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TELLA, S. R. Possible novel pharmacodynamic action of cocaine: Cardiovascular and behavioral evidence. PHARMA- 
COL BIOCHEM BEHAV 54(2) 343-354, 1996. -Intravenous cocaine (0.03-3 mg/kg) produced two distinct and temporally 
separable effects in rats. One is an initial, large, and brief increase in blood pressure (BP) and heart rate (HR) of a rapid onset 
(abrupt hemodynamic stimulation). A rapid, brief, and intense behavioral arousal accompanied this abrupt hemodynamic 
stimulation. The other effect of cocaine is a prolonged locomotor activation of a relatively slower onset. Prolonged increases 
in BP and HR accompanied this locomotor effect. The threshold doses of cocaine to produce abrupt hemodynamic stimulation 
and locomotion are 0.03 and 0.3 mg/kg, respectively. Dopamine receptor antagonists, SCH 23390 or eticlopride, at a 0.03 
mg/kg dose antagonized the locomotion and the parallel prolonged increases in BP and HR, but not the initial brief behavioral 
arousal and abrupt hemodynamic stimulation responses to cocaine. Peripheral dopamine receptor antagonist, domperidone, 
altered neither behavioral nor cardiovascular effects of cocaine. Chlorisondamine (1 mg/kg), an autonomic ganglionic 
blocker, did not alter either the initial brief behavioral arousal or the locomotor responses to cocaine, bui it prevented the 
cardiovascular changes that accompanied both these behavioral responses. Norepinephrine, a direct adrenergic vasoconstric- 
tor, although produced rapid and large increase in BP, did not cause abrupt behavioral arousal or locomotor activation. 
Unlike cocaine, monoamine reuptake inhibitors that are selective for norepinephrine (nisoxetine, 0.1-l mg/kg) or serotonin 
(fluoxetine, 0.3-3 mg/kg) produced neither brief behavioral arousal and abrupt hemodynamic stimulation nor locomotor 
activation. Dopamine-selective reuptake inhibitor, GBR 12909, also did not elicit the initial brief behavioral arousal and 
abrupt hemodynamic stimulation. But, GBR 12909, like cocaine, produced a prolonged locomotor effect and parallel increases 
in BP and HR. These effects of GBR 12909 were prevented by SCH 23390 and eticlopride, but not by domperidone. Similar 
to cocaine, cardiovascular, but not the locomotor effects of GBR 12909 were prevented by chlorisondamine. Lidocaine (0.3- 
3 mg/kg), a sodium channel blocker and local anesthetic, produced neither behavioral nor physiological changes. Both 
cocaine (3 mg/kg) and GBR 12909 (1 mg/kg) increased plasma norepinephrine and epinephrine concentrations. These 
increases were antagonized by both eticlopride and SCH 23390. These results indicate that behavioral and cardiovascular 
effects of cocaine are intricately related with respect to the molecular mechanisms involved. Two pharmacodynamic actions 
of cocaine appear to mediate these effects. One is a dopamine-dependent while the other is a monoamine- and sodium 
channel-independent novel action. The former mediates cocaine’s locomotor effect and the accompanying prolonged increases 
in BP and HR, while the latter mediates the initial brief behavioral arousal and the accompanying abrupt hemodynamic 
stimulation. 
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THE pharmacodynamic actions of cocaine are the blockade 
of sodium channels resulting in local anesthetic effect and the 
binding to monoamine transporters leading to the inhibition 
of presynaptic reuptake of neurally released monoamines 
(34,44,51,62). There is a general consensus that the inhibition 
by cocaine of the neuronal reuptake of dopamine leading to 
an enhanced dopaminergic transmission, especially in the mes- 
ocorticolimbic system, plays a major role in its reinforcing 
and behavioral effects (30,33,38,49,91). However, various 
clinical efforts to develop effective pharmacotherapy using 
substances that alter dopaminergic functions have resulted in 
conflicting data (16,24,39,77,81). One reason for such con- 
flicting clinical outcomes may be the complexity of cocaine’s 
pharmacological actions. For example the roles of cocaine’s 
nondopamine actions, namely, the inhibition of presynaptic 
reuptake of norepinephrine and serotonin and the local anes- 
thetic effect in its behavioral and reinforcing effects, are less 
clearly understood (4,15,30,36,41,47,48,50,52,63,69,78,80). 
Another possibility may be that cocaine possesses an addi- 
tional, as yet unknown, pharmacodynamic action and that 
such an action working in concert with dopamine may contrib- 
ute to its abuse potential. 

Cocaine also strongly influences the cardiovascular system. 
Cocaine consistently increases mean arterial blood pressure 
(BP) and heart rate (HR) in humans (20,22,29,53) and in ex- 
perimental animals (8,25,46,60,73,74,83). Although experi- 
mental studies revealed a major involvement of central ner- 
vous system in the pressor and tachycardiac effects of cocaine 
(10,11,35,74-76,83), the nature of central neurotransmitter 
mechanisms involved in these effects remains to be elucidated. 
Further, it is also not known as to how these centrally initiated 
cardiovascular effects of cocaine are related to its behavioral 
effects with respect to the specific neurobiological mechanisms 
involved. 

Previous cardiovascular studies have shown that the effects 
of cocaine on BP are biphasic, consisting of an initial rapid, 
large, and brief increase followed by a moderate and sustained 
increase (37,75). One goal of the present study, using con- 
scious rats implanted with telemetric devices, is to determine 
whether these two temporally distinct phases in cardiovascular 
alterations by cocaine share a common neurobiological mech- 
anism or are due to a two different and independent mecha- 
nisms in the brain. Another goal of the study is to determine 
whether there are also two distinct behavioral counterparts to 
the biphasic effects of cocaine on BP. To achieve these goals, 
cardiovascular and concurrent locomotor effects of IV co- 
caine were studied in parallel with that of various monoamine 
reuptake inhibitors that are selective for dopamine [GBR 
12909; (1,79)], norepinephrine [nisoxetine; (70,90)], and sero- 
tonin [fluoxetine; (88,89)] or sodium channel blocker and lo- 
cal anesthetic, lidocaine (67). Animals were also visually ob- 
served immediately following the test drug injections for any 
behavioral manifestations so as to determine whether there is 
any unique and brief behavioral counterpart to the initial 
rapid phase of the biphasic effect of cocaine on BP. Because 
dopamine has been shown to be a major mediator of cocaine’s 
behavioral effects (30,33,38,49,91), the effects of pharmaco- 
logical interventions using dopamine receptor antagonists on 
cocaine’s biphasic cardiovascular effects and the concurrent 
behavioral effects were also studied. In addition, autonomic 
ganglionic blocker, chlorisondamine, was also used as an in- 
tervention agent to determine the changes in centrally medi- 
ated autonomic nervous system function following the test 
drug injections. 

METHOD 

Subjects and Surgical Procedures 

Male Sprague-Dawley rats weighing -. _. 
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350-450 g (Charles 
Ktver Laboratories, Inc., Wilmington, DE) were used. The 
animals were housed individually in temperature- and humid- 
ity-controlled rooms with a 12-h light (0700-1900 h) and dark 
(1900-0700 h) cycle. Food and water were available ad lib. 

Rats were surgically prepared with a small plastic pedestal 
on the skull under pentobarbital anesthesia (50-60 mg/kg IP). 
Four holes were made with #60 drill bit 3 to 5 mm apart 
from each other. Stainless steel mounting screws (I/ 16 “) were 
pushed through the holes more than half the way. Cannula 
pedestal was placed in between those four screws and fixed 
with dental cement. This plastic pedestal served as a device to 
connect a swivel spring through which an external tubing was 
passed. External tubing was connected to animal’s venous 
catheter during experimental sessions. Seven days following 
this head-mount surgery, animals were implanted with trans- 
mitters (TAl IPA-C40, Data Sciences International, St. Paul, 
MN) for the chronic telemetric measurement of BP, HR, and 
motor activity and venous catheters for IV administration of 
drugs. Telemetric recording of cardiovascular parameters pro- 
vide valid and precise data and has many advantages over the 
indwelling catheter technique (40,61). Further, transmitters 
provide a means of measuring both cardiovascular and loco- 
motor effects of drugs simultaneously in the same animal 
(42,93). It has been reported that 86% and 78% telemetry 
implants are accurate within 5 mmHg at 8 and 12 weeks, 
respectively, after implantation (7). However, the changes 
from baseline values were used for the data analysis in the 
present study. Surgery for transmitter implantation was per- 
formed under halothane anesthesia (2-3% in medical grade 
oxygen). A midline incision of 4 to 5 cm long was made on the 
abdomen. The descending aorta was exposed below the renal 
arteries. A vascular clamp was placed immediately posterior 
to the renal arteries. A curved 21 gauge needle was used to 
puncture the descending aorta anterior to the bifurcation. The 
catheter (length, 8 cm) of the transmitter was inserted to a 
distance of about 2 cm into aorta and glued with a drop of 
tissue adhesive (Vetbond supplied by Minimitter Company 
Inc. Sunriver, OR). Transmitter body (length: 2.5 cm; diame- 
ter: 1.2 cm; weight: 10 gm) was sutured to the abdominal 
musculature. The incision and the skin were closed by suturing 
and autoclips. A 25,000 U/kg IM dual penicillin was injected 
to safeguard against infection. The IV cannula (tygone tubing) 
was placed into a femoral vein and passed subcutaneously to 
exit skin at midscapular region. Following 7 days of postoper- 
ative recovery period, animals were acclimatized to the testing 
environment 90 min daily for a period of 3 weeks so as to 
minimize the complicating influence of stress of testing envi- 
ronment on cocaine’s effects. 

Behavioral and Cardiovascular Measurements 

Daily experimental sessions lasting 90 min were conducted 
Monday through Friday. During the sessions, rats were placed 
in test cages and venous catheters were connected to external 
tubing as described earlier. The radiofrequency signal from 
the transmitter passed to a receiver (RAl310, Data Sciences 
International) placed under the test cage. The receiver is con- 
nected to a BCM 100 consolidation matrix (Data Sciences 
International), which transmitted the information to the Data- 
quest IV acquisition system. The Dataquest IV system con- 
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verted the raw telemetered data into BP, HR, and locomotor 
activity. Animals were also visually observed for any behav- 
ioral manifestations. 

Apparatus and Experimental Procedures 

Following a prolonged acclimatization to experimental en- 
vironment, drug testing was started. Drug testing was done 
once a day for 5 days a week. Only one test drug and one 
intervention drug was studied on each test day. Only a single 
dose of a given test drug or intervention drug was adminis- 
tered on any given test day. Test drugs were administered as a 
rapid bolus over a 2 s period at 30 min into the session unless 
otherwise stated. Catheter line (0.25 ml volume) was loaded 
with the test drug (0.1-0.2 ml). At the time of injection, this 
catheter line preloaded with the test drug was flushed with 0.3 
ml of saline over 2 s period. Intervention drugs, when re- 
quired, were given 10 min prior to the test drug. All drugs 
were given IV in a volume of 0.3 ml/kg unless otherwise speci- 
fied. There were four groups of animals. 

Group 1. This group (10 animals) was used for studying 
the effects of various pharmacological interventions such as 
dopamine receptor antagonists and autonomic ganglionic 
blocker, chlorisondamine, on the responses to equi-effective 
doses of cocaine (3 mg/kg) and GBR 12909 (1 mg/kg). The 
sequence of drug testings was as follows. First, the influence 
of various dopamine receptor antagonists namely 0.1, 0.03 
mg/kg of SCH 23390, 0.1, 0.03 mg/kg of eticlopride, the 
combination of SCH 23390 and eticlopride (0.05 mg/kg each), 
0.1, 0.03 mg/kg of SCH 39166, 0.3, 0.1 mg/kg of domperi- 
done, and the ganglionic blocker, chlorisondamine (1 mg/kg) 
on cocaine’s responses were tested in that order. This was 
followed by a cocaine control response (saline pretreatment) 
testing. Following this cocaine testing, the influence of dopa- 
mine receptor antagonists namely, 0.1, 0.03 mg/kg of SCH 
23390, 0.1,0.03 mg/kg of eticlopride, and 0.3 mg/kg domper- 
idone and the ganglionic blocker, chlorisondamine (1 mg/kg) 
on GBR 12909’s responses were studied in that order. This was 
followed by a GBR 12909 control response (saline pretreat- 
ment) testing. Following the completion of the above testing 
with GBR 12909, this group of rats was also used for the dose- 
response study of lidocaine (0.3-3 mg/kg), nisoxetine (0.1-l 
mg/kg) followed by fluoxetine (0.3-3 mg/kg), in that order. 
Subsequently, the dose-response testing of nisoxetine (0. l-l 
mg/kg) was repeated first in the presence of 0.1 mg/kg of 
SCH 23390 and then in the presence of 0.1 mg/kg of eticlo- 
pride. Following this, the dose-response testing of fluoxetine 
(0.3-3 mg/kg) was also repeated first in the presence of 0.1 
mg/kg of SCH 23390 and then in the presence of 0.1 mg/kg of 
eticlopride. The doses of each test compound were randomly 
selected during the dose-response studies. 

Group 2. This group (12 animals) was used for testing the 
dose-response of GBR 12909 (0.1-3 mg/kg) and cocaine 
(0.01-3 mg/kg) in the presence and in the absence of a 0.1 
mg/kg dose of SCH 23390 or eticlopride. The sequence of 
drug testing for this group was the following. The GBR 12909 
dose-response testings were done first in the presence of SCH 
23390 followed by eticlopride. Following this GBR 12909 test- 
ing, the cocaine dose-response testings were done similarly 
first in the presence of SCH 23390 and then eticlopride. Fol- 
lowing this, the dose-response testing in the presence of saline 
was done first with GBR 12909 followed by cocaine. The doses 
of each test compound were randomly selected during the 
dose-response studies. 

Group 3. This group (10 animals) was used for testing the 
dose response of cocaine (0.01-3 mg/kg) in the presence of 
0.03 mg/kg dose of SCH 23390, 0.03 mg/kg of eticlopride or 
0.3 ml/kg of saline interventions in that order. The doses of 
cocaine were randomly tested in each intervention. It has been 
reported that dopamine receptor antagonists are less effective’ 
in preventing the behavioral effects of cocaine challenge in 
animals that had previously received repeated daily injections 
of cocaine (7182). In view of this, the evaluation of the effects 
of dopamine receptor antagonists on cardiovascular and loco- 
motor effects of cocaine was done first and then the control 
responses (saline pretreatment) to cocaine were determined in 
all the above three groups of rats. 

Group 4. This group (eight animals) was used for testing 
the dose-response of bolus injections of norepinephrine (O.Ol- 
1 fig/kg) and saline (0.3 ml/kg). The saline and various doses 
of norepinephrine were tested on a random basis. Only one 
dose was studied on any given test day. Following this testing 
with bolus injections, this group was also tested with a slow 
infusion (10 ml/kg/min) of saline administered for 20 s. On a 
subsequent day, this group was tested with 1 mg/kg of cocaine 
administered as a slow infusion (10 ml/kg/min) of its dilute 
solution (0.3 mg/ml) for 20 s. 

Doses of cocaine and nisoxetine used in the present study 
effectively block the monoamine reuptake mechanism (74,75). 
Doses of GBR 12909 (3,27,66) and fluoxetine (815) used are 
in the same range that have been shown to produce behavioral 
effects. Because cocaine and lidocaine are equipotent as local 
anesthetics (23), the maximal dose of lidocaine tested is the 
same as that of cocaine. The doses of SCH 23390 and eticlo- 
pride used are in the same range that have been shown to 
block the behavioral effects of cocaine (6,28,71,86,87). As 
mentioned in results section, these doses of SCH 23390 and 
eticlopride also block the cardiovascular responses to dopa- 
mine D, and D, agonists. 

Plasma Catecholamines 

The effects of cocaine (3 mg/kg) and GBR 12909 (1 mg/kg) 
on plasma catecholamines and the influence of dopamine re- 
ceptor antagonists on these changes were investigated in sepa- 
rate groups of rats. These animals were implanted with silastic 
catheters into the right carotid artery for withdrawal of blood 
and into the right jugular vein for IV administration of drugs. 
Following 7 days of postoperative recovery period, these rats 
were pretreated with saline (0.3 ml/kg), SCH 23390 (0.1 
mg/kg) or eticlopride (0.1 mg/kg) 10 min prior to cocaine (3 
mg/kg) or GBR 12909 (1 mg/kg) injection. Blood samples of 
1.5 ml each were collected immediately before and 10 min 
after cocaine or GBR 12909 injection. The volume of blood 
withdrawn was immediately replaced by an equal volume of 
saline. All animals were used only once. Blood samples were 
collected in heparinized vacutainers and centrifuged to sepa- 
rate the plasma. Catecholamines assays were performed by 
American Medical Laboratories, Inc., Chantilly, VA, using 
HPLC and an electrochemical detection method as described 
in our previous publication (75). 

Drugs 

The following drugs were used. Chlorisondamine chloride 
(Ciba-Geigy Corp., Summit, NJ), fluoxetine hydrochloride, 
nisoxetine hydrochloride (Eli Lilly Co., Indianapolis, IN), 
(-)Cocaine hydrochloride (Mallinkrodt, St. Louis, MO), fen- 
oldopam monomethane sulfonate (SmithKline Beecham, King 
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of Prussia, PA), GBR 12909 dihydrochloride (I-2-(bis(4- 
fluorophenyl)-methoxy)-ethyl-4-( 3-phenylpropyl)piperazine), 
R( +)-SCH 23390 hydrochloride (R( +)-7-chloro-8-hydroxy-3- 
methyl- 1 -phenyl-2,3,4,5-tetrahydro-( lH)-3-benzazepine), 
domperidone, S( -)-eticlopride hydrochloride, (-)-quinpirole 
hydrochloride (Research Biochemicals Inc., Natick, MA), 
SCH 39166 ((-)-trans-6,7,7a,8,9,13b-hexahydro-3-chloro-2- 
hydroxy-N-methyl-[5H]-benzo(d)naphtho-(2,l-b)azepine) (Scher- 
ing Corporation, Bloomfield, NJ), lidocaine hydrochloride, 
I-phenylephrine hydrochloride (Sigma Chemical Co., St. Louis, 
MO), I-norepinephrine bitartrate (Winthrop Pharmaceuticals, 
New York, NY), dl-isoproterenol hydrochloride (Sterling- 
Winthrop Research Institute, Rensselaer, NY). Fluoxetine and 
domperidone were dissolved in 0.85% lactic acid. GBR 12909 
was dissolved (6.6 mg/ml) in sterile water with the aid of mild 
heating and sonification, and further dilutions were made in 
sterile water as appropriate. All other drugs were dissolved 
in sterile saline. GBR 12909 was given IV in a volume of 
0.3 to 0.45 ml/kg. All drug solutions except cocaine were 
freshly prepared. A 30 mg/ml cocaine hydrochloride stock 
solution was prepared and daily dilutions were made as appro- 
priate. Doses of domperidone, SCH 39166, and norepineph- 
rine are expressed as bases, while all other drugs are expressed 
as salt. 

Data Analysis 

Locomotor activity (counts), BP (mmHg), and HR (beats/ 
min) were analyzed by analysis of variance with follow up 
tests (C matrix) for determining individual effects (84). A 
paired t-test was also used where appropriate. Changes in 
plasma catecholamines (pg/ml) were analyzed by one-way 
analysis of variance followed by Tukey test for individ- 
ual group comparisons. All the data are expressed as mean 
+ 1SE. 

RESULTS 

Cocaine (0.03-3 mg/kg) on IV administration produced 
rapid, brief, and large increases in BP and HR (abrupt hemo- 
dynamic stimulation) in rats (Figs. 1 and 2). A brief and in- 
tense behavioral arousal accompanied the abrupt hemody- 
namic stimulation. This behavioral arousal consisted of 
animals getting up abruptly on all four limbs from resting 
posture followed by rapid facial and head scratching and/or 
rapid running to the other end of the cage (at high doses of 
0.3-3 mg/kg). Following the rapid running, there was a brief 
pause during which animals stood still for few seconds. These 
initial behavioral and physiological events are shown in Table 
1. The rapid increases in BP during this abrupt hemodynamic 
stimulation phase peaked at 15 s following cocaine injections, 
and these were dose dependent (Figs. 1 and 2). In contrast to 
BP, the time of peak increase in HR was not monotonically 
dependent on the dose of cocaine. Indeed, the dose of cocaine 
vs. the increase in HR at 30 s following its injection revealed 
an inverted U-shaped dose response curve (Fig. 2). Although 
higher doses produced some increases in HR at 30 s after 
injection, maximal increases did not occur until later. The 
increase in HR produced by 3 mg/kg dose of cocaine at 30 s 
time point is not significantly different from that of saline. 
The 0.03 mg/kg was a threshold dose of cocaine that produced 
behavioral arousal and significant (p < 0.01) increases in BP 
and HR as compared to the corresponding responses to saline 
(5 f 2 mmHg and 21 f 5 beats/min) (Fig. 2). 

Besides producing the initial abrupt hemodynamic stimula- 
tion and the accompanying brief behavioral arousal, cocaine 

TELLA 

- SALINE 
--t SCH 23390 (0.03 mgkg) 
- ETICLOPRIOE (0.03 mglkg) 

E 
ABRUPT AROUSAL 

Id” II rT_ I I. 

u--204 
ue 

,,,,I ,.,. l!.I ,.,., ,., , 

05 1525354555 05 15 25 35 45 55 

TIME (min) TIME (min) 

FIG. 1. The time course of blood pressure (top panels), heart rate 
(middle panels), and locomotor (bottom panels) responses to 3 mg/kg 
cocaine (left panels) and 1 mg/kg GBR 12909 (right panels) following 
saline (circles), SCH 23390 (0.03 mg/kg) (squares), or eticlopride (0.03 
mg/kg) (triangles) pretreatments. Each point is mean of 10 rats. Be- 
sides producing prolonged locomotor activation, cocaine, unlike GBR 
12909, also produced an initial, abrupt, brief, and intense behavioral 
arousal. See text for a detailed description of this initial arousal re- 
sponse to cocaine. 

at high doses (0.3-3 mg/kg) subsequently caused a gradual, 
prolonged, and dose-dependent locomotor activation (Table 
1). Following the initial rapid increase, BP returned to base- 
line values within 1 min at low doses of cocaine (0.03-O.l), 
while at high doses (0.3-3 mg/kg) the recovery was partial 
and BP remained moderately elevated above baseline for a 
prolonged period in parallel with locomotion (Fig. 1; the data 
for low doses are not shown). Similarly, the high (0.3-3 
mg/kg), but not the low (0.03-0.1 mg/kg), doses of cocaine 
produced prolonged increases in HR that remained elevated in 
parallel with its locomotor effects. In view of this biphasic 
nature of the behavioral and physiological responses to co- 
caine, the increases in BP and HR at a selected time point with 
in the time course of locomotor activation (10 min following 
cocaine injection) were also determined for further analysis. 
The magnitudes of these prolonged increases in BP and HR 
were dose dependent (Fig. 2). 

Unlike cocaine, GBR 12909 (0.1-3 mg/kg) produced nei- 
ther the initial abrupt hemodynamic stimulation (Figs. 1 and 
3) nor the initial brief behavioral arousal. However, similar to 
cocaine, GBR 12909 produced a gradual (starting at 30 to 45 s 
after injection) and prolonged locomotion and parallel in- 
creases in BP and HR (Fig. 1). The high (3 mg/kg) dose of 
GBR 12909 produced an intense stereotypy and, thus, contrib- 
uted to reduced activity counts as compared to its low (1 
mg/kg) dose (Fig. 3). Dopamine D, receptor antagonist, SCH 
23390 (0.03-o. 1 mg/kg), or D, receptor antagonist, eticlopride 
(0.03-o. 1 mg/kg), but not the peripheral dopamine D, recep- 
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tor antagonist, domperidone (0.3 mg/kg), antagonized the 
cardiovascular and the locomotor effects of 1 mg/kg dose of 
GBR 12909 (Table 2). In the presence of a fixed dose (0.1 
mg/kg) of SCH 23390 or eticlopride, there were clear down- 
ward shifts in the GBR 12909 dose-response curves as com- 
pared to its corresponding control dose-response curves ob- 
tained in the presence of saline (Fig. 3). Chlorisondamine (1 
mg/kg), an autonomic ganglionic blocker, antagonized the 
increases in BP and HR without altering the locomotor activ- 
ity produced by 1 mg/kg dose of GBR 12909 (Table 2). 

The effects of dopamine receptor antagonists on the loco- 
motor and the accompanying cardiovascular responses to 
equi-effective (as assessed by the increases in BP and HR at 10 
min following drug injection and locomotor activity) doses of 
cocaine and GBR 12909 were similar (Figs. 1, 2, 3, and Table 
2). The dopamine receptor antagonists, SCH 23390, SCH 
39166, or eticlopride, at both low (0.03 mg/kg) and high 
(0.1 mg/kg) doses, and the combination of SCH 23390 (0.05 
mg/kg) and eticlopride (0.05 mg/kg) antagonized the locomo- 
tor effect and the parallel increases in BP and HR produced 
by 3 mg/kg cocaine (Table 2). These antagonists at low dose 
(0.03 mg/kg) prevented neither the rapid running of the initial 
behavioral arousal response nor the accompanying rapid in- 
crease in BP of the abrupt hemodynamic stimulation response 
to 3 mg/kg cocaine. These antagonists at high (0.1 mg/kg) 
doses, though prevented rapid running, did not alter the rapid 
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FIG. 2. Relationships of the log dose of cocaine vs. blood pressure 
(top panels), heart rate (middle panels), and locomotor (bottom panel) 
responses following saline (circles), SCH 23390 (0.03 mg/kg) (squares), 
or eticlopride (0.03 mg/kg) (triangles) pretreatments. Each point is 
mean of 10 rats and brackets show standard errors. **p < 0.01, ***p 
< 0.001 as compared to the corresponding responses on saline pre- 
treatment days. The blood pressure and heart rate responses shown in 
the top and middle left panels represent the changes that corresponded 
temporally to cocaine’s abrupt hemodynamic stimulation effect, while 
the corresponding responses shown in the right panels represent 
changes that temporally corresponded to cocaine’s locomotor effect. 

increase in BP. An occasional animal produced a single, low- 
pitched vocalization following 3 mg/kg cocaine in the pres- 
ence of these high doses (0.1 mg/kg) of dopamine receptor 
antagonists. Peripheral dopamine receptor antagonist, dom- 
peridone, failed to antagonize both behavioral and cardiovas- 
cular effects of 3 mg/kg cocaine (Table 2). Chlorisondamine 
altered neither the initial brief behavioral arousal nor the pro- 
longed locomotor effects of 3 mg/kg cocaine. It did, however, 
prevent the cardiovascular changes that accompanied both 
these behavioral effects of cocaine (Table 2). 

The low dose (0.03 mg/kg) of SCH 23390 or eticlopride 
did not prevent the initial brief behavioral arousal and the 
accompanying rapid increases in BP and HR (Fig. 2) of the 
abrupt hemodynamic stimulation produced by the entire dose 
range of cocaine tested. However, the high doses (0.1 mg/kg) 
of SCH 23390 or eticlopride did prevent the brief behavioral 
arousal, but not the rapid increases in BP and HR (data not 
shown) produced by the entire dose range of cocaine tested. 
None of the dopamine receptor antagonists altered baseline 
BP and HR (data not shown) as compared to saline tested (92 
f 2 mmHg; 277 f 9 beats/min) days. Chlorisondamine 
significantly (p < 0.001) reduced the baseline BP (63 f 2 
mmHg). Cocaine (3 mg/kg) and GBR 12909 (1 mg/kg) in- 
creased plasma catecholamines. These increases were attenu- 
ated (cocaine) or prevented (GBR 12909) by SCH 23390 or 
eticlopride (Table 3). There were no significant differences in 
baseline plasma catecholamines among these groups. 

Nisoxetine (0.1-l mg/kg), fluoxetine (0.3-3 mg/kg), and 
lidocaine (0.3-3 mg/kg) produced neither behavioral arousal 
and abrupt hemodynamic stimulation nor the locomotor acti- 
vation. Fluoxetine (3 mg/kg) significantly (p < 0.01) in- 
creased BP (21 f 2 mmHg), but not HR, as compared to its 
lactic acid (0.85%) vehicle (10 f 2 mmHg). The 0.1, 0.3, and 
1 mg/kg doses of nisoxetine also produced significant (p < 
0.05) increases in BP of 11.3 f 1, 17 * 2, and 24 f 3 
mmHg, respectively, as compared to saline responses (6.8 f 
2 mmHg). Nisoxetine at 1 mg/kg dose produced a brief (3 f 
1 min) reduction (p < 0.01) in HR of 27 f 5 beats/min. 
Unlike cocaine, the increases in BP were gradual with maximal 
responses occurring at 40 f 11 and 44 f 8 s following the 
injections of nisoxetine (1 mg/kg) and fluoxetine (3 mg/kg), 
respectively. The corresponding mean durations were 5 & 1 
and 12 f 2 min. These cardiovascular responses to nisoxetine 
(1 mg/kg) and fluoxetine (3 mg/kg) were prevented by neither 
SCH 23390 (0.1 mg/kg) nor eticlopride (0.1 mg/kg) (data not 
shown). Lidocaine (0.3-3 mg/kg), unlike cocaine, produced 
no change in BP, HR, and behavior (data not shown). 

Norepinephrine (0.01-l rg/kg) produced a rapid and dose- 
dependent increase in BP. The peak effects occurred between 
5 to 7 s following norepinephrine injections and lasted be- 
tween 30 s to 4 min, depending on the dose. The peak increases 
in BP produced by 0.01, 0.03, 0.1, 0.3, and 1 pg/kg doses of 
norepinephrine were 5.6 f 2.2, 15.5 f 2.1, 30 + 2.3, 46.8 
+ 2.7, and 59.4 + 3.3 mmHg, respectively. The correspond- 
ing control response to saline was 3.6 f 1.8 mmHg. The 
changes in HR produced by 0.01, 0.03, 0.1, 0.3, and 1 pg/kg 
doses of norepinephrine were 13.4 f 5.3, -5.8 f 5.5, -14.4 
f 12, -54.9 f 7.8, and - 101 f 11.8 beats/min, respec- 
tively. The corresponding control response to saline was 11 f 
6.1 beats/min. Norepinephrine, unlike cocaine, elicited nei- 
ther the rapid and abrupt facial and head scratching nor 
abrupt running to the other end of the cage. The locomotor 
activity counts for 60 min following 0.01, 0.03, 0.1, 0.3, and 1 
Kg/kg doses of norepinephrine were 183 f 40, 183 f 41, 150 
f 45, 223 f 48, and 288 f 58, respectively. These activity 
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TABLE 1 

BEHAVIORAL AND CARDIOVASCULAR EFFECTS OF IV COCAINE IN CONSCIOUS RATS 

Locomotor activityt’ 

Cocaine Dose 
(mg/kg) 

Cardiovascular and the Salient Behavioral Characterstics of 
Abrupt Hemodynamic Stimulation and Behavioral Arousal5 

Magnitude 
(Counts/60 min) 

Onset 
(set) 

Duration 
(min) 

Saline 

0.03 

0.1 

0.3 

1 

36 

None 

Getting up abruptlyi and rapid facial scratching 

Rapid increase in BP and HR 

Getting up abruptlyt and rapid facial and head scratching 
Rapid increase in BP and HR 

Getting up abruptlyt and rapid running to the other end of the cage 
and rapid facial and head scratching 

Rapid increase in BP and HR 

Getting up abruptly1 and rapid running to the other end of the cage 
and rapid facial and head scratching 

Rapid increase in BP and HR 

Getting up abruptlyx and extremely rapid running to the other end of 
the cage with 1 or 2 jumps 

Rapid increase in BP 

95 f 37 

71 f 17 

188 f 31 

367 f 63** 

563 f 70*** 

855 f 72*** 

- 
- 

_ 

46 f 6 

38 f 4 

25 f 2 

_ 
- 

- 

14.4 f 2 

31 f 3 

56 f 2.4 

tValues are expressed as mean f SE. p < 0.01; p < 0.001 as compared to the response to saline. SGetting up abruptly on all 
four limbs from resting posture. The resting postures consisted of lateral fetal position and prone position. QThere was no 
siginifcant increase in HR within 30 s following 3 mg/kg cocaine injection. *The onset of behavioral changes was 6-8 s and lasted 
between 5 to 30 s. The onset of increase in BP and HR was 10 s. At low doses (0.03-l mg/kg) of cocaine BP and HR returned to 
baseline within a minute, while at high doses (0.3-3 mg/kg) the recovery of BP to basal levels was partial and a moderate elevation 
in BP and a large increase in HR continued to persist in parallel with locomotor activation. 

counts were not significantly different from the saline (184 f 
44) response. 

Similar to the 2 s bolus injection, the 1 mg/kg dose of 
cocaine when given as a slow infusion over 20 s from a dilute 
solution (0.3 mg/ml) continues to produce the initial intense 
and brief behavioral arousal and the abrupt hemodynamic 
stimulation (Fig. 4). The behavioral arousal consisted of rapid 
facial and head scratching and rapid running to the other 
end of the cage. The initial, rapid increases in BP and HR 
corresponding to the abrupt hemodynamic stimulation were 
48.8 f 4.2 mmHg and 45.4 f 7.8 beats/min, respectively. 
These increases by cocaine were significantly (p < 0.05) dif- 
ferent from the corresponding responses to saline, which were 
0.6 f 2.8 mmHg and 20.9 f 5.6 beats/min. The behavioral 
arousal occurred between 6 to 8 s, while the maximal increases 
in BP occurred between 15 to 18 s following the commence- 
ment of cocaine infusion. The slow infusion of cocaine, simi- 
lar to its bolus injection, besides producing the initial abrupt 
hemodynamic stimulation also elicited sustained increases in 
BP and HR (Fig. 4). For example, at 10 min following cocaine 
infusion, there were increases in BP of 17.9 + 2.7 mmHg and 
in HR of 41 + 11 beats/min over its preinfusion baseline 
values. These increases following cocaine infusion were signif- 
icantly (p < 0.05) different from the corresponding responses 
of - 1 f 1.7 mmHg and 0.5 f 5 beats/min following saline 
control infusion. Similarly, following the initial intense and 
brief behavioral arousal, cocaine infusion also produced a 
significant (p < 0.01) and prolonged locomotor activation 
(543 f 97 counts/60 min) as compared to saline control infu- 
sion (121 f 42 counts/60 min) (Fig. 4). 

Effectiveness of the present doses of antagonists in block- 
ing their respective receptors was verified in a separate group 
of 10 rats using standard receptor agonists. These animals 
were implanted with arterial and venous catheters, as de- 

scribed in our previous publication (74). Chlorisondamine (1 
mg/kg) reversed the phenylephrine-induced (30 pg/kg) reflex 
bradycardia (- 109 f 8.3 beats/min) to a tachycardia (50.1 
f 6.1 beats/min). Eticlopride (0.1 mg/kg) prevented the pres- 
sor response to dopamine D, receptor agonist, quinpirole (30 
pg/kg/min for 10 min), from a control value of 17.8 f 1.9 to 
-5 f 2.6 mmHg and antagonized its tachycardiac response 
from 75 f 12.7 to - 11 f 10.9 beats/min. SCH 23390 (0.1 
mg/kg) antagonized the depressor response to dopamine D, 
receptor agonist, fenoldopam (3 pg/kg/min for 10 min) in 
ganglionic blocked (by pretreatment with 1 mg/kg of chlori- 
sondamine) animals from a control value of -20.7 f 1.5 to 
-2.5 f 2.3 mmHg. Doses of domperidone used are within 
the ranges of doses that have been shown to block the periph- 
eral dopamine D, receptors (9,17). Pressor response to 0.2 
pg/kg dose of norepinephrine (36.7 f 3.7 mmHg) and the 
depressor response to 1 fig/kg dose of isoproterenol (- 33 f 
1 mmHg) were altered by neither 0.1 mg/kg of SCH 23390 
(38.5 * 3.5; -36 * 2.2 mmHg), 0.1 mg/kg of eticlopride 
(39 f 3.1; - 34.8 + 1.1 mmHg), nor 0.3 mg/kg of domperi- 
done (35.1 f 4.2; - 32.1 + 2.1 mmHg). These data with 
norepinephrine and isoproterenol indicate that the doses of 
dopamine receptor antagonists used in the present study do 
not alter the adrenoceptor mediated cardiovascular responses. 

DISCUSSION 

The present behavioral and cardiovascular data indicate 
that cocaine elicits two distinct and temporally separable ef- 
fects in conscious rats: 1) one is a monoamine- and sodium 
channel-independent effect of a rapid onset. This is comprised 
of a brief and intense behavioral arousal associated with rapid 
and large increases in BP and HR (abrupt hemodynamic stim- 
ulation). The behavioral arousal consisted of animals getting 
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FIG. 3. Relationships of the log dose of GBR 12909 vs. blood pres- 
sure (top panels), heart rate (middle panels), and locomotor (bottom 
panel) responses following saline (circles), SCH 23390 (0.1 mg/kg) 
(squares), or eticlopride (0.1 mg/kg) (triangles) pretreatments. Each 
point is mean of 12 rats and brackets show standard errors. *p < 
0.05, **p < 0.01, ***p < 0.001 as compared to the corresponding 
responses on saline pretreatment days. The blood pressure and heart 
rate responses shown in the top and middle left panels represent the 
changes that corresponded temporally to cocaine’s abrupt hemody- 
namic stimulation effect, while the corresponding responses shown in 
the right panels represent changes that temporally corresponded to 
GBR 12909’s locomotor effect. 

up abruptly from resting posture, rapid facial and head 
scratching, and/or rapid running to the other end of the cage. 
This behavioral arousal could not be quantified for the fol- 
lowing reasons. Firstly, the low doses of cocaine (0.03-0.1 
mg/kg) elicited strong behavior involving intense and rapid 
facial and head scratching with no running activity. The trans- 
mitters used in the present study do not measure head move- 
ments. A change in the distance between the animal position 
with respect to the receiver is needed for the recording of 
activity counts. Secondly, the intensities of abrupt and rapid 
running produced by high doses of cocaine (0.3-3 mg/kg) 
varied by the rapidity with which the animal ran rather than 
the total length (usually one cage length) covered. Transmit- 
ters do not measure the rate of change in motion. Finally, the 
rapid running activity is very brief (about a second) in dura- 
tion to make any meaningful quantification. 2) The other ef- 
fect of cocaine is a dopamine-mediated response of a slower 
onset. This consisted of prolonged and parallel increases in 
BP, HR and locomotion. 

Monoamine- and Sodium Channel-Independent Behavioral 
and Cardiovascular Effects of Cocaine 

GBR 12909, a dopamine-selective reuptake inhibitor, shares 
cocaine’s prolonged effect on BP, HR, and locomotion, but 

not its brief abrupt hemodynamic stimulation and the accom- 
panying abrupt behavioral arousal response. Dopamine D, 
receptor antagonist, SCH 23390, or D, receptor antagonist, 
eticlopride, at 0.03 mg/kg dose markedly antagonized co- 
caine’s prolonged locomotor effect and the parallel prolonged 
increases in BP and HR, but did not alter the initial brief 
behavioral arousal and the accompanying abrupt hemody- 
namic stimulation. These antagonists at high dose (0.1 mg/kg), 
although prevented the initial behavioral arousal response, but 
did not alter the rapid increases in BP and HR of the abrupt 
hemodynamic stimulation phase. These findings suggest that 
the initial abrupt hemodynamic stimulation and the accompa- 
nying brief behavioral arousal produced by cocaine is a dopa- 
mine-independent action. The prevention produced by high 
doses of dopamine receptor antagonists of cocaine’s brief be- 
havioral arousal response may be due to cataleptic effects of 
these drugs. Unlike cocaine, nisoxetine, a norepinephrine- 
selective reuptake inhibitor, fluoxetine, a serotonin-selective 
reuptake inhibitor and lidocaine, a sodium channel blocker, 
failed to produce abrupt hemodynamic stimulation and be- 
havioral arousal responses. Desipramine, another norepineph- 
rine-selective reuptake inhibitor, also does not alter BP and 
HR (75). Similarly, zimeldine, another serotonin-selective re- 
uptake inhibitor, and indatraline, which inhibits dopamine, 
serotonin, as well as norepinephrine transporters, failed to 
increase BP and HR (Tella, in preparation). Further, (+)- 
cocaine is only about six times less potent than (-)-cocaine in 
producing abrupt hemodynamic stimulation (Tella, in prepa- 
ration), while it has about 150 to 500 times less affinity to 
monoamine transporters than that of (-)-cocaine (44,54). 
These findings collectively suggest that the cocaine’s abrupt 
hemodynamic stimulation and the accompanying intense be- 
havioral arousal responses are not due to its known actions on 
either norepinephrine, serotonin, and dopamine transporters 
or sodium channels. These initial effects of cocaine appear to 
be due to as yet undefined novel pharmacodynamic action of 
cocaine. 

Lidocaine, unlike cocaine, did not increase BP and HR in 
the present study. This is consistent with a number of previous 
studies reporting that lidocaine at subconvulsive doses pro- 
duces either minimal or no effects on BP and HR in conscious 
rats (43,92), dogs (19,45), rabbits (2), sheep (56), and humans 
(21). In contrast to these findings, there are also reports in the 
literature that lidocaine increases BP in humans (5,31) and 
dogs (32). One possible factor for these contrasting reports 
may be due to the dose of lidocaine tested. In fact, it has been 
shown recently that lidocaine at subconvlusive dose produces 
minimal cardiovascular effects in conscious sheep, while at 
convulsive doses, it increases BP in the same species (56). 
Similar dose-dependent qualitative changes in BP were re- 
ported in conscious dogs (19,26) and humans (85). However, 
more importantly, Fischman and colleagues (21), using equal 
doses of cocaine and lidocaine, have reported that the behav- 
ioral or cardiovascular profile of action of cocaine was signifi- 
cantly different from that produced by lidocaine and placebo 
injection, whereas the corresponding effects of lidocaine were 
indistinguishable from those of placebo in normal human vol- 
unteers. 

It may be argued that the initial abrupt hemodynamic stim- 
ulation and the accompanying behavioral arousal produced by 
cocaine is also a dopamine-mediated response, and the lack of 
these rapid behavioral and hemodynamic responses to GBR 
12909 may be due to its slower penetration into brain as com- 
pared to cocaine. However, it is unlikely that such is the case 
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TABLE 2 

EFFECTS OF VARIOUS PHARMACOLOGICAL INTERVENTIONS ON CARDIOVASCULAR AND LOCOMOTOR EFFECTS PRODUCED 
BY COCAINE AND GBR 12909 IN CONSCIOUS RATS 

Intervention 

Drug (mg/kg) 

Cocaine (3 mg/kg) 

Change in BP (mmHg) Peak Change 
in HR 

(Beatdmin) 
At 15s At 10 min at lo-15 min 
After After After 

Cocaine Cocaine Cocaine 
Injection Injection Injection 

Activity 
(Counts/60 min) 

GBR 12909 (1 mg/kg) 

Change in BP (mmHg) Peak Change 
in HR 

(Beatdmin) 
At 15s At 10 min at lo-15 min 
After After After 

GBR 12909 GBR 12909 GBR 12909 
Injection ’ Injection Injection 

Activity 
(Counts/60 min) 

Saline* 55 f 3 23 + 3 77 f 18 815 f 101 2*2 24 + 2 86 f 11 1102 f 141 

SCH 23390 (0.03) 55 f 3 -3 f 1t 7 f 117 23 f 5t 6iz3 -3 f 2t 9 f 117 14 f 8t 

SCH 23390 (0.1) 56 f 4 1 f 27 -13 f lot 5 f 2t 5*3 -1 f 17 12 f 117 5 f 47 

Eticlopride (0.03) 54 f 2 14 f 2$ 36 f 9 228 f 467 5~2 8 + 4% 41 f 16 283 f 79t 

Eticlopride (0.1) 56 f 3 7 f 25 22 f 10* 18 f 6t 5*2 4 f 37 19 f 17$ 62 f 27t 

SCH 23390 (0.05) + 
eticlopride (0.05) 53 f 2 -6 f 2t -22 f lot 3 f 1t _ _ _ - 

SCH 39166 (0.03) 52 l 4 10 f l$ 29 zt 16 289 f 37t _ - - _ 

SCH 39166 (0.1) 55 f 3 7 f 3$ 15 f 165 100 l 427 _ - - - 

Domperidone (0.1) 51 f 3 24 f 2 87 f 11 736 f 187 _ _ - - 

Domperidone (0.3) 52 f 3 22 f 2 80 f 11 727 f 106 Oh-1 21 f 3 98 zt 9 1111 f 170 

Chlorisondamine (1) 2 f 37 -2 f 3t 14 l 15$ 679 f 88 -21 f 2-F 0 f 27 -1 f 184 902 f 201 

*The volume of saline injected was 0.3 ml/kg. The number of animals tested with each drug ranged from 7 to 10. Values are expressed as 
mean f SEM. Values in parentheses indicate the doses of drugs used. tp < 0.01; $p < 0.05; $p -c 0.001 as compared to corresponding 
responses after saline intervention. 

for the following reasons. First, dopamine receptor antago- 
nists did not alter the rapid increases in BP and HR of abrupt 
hemodynamic stimulation produced by the entire dose range 
of cocaine tested. Secondly, recent cumulative dose-response 
studies revealed that the drugs that are structurally related to 
cocaine (cocaethylene, norcocaine, (+)-cocaine, CPT, @-CIT, 
and CFT) produce abrupt hemodynamic stimulation, while 
the dopamine reuptake inhibitors that are structurally unre- 
lated to cocaine (BTCP, indatraline, GBR 12935, nomifen- 
sine) do not elicit this response in rats pretreated with dopa- 
mine receptor antagonist, SCH 23390 (Tella, in preparation). 
The fact that the CPT, @-UT, and CFT, the long-acting ana- 
logs of cocaine with slower kinetics (12,57,58), also produce 

abrupt hemodynamic stimulation suggests that these initial 
effects to cocaine are not due to its rapid pharmacokinetics. 

The results obtained using slow infusion of cocaine indicate 
that the abrupt hemodynamic stimulation is not unique to the 
rapid injection of cocaine administered as a bolus over 2-s 
period. For example, the 1 mg/kg of cocaine administered over 
20 s as a slow infusion of its dilute solution (0.3 mg/ml) contin- 
ued to elicit rapid and abrupt increases in BP and behavioral 
arousal. This data also rules out the possibility that the abrupt 
effect is due to the use of concentrated cocaine solution. It 
may be argued that the rapid increase in BP produced by 
cocaine may be causing a startle response and, thus, causing 
the initial abrupt behavioral arousal of the animal. However, 

TABLE 3 

EFFECTS OF COCAINE AND GBR 12909 ON PLASMA CATECHOLAMINES (pg/ml) AND 
THEIR ALTERATION BY PRETREATMENT WITH DOPAMINE RECEPTOR ANTAGONISTS 

Intervention Drug (mg/kg) 

Cocaine (3 mg/kg) GBR 12909 (1 mg/kg) 

Basal Change Basal Change 

Norepinephrine: 
Saline 

SCH 23390 (0.1) 

Eticlopride (0.1) 
Epinephrine: 

Saline 
SCH 23390 (0.1) 
Eticlopride (0.1) 

347 + 26 271 zt 44 371 l 19 125 f 30 

349 f 37 48 + 44* 413 A 34 -130 f 49; 

323 f 33 100 f 58t 382 f 34 -85 f 76t 

310 f 38 467 f 75 242 f 32 275 f 60 

295 f 41 160 f 697 329 f 52 -61 zt 57$ 

241 f 35 207 f 71t 303 f 66 36 zt 42t 

*p < 0.01; tp -c 0.05; $p -c 0.001 as compared to the corresponding values in saline (0.3 ml/kg) 
control group. There were 6 to 10 animals in each group. Values are expressed as mean f SEM. 
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FIG. 4. The time course of blood pressure (top panel), heart rate 
(middle panel), and locomotor (bottom panel) responses to slow infu- 
sions (over 20 s) of 1 mg/kg cocaine (closed circles) or saline (open 
circles). Each point is mean of eight rats, and brackets show standard 
errors. Besides producing a prolonged locomotor activation, cocaine 
also produced an initial, abrupt, brief, and intense behavioral arousal. 
See text for a detailed description of this initial arousal response to 
cocaine. 

this is unlikely due to the following reasons. First, the time 
course of events suggests that the onset of abrupt behavioral 
arousal precedes the onset and the time of peak increase in 
BP. Second, chlorisondamine, although it blocked the initial 
rapid increase in BP, did not prevent the rapid facial and 
head scratching and abrupt running of the abrupt behavioral 
arousal phase. Third, norepinephrine produces large increase 
in BP with a onset that is faster than that of cocaine. The 
maximal increase produced by norepinephrine is comparable 
to that produced by cocaine. Yet norepinephrine did not elicit 
the initial intense and abrupt behavioral arousal as seen with 
cocaine. These results clearly indicate that the abrupt behav- 
ioral arousal is not secondary to the rapid increase in BP 
produced by cocaine. Rather, the intense abrupt behavioral 
arousal is causing the initial rapid increase in BP. 

A large body of evidence indicates that the central nervous 
system plays an important role in cocaine’s pressor and tachy- 
cardiac effects. For example, general anesthetics (73,83) and 
ganglionic blockers (35,74-76,83) markedly attenuate the 
pressor and tachycardiac effects of cocaine. The IV adminis- 
tration of cocaine methiodide, a quaternary derivative of co- 
caine, has very little effect on cardiovascular function in con- 

scious rats (72) and squirrel monkeys (59). Although cocaine 
has an inhibitory effect on the norepinephrine reuptake at 
peripheral sympathetic nerve terminals, for a variety of rea- 
sons that follow, it is unlikely that this peripheral action is 
important in triggering the pressor and tachycardiac effects. 
First, desipramine markedly inhibits the uptake of norepi- 
nephrine, yet the same doses of desipramine were ineffective 
in producing the increase in BP and HR (75). Nisoxetine, 
another norepinephrine-selective reuptake inhibitor, at doses 
that produced marked inhibition of norepinephrine uptake 
(as assessed by the potentiation of norepinephrine’s pressor 
response), clearly does not produce the initial rapid and 
marked increase in BP as seen with cocaine (75). Secondly, 
cocaine increases plasma catecholamines (11,75) and thereby 
increases blood pressure and heart rate (35), while desipramine 
(11,14,18,68) and nisoxetine (75) do not increase plasma cate- 
cholamines. The fact that chlorisondamine antagonized the 
cardiovascular changes of the abrupt hemodynamic stimula- 
tion phase suggests that these initial cardiovascular changes 
are of central nervous system origin. This is consistent with 
the previous reports (10,11,35,74-76,83). Prazosin, an alpha1 
adrenoceptor blocker, also attenuates the initial rapid increase 
in BP of the abrupt hemodynamic stimulation phase (75). It is 
likely that these initial rapid increases in BP and HR are the 
physiological consequences of the intense, brief, and abrupt 
behavioral arousal of animals leading to sudden sympathetic 
excitation. It is to be noted that unlike BP, the dose-response 
relationships of cocaine on HR increases corresponding to the 
initial abrupt hemodynamic stimulation phase is an inverted 
U-shaped function. It is likely that the reflex reduction in HR 
secondary to the increase in BP and the direct depressant ac- 
tion of cocaine on cardiac pacemaker due to its sodium chan- 
nel blocking property (67) at high doses may be counteracting 
its rapid tachycardiac response. 

Dopamine-Dependent Behavioral and Cardiovascular Effects 
of Cocaine 

Dopamine D, receptor antagonists, SCH 23390 and SCH 
39166, or D, receptor antagonist, eticlopride, but not the pe- 
ripheral dopamine D, receptor antagonist, domperidone, 
blocked cocaine’s prolonged locomotor effects and the accom- 
panying prolonged increases in BP and HR. GBR 12909, a 
dopamine-selective reuptake inhibitor, like cocaine, produced 
locomotor effect and the parallel increases in BP and HR. 
These effects of GBR 12909 were similar to that of cocaine 
with respect to the time course, their susceptibility for block- 
ade by dopamine receptor antagonists, SCH 23390 and eticlo- 
pride, and their resistance for antagonism by domperidone. 
These findings collectively suggest that the inhibition of dopa- 
mine reuptake in the brain mediates cocaine’s locomotor ef- 
fects and the accompanying prolonged cardiovascular changes. 
These data on locomotor effects is consistent with a number 
of previous studies implicating dopamine in self-administra- 
tion, discriminative stimulus properties, and behavioral ef- 
fects of cocaine (3,6,13,27,28,30&l-66,91). Although this do- 
pamine hypothesis of cocaine’s behavioral effects is now 
generally accepted, there are some findings in the literature 
that remains to be reconciled. For example, it has been re- 
ported that D, or D, dopamine receptor selective agonists, 
given either singly or in combination, do not fully substitute 
for cocaine on drug discrimination testing (65,87). Cocaine 
and the dopamine selective reuptake inhibitor, GBR 12909, 
produce equivalent locomotor responses at different degrees 
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of occupancy of the dopamine transporters (55). It also has 
been reported that GBR 12909 does not completely displace 
[‘HIcocaine binding to caudate-putamen membranes of mon- 
keys (44). It remains to be seen whether the above findings 
that are not in full agreement with dopamine hypothesis can 
be attributed to the novel pharmacodynamic action of cocaine 
described in the present study. 

Chlorisondamine, like on the initial abrupt hemodynamic 
stimulation response of cocaine, also antagonized cocaine’s 
prolonged effects in BP and HR. This is consistent with a 
number of studies suggesting that the central stimulation of 
sympathoadrenal activity leading to increases in plasma nor- 
epinephrine and epinephrine play a main role in cocaine’s pres- 
sor and tachycardiac effects (10,11,35,74-76,83). Further, co- 
caine and the dopamine-selective reuptake inhibitor, GBR 
12909, increased plasma catecholamines (assayed at 10 min 
following their injections) and these increases were attenuated 
by either SCH 23390 or eticlopride. These findings collectively 
suggest that the central stimulation of sympathoadrenal neural 
axis activity produced by cocaine is due in part to its inhibitory 
effect on dopamine reuptake in the brain. The failure of ear- 
lier studies (35,60) to demonstrate the involvement of dopa- 
mine in cocaine’s cardiovascular effects may be due to the 
experimental conditions such as the treatment of animals with 
repeated daily injections of cocaine prior to testing with dopa- 
mine receptor antagonists (71,82), the centrally mediated do- 
pamine-independent cardiovascular effects of cocaine compli- 
cating its central dopamine-mediated cardiovascular effects or 
the use of peak BP change as the parameter (present study). 

It is important to note that there are potential methodologi- 
cal limitations in the present study. First, a number of drugs 
were studied in each group. Thus, the drug history might have 
influenced the results of the present study. Second, the time 
course and cumulative actions of drugs were not known. Al- 
though, only one dose of a given test drug was studied on any 
given test day, the present study does not provide evidence 
that this dosing interval is sufficient to prevent the cumulative 
actions of drugs. Third, the effects of antagonists were studied 
first. This indicates the possibility of order effects. Although 
these are important considerations, it is unlikely that the initial 
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abrupt responses to cocaine are due to these methodological 
limitations. For example, the increases in BP at 15 s following 

cocaine injection as reported in our previous reports are com- 
parable to the present abrupt hemodynamic stimulation data 
with respect to the peak effects and dose-response relation- 
ships (74,75). In these earlier studies, the control responses to 
cocaine were determined in animals that had no prior drug 
history. 

In summary, the present data suggest that the cardiovascu- 
lar and the behavioral effects of cocaine are intricately linked 
with respect to their mechanisms of origination. Both these 
effects appear to be due to at least two pharmacodynamic 
actions. The locomotor effects and the accompanying pro- 
longed increases in BP and HR are due to cocaine’s inhibitory 
effect on dopamine reuptake in the brain. The initial brief 
behavioral arousal and the accompanying abrupt hemody- 
namic stimulation appear to be due to a monoamine- and 
sodium channel-independent and as yet undefined pharmaco- 
dynamic action of cocaine. Comparison of the threshold dose 
of cocaine that produced significant locomotion vs. its dose to 
elicit abrupt hemodynamic stimulation suggests that cocaine 
has about a IO-fold selectivity to the molecular mechanism 
underlying abrupt hemodynamic stimulation as opposed to 
the inhibition of dopamine reuptake. This conclusion is also 
consistent with the earlier finding that cocaine has a lo-fold 
selectivity to produce the initial rapid increase in BP as com- 
pared to its ability to inhibit the reuptake of norepinephrine 
(74,75). Future studies addressing the nature of this novel 
pharmacodynamic action of cocaine may enhance our under- 
standing of the addictive properties of cocaine. This may also 
facilitate the development of effective pharmacotherapy for 
the treatment of cocaine abuse. 
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