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DARMANI, N. A,, B. R. MARTIN AND R. A. GLENNON. Repeated administration of low doses of cocaine en-
hances the sensitivity of 5-HT, receptor function. PHARMACOL BIOCHEM BEHAV 41(3) 519-527, 1992.—The acute
and chronic effects of cocaine were evaluated on the 5-hydroxytryptamine (5-HT)-receptor 5-HT, mediated behavioral
function, the head-twitch response (HTR), in mice. In a recent study, we reported that the (z)-1-(2,5-dimethoxy-4-
iodophenyl)-2-aminopropane HCl (DOI)-induced HTR was dose dependently reduced by cocaine via indirect stimulation of
serotonergic 5-HT,, and adrenergic a, receptors. In the present investigation, the HTR was evoked by the nonselective 5-HT
agonist 5-methoxy-N,N-dimethyltryptamine hydrogen oxolate (5-MeO-DMT). Cocaine by itself failed to produce HTR but
dose dependently inhibited the 5-MeO-DMT-induced behavior. Cocaine’s effects were not due to 5-HT; antagonism since
acute administration of the more potent 5-HT; antagonist (ICS-205,930) failed to produce or modify the 5-MeO-DMT-induced
behavior. During withdrawal from chronic cocaine treatment (5-20 mg/kg), 5-MeO-DMT-induced HTR was enhanced.
Depending upon the cocaine dose used, the induced supersensitivity persisted up to 172 h following cessation of cocaine
treatment. The mechanisms of cocaine-induced supersensitivity were further investigated using the more selective 5-HT,
agonist DOI. Withdrawal from a low-dose (0.03-1.25 mg/kg) chronic cocaine treatment caused the DOI-induced HTR to
increase, whereas withdrawal from a 5- and 10-mg/kg cocaine regimen had no significant effect. The maximal effect persisted
up to 36 h following termination of cocaine treatment. Relative to vehicle-exposed controls, withdrawal from cocaine
treatment enhanced the inhibitory potency of the 5-HT,, agonist ()-8-hydroxy-2-(di-n-propylamino)tetralin HBr (8-OH-
DPAT) on DOIl-induced HTR. Moreover, the 5-HT,g,,c agonist 1-(3-trifluoromethylphenyl)-piperazine HCl (TFMPP) and
the 5-HT, agonist m-chlorophenylbiguanide HCl (mnCPBG) failed to modify DOI-induced HTR in chronically vehicle-exposed
mice but both agents reduced the induced behavior in the cocaine-treated group. Unlike changes in the sensitivity of serotoner-
gic receptor subtypes, cocaine exposure failed to modify «, adrenoceptor sensitivity because clonidine was equipotent in
inhibiting DOI-induced behavior in both groups treated chronically with vehicle and cocaine. Thus, the present study demon-
strates a serotonergic component of cocaine’s action in that low-dose chronic exposure enhances the functional sensitivity of
serotonergic 5-HT,,, 5-HT,, and 5-HT, receptors.
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A major pharmacological effect of the stimulant cocaine is to
potentiate the effects of dopamine (DA), norepinephrine
(NE), and serotonin (5-hydroxytryptamine, 5-HT) by blocking
their neuronal uptake. Recent reviews indicate that increased
activity of the dopaminergic system is thought to be the basis
of many of the behavioral and pharmacological effects of
cocaine (7,28). For example, acute administration of cocaine
in rodents produces a dose-dependent increase in spontaneous
locomotor activity and a significant elevation in the concentra-
tion of extracellular dopamine in the nucleus accumbens of

freely moving conscious rats (29). Moreover, continued daily
injections of cocaine can induce a parallel increase in both
extracellular DA levels and locomotor activity. In such
chronic studies, a significant correlation was found between
enhanced locomotor activity and brain cocaine concentration
(42). In addition, cocaine analogs with greater affinities for
DA uptake sites (e.g., WIN 35428) are more potent in stimu-
lating locomotor activity (43).

In the studies cited above, large doses of cocaine (10-25
mg/kg) were used to induce enhanced locomotion. However,
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other reports indicate that cocaine at very low doses (0.1-0.75
mg/kg) depresses motor activity (20). Cocaine analogs (e.g.,
norcocaine, pseudococaine), which possess greater affinity for
serotonergic uptake sites, have also been reported to inhibit
spontaneous locomotor activity (43). The motor depressant
effects of cocaine may be due to increased concentration of
synaptic 5-HT (20) because cocaine is known to inhibit 5-HT
uptake more potently than catecholamine uptake (45). Indeed,
inhibition of 5-HT synthesis and receptor blockade have been
reported to potentiate cocaine-induced motor activity; con-
versely, 5-HT precursor treatment antagonizes cocaine-in-
duced locomotor stimulation (40). In a similar manner,
increased serotonergic activity tends to reduce cocaine self-
administration (5,6), The notion that cocaine at low doses
may have selective effects on the serotonergic system is further
highlighted by a recent electrophysiological study (11). The
latter investigators reported that cocaine can inhibit 5-HT neu-
rons at doses (ID, = 0.5 mg/kg, IV) that can result in only a
60-70% inhibition of activity of NE or DA neurons.

To date, there is a lack of systematic investigation on the
mechanism of action of cocaine on the serotonergic system.
This is partly due to existence of large number of 5-HT recep-
tors both in the periphery and in the CNS. Indeed, up to four
distinct types of 5-HT receptors (5-HT,, 5-HT,, 5-HT;, and
5-HT,) have been identified by radioligand binding studies
[for recent reviews, see (21,47)). The situation is further com-
plicated because 5-HT, sites appear to consist of several sub-
types (5-HT,, 5-HT5, 5-HT,c, 5-HTp, and 5-HTg), and
such heterogeneity may also exist in the 5-HT; class of recep-
tor sites (44). Moreover, the various 5-HT receptors may mod-
ulate one another’s function (1,14,15,22). A variety of sero-
tonergic behavioral models have been used to determine the
effects of drugs on the various 5-HT receptor subtypes. One
of the most popular behavioral models to study 5-HT, recep-
tor function is the head-twitch response (HTR) in rodents.
Although HTR can be produced by different neurotransmitter
mechanisms (25), the head-twitch produced by selective or
nonselective (direct and indirect) 5-HT, receptor agonists is
antagonized by selective 5-HT, receptor antagonists (14,35).
Recently, Tadano and coworkers (50) reported that the HTR
induced by the indirect 5-HT agonist p-hydroxyamphetamine
(p-OHA) was inhibited by cocaine pretreatment. These au-
thors suggested that cocaine’s inhibitory effect was due to
inhibition of p-OHA-induced release of 5-HT from nerve end-
ings. Following this report, we investigated the effects of co-
caine on HTR induced by direct agonists.

METHOD

Animals and Drugs

Male albino ICR mice from Dominion laboratories (Dub-
lin, VA) weighing 16-20 g at the beginning of the experiments
were used throughout the study. Animals were housed on a
12 L:12 D cycle with access to food and water at a room
temperature of 22 + 1°C. The behavioral experiments were
conducted between 10:00 a.m. and 6:00 p.m. The follow-
ing drugs were obtained from RBI (Natick, MA): (+)-1-
(2,5-dimethoxy-4-iodophenyl)-2-aminopropane HCl [( +)-
DOI)], (% )-8-hydroxy-2-(di-n-propylamino )tetralin HBr
(8-OH-DPAT), 1-(3-trifluoromethylphenyl)-piperazine HCI
(TFMPP), 5-methoxy-N,N-dimethyltryptamine hydrogen
oxolate (5-MeO-DMT) clonidine HCI, and 1CS-205,930. Co-
caine HCl was obtained from the National Institute on Drug
Abuse and m-chlorophenylbiguanide HCl (mCPBG) was syn-
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thesized in our own facilities. The 5-HT,; antagonist ICS-
205,930 was initially dissolved in methanol and then diluted
in distilled water. Unless stated otherwise, all remaining drugs
were dissolved in distilled water and given at a volume of 10
ml/kg.

Acute Studies

To habituate animals to the test environment, each mouse
was randomly transferred 10 min prior to treatment to a 40
X 25 x 16 cm plastic cage lined with a thin layer of sawdust.
Mice were then injected IP with 5-MeO-DMT (either 0, 2, 4,
8, 16, or 32 mg/kg, n = 6 per dose). The cumulative HTR
frequency was scored every 2 min for the first 10 min follow-
ing 5-MeO-DMT injection. To investigate the possible acute
inhibitory effects of cocaine on HTR, a dose of 8.0 mg/kg
5-MeO-DMT was chosen to induce the behavior. Mice were
pretreated with cocaine (either 0.0, 1.25, 2.5, 5.0, 10.0, or
20.0 mg/kg, IP, n = 6 per dose) 10 min prior to 5-MeO-DMT
administration. To determine whether cocaine inhibition of
the induced HTR was due to 5-HT, antagonism, mice were
pretreated with ICS-205,930 (either 2, 4, or 8 mg/kg, IP,
n = 6) 40 min prior to administration of 5-MeO-DMT. In
both experiments, HTR frequency was scored following 5-
MeO-DMT administration in 2-min intervals as described
above.

Chronic Studies

Mice were treated IP with either 0, 5, 10, or 20 mg/kg
cocaine twice daily for 13.5 days. Following the last injection,
animals were randomly divided into four different groups.
Each group contained both vehicle- (n = 5-10) and cocaine-
treated (n = 5-10) mice. Different groups of mice were then
challenged with 5-MeO-DMT (8.0 mg/kg, IP) either 5, 29, 77,
or 177 h following cessation of chronic cocaine treatment.
The 5-MeO-DMT-induced HTR frequency was scored follow-
ing each injection as described for the acute studies. When
the latter study indicated that lower doses of cocaine may
produce greater effects, DOI was used instead of 5-MeO-DMT
to further investigate the chronic effects of cocaine on HTR
behavior. In addition to its greater 5-HT, selectivity, DOl is a
more potent agonist with a longer duration of action (12).

The acute effects of cocaine on DOI-induced HTR have
already been reported (16). For chronic studies, mice were
treated twice daily for 13.5 days with cocaine (either 0, 0.03,
0.1, 0.5, 1.25, 2.5, 5.0, or 10.0 mg/kg, IP, n = 6-14 per
group). Twelve hours following cessation of chronic treat-
ment, each mouse was allowed to habituate to the test environ-
ment 20 min prior to an injection of DOI (2.5 mg/kg, IP).
HTR frequency was scored for the first 20 min at 2-min inter-
vals following DOI injection. The 1.25-mg/kg cocaine dose
caused the greatest increase in the induced behavior. This dose
was chosen to further study the effects of chronic cocaine
treatment on DOIl-induced HTR. Thus, a large number of
mice were treated chronically with 1.25 mg/kg cocaine or vehi-
cle. These animals were divided into three different groups.
Each group comprised of vehicle- (n = 4-5) and cocaine-
(n = 6-12) treated animals. Different groups of mice were
challenged with DOI (2.5 mg/kg, IP) either 12, 36, or 74 h
following cessation of chronic treatment. The DOI-induced
HTR score was recorded as described above.

To investigate the possible mechanisms through which
supersensitivity occurs in the 5-HT, receptor system (i.e.,
cocaine-induced increase in HTR frequency), the effects of
various agonists that stimulate selective receptors that may
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modulate HTR frequency were tested on chronically cocaine-
treated mice. For these experiments, mice were chronically
treated either with vehicle or cocaine as above. Twelve hours
following cessation of chronic treatment, different groups of
mice were injected with different drugs in the following man-
ner: 1) both chronic vehicle-control (n = 7) and cocaine-
treated control mice (n = 7) received an IP injection of dis-
tilled water and 10 min later were injected with DOI (2.5 mg/
kg, IP) and the induced behavior was recorded; 2) a second
group of chronically vehicle- (7 = 6) and cocaine- (n = 7)
treated mice received an initial injection of 8-OH-DPAT (0.25
mg/kg, IP) and 10 min later both groups received DOI (2.5
mg/kg, IP); 3) a third group of chronically vehicle- (2 = 6)
and cocaine-treated mice (n = 7) received an initial injection
of TFMPP (1.25 mg/kg, IP) and 5 min later DOI (2.5 mg/kg,
IP); 4) a fourth group of chronically vehicle- (n = 7) and
cocaine-treated mice received clonidine (0.05 mg/kg) 30 min
prior to DOI injection (2.5 mg/kg, IP); 5) the final groups of
chronically vehicle- (n = 7) and cocaine- (n = 7) pretreated
mice received mCPBG (5.0 mg/kg, IP) 30 min prior to DOI
injection. In every case, DOI-induced behavior was recorded
as described earlier. Doses of all drugs used in these experi-
ments were based on our previous published and unpublished
findings.

Statistics

Data were analyzed by one way of analysis of variance
(ANOVA) and posthoc analysis by Dunnett’s /-test to compare
vehicle controls with different drug treatment or Scheffe test
to compare different doses of the same drug.

RESULTS

Acute Studies

The nonselective 5-HT agonist 5-MeO-DMT caused a
dose-dependent increase in HTR frequency up to 16 mg/kg

HTR Frequency

0 2 4 8 16 32

5-MeO DMT (mg/kg)

FIG. 1. Dose responsiveness of 5-MeO-DMT induction of the HTR
in mice. Behavior was scored for 10 min immediately after an IP
injection. Results are given as means + SEM (n = 6 per dose). *Sig-
nificantly different from vehicle control at p < 0.05.
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(Fig. 1). Further increase in dose did not significantly increase
the head-twitch score in the 10-min observation period. The
maximal HTR frequency was obtained between the 2- to 4-min
observation period and thereafter declined so that little activ-
ity was seen between 8-10 min (data not shown). Thus, the
drug is absorbed quickly from the IP sites and possesses a
short duration of action.

At the doses used (10-40 mg/kg), cocaine by itself failed
to elicit head-twitch behavior (Fig. 2); however, cocaine pre-
treatment caused a dose-dependent decrease in 5-MeO-DMT-
induced HTR (Fig. 3). The lowest cocaine dose tested (1.25
mg/kg) significantly decreased (p < 0.05) the 5-MeO-DMT-
induced HTR score by 34%. The highest cocaine dose (20
mg/kg) inhibited the induced response by 93%. The dose of
cocaine that produced a 50% inhibition (ID,,) was calculated
to be 1.95 mg/kg with a 95% confidence limit of 0.75-5.1
mg/kg. The potent 5-HT; receptor antagonist 1CS-205,930
(2-8 mg/kg) by itself did not evoke the behavior nor affect
the 5-MeO-DMT-induced HTR (Fig. 4).

Chronic Studies

Dose-response and time course of chronic cocaine treat-
ment on 5-MeO-DMT-induced HTR. When challenged 5 h
following termination of chronic cocaine treatment, the 5-
MeO-DMT-induced HTR score exhibited a bell-shaped dose-
response curve (Fig. 5), that is, relative to chronic vehicle
control (14 + 1 HTR’s) the 5- and 10-mg/kg chronic cocaine
pretreatment significantly increased (p < 0.05) 5-MeO-
DMT-induced HTR by 163 (37 + 5) and 140% (34 + 3),
respectively. However, the 20-mg/kg chronic cocaine dose
regimen caused a 49% increase in the 5-MeO-DMT-induced
behavior that did not reach statistical significance (Fig. 5).
When challenged 29 h following cessation of chronic cocaine
treatment, the 5-MeO-DMT-induced score was only signifi-
cantly different from vehicle control at the 5-mg/kg cocaine
dose (a 74% increase, p < 0.05). The 10- or 20-mg/kg cocaine
regimen had no significant effect (Fig. 5). Similarly, 77 h
following withdrawal from chronic cocaine treatment the

HTR Frequency
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FIG. 2. Evaluation of cocaine to produce the HTR. Behavior was
scored for 30 min immediately after an IP injection. Results are given
as means + SEM (n = 6 per group).



522

207

HTR Frequency
°

0 1.25 2.5 5 10 20

Cocaine (mg/kg)

FIG. 3. Dose-dependent inhibitory effects of cocaine on head-twitch
frequency induced by 5-MeO-DMT. Mice were pretreated with either
vehicle or different doses of cocaine 10 min prior to 8.0 mg/kg 5-
MeO-DMT administration. Induced behavior was scored for 10 min
immediately following 5-MeO-DMT injection. Data are presented as
means + SEM (n = 6). *Significantly different from vehicle control
atp < 0.05.

5-MeO-DMT challenge caused a significant increase (81%,
p < 0.05) in the 5-mg/kg cocaine-treated group. However,
172 h following termination of chronic cocaine treatment 5-
MeO-DMT challenge produced significant increases in the
5- (80%, p < 0.05) and 10- (112%, p < 0.05) mg/kg cocaine
groups relative to chronic vehicle regimen. Although the
20-mg/kg cocaine dose also exhibited an increase in HTR
score (53%), it did not reach statistical significance (Fig. 5).

Dose-response effects of chronic cocaine treatment on
DOl-induced HTR. Similar to 5-MeO-DMT studies, chronic
exposure to different doses of cocaine caused a bell-shaped
dose-response curve for DOI-induced HTR 12 h following
cessation of chronic cocaine treatment. Relative to chronic
vehicle regimen, the lowest chronically administered cocaine
dose tested (0.03 mg/kg) caused a significant increase (42%,
P < 0.05) in the DOI-induced HTR score (Fig. 6). The maxi-
mal increase was produced by the 1.25-mg/kg cocaine dose
regimen (76%, p < 0.05). On further increase in cocaine
dose, the maximal score was dose dependently decreased so
that the 5- and 10-mg/kg chronic cocaine treatment regimen
had no significant effect on DOI-induced behavior (Fig. 6).

Time-response studies following chronic administration of
1.25 mg/kg cocaine (twice daily for 13.5 days). When chal-
lenged with 2.5 mg/kg DOI 12 h following cessation of
chronic cocaine treatment, the 5-HT, agonist produced a 77%
increase in HTR score (58 + 2) relative to chronically vehicle
treated control (33 + 2) (Fig. 7). Such a significant increase
persisted 36 h following withdrawal from chronic cocaine
treatment. However, when challenged with DOI 74 h after
termination of chronic cocaine treatment HTR frequency was
only increased by 26% and did not reach the 95% degree of
significance.

Contribution of possible modulatory receptors on the
DOl-induced head-twitch behavior following withdrawal
JSrom chronic cocaine treatment. Acute IP DOI administration
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FIG. 4. Effect of ICS-205,930 on the head-twitch frequency induced
by 5-MeO-DMT. Mice were either pretreated with an acute injection
of vehicle or ICS-205,930 40 min prior to administration of 8.0 mg/kg
5-MeO-DMT. Behavior was scored for 10 min immediately following
5-MeO-DMT injection. Results are given as mean + SEM (n = 6 per
group).

(2.5 mg/kg 10 min after a single injection of vehicle) 12 h
following cessation of chronic vehicle treatment produced 33
+ 1 head-twitches in the 20-min observation period. When
either 8-OH-DPAT (0.25 mg/kg) or clonidine (0.05 mg/kg)
were administered instead of the acute injection of vehicle
prior to DOI, these agents significantly reduced (p < 0.05)
the DOI-induced HTR score by 56 and 48%, respectively (Fig.
8a). In this paradigm, acute administration of either TFMPP
(1.25 mg/kg) or mCPBG (5 mg/kg) had no significant effect
on DOI-induced HTR frequency (Fig. 8a).

In chronically cocaine-treated mice (1.25 mg/kg, twice
daily for 13.5 days), an IP injection of DOI (2.5 mg/kg) 10
min after an acute vehicle administration following a 12-h
withdrawal from chronic cocaine treatment produced 57 + 3
HTR’s (Fig. 8b). Thus, chronic cocaine administration caused
a 73% increase in DOI-induced HTR score relative to chroni-
cally vehicle-exposed animals (Fig. 8a, b). In such cocaine-
pretreated animals, prior acute administration of previously
stated doses of either 8-OH-DPAT, clonidine, TFMPP, or
mCPBG significantly reduced (p < 0.05) the DOI-induced
behavior by 72, 44, 40, and 33%, respectively (Fig. 8b).

DISCUSSION

Recent acute behavioral (20), biochemical (45), and electro-
physiological studies (11) indicate that cocaine at lower doses
may have selective effects on the serotonergic system. The
present study addressed the possibility of such a notion by
using the most widely employed behavioral model for 5-HT,
receptor function, the HTR in mice. The readily quantifiable
nature of this behavior in mice makes it a potentially valuable
indicator of central serotonergic receptor activity and sensi-
tivity.

Since the early 1980s, it has been known that stimulation
of the noradrenergic receptor system can modulate the HTR
induced by 5-HT agonists [see (25) for a review]. In particular,
excitation of noradrenergic o, receptors inhibit 5-HT,-induced
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FIG. 5. Time-dependent effects of withdrawal from chronic administration of cocaine (twice daily for 13.5 days, IP) on
5-MeO-DMT-induced HTR. After termination of cocaine treatment, separte groups of mice were challenged with 5-MeO-
DMT (8.0 mg/kg, IP) at the indicated time intervals and the induced-HTR was scored for 10 min. Data are presented as
means + SEM (n = 6 per group). *Significantly different from vehicle respective controls at p < 0.05.

HTR. More recently, we and others reported that there also
exists a functional interaction between 5-HT,, and 5-HT, re-
ceptors (1,14,22) such that simultaneous costimulation of
5-HT,, receptors are inhibitory to 5-HT,-induced head-twitch
behavior. Observation of HTR, therefore, not only allows one
to investigate the effects of serotonergic drugs on 5-HT-
receptor function, but also enables one to demonstrate the
modulatory effects of other central neurotransmitters on HTR
induced by serotonergic agonists. For this reason, the behav-
ior has been referred to as a “gut bath for the brain” (25).
Since cocaine mainly affects central DA, NE, and 5-HT func-
tion, the HTR provides a behavioral model through which the
serotonergic and other effects of cocaine can be investigated.
Using this model, we recently showed that acute cocaine
administration dose dependently inhibits the HTR induced by
the “more selective” 5-HT, agonist DOI (16). This inhibition
in 5-HT, receptor-mediated function was due to indirect stim-
ulation of the inhibitory adrenergic o, and serotonergic
5-HT,, receptors. Although DOI also possesses high affinity
for 5-HT,. receptors, our antagonist studies showed that both
ketanserin and spiperone are equipotent in inhibiting DOI-
induced HTR, thus supporting the role of 5-HT, receptors in
the induction of the head-twitch behavior (14). Moreover, in
the same study, the 5-HT,z,,c agonist TFMPP failed to induce

HTR. In the present investigation, acute cocaine administra-
tion failed to produce head-twitch behavior but dose depen-
dently inhibited the HTR produced by the nonselective 5-HT
agonist 5-MeO-DMT. Cocaine appears to be six times more
effective in inhibiting 5-MeO-DMT than DOI-induced HTR
[IDs = 1.95 and 11.8 mg/kg, respectively (16)]. It is possible
that 5-MeO-DMT by itself contributes to the indirect inhibi-
tory effects of cocaine by stimulating both the excitatory
5-HT, as well as the inhibitory 5-HT,, receptors. Such a no-
tion for the less robust effects of 5-MeO-DMT relative to
DOlI-induced HTR has already been suggested (14). Cocaine
also possesses weak S-HT, antagonist properties (44). The po-
tent 5-HT, antagonist 1CS-205,930 failed to produce HTR
and did not affect the 5-MeO-DMT-induced behavior, thus
indicating that the 5-HT, antagonist properties of cocaine fol-
lowing its acute administration do not contribute to the de-
crease in 5-MeO-DMT-induced HTR. We (14) and Arnt and
Hyttel (1) previously ruled out the possible modulatory effects
of acute 1CS-205,930 administration on DOI-induced HTR.
Thus, it seems possible that the acute inhibitory effects of
cocaine on 5-MeO-DMT-induced HTR probably involve simi-
lar inhibitory mechanisms to those described for DOI-induced
HTR (16).

In the present investigation, our initial chronic cocaine
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FIG. 6. Chronic effects of cocaine on DOI-induced HTR. Mice were
treated either with vehicle or cocaine (twice daily for 13.5 days, IP).
Twelve hours following termination of the chronic treatment, animals
were challenged with 2.5 mg/kg DOI (IP), and the induced HTR was
scored for the next 20 min. Results are given as means + SEM (n =
6-14). *Significantly different from vehicle control at p < 0.05.

studies indicated a supersensitivity to 5-HT, receptor function
5 h after cessation of repeated administration of moderate to
high doses of cocaine. However, higher cocaine doses did not
affect the induced behavior. Furthermore, this supersensitivity
persisted up to 172 h following termination of the 5-mg/kg
cocaine regimen, whereas the 10-mg/kg dose had significant
effects at the 5 and 172 h test sessions only. These initial
chronic studies indicated that chronic cocaine exposure not
only causes supersensitivity in 5-HT, receptor function but
that lower cocaine doses may also affect 5-HT function.

Due to the nonselective nature of 5-MeO-DMT, the more
selective 5-HT, receptor agonist DOI was used to further in-
vestigate the chronic effects of cocaine. Recently, we reported
that chronic administration of low doses of cocaine (0.5 and
1.0 mg/kg) significantly increased aggressive behavior in mice
in contrast to high-dose cocaine exposure, which nonselec-
tively reduced the aggressive repertoires (12). Thus, the
chronic effects of a wide range of cocaine doses was studied.
As with the aggression studies, differential effects were ob-
served with low and high doses of cocaine. Chronic cocaine
exposure at lower doses (0.03-1.25 mg/kg) caused significant
dose-dependent increases in DOI-induced HTR frequency,
whereas the 5- and 10-mg/kg cocaine regimen had no apparent
effect. Therefore, the 1.25-mg/kg cocaine dose, which pro-
duced maximal supersensitivity, was used to further study the
chronic effects of cocaine exposure. The time-response studies
indicated that supersensitivity persisted up to 36 h following
cessation of cocaine treatment and no effect was observed
after 74 h. Thus, depending upon the 5-HT agonist used to
induce HTR, distinct differences in the induced supersensitiv-
ity was observed following withdrawal from the same chronic
cocaine regimen. These differential effects may be due to:
1) the selective and nonselective nature of the agonist used
to induce the HTR because 5-MeO-DMT stimulates both the
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FIG. 7. Time-dependent effects of chronic administration of cocaine
(1.25 mg/kg) on DOI-induced HTR. Mice were treated either with
vehicle (Con) or cocaine twice daily for 13.5 days. At the indicated
time intervals following cessation of chronic treatment, different
groups of mice were challenged with DOI (2.5 mg/kg, IP) and the
induced HTR was scored for the first 20 min following DOI injection,
Results are given as means + SEM (n = 6-14). *Significantly differ-
ent from vehicle controls.

inhibitory 5-HT,, and the excitatory 5-HT, receptors, 2)
changes in the sensitivity of 5-HT,, receptors can occur fol-
lowing chronic cocaine exposure that may affect the 5-MeO-
DMT-induced HTR frequency, 3) chronic cocaine treatment
may alter the pharmacokinetic properties of the two agonists.

The accepted monoamine receptor adaptation theory speci-
fies that chronic agonist exposure causes downregulation
whereas persistent deprivation of receptor stimulation (e.g.,
denervation or persistent antagonist treatment) induces up-
regulation of the appropriate receptors. The 5-HT, receptor
system does not fully follow this adaptation dogma in that
chronic exposure to both agonists and antagonists cause
downregulation of 5-HT, receptor density (3,4,33,34,37,52).
Furthermore, behavioral models of 5-HT, receptor activation,
although not entirely consistent, lend support to the unpre-
dictable response hypothesis. For example, following with-
drawal from chronic administration of either agonists (13) or
antagonists (39,49) the 5-HT, receptor system exhibits super-
sensitivity. Moreover, chemical denervation of 5-HT neurons
has no effect on 5-HT, receptor density, but does induce su-
persensitivity in its function, that is, an increase in HTR fre-
quency [for a review, see (8)]. However, withdrawal from
chronic administration of very high doses of mianserin in-
duces downregulation of 5-HT, receptor function (3). Al-
though some 5-HT uptake inhibitors downregulate the 5-HT,
site, the effect is not universal and appears to correlate more
closely with the affinity for 5-HT, receptor rather than for
S-HT uptake site (8).

Thus, in the present investigation the increase in DOI-
induced HTR frequency following withdrawal from chronic
administration of small doses of cocaine can be due to either
a prolonged increase or decrease in synaptic 5-HT concentra-
tion in those CNS structures involved in the production of
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FIG. 8. Effects of acute administration of clonidine, 8-OH DPAT, or
mCPBG on DOI-induced HTR in (A) chronically vehicle exposed and
(B) cocaine-treated mice (1.25 mg/kg, twice daily for 13.5 days IP).
For experimental details, see the Methods section. Data are presented
as means + SEM (n = 6-7). *Significantly different from vehicle
controls.

HTR. Subsequent to the initial elevation in synaptic concen-
tration of DA, 5-HT, and NE, acute cocaine administration
has been reported to decrease transmitter synthesis by a com-
pensatory feedback mechanism (18,40). Furthermore, chronic
cocaine exposure is reported to decrease brain 5-HT content
(46), probably via inhibition of uptake of its precursor trypto-
phan and reduction in the activity of tryptophan hydroxylase
(32,51). Thus, the cocaine-induced supersensitivity to DOI
may be due to a persistent decrease in synaptic 5-HT concen-
tration. Whether the cocaine-induced supersensitivity is due
to an increase in 5-HT, receptor density is not yet known.
However, a recent study of 5-HT, receptor signal transduction
mechanisms in hippocampal tissue indicates that repeated ad-
ministration of low doses of cocaine in monkeys increases
receptor-effector coupling efficiency (17). This enhanced cou-
pling may be involved in the sensitization of the head-twitch
behavior.

Although chronic administration of cocaine increases DA
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content in the CNS (29,46), a review of the literature suggests
that DA has no modulatory role in HTR induced by 5-HT
agonists (25). Except for a short-term increase in NE content,
chronic cocaine administration does not modify the concen-
trations of NE and its major metabolite 3-methoxy-4-hy-
droxyphenylglycol in the CNS (30,46). Thus, it was of interest
to investigate whether any changes in the functional sensitivity
of the inhibitory adrenergic «, and serotonergic 5-HT,, recep-
tors can occur following chronic low-dose cocaine exposure,
which may also modify the DOI-induced HTR frequency. The
5-HT,;, agonist 8-OH-DPAT was more effective in inhibiting
the DOI-induced HTR in chronically cocaine-treated animals
than to vehicle-exposed controls. These data suggest that
5-HT, s receptor function has become more sensitive following
chronic cocaine exposure. There is evidence of supersensitivity
to other 5-HT receptor agonists. For example, the 5-HT,g,,c
agonist TFMPP and the 5-HT, agonist mCPBG had no effect
on chronically vehicle-exposed animals, whereas in cocaine-
exposed mice these agents significantly reduced the DOI-
induced HTR. At higher doses, TFMPP also possesses affinity
for 5-HT,, sites (48) and can partially inhibit DOI-induced
HTR via stimulation of these inhibitory receptors (1). How-
ever, TFMPP at lower doses in the present study and in other
published findings (14) had no significant effect on DOI-
induced behavior. Thus, it is reasonable to suggest that inhibi-
tion of DOI-induced HTR by such a low dose of TFMPP in
chronically cocaine-pretreated mice is due to stimulation of a
“more sensitive” 5-HT,, receptor site. Similar to the lack of
effect of the 5-HT,; antagonist 1CS-205,930 [(1,16), present
investigation], the potent 5-HT, agonist mCPBG failed to af-
fect the induced head-twitch behavior in chronically vehicle-
exposed mice. However, in the cocaine-treated group mCPBG
significantly reduced the DOI-induced HTR score. mCPBG
has no affinity for other 5-HT-receptor subtypes (31).
Whether this effect is via stimulation of possible supersensi-
tive 5-HT; receptors or via other mechanisms is not yet
known. The «, agonist clonidine was equipotent in inhi-
biting the DOI-induced HTR in both vehicle and chronically
cocaine-exposed mice. Thus, it appears that chronic adminis-
tration of low doses of cocaine enhances the sensitivity of
5-HT4, 5-HT,, and possibly 5-HT, receptors without affect-
ing o, adrenoceptor function. This lack of change in o, adre-
noceptor sensitivity correlates with the lack of effect on cen-
tral NE concentration following chronic cocaine exposure
(30,46).

In the present study, chronic cocaine exposure at higher
doses did not modify DOI-induced HTR. At these high doses,
cocaine probably affects these receptor mechanisms, as well
as other modulatory neurotransmitter systems. For example,
high-dose cocaine exposure modifies central benzodiazepine
receptors (36), as well as GABA release (27), which are in-
volved in the modulation of head-twitch behavior (25). The
selective effect of chronic low- relative to high-dose cocaine
exposure in isolated aggressive mice has already been dis-
cussed (12). Moreover, human addicts abuse cocaine at such
low doses whereas high doses (such as 10 mg/kg) would cer-
tainly be fatal in man. Thus, the absence of direct serotonergic
effects following chronic administration of high doses of co-
caine is probably one important reason for the lack of research
effort in regard to this important component of cocaine’s ac-
tions.

In animal studies, conditions that increase serotonergic
activity such as dietary tryptophan or fluoxetine treatment
(a 5-HT uptake blocker) reduce cocaine self-administration
(5,6). Interestingly, acute administration of the 5-HT,, partial
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agonist buspirone also produces similar effects (23) and upon
chronic administration inhibits the development of cocaine-
induced stereotyped behaviors (53). Furthermore, repeated
administration of the 5-HT, receptor antagonist ritanserin has
been shown to reduce the preference and consumption of co-
caine in a dose-dependent manner (38). As discussed in the
Introduction section, cocaine inhibits serotonergic dorsal ra-
phe neuronal activity indirectly via stimulation of impulse-
modulating 5-HT,, receptors. Similar to the present inves-
tigation, chronic cocaine exposure was reported to induce
sensitization of this inhibitory 5-HT,, receptors (10). How-
ever, unlike this in vivo extracellular electrophysiological
model, their recent in vitro model has shown development of
tolerance (2). Thus, the in vivo functional interaction between
5-HT,, and 5-HT, sites and cocaine-induced changes in the
sensitivity of these receptors may have relevance in the ability
of these two receptor systems in diminishing cocaine self-
administration.

Drugs that can alter the effects of cocaine on serotonergic
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receptor function in animals may help to provide new insights
for the better clinical treatment of cocaine abuse and manage-
ment of its symptoms. For example, lithium, which has been
used prophylactically for the treatment of several types of
depression (26,41), can also reverse the effects of cocaine on
tryptophan uptake and 5-HT synthesis in rats (32) and has
been reported to block cocaine-induced euphoria and craving
in humans (9,19). Furthermore, unlike chronic cocaine-in-
duced augmentation, chronic lithium administration is shown
to attenuate the function of 5-HT,,, 5-HT,, and «, receptors
(24). Thus, application of serotonergic drugs in clinical setting
and realization of serotonergic receptor subtype interaction
may provide a new avenue in the clinical management of co-
caine abuse.
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