum raised against CCK. Unsulfated 
CCK was ineffective in this paradigm. CCK had no effect alone on 
locomotion or stereotypy, suggesting that, behaviorally, CCK acts 
as a modulator of dopaminergic function. The mechanism of action 
for the observed modulation is unknown. Possibilities include post- 
synaptrc receptors in the nucleus accumbens, where a CCK-binding 
site could be linked to a DA receptor, or an interaction between 
CCK and DA at a presynaptic uptake or release site in the nucleus 
accumbens. CCK microinfused into the caudate nucleus did not 
affect APO-induced stereotypy and did not have any effect alone 
on stereotypy or locomotion. Since CCK and DA are known to 
coexist in the mesolimbic pathway from the ventral tegmental neu- 
rons to the nucleus accumbens, but are located in separate neurons 
in the substantia nigra and in the caudate nucleus (Hbkfelt et al., 
1980a, b), the CCK-DA behavioral facilitation phenomenon may 
represent a mechanism specific to a site of coexistence. 
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