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CALCAGNETTI, D. J. AND M. D. SCHECHTER. Psychostimulant-induced activity is attenuated by two putative do- 
pamine release inhibitors. PHARMACOL BIOCHEM BEHAV 43(4) 1023-1031, 1992. - Centrally administered amphet- 
amine (AMPH), cathinone, (CATH), or cocaine (COC) have each been shown to produce elevated activity in rats and this 
effect is dose responsive. The question remains whether these psychostimulants share a common mechanism of action (i.e., 
do these psychostimulants act by releasing dopamine to increase activity levels?). Experiments were, therefore, conducted to 
measure the spontaneous activity of these three centrally administered psychostimulants in rats following pretreatment with 
two putative dopamine release inhibitors, viz., 5-(4-methyl-1 piperazinyl)imidazoi(2,l-b) (l,3,5)-benzothiadiazepine maleate 
[CGS 10746B (CGS); 20 mg/kg)l and 4-(4-henzofurazanyl)-l,4-dihydro-2,6-dimethyl-3,5-pyridinedicarhoxylic acid methyl 
l-methyl-ethyl ester [isradipine (ISR); 2.5 mg/kg)]. Rats fitted with chronic indwelling ventricular cannulae received a single 
dose of ICV-administered CATH (32 gg), AMPH (16 gg), COC (100 gg), or vehicle. Selection of these ICV doses of stimulant 
drugs was based upon results obtained in preliminary studies that indicated similar elevations of activity. ICV administration 
of each of these drugs/doses was preceded (20 rain) by peripherally administered CGS, ISR, or vehicle. Results show that 
ICV CATH (32/~g), AMPH (16 #g), COC (100 ttg) equieffectively elevate activity (two- to threefold) and that, in each case, 
this increase was significantly attenuated by pretreatment with CGS or ISR. 

Dopamine Amphetamine Cathinone Cocaine Activity Isradipine CGS 10746B 
Calcium channel blockade Intracerebroventricular Rats Antagonism 

CONSUMING the juice extracted by chewing the young 
leaves of  the Khat shrub (Catha edulis Forsk.,  family Celastra- 
ceae) produced effects that are practically indistinguishable 
from amphetamine (AMPH); these include euphoria, allayed 
fatigue, insomnia, and excitation [for review, see (23,30)]. 
( - )Ca th inone  (CATH) has been identified as the major psy- 
choactive alkaloid contained in the Khat shrub (24). The activ- 
ity-elevating effects of  the other psychostimulants A M P H  and 
cocaine (COC), as well as CATH, have been characterized 
following central administration in rats (3,4,8,19,25). Support 
for the hypothesis that psychostimulants require an intact do- 
paminergic system to exert their effects upon activity has been 
evidenced by reports that dopaminergic antagonists (21), or 
pretreatment with the relatively dopamine-selective neuro- 
toxin 6-hydroxydopamine, into mesolimbic (i.e., nucleus ac- 
cumbens) pathways significantly attenuates stimulant-induced 
activity (26). CATH and A M P H  are believed to exert their 
effects by penetrating intraneural sites (18,22,23) to promote 
the presynaptic release of  neural dopamine (27,44), whereas 

COC is believed to exert its effects primarily by binding to a 
site in the dopamine reuptake transporter (35) that, subse- 
quently, results in reduced dopamine reuptake from the syn- 
apse (10,12). Thus, following administration of  either CATH, 
AMPH,  or COC the common end result is an increase in 
extracellular dopamine levels despite differing sites/mecha- 
nisms of  action. The present series of  experiments sought to 
compare the activity-elevating effects of  doses of  CATH, 
AMPH,  and COC that were shown in pilot experiments to be 
approximately equieffective. 

Putative dopamine release inhibitors were administered 
prior to psychostimulant injection to evidence the hypothesis 
that dopamine release is required for elevation of  activity pro- 
duced by psychostimulants. 5-(4-methyl-I piperazinyl)imida- 
zol(2,l-b)(1,3,5)-benzothiadiazepine maleate [CGS 10746B 
(CGS)] is an atypical antipsychotic of  the benzothiadiazepine 
class that has been reported to inhibit dopamine release by 
mechanisms as yet unknown. However, CGS acts without in- 
terfering with dopamine metabolism or occupying dopamine 

i Requests for reprints should be addressed to Daniel J. Calcagnetti, Ph.D., Department of Pharmacology, Northeastern Ohio Universities 
College of Medicine, P.O. Box 95, Rootstown, OH 44272-9989. 
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receptors (1,2,45). In behavioral tests using the drug dis- 
crimination paradigm, peripherally administered CGS (10-40 
mg/kg) attenuates CATH, AMPH,  and COC discrimina- 
tion (37,38). Using the place preference test, centrally adminis- 
tered CGS (15/~g) has been observed to block the rewarding 
effects of  32 #g CATH (unpublished observations). There- 
fore, one objective of  the present studies was to test whether 
CGS would also attenuate CATH-,  AMPH-,  and COC-in- 
duced activity. 

In addition to CGS, another dopamine release inhibitor 
was examined. It is hypothesized that calcium ion entry via 
voltage-dependent channels at neural cellular membranes 
plays a key role in neurotransmitter release (5,28,46). In vitro 
and in vivo evidence indicates that AMPH-stimulated dopa- 
mine release and synthesis is regulated, at least in part,  by 
calcium (15,16,36,40). As CATH effects are nearly identical 
to AMPH (23), it would not be surprising if CATH's mecha- 
nism of  action is also dependent upon the flow of  calcium 
ions. In addition, there is evidence suggesting that COC ef- 
fects involve neural calcium mechanisms, for example, Pani 
et al. (31) reported that the COC-induced increase in extra- 
cellular dopamine is attenuated by blockade of neural cal- 
cium channels of  the L type (i.e., voltage-activated binding 
sites for 1,4-dihydropyridine blockers). 4-(4-benzofurazanyl- 
1,4-dihydro-2,6-dimethyl-3,5-pyddinedicarboxylic acid methyl 
l-methyl-ethyl ester [isradipine (ISR)] is a potent dihydropyri- 
dine calcium channel L-type blocker (9,11) and may act by 
interfering with the passage of  calcium through these chan- 
nels. Studies, using transstriatal dialysis to measure dopamine 
release, reveal that ISR (1-10/~M) stereoselectively and dose 
dependently produces a strong attenuation (40-7507o) of  BAY 
K8644-induced dopamine release (9). In addition, Pani et al. 
(32) reported that ISR (2.5 mg/kg) attenuates the elevated 
locomotor effects of  peripherally injected COC (10 mg/kg) in 
rats. In light of these reports, a second objective of the present 
studies was to test whether ISR would attenuate any elevation 
of  activity in rats following central administration of  either 
CATH, AMPH,  or COC. The rationale for the use of the 
ICV route for administration of  the stimulants was to obviate 
any peripheral effects of  the stimulants. 

METHOD 

Subjects 

Male rats (purchased from Zivic-Miller Laboratories Inc., 
Allison Park,  PA) of  Sprague-Dawley descent served as sub- 
jects. Rats were individually housed in stainless steel hanging 
cages and allowed ad lib access to food (Purina 5008) and 
water. Housing took place in a colony room maintained at a 
constant temperature and humidity on a 12 L :  12 D cycle 
(dark onset at 1800 h). Activity measurements took place in a 
room separate from the colony room during the latter half of  
the light phase (1100-1600 h). 

Surgery and Injection 

Rats (425-590 g) were anesthetized using 100 mg/kg keta- 
mine HCI plus a 0.15-ml injection of  xylazine (10 mg/ml,  
Sigma Chemical Co.,  St. Louis, MO). A single stainless steel 
outer guide cannula (22 ga; Plastics One, Roanoke, VA) was 
stereotaxically implanted into the right lateral ventricle using 
the coordinates: 0.5 mm posterior to bregma, 1.5 mm lateral 
to midline, and 3.2 mm ventral to the surface of the dura, 
with the skull kept level between lambda and bregma (34). 
ICV injections were performed using a method modified from 
Myers (29). Drug solution was backloaded through a 28-ga 

internal cannula via a length of PE-20 tubing affixed to a 
25-#1 Hamilton microsyringe (Hamilton Co., Reno, NV) and 
administered in a total injection volume of  5.0/~1 at a rate of  
1.0/~1/4 s. 

Drugs 

( - )Ca th inone  HCI (NIDA, Rockville, MD), ( - ) coca ine  
HCI (Sigma), and (+)amphetamine sulfate (Sigma) were dis- 
solved in sterile 0.9070 saline. Saline served as the ICV vehicle 
(VEH) control injection. Peripheral injections of  CGS (CIBA- 
GEIGY Corp.,  Summit, N J) as well as ISR [ (+)-PN 200-110, 
Sandoz Inc., East Hanover, N J] were administered IP in an 
injection volume of  1 ml/kg.  The dose of CGS (20 mg/kg) 
was selected on the basis of pilot data (unpublished observa- 
tions). The dose of ISR (2.5 mg/kg) was selected on the basis 
of  a study reporting dose-response and time course effects on 
locomotor behavior in rats (32). Reports of in vivo studies 
with CGS (1,2) and in vitro binding studies with ISR (41) 
indicate that CGS and ISR can penetrate the blood-brain bar- 
rier in rodents following IP injection. Saline served as the 
VEH control injection for CGS. ISR was dispersed ultrasoni- 
cally in Tween-80 (9070 solution in distilled water) as previously 
described (32). Tween-80 solution served as the VEH control 
for ISR. All drugs were prepared fresh on the day of  use and 
all drug doses are expressed as the salt. 

Apparatus and Procedure 

Four pairs of  infrared photosensors, affixed four per side 
in a 45.5 × 35.5 x 20.5-cm Plexiglas cage, were employed to 
measure activity. The sensors were situated 5.5 cm above the 
floor and 9.5 cm apart along the wall of the longer side as 
previously described (7). Each photosensor interruption re- 
sulted in one activity count that was automatically recorded 
by a computer in 5-min intervals throughout the 30- or 60-min 
testing sessions. 

All subjects underwent thorough habituation consisting of 
daily handling and each spent 4 h per day in activity chambers 
on 3 days prior to the onset of data collection. This degree of 
habituation was instituted in an attempt to control for envi- 
ronmental novelty and allow for the establishment of stable 
baseline conditions. 

Rats were tested with each drug a maximum of twice 
weekly. Drug day I treatment consisted of randomly assigning 
rats to one of  two groups: Group 1 received an IP injection of 
the putative dopamine release inhibitor CGS or ISR and 
Group 2 received VEH. They were then placed into the activity 
cage for 20 min. At  20 min post-IP injection, rats were re- 
moved and received an ICV injection of  one of  the three stim- 
ulant drugs or their vehicle. Following completion of  the ICV 
injection, rats were immediately returned to the activity cage 
and activity recording (for 1 h) was initiated. On drug day 2, 
IP treatments per group were counterbalanced, that is, the 
group that received IP VEH on day 1 received IP CGS or ISR 
on day 2. This design allowed each subject to act as its own 
control as well as to control for the possible effects of  day of  
testing. Table 1 shows a complete summary of  the drug/VEH 
administration order. 

Statistical A nalysis 

Experiments were analyzed by one-factor analysis of  vari- 
ance (ANOVA) for differences across independent groups, 
that is, for comparison of ICV CATH + IP VEH, ICV 
AMPH + IP VEH, and ICV COC + IP VEH. Paired t-tests 
(42) were employed to test for differences between ICV stimu- 
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TABLE 1 
SUMMARY OF STIMULANT DRUGS (32 ~g CATH, 16 /~g AMPH, OR 100 ttg COC) 

AND/OR VEH ADMINISTRATION ORDER 

Week Drug Day 1 Drug Day 2 

1 
Group 1 IP CGS (20 mg/kg) + ICV VEH = IP VEH + ICV VEH 
Group 2 IP vehicle + ICV VEH~ IP CGS + ICV VEH 

Group 1 IP CGS + ICV CATH (32 #g/rat) = IP VEH + ICV CATH (32#g/rat) 
Group 2 IP VEH + ICV CATH (32#g/rat) = IP CGS + ICV CATH (32 #g/rat) 

Group 1 IP CGS + ICV AMPH (16/zg/rat) = IP VEH + ICV AMPH (16/~g/rat) 
Group 2 IP VEH + ICV AMPH (16/~g/rat)= IP CGS + ICV AMPH (16/zg/rat) 

Group 1 IP CGS + ICV COC (100/tg/rat)= IP VEH + ICV COC (100 #g/rat) 
Group2 IPVEH + ICVCOC(100/zg/rat)~ IPCGS + ICVCOC (100~g/rat) 

Rats (n = 11) received unilateral ICV injection of stimulant following IP injection of dopamine- 
release inhibitor CGS or VEH. 

Note that in the second series of experiments peripheraly administered ISR (2.5 mg/kg; n = 8) was 
injected in place of CGS. 

lant plus IP VEH treatment and ICV stimulant plus IP dopa- 
mine inhibitor treatments, as well as ICV CATH + IP VEH 
vs. ICV CATH + IP CGS. The level of significance was set 
a t p  < 0.05. 

Histology 

Subjects underwent histological verification of cannulae 
placements at the conclusion of activity testing. Following 
peripheral injection of sodium pentobarbital (200 mg/kg), rats 
were injected ICV with 4 #l Staedtler (C745) ink. Within 10 
min following ink injection, each subject was perfused trans- 
cardially with physiological (0.9%) saline followed by a solu- 
tion of buffered formalin (10%). Brains were rapidly removed 
from the cranial cavity and bathed in formalin. After 24 h, a 
freezing microtome was used to prepare coronal sections (40 
~m thick) for visual verification of placements for lateral ven- 
tricular cannulae. Positive cannula placement was defined by 
the presence of ink throughout the ventricles. In the interval 
between the CGS and ISR experiments (conducted sequen- 
tially), three subjects were excluded from further testing when 
the cannulae bases in two subjects were loosened and one 
subject was found to be sick. Purging these subjects left 1 l 
and 8 rats for experiments involving CGS and ISR, respec- 
tively. 

RESULTS 

Figure 1 (top) shows the mean (plus SEM) 1-h activity 
counts of rats receiving ICV-administered CATH, AMPH, 
and COC preceded by peripherally administered CGS or its 
VEH control injection. Figure 1 (bottom) depicts the mean 
(±SEM) l-h activity of rats receiving ICV-administered 
CATH, AMPH, and COC with and without peripherally ad- 
ministered ISR or its VEH. One-way ANOVA of stimulant 
(CATH, AMPH, and COC) plus CGS treatment was nonsig- 
nificant, as was stimulant (CATH, AMPH, and COC) plus 
VEH treatment, F(2, 32) < 2 .4 ,p  > 0.11. These results dem- 
onstrate that, as shown in Fig. 1 (top), the stimulant groups 
displayed equieffective levels of activity and the activity of 
stimulant drug groups that received ISR also did not differ. 
The VEH-VEH and VEH-CGS treatment means did not dif- 

fer and are displayed for comparative purposes. Comparisons 
of paired t-tests of stimulant drug plus VEH to stimulant 
drugs plus CGS treatment yielded significant differences for 
each of the three comparisons, t(10) > 4.1, p < 0.002. 

Collectively, these results demonstrate that CGS signifi- 
cantly attenuated (by 60-80°?0) the activity-elevating effect of 
CATH, AMPH, and COC to levels approaching baseline ac- 
tivity. Figure 2 shows the mean (+_ SEM) time course activity 
counts of rats treated with ICV CATH, AMPH, and COC 
without and with CGS (20 mg/kg) pretreatment for compara- 
tive purposes. 

Similar results were obtained in experiments with ISR pre- 
treatment. One-way ANOVA of stimulant (CATH, AMPH, 
and COC) plus ISR treatment was nonsignificant, as was stim- 
ulant (CATH, AMPH, and COC) plus VEH treatment, F(2, 
23) < 0.7, p > 0.5. These results again demonstrate that, as 
shown in Fig. I (bottom), the stimulant groups displayed 
equieffective levels of increased activity and the activity of 
stimulant drug groups that received ISR did not differ. The 
VEH-VEH and VEH-ISR treatment groups did not differ 
and their means are represented by the first two histogram 
bars. Paired t-test comparisons of stimulant dug plus VEH 
vs. stimulant drug plus ISR treatment yielded significant dif- 
ferences for each of the three comparisons, t(7) > 2.6, p < 
0.04. 

Like the CGS results, ISR significantly attenuated (by 33- 
56%) the activity-elevating effect of CATH, AMPH, and 
COC to levels approaching baseline activity. Figure 3 illus- 
trates the mean (+ SEM) time course activity counts of rats 
treated with ICV CATH, AMPH, and COC without and with 
ISR (2.5 mg/kg) pretreatment for comparative purposes. Al- 
though the activity count time course curves were not sub- 
jected to statistical analyses, but merely included for compara- 
tive purposes, it appears that the onset of each of the 
ICV-administered stimulant drugs was about 5-10 min and 
that this effect persisted for 30-40 min. 

DISCUSSION 

ICV injection of either CATH (32 #g), AMPH (16 /~g), 
or COC (100/zg) produced roughly equivalent elevations of 
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FIG. 1. Top: Mean (+SEM) 1-h total activity counts from rats (n = 11) receiving ICV-administered cathinone 
(CATH), amphetamine (AMPH), and cocaine (COC) with peripherally administered CGS 10746B (CGS) or vehicle 
(VEH) control injection. (Bottom): Mean ( + SEM) 1-h total activity counts of rats (n = 8) receiving ICV-administered 
CATH, AMPH, and COC with peripherally administered isradipine (ISR) or VEH. *Significant (p < 0.05) differences 
of stimulant drug plus VEH vs. stimulant drug plus CGS (or ISR; bottom) using paired t-tests. 

spontaneous activity as was suggested by pilot studies. The 
present result regarding ICV administrat ion o f  COC stands in 
direct contrast  to the finding that ICV administrat ion o f  COC 
(10-100/~g/rat)  did not  elevate spontaneous activity (13); in 

fact, a trend toward a decrease in activity was suggested. The 
authors characterize their results as "puzzling" because they 
reported a significant elevation in activity following peripheral 
administrat ion of  COC.  This discrepancy in results may be 
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due to a peculiarity in the Fischer 344 rat strain that they 
used because recent evidence suggests that this strain is subsen- 
sitive to the activity-elevation effects of  COC (17). 

A behavioral indicator of  dopamine mediation can be 
tested pharmacologically by using CGS because this agent de- 
creases presynaptic release of  dopamine (1,2) by mechanisms 
that neither block postsynaptic sites nor influence dopamine 
metabolism (such as might be seen with haloperidol or a- 
methylparatyrosine, respectively). In the drug discrimination 
paradigm, peripherally administered CGS (10-40 mg/kg) at- 
tenuates CATH and A M P H  stimulus discrimination (38). The 
present series of  experiments, therefore, set out to test whether 
dopamine release inhibitors would attenuate activity elevating 
effects of  CATH, AMPH,  and COC. 

Inhibition of  dopamine release may be accomplished in at 
least two ways: a) by reducing the firing frequency of  the 
neuron via blockade of  calcium ion channels necessary for 
cellular depolarization and /o r  b) by acting at intracellular sites 
in such a way as to inhibit the intracellular calcium-dependent 
sites for fusing of  synaptic vesicles with the cellular mem- 
brane. Although additional evidence is necessary to identify 
the exact mechanism of  CGS action, CGS presumably acts 
upon one of  these sites/mechanisms to inhibit dopamine re- 
lease. The present findings clearly show that pretreatment with 
CGS significantly attenuates the expression of  elevated activ- 
ity induced by either ICV-injected CATH, AMPH,  or COC. 
In contrast, the activity measured after administration of  CGS 
alone did not differ from baseline activity. This observation 
requires some attention because preliminary observations 
from this laboratory indicate that peripheral injection of  CGS 
at doses above 2.5 mg/kg results in decreased activity (unpub- 
lished observations). There are two important differences that 
might explain these seemingly discordant findings. First, in 
the present study rats were habituated for several days to the 
testing room; second, when injected with CGS rats spent 20 
rain in the activity-measuring cages prior to stimulant injec- 
tion. With the preliminary observations, rats had minimal ha- 
bituation to the testing environment and once injected with 
CGS spent the 20-min pretreatment time in the home cage, 
and only then were they placed into the activity cages for the 
first time. These changes in procedure might serve to account 
for the lack of  an observed decrease from baseline activity in 
the present experimentation. 

Importantly,  ISR did not affect baseline activity at the dose 
tested. This finding is in agreement with a report from another 
laboratory (32) that indicated that 2.5 mg/kg ISR does not 
attenuate baseline locomotor activity in rats. However, the 
effects of  ISR and CGS on spontaneous baseline activity may 
be difficult to ascertain given the low levels of  activity follow- 
ing habituation. 

Pretreatment with ISR (2.5 mg/kg;  20 min) significantly 
attenuated the activity-elevating effects of  ICV-administered 
CATH, AMPH,  and COC. It may be hypothesized that ISR 
attenuates the effects of  both CATH and A M P H  for two 
reasons: First, there is ample evidence that AMPH-induced 
dopamine release is, at least in part,  dependent upon a calcium 
mechanism (15,36,40); second, it has been demonstrated that 
ICV injection of  300 ng calcitonin, a peptide that selectively 
decreases blood calcium levels, potently attenuates AMPH- 
induced activity in rats (43). The present data represent the 

first evidence that ISR can attenuate the effects of  centrally 
injected AMPH.  

ISR also attenuated the activity-elevating effects of  COC. 
Results from behavioral studies indicate that ISR is capable 
of  attenuating the rewarding effect of  peripherally injected 
COC (10 mg/kg) as seen in the conditioned place preference 
test (32). The attenuation of  COC-induced place preference 
by ISR was dose related and did not produce sedation at doses 
_<2.5 mg/kg.  Another recent study reports that pretreatment 
with ISR dose-dependently increases the number of  intrave- 
nous infusions of  COC and morphine that rats will self- 
administer (14), indicating a cessation of  reward. These find- 
ings may represent a significant research avenue in that it may 
be possible to regulate the rewarding effects of  stimulant drugs 
by limiting Ca +2 movements across the plasma membrane via 
selective calcium channel blockade. 

It appears that CGS attenuated stimulant-induced activity 
slightly more than did ISR. These observations stem from the 
slight rise in baseline during ISR testing, as well as from a 
slight decrease of  the degree to which the stimulants elevated 
activity. The argument that tolerance to the stimulant effects 
occurred can be raised. However, this is unlikely for the fol- 
lowing reasons. First, rats were only drug exposed for 2 days 
with 1 week or more interval between drug treatments. It is 
unlikely, given the acute nature of  ICV injections, that signifi- 
cant tolerance had developed. Second, a substantial literature 
exists indicating that if any change in baseline responding does 
occur as a consequence of  repeated stimulant drug exposure 
rats are observed to be sensitized to the stimulant drug effects 
(20,33,39). Clearly, no sensitization was observed. Another 
possible explanation might be that CGS treatment exerted 
some long-term residual carryover effects. Given this had oc- 
curred, ISR attenuation of  stimulant-induced activity might 
be understated. 

In summary, selected doses of  CATH, AMPH,  and COC 
produced equieffective elevation of  activity following ICV ad- 
ministration. Pretreatment with CGS and ISR, two putative 
dopamine release inhibitors, attenuated the expression of  
these psychostimulant-induced increases in activity. These 
findings further evidence the role of  dopaminergic mecha- 
nisms in the expression of  locomotor activity and may suggest 
avenues to treat pathologic perturbations arising in neural do- 
pamine systems as a consequence of  abuse of  each, or any, of  
these three psychostimulants. In this regard, a recent report 
indicated that in patients diagnosed with acute mania and 
symptoms of  marked hyperactivity another dihydropyridine 
calcium channel blocker, nimodipine, showed promising results 
as a nonsedating alternative treatment to neuroleptics (6). 
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