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Abstract

Background: Cocaine (benzoylmethylecgonine) is one of the most widely used illegal psychostimulant drugs worldwide, and 
mortality from acute intoxication is increasing. Suppressing hyperthermia is effective in reducing cocaine-related mortality, 
but a definitive therapy has not yet been found. In this study, we assessed the ability of risperidone to attenuate acute 
cocaine-induced hyperthermia and delineated the mechanism of its action.
Methods: Rats were injected i.p. with saline, risperidone, ketanserin, ritanserin, haloperidol, or SCH 23  390 before and 
after injection of cocaine (30 mg/kg) or with WAY-00 635, SB 206 553, or sulpiride before cocaine injection; thereafter, the 
rectal temperature was measured every 30 minutes for up to 4 hours. In vivo microdialysis was used to reveal the effect 
of risperidone on cocaine-induced elevation of dopamine (DA), serotonin (5-HT), and noradrenaline concentrations in the 
anterior hypothalamus. For post-administration experiments, saline or risperidone (0.5 mg/kg) were injected into rats, and 
cocaine (30 mg/kg) was injected 15 minutes later. For every 30 minutes thereafter, DA, 5-HT, and noradrenaline levels were 
measured for up to 240 minutes after cocaine administration.
Results: Risperidone, 5-HT2A receptor antagonists, and D1 receptor antagonistic drugs prevented and reversed cocaine-
induced hyperthermia. In contrast, receptor antagonists for 5-HT1A, 5-HT2B/2C, and D2 did not alter cocaine-induced 
hyperthermia. Risperidone treatment further attenuated cocaine-induced elevation of DA.
Conclusions: Our results indicate that risperidone attenuates cocaine-induced hyperthermia primarily by blocking the 
activities of the 5-HT2A and D1 receptors and may be potentially useful for treating cocaine-induced acute hyperthermia in 
humans.
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Introduction
Cocaine (benzoylmethylecgonine) is a one of most widely 
used illegal psychostimulant drugs worldwide and is used by 
an estimated 15 to 21 million (0.37%–0.42%) of the population 
aged 15 to 64 years (United Nations Office of Drug and Crime, 
2019). Cocaine use is particularly prevalent among younger 

populations (Zimmerman, 2012). As such, the abuse of cocaine 
represents a major health issue in much of the world, including 
in the United States, Latin America, and Europe. According to 
Sevigny and Caces (Sevigny and Caces, 2018), cocaine is the most 
common cause of illicit drug-related emergency department 

applyparastyle "fig//caption/p[1]" parastyle "FigCapt"
applyparastyle "fig" parastyle "Figure"

International Journal of Neuropsychopharmacology (2020) 23(12): 811–820

doi:10.1093/ijnp/pyaa065
Advance Access Publication: August 21, 2020
Regular Research Article

International Journal of Neuropsychopharmacology (2020) 23(12): 811–820

doi:10.1093/ijnp/pyaa065
Advance Access Publication:    , 2020
Regular Research Article

mailto:kazs@jichi.ac.jp?subject=


812 | International Journal of Neuropsychopharmacology, 2020

visits, accounting for an estimated 455 785–505 224 visits in the 
United States in 2011.

Cocaine abuse can induce life-threating adverse effects, 
including seizures, excited delirium, hypertensive crisis, tachy-
cardia, ventricular arrhythmia, acute myocardial infarction, 
rhabdomyolysis, and hyperthermia (Welch et  al., 1991; Wetli 
et al., 1996; Lange and Hillis, 2001; Crandall et al., 2002; Phillips 
et al., 2009). Multiple reports have also shown that cocaine can 
cause hyperthermia in humans and animals alike (Lomax and 
Daniel, 1990, 1993; Gonzalez, 1993; Marzuk et al., 1998; Crandall 
et al., 2002; Hamida et al., 2008). Hyperthermia is closely related 
to its lethality, and in cases of cocaine-related mortality, patients 
commonly present with hyperthermia (Loghmanee and Tobak, 
1986; Campbell, 1988; Kosten and Kleber, 1988; Bauwens et al., 
1989). While a typical fatal cocaine overdose occurs at a blood 
concentration of 6  mg/L, Kosten and Kleber have suggested 
that cocaine-related mortality can occur at low blood cocaine 
levels (0.14–0.9 mg/L) when hyperthermia is present (Kosten and 
Kleber, 1988). Previous animal studies have demonstrated that 
high ambient temperatures exacerbate cocaine-induced hyper-
thermia (Lomax and Daniel 1990, 1993; Gonzalez, 1993; Cappon 
et  al., 1998). Moreover, recent human epidemiologic studies 
suggest that the rate of cocaine-related mortality increases in 
the presence of hot ambient temperatures (Marzuk et al., 1998; 
Bohnert et  al., 2010; Auger et  al., 2017). This psychiatric phe-
nomenon is bolstered by animal experiments, which show 
that interventions preventing cocaine-induced hyperthermia 
also eliminate cocaine-induced lethality in dogs (Catravas and 
Waters, 1981). Therefore, hyperthermia suppression in cases of 
cocaine abuse represents a promising avenue for reducing co-
caine mortality.

Mechanistically, cocaine is a monoamine transporter blocker, 
with approximately equal affinity for the dopamine (DA), sero-
tonin (5-HT), and noradrenaline (NA) transporters (Ritz et  al., 
1990). In rat models, cocaine was shown to cause the release of 
DA, 5-HT, and NA in several brain lesions (Chen and Reith, 1994; 
Teneud et al., 1996; Reith et al., 1997; Andrews and Lucki, 2001; 
Müller et al., 2002; Bubar et al., 2003; Frank et al., 2008; Murnane 
et al., 2013), which, in turn, regulated body temperature (Kendrick 
et al., 1989; Lin et al., 1998; Hasegawa et al., 2000, 2011; Ishiwata 
et  al., 2017). We previously reported that DA and 5-HT levels 
were increased in the rat brain by the psychostimulant drugs 
methamphetamine (METH) and 3.4-methylenedioxymethamp
hetamine (MDMA), and that administration of risperidone, D1, 
D2, and a 5-HT2A receptor antagonistic atypical antipsychotic 
drug prevented and reversed METH and MDMA-induced hyper-
thermia in rats (Shioda et al., 2008, 2010). Therefore, we hypothe-
sized that risperidone could also be used to prevent and reverse 
cocaine-induced hyperthermia. Risperidone is an atypical 

antipsychotic drug that potently blocks the D2 and 5-HT2A re-
ceptors and weakly blocks D1 receptor activity; it also has a 
multitude of other 5-HT subtype receptor antagonistic effects 
(i.e., 5-HT1A, Ki = 490 nM; 5-HT2A, Ki = 0.6 nM; 5-HT2B, pKi = 7.67; 
5-HT2C, pKi = 8.31; D1, Ki = 75 nM; D2, Ki = 3 nM) (Bymaster et al., 
1996; Wood et al., 2006) (Table 1).

In the present study, we evaluated the ability of risperidone 
in suppressing cocaine-induced hyperthermia in rats. We at-
tempted to delineate the specific DA and 5-HT receptors associ-
ated with cocaine-induced hyperthermia using various DA and 
5-HT receptor antagonists. We subsequently used microdialysis 
to quantify cocaine-induced DA, 5-HT, and NA level changes in 
the rat anterior hypothalamus, the thermoregulation center of 
the brain.

Methods

All experimental procedures involving animals were approved 
by the Animal Investigation Committee of our institution and 
were performed in strict accordance with the National Institutes 
of Health Guide for the Care and Use of Laboratory Animals.

Animals, Drug Administration, and Experimental 
Protocol

Male Wistar rats (Clea Japan Inc., Tokyo, Japan) weighing 200–
250 g were used in this study. We conducted microdialysis ex-
periments and body temperature measurement experiments in 
separate groups of rats. Rats were housed in cages maintained 
at 26°C ± 1°C under a 12-hour-light/-dark cycle and were pro-
vided free access to food and water. Risperidone, ketanserin, 
ritanserin, WAY-100 635, SCH 23 390, and SB 206 553 were pur-
chased from Sigma-Aldrich Co. (St. Louis, MO). Haloperidol and 
sulpiride were obtained in injection ampoules from Astellas 
Pharma Inc., Tokyo, Japan, and cocaine was purchased from 
Shionogi & CO., LTD., Osaka, Japan. Risperidone was dissolved in 
HCl, and the pH was maintained between 6 and 7 using NaOH. 
Ritanserin was dissolved in 99.7% acetic acid, and the pH was 
maintained between 6 and 7 by using NaOH. All other drugs 
were dissolved in 0.9% saline. Rats were injected i.p. with 2 mL/
kg of the appropriate drug. On the day of the experiment, rats 
were placed in individual cages in a room maintained at an am-
bient temperature of 26°C ± 1°C.

We conducted pre-administration experiments to evaluate 
the attenuating effect, and post-administration experiments to 
evaluate the reversing effect, of risperidone on cocaine-induced 
hyperthermia. The post-administration experiment was per-
formed with the aim of using risperidone clinically to treat 
hyperthermia induced by cocaine. In the pre-administration 

Significance Statement
Mortality from acute cocaine intoxication is increasing worldwide. Hyperthermia is known to elevate the risk of mortality from 
acute cocaine intoxication, but no therapies exist for this symptom. In this study, risperidone, a commonly used atypical anti-
psychotic drug, attenuated and reversed cocaine-induced hyperthermia in a rat model, suggesting that it may offer effective 
treatment. Concurrent administration of risperidone and various antagonists attenuate and reverse cocaine-induced hyper-
thermia by 5-HT2A and D1 antagonism, but not 5-HT1A, 5-HT2B/2C, or D2 antagonism. This study is the first to our knowledge 
to demonstrate a clear receptor-related mechanism for cocaine-induced hyperthermia. We found that dopamine, serotonin, 
and noradrenaline levels increased in the anterior hypothalamus after cocaine administration, and on microdialysis study, 
risperidone suppressed the cocaine-induced elevation of dopamine. We believe that our findings have considerable implications 
in the clinical treatment of acute cocaine intoxication and elucidate the mechanism of hyperthermia induced by other drugs as 
well.
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experiments, the rectal temperature of the rats was monitored; 
when the temperature was observed to be stable for approxi-
mately 2 hours, the rats were injected i.p. with either saline, 
risperidone (0.5 mg/kg), ketanserin (5 mg/kg), ritanserin (3 mg/
kg), WAY-100 635 (1 mg/kg), SB 206 553 (2.5 mg/kg), haloperidol 
(0.5 mg/kg), SCH 23 390 (0.5 mg/kg), or sulpiride (50 mg/kg). After 
waiting for 15 minutes, cocaine (30  mg/kg) was also injected 
i.p. Thereafter, we measured the rat’s rectal temperature every 
30 minutes for up to 4 hours from the time the cocaine was 
administered.

In the post-administration experiment, we first injected co-
caine i.p. (30 mg/kg), and after waiting for 15 minutes, we i.p. 
injected risperidone (0.25 and 0.5  mg/kg), ketanserin (2.5 and 
5  mg/kg), ritanserin (1.5 and 3.0  mg/kg), haloperidol (0.25 and 
0.5 mg/kg), or SCH 23 390 (0.25 and 0.5 mg/kg). We subsequently 
measured the rat’s rectal temperature every 30 minutes for up to 
4 hours from the time of cocaine administration.

Our previous work has shown that the pre-administration 
of 0.5  mg/kg risperidone prevented MDMA, METH, and 5-HT 
syndrome model-induced hyperthermia in our previous studies 
(Nisijima et  al., 2000; Shioda et  al., 2008, 2010); thus, for this 
study we used 0.5 mg/kg risperidone. Since haloperidol blocks 
the D2 receptor in a similar manner to risperidone (Schotte 
et al., 1996), we selected its dose to be 0.5 mg/kg. The doses of 
ketanserin (5 mg/kg), ritanserin (3 mg/kg), WAY-100 635 (1 mg/
kg), SCH 23 390 (0.5 mg/kg), sulpiride (50 mg/kg), and SB 206 553 
(2.5 mg/kg) were determined based on their success in our pre-
vious study (Nisijima et al., 2001; Shioda et al., 2008, 2010).

Measuring Rectal Temperature

Every 30 minutes, rats were gently restrained and their rectal 
temperature was measured by inserting a thermocouple probe 
connected to a digital thermometer (Shibaura Electronics Co., 
Tokyo, Japan) 3  cm into the rectum. A  steady temperature 
readout was obtained within 10 seconds of probe insertion.

Surgery and Brain Dialysis

To perform in vivo microdialysis, rats were anesthetized with 
sodium pentobarbital (50 mg/kg i.p.) and placed in a stereotaxic 
frame (David Kopf Instruments) with the nose bar positioned 
3.5 mm below interaural zero. The skull was exposed during sur-
gery, and a burr hole was drilled to accommodate the plantation. 
Straight-type cellulose dialysis tubing (length, 1.0 mm; internal 
diameter, 0.16 mm; molecular weight cutoff, 50 000) was steadily 
and carefully inserted into the anterior hypothalamus (AP, 
1.1 mm; ML, 0.9 mm; DV, −9.2 mm from the bregma) and fixed 
with acrylic dental cement and 3 skull screws. The coordinates 
of the hypothalamus were determined using the Paxinos and 
Watson (1986) brain atlas.

Two days after the surgery, the probe was connected to a 
microinfusion pump and the brain was perfused with Ringer’s 
solution (NaCl, 147  mmol; KCl, 4  mmol; CaCl2, 1.9  mmol) at a 
flow rate of 1  μL/min. The rats were allowed to move freely 
during this period. The outflow from the hypothalamus was 
automatically injected into a high-performance liquid chro-
matography unit using an automatic injector (Eicom EAS-20S; 
Eicom, Kyoto, Japan). An ion-exchange column (Eicompack 
CAX, 200 mm × 2.0 mm, Eicom) was used for DA, 5-HT, and NA 
separation, and the results were obtained instantaneously. 
The concentrations of DA, 5-HT, and NA in the samples were 
determined by an electrochemical detector (Eicom HITEC-500, 
Eicom). The column and detector were maintained at 35ºC using Ta
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temperature controllers. The mobile phase buffer used for DA, 
5-HT, and NA analyses consisted of 0.1 M ammonium acetate 
buffer (pH 6.0), 30% methanol, 7.102  g/L sodium-sulfate, and 
50 mg/L disodium ethylenediaminetetraacetic acid; the flow rate 
was set at 0.25 mL/min. Our method was capable of detecting 
NA, DA, and 5-HT at retention times of 5.15, 6.92, and 12.88 min-
utes, respectively.

After a 3-hour stabilization period, 2 consecutive dialysate 
samples were collected for measuring baseline DA, 5-HT, and 
NA levels. Saline or risperidone (0.5 mg/kg) were injected i.p. 
into rats, and cocaine (30 mg/kg) was injected i.p. 15 minutes 
thereafter. DA, 5-HT, and NA levels were subsequently meas-
ured every 30 minutes for up to 240 minutes after cocaine 
administration.

Statistical Analysis

Changes in rectal temperature from the baseline were meas-
ured every 30 minutes in each group and statistically analyzed 
using 2-way ANOVA with repeated measures. Between-group 
differences were assessed post-hoc with the Fisher’s predicted 
least-square difference test. The average concentrations of DA, 
5-HT, and NA before injecting cocaine were used as the baseline 
values (100%). Data from DA, 5-HT, and NA measurements were 
analyzed using 2-way ANOVA with repeated measures followed 
by post-hoc analysis with the Fisher’s predicted least-square 
difference test. The data were expressed as percentages of the 
respective baseline values. Averaged data were presented as 
means ± SEM.

Results

Effect of Risperidone on Cocaine-Induced 
Hyperthermia

The rectal temperature of rats injected i.p. with 30  mg/kg co-
caine increased rapidly, exceeding 39.5°C 60 minutes after co-
caine administration, and subsequently decreased gradually. On 
comparing with the saline control group, the cocaine-induced 
rectal temperature increase was significantly suppressed in rats 
pre-injected with risperidone (0.25 mg or 0.5 mg/kg) at 30, 60, 
90, and 120 minutes after cocaine administration (Figure  1A). 
Even when risperidone (0.25 and 0.5 mg/kg) was injected i.p. 15 
minutes after cocaine administration, the increase in rectal 
temperature was significantly suppressed compared with tem-
perature increase in the control group from 30 to 240 minutes 
(Figure 1B).

Effect of Various 5-HT Receptor Antagonists on 
Cocaine-Induced Hyperthermia

Pretreatment with ritanserin (3  mg/kg) or ketanserin (5  mg/
kg), which have antagonistic effects on the 5-HT2A receptor 
(Table  1), significantly prevented cocaine-induced hyper-
thermia at 30, 60, and 90 minutes (Figure  2A). Likewise, 
posttreatment with either a high dose (3 mg/kg) or low dose of 
ritanserin (1.5 mg/kg) significantly reversed cocaine-induced 
hyperthermia (Figure  2B). Similarly, posttreatment with 
ketanserin (2.5 or 5  mg/kg) significantly reversed cocaine-
induced hyperthermia (Figure  2C). In contrast, pretreatment 
with SB 206 553 (3.0 mg/kg), a 5-HT2B/2C receptor antagonist, 
and WAY-100 635 (1  mg/kg), a 5-HT1A receptor antagonist 
(Table  1), did not suppress cocaine-induced hyperthermia 
(Figures 3 and 4).

Effect of Different Types of DA Receptor Antagonists 
on Cocaine-Induced Hyperthermia

Pretreatment with haloperidol (0.5 mg/kg), which exerts potent 
antagonistic effects on the D2 and D1 receptors, significantly 
prevented cocaine-induced hyperthermia, as did pretreatment 
with SCH 23 390 (0.5  mg/kg), a selective D1 receptor antagonist 
(Figure  5A) (Table  1). Posttreatment with either a high dose 
(0.5  mg/kg) or low dose of haloperidol (0.25  mg/kg) also sig-
nificantly reversed cocaine-induced hyperthermia (Figure  5B). 
Posttreatment with SCH 23 390 (0.5 mg/kg), as well as a low dose 
of SCH 23 390 (0.25 mg/kg), significantly reversed cocaine-induced 
hyperthermia (Figure 5C). In contrast, pretreatment with sulpiride 
(50 mg/kg), which is a selective D2 receptor antagonist (Table 1), 
did not prevent cocaine-induced hyperthermia (Figure 6).

Extracellular Levels of DA, 5-HT, and NA in 
the Anterior Hypothalamus After Cocaine 
Administration and the Effect of Risperidone 
Pretreatment on Those Levels

After i.p. injections of 30  mg/kg of cocaine, the DA levels in 
the anterior hypothalamus increased approximately 25-fold 
at 60 minutes post-injection (Figure  7A). Pretreatment with 
risperidone significantly suppressed the cocaine-induced in-
crease of DA levels at 60 and 90 minutes (Figure 7A). Similarly, 
following cocaine administration, 5-HT levels increased imme-
diately and exceeded sixfold that of baseline levels 60 minutes 
following cocaine administration (Figure 7B). Likewise, NA levels 
increased approximately 17-fold at 60 minutes following co-
caine administration (Figure 7C). In contrast, pretreatment with 
risperidone did not significantly ablate cocaine-induced eleva-
tion of 5-HT and NA levels, which were similar to those in the 
saline control group.

Discussion

Occasionally, life-threatening hyperthermia occurs in persons 
who ingested cocaine (Loghmanee and Tobak, 1986; Campbell, 
1988; Kosten and Kleber, 1988; Bauwens et al., 1989). However, 
no established pharmacological treatment for cocaine-induced 
hyperthermia is currently available. It has been reported that 
the effects of cocaine, including hyperthermia, are mainly 
caused by the release of DA (Kuhar et al., 1991; Rockhold et al., 
1991). Recently, 5-HT, a well-known thermoregulation neuro-
transmitter (Lin et al., 1998; Kendrick et al., 1989; Ishiwata et al., 
2017), was also reportedly released by cocaine administration 
(Chen and Reith 1994; Andrews and Lucki, 2001; Florin et  al., 
1994) and is thought to play an important role in mediating 
cocaine-induced hyperthermia. In this work, we aimed to iden-
tify pharmacological compounds for treating cocaine-induced 
hyperthermia. Previously, we reported that risperidone could be 
used to attenuate and reverse hyperthermia induced by MDMA 
or METH, compounds that likewise induce the intercellular re-
lease of DA and 5-HT in the rat brain (Shioda et al., 2008, 2010). 
Therefore, we hypothesized that risperidone, an atypical anti-
psychotic drug that blocks the DA and 5-HT receptors, would 
be effective against cocaine-induced hyperthermia. In the pre-
sent study, we found that risperidone attenuated and reversed 
hyperthermia induced by cocaine.

Risperidone blocks multiple 5-HT receptor subtypes 
(Schmidt et  al., 2001) (Table  1); we attempted to identify the 
5-HT receptor subtype that plays the most important role 
in facilitating cocaine-induced hyperthermia. We found 
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that cocaine-induced hyperthermia was prevented and re-
versed by the administration of 5-HT2A receptor antagon-
ists, including ritanserin and ketanserin. The 5-HT2A receptor 
agonists 1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane and  

2-(4-Bromo-2,5-dimethoxyphenyl)-N-(2-methoxybenzyl) 
ethanamine are known to induce hyperthermia in human 
and animals (Mazzola-Pomietto et  al., 1995; Gee et  al., 2016; 
Nakamura et al., 2018). Therefore, 5-HT2A receptor antagonism 

Figure 1. Effect of risperidone on cocaine-induced hyperthermia. When the rats were injected i.p. with 30 mg/kg cocaine, their rectal temperature increased rapidly, 

exceeding 39.5°C 60 minutes after cocaine administration and then decreasing gradually. (A) Injection 15 minutes before cocaine and (B) injection of risperidone 

(0.25 mg/kg) 15 minutes after cocaine significantly suppressed the increase of rectal temperature. Values are represented as means ± SEMs. The statistical differences 

among the groups are indicated as follows: *P < .05 (vs saline), **P < .01 (vs saline), ***P < .001, ****P < .0001 (vs saline) (ANOVA followed by Fisher’s predicted least-square 

difference [PLSD]).

Figure 2. Effect of 5-HT2A antagonists on cocaine-induced hyperthermia. (A) Injection of ritanserin (3 mg/kg) and ketanserin (5 mg/kg) 15 minutes before cocaine sig-

nificantly suppressed the increase of rectal temperature. (B) Injection of ritanserin (3 mg/kg and 1.5 mg/kg) and (C) ketanserin (5 mg/kg and 2.5 mg/kg) 15 minutes after 

cocaine significantly suppressed the increase of rectal temperature. Values are represented as means ± SEMs. The statistical differences among the groups are indicated 

as follows: *P < .05 (vs saline), **P < .01 (vs saline), ***P < .001, ****P < .0001 (ANOVA followed by Fisher’s predicted least-square difference [PLSD]).
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acts by reducing the central core temperature. Conversely, 
Nakamura et al. (2018) reported that administration of 5-HT2A 
agonists resulted in hyperthermia, with high temperatures com-
parable with those observed in our study; this is caused by per-
ipheral 5-HT2A receptor-mediated vasoconstriction and brown 
adipose tissue thermogenesis. We cannot clearly distinguish 
between peripheral and central mechanisms in these experi-
ments; 5-HT2A receptor antagonism may reduce hyperthermia 
via both peripheral and central mechanisms

In contrast to 5-HT2A receptor antagonists, SB 206 553, 
a 5-HT2B/2C receptor antagonist, did not prevent cocaine-
induced hyperthermia (Figure  4). Moreover, WAY-100 635, a 
5-HT1A receptor antagonist, did not prevent cocaine-induced 
hyperthermia (Figure 3). These findings suggest that neither the 
5-HT2B/2C receptor nor the 5-HT1A receptor modulates cocaine-
induced hyperthermia in rats. These results are consistent 
with those of our previous work, which showed that 5-HT2A, 
not but 5-HT2B/C or 5-HT1A receptor antagonists, attenuated 

and reversed hyperthermia induced by psychostimulants (i.e., 
MDMA, METH) (Shioda et  al., 2008, 2010). Thus, this suggests 
that the ability of risperidone in preventing cocaine-induced 
hyperthermia arises from its potent 5-HT2A receptor antag-
onism. This is the first report, to our knowledge, to demonstrate 
that 5-HT2A receptor activation is an important mediator of 
cocaine-induced hyperthermia. In addition, ritanserin appears 
to have a smaller post-administration reverse effect on cocaine-
induced hyperthermia than do ketanserin and risperidone. 
This may be attributed to the weaker 5-HT2A receptor-binding 
affinity of ritanserin (5-HT2A: ritanserin Ki = 4.7 nM) than that 
of ketanserin and risperidone (5-HT2A: ketanserin Ki = 1.6 nM, 
risperidone Ki = 0.6 nM; Toll et al., 1998).

 DA is involved in the central control of thermoregulation 
(Yamawaki et al., 1983; Yamada et al., 1988) and is known to play 
a role in cocaine-induced hyperthermia (Rockhold et al., 1991). 
In the present study, we investigated the effects of several DA 
antagonists on cocaine-induced hyperthermia. Haloperidol, 
a D1 and D2 receptor antagonist, and SCH 23 390, a selective 
D1 receptor antagonist, significantly attenuated and reversed 
cocaine-induced hyperthermia (Figure  5A–C). In contrast, 
sulpiride, a D2 receptor antagonist, had no effect on cocaine-
induced hyperthermia (Figure 6). Rockhold et al. (Rockhold et al., 
1991) reported similar results, showing that blocking D1 receptor 
activity blocked cocaine-induced hyperthermia, while blocking 
D2 receptor activity had no effect. Our results are also con-
sistent with those of previous reports, which demonstrated that 
D1, but not D2 receptor antagonists, attenuated and reversed 
psychostimulant (MDMA and METH)-induced hyperthermia 
(Shioda et al., 2008, 2010). In post-administration experiments, 
haloperidol appeared to be less effective than SCH23390 at re-
versing hyperthermia. Post-administration SCH23390 (0.5  mg/
kg) suppressed cocaine-induced hyperthermia for up to 120 
minutes, while haloperidol (0.5 mg/kg) had a suppressive effect 
for up to 90 minutes. This may be due to the weaker D1 receptor-
binding affinity of haloperidol compared with that of SCH23390 
(D1: haloperidol Ki = 25  nM; SCH23390 Ki = 0.37  nM; Bymaster 
et al., 1996, Bøgesø et al., 1995) (Table 1). Although the D1-binding 
affinity of risperidone was weak at the dose used in this experi-
ment (Bymaster et al., 1996; Wood et al., 2006) (Table 1), the D1 
antagonist effect of risperidone may be involved in the attenu-
ation and reversal of cocaine-induced hyperthermia.

 Collectively, our results indicate that the induction of hyper-
thermia by cocaine may be related to the activities of both 
5-HT2A and D1 receptors. Thus, risperidone primarily blocks 
and reverses cocaine-induced hyperthermia by 5HT2A receptor 
antagonism and partially by D1 receptor antagonism.

 Previous in vivo microdialysis experiments have shown 
that cocaine increases the extracellular levels of DA, 5-HT, 
and NA in several regions of the rat brain. However, in many 
brain regions, including the striatum and nucleus accumbens, 
among others, the effects of cocaine on DA are greater than 
those on 5-HT or NA (Chen and Reith, 1994; Teneud et  al., 
1996; Reith et al., 1997; Andrews and Lucki, 2001; Bubar et al., 
2003). In the present study, we found that the i.p. administra-
tion of cocaine elevated the levels of DA, 5-HT, and NA in the 
anterior hypothalamus by 25-, 6-, and 17-fold, respectively 
(Figure  7A–C). The peak in cocaine-induced hyperthermia is 
consistent with the peak of monoamine in microdialysis ex-
periments. To the best of our knowledge, this is the first re-
port to demonstrate that cocaine increases the levels of NA 
in the anterior hypothalamus, the central thermoregulation 
center. NA is also known to be involved in thermoregula-
tion (Hardebo and Hindfelt, 1981; Lopachin and Rudy, 1982); 

Figure 3. Effect of the 5-HT1A antagonist WAY-100 635 on cocaine-induced 

hyperthermia. Injection of WAY-100 635 (1 mg/kg) 15 minutes before cocaine did 

not suppress cocaine-induced hyperthermia.

Figure 4. Effect of the 5-HT2B/2C antagonist SB 206 553 on cocaine-induced 

hyperthermia. Injection of SB 206 553 (2.5 mg/kg) 15 minutes before cocaine did 

not suppress cocaine-induced hyperthermia.
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thus, we anticipate that increased NA levels may be related to 
cocaine-induced hyperthermia.

 Compared with the increased DA levels in the control group, 
pretreatment with risperidone significantly suppressed the 
cocaine-induced elevation of DA (Figure 7A). The time course of 

increases of DA in the anterior hypothalamus and hyperthermia 
coincided remarkably. In addition, the effect of risperidone on 
cocaine-induced hyperthermia and increases in DA concentra-
tions disappeared almost simultaneously. These results suggest 
that the suppression of hyperthermia by risperidone is related 
to direct or indirect suppression of DA increases in the anterior 
hypothalamus. However, risperidone did not alter the cocaine-
induced elevations of 5-HT and NA levels. Steketee (1998) re-
ported that injecting SCH23390, a D1 receptor antagonist, into 
the ventral tegmental area of rats abolished the cocaine-induced 
increase of DA in the nucleus accumbens. They proposed that 
D1 receptor activation may indirectly increase dopaminergic ac-
tivity by enhancing glutamate release. This is because the D1 
agonist SKF 82 958 increased extracellular glutamate levels, which 
is known to increase the release of DA (Kalivas and Duffy, 1995). 
Others have also reported that treatment with 5-HT2A receptor 
antagonists, including MDL100907 and ketanserin, prevented the 
elevation of DA following the administration of cocaine (Broderick 
et al., 2004; Zayara et al., 2011). In addition, previous studies have 
demonstrated that administration of the 5-HT2A receptor agonist, 
1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane, increased the 
levels of extracellular DA (Bowers et  al., 2000; Yan, 2000). These 
reports are consistent with our findings. Thus, risperidone pre-
treatment may possibly suppress cocaine-induced elevation of DA 
levels due its antagonistic effect on the D1 and 5-HT2A receptors. 
In addition, the time of the peak DA increase in the anterior hypo-
thalamus is later than that of the peak in the striatum, as reported 
by Chambers et al. (2010). Collectively, these results suggest that 

Figure 5. Effects of haloperidol and SCH 23 390 on cocaine-induced hyperthermia. (A) Injection of haloperidol (0.5 mg/kg) and SCH 23 390 (0.5 mg/kg) 15 minutes before 

cocaine significantly suppressed cocaine-induced hyperthermia. (B) Injection of haloperidol (0.5 mg/kg and 0.25 mg/kg) and (C) SCH 23 390 (0.5 mg/kg and 0.25 mg/

kg) 15 minutes after cocaine significantly suppressed the increase of rectal temperature. Values are represented as means ± SEMs. The statistical differences among 

the groups are indicated as follows: *P < .05 (vs saline), **P < .01 (vs saline), ***P < .001, ****P < .0001 (ANOVA followed by Fisher’s predicted least-square difference [PLSD]).

Figure 6. Effect of D2 receptor antagonist sulpiride on cocaine-induced hyper-

thermia. Injection of sulpiride (50 mg/kg) 15 minutes before cocaine did not sup-

press cocaine-induced hyperthermia.
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cocaine-induced increases in DA levels in the hypothalamus may 
be due to an indirect mechanism, and risperidone may inhibit 
cocaine-induced DA elevation by antagonizing various receptors 
at sites other than the hypothalamus. In conclusion, adminis-
tering risperidone in rats attenuates and reverses cocaine-induced 
hyperthermia and attenuates the cocaine-induced elevation of DA 
levels in the anterior hypothalamus. Mechanistically, risperidone 
blocks the activities of the 5-HT2A and D1 receptors, and this may 
underlie the inhibition of cocaine-induced hyperthermia. Globally, 
risperidone is used as an atypical antipsychotic drug. Collectively, 
our results indicate that risperidone is a potentially useful drug for 
treating cocaine-induced acute hyperthermia in humans, particu-
larly the finding that post-administration of risperidone reversed 
cocaine-induced hyperthermia.

Acknowledgments

We thank Editage (www.editage.com) for English language 
editing and declare that we are entirely responsible for the sci-
entific content of the paper.
This work was supported by JSPS KAKENHI grant numbers 
24791951 and 17K11591.

Statement of Interest

None.

References
Andrews  CM, Lucki  I (2001) Effects of cocaine on extracellular 

dopamine and serotonin levels in the nucleus accumbens. 
Psychopharmacology (Berl) 155:221–229.

Auger N, Bilodeau-Bertrand M, Labesse ME, Kosatsky T (2017) As-
sociation of elevated ambient temperature with death from 
cocaine overdose. Drug Alcohol Depend 178:101–105.

Bauwens JE, Boggs JM, Hartwell PS (1989) Fatal hyperthermia as-
sociated with cocaine use. West J Med 150:210–212.

Boess FG, Martin IL (1994) Molecular biology of 5-HT receptors. 
Neuropharmacology 33:275–317.

Bøgesø  KP, Arnt  J, Frederiksen  K, Hansen  HO, Hyttel  J, 
Pedersen  H (1995) Enhanced D1 affinity in a series of pi-
perazine ring substituted 1-piperazino-3-arylindans with 
potential atypical antipsychotic activity. J Med Chem 
38:4380–4392.

Bohnert AS, Prescott MR, Vlahov D, Tardiff KJ, Galea S (2010) Am-
bient temperature and risk of death from accidental drug 
overdose in New York City, 1990-2006. Addiction 105:1049–
1054.

Bonhaus  DW, Bach  C, DeSouza  A, Salazar  FH, Matsuoka  BD, 
Zuppan P, Chan HW, Eglen RM (1995) The pharmacology and 
distribution of human 5-hydroxytryptamine2B (5-HT2B) re-
ceptor gene products: comparison with 5-HT2A and 5-HT2C 
receptors. Br J Pharmacol 115:622–628.

Bowers  BJ, Henry  MB, Thielen  RJ, McBride  WJ (2000) Serotonin 
5-HT(2) receptor stimulation of dopamine release in the 
posterior but not anterior nucleus accumbens of the rat. J 
Neurochem 75:1625–1633.

Broderick PA, Olabisi OA, Rahni DN, Zhou Y (2004) Cocaine acts 
on accumbens monoamines and locomotor behavior via 
a 5-HT2A/2C receptor mechanism as shown by ketanserin: 
24-h follow-up studies. Prog Neuropsychopharmacol Biol 
Psychiatry 28:547–557.

Bubar  MJ, McMahon  LR, De  Deurwaerdère  P, Spampinato  U, 
Cunningham KA (2003) Selective serotonin reuptake inhibi-
tors enhance cocaine-induced locomotor activity and dopa-
mine release in the nucleus accumbens. Neuropharmacology 
44:342–353.

Bymaster  FP, Calligaro  DO, Falcone  JF, Marsh  RD, Moore  NA, 
Tye  NC, Seeman  P, Wong  DT (1996) Radioreceptor 
binding profile of the atypical antipsychotic olanzapine. 
Neuropsychopharmacology 14:87–96.

Campbell BG (1988) Cocaine abuse with hyperthermia, seizures 
and fatal complications. Med J Aust 149:387–389.

Cappon  GD, Morford  LL, Vorhees  CV (1998) Enhancement of 
cocaine-induced hyperthermia fails to elicit neurotoxicity. 
Neurotoxicol Teratol 20:531–535.

Catravas  JD, Waters  IW (1981) Acute cocaine intoxication in 
the conscious dog: studies on the mechanism of lethality. J 
Pharmacol Exp Ther 217:350–356.

Figure 7. Extracellular levels of (A) DA, (B) 5-HT, and (C) NA in the anterior hypothalamus after cocaine administration and the effect of risperidone pretreatment on 

these levels. (A) After i.p. injection of 30 mg/kg of cocaine, the DA levels in the anterior hypothalamus increased approximately 25-fold at 60 minutes. Pretreatment of 

risperidone significantly suppressed DA level increases at 60 and 90 minutes. (B) The 5-HT levels immediately increased, exceeding sixfold at 60 minutes after cocaine 

administration. (C) The NA levels were increased approximately 17-fold at 60 minutes after cocaine administration. (B–C) There was no significant difference seen in 

5-HT and NA increase between pretreatment risperidone and saline control groups. Values are represented as means ± SEMs. The statistical differences among the 

groups are indicated as follows: *P < .05 (vs saline), **P < .01 (vs saline) (ANOVA followed by Fisher’s predicted least-square difference [PLSD]). 5-HT, serotonin; DA, dopa-

mine; NA, noradrenaline.

http://www.editage.com


Copyedited by: oup

Okada et al. | 819

Chambers RA, Sentir AM, Engleman EA (2010) Ventral and dorsal 
striatal dopamine efflux and behavior in rats with simple vs. 
co-morbid histories of cocaine sensitization and neonatal 
ventral hippocampal lesions. Psychopharmacology (Berl) 
212:73–83.

Chemel BR, Roth BL, Armbruster B, Watts VJ, Nichols DE (2006) 
WAY-100 635 is a potent dopamine D4 receptor agonist. Psy-
chopharmacology (Berl) 188:244–251.

Chen NH, Reith ME (1994) Autoregulation and monoamine inter-
actions in the ventral tegmental area in the absence and 
presence of cocaine: a microdialysis study in freely moving 
rats. J Pharmacol Exp Ther 271:1597–1610.

Crandall CG, Vongpatanasin W, Victor RG (2002) Mechanism of 
cocaine-induced hyperthermia in humans. Ann Intern Med 
136:785–791.

Florin  SM, Kuczenski  R, Segal  DS (1994) Regional extracellular 
norepinephrine responses to amphetamine and cocaine and 
effects of clonidine pretreatment. Brain Res 654:53–62.

Frank ST, Krumm B, Spanagel R (2008) Cocaine-induced dopa-
mine overflow within the nucleus accumbens measured by 
in vivo microdialysis: a meta-analysis. Synapse 62:243–252.

Gee  P, Schep  LJ, Jensen  BP, Moore  G, Barrington  S (2016) Case 
series: toxicity from 25B-NBOMe–a cluster of N-bomb cases. 
Clin Toxicol (Phila) 54:141–146.

Gonzalez LP (1993) Cocaine alters body temperature and behav-
ioral thermoregulatory responses. Neuroreport 4:106–108.

Gozlan H, Emerit MB, Hall MD, Nielsen M, Hamon M (1986) In situ 
molecular sizes of the various types of 5-HT binding sites in 
the rat brain. Biochem Pharmacol 35:1891–1897.

Hall H, Sällemark M, Jerning E (1986) Effects of remoxipride and 
some related new substituted salicylamides on rat brain re-
ceptors. Acta Pharmacol Toxicol (Copenh) 58:61–70.

Hamida  SB, Plute  E, Cosquer  B, Kelche  C, Jones  BC, Cassel  JC 
(2008) Interactions between ethanol and cocaine, amphet-
amine, or MDMA in the rat: thermoregulatory and locomotor 
effects. Psychopharmacology (Berl) 197:67–82.

Hardebo  JE, Hindfelt  B (1981) The effect of temperature eleva-
tion on the cerebrovascular response to noradrenaline and 
5-hydroxytryptamine. Acta Physiol Scand 112:413–416.

Hasegawa  H, Yazawa  T, Yasumatsu  M, Otokawa  M, Aihara  Y 
(2000) Alteration in dopamine metabolism in the thermo-
regulatory center of exercising rats. Neurosci Lett 289:161–
164.

Hasegawa H, Takatsu S, Ishiwata T, Tanaka H, Sarre S, Meeusen R 
(2011) Continuous monitoring of hypothalamic neurotrans-
mitters and thermoregulatory responses in exercising rats. J 
Neurosci Methods 202:119–123.

Ishiwata T, Hasegawa H, Greenwood BN (2017) Involvement of 
serotonin in the ventral tegmental area in thermoregulation 
of freely moving rats. Neurosci Lett 653:71–77.

Johansson L, Sohn D, Thorberg SO (1997) The pharmacological 
characterization of a novel selective 5-hydroxytryptamine1A 
receptor antagonist, NAD-299. J Pharmacol Exp Ther 283:216–
225.

Kalivas PW, Duffy P (1995) D1 receptors modulate glutamate trans-
mission in the ventral tegmental area. J Neurosci 15:5379–5388.

Kendrick  KM, De  la  Riva  C, Hinton  M, Baldwin  BA (1989) 
Microdialysis measurement of monoamine and amino acid 
release from the medial preoptic region of the sheep in re-
sponse to heat exposure. Brain Res Bull 22:541–544.

Kennett  GA, Wood  MD, Bright  F, Cilia  J, Piper  DC, Gager  T, 
Thomas D, Baxter GS, Forbes IT, Ham P, Blackburn TP (1996) 
In vitro and in vivo profile of SB 206 553, a potent 5-HT2C/5-

HT2B receptor antagonist with anxiolytic-like properties. Br J 
Pharmacol 117:427–434.

Kosten TR, Kleber HD (1988) Rapid death during cocaine abuse: 
a variant of the neuroleptic malignant syndrome? Am J Drug 
Alcohol Abuse 14:335–346.

Kuhar MJ, Ritz MC, Boja JW (1991) The dopamine hypothesis of 
the reinforcing properties of cocaine. Trends Neurosci 14:299–
302.

Lange RA, Hillis LD (2001) Cardiovascular complications of co-
caine use. N Engl J Med 345:351–358.

Lin MT, Tsay HJ, Su WH, Chueh FY (1998) Changes in extracel-
lular serotonin in rat hypothalamus affect thermoregulatory 
function. Am J Physiol 274:R1260–R1267.

Loghmanee F, Tobak M (1986) Fatal malignant hyperthermia as-
sociated with recreational cocaine and ethanol abuse. Am J 
Forensic Med Pathol 7:246–248.

Lomax P, Daniel KA (1990) Cocaine and body temperature in the 
rat: effects of ambient temperature. Pharmacology 40:103–
109.

Lomax  P, Daniel  KA (1993) Cocaine and body temperature: ef-
fect of exercise at high ambient temperature. Pharmacology 
46:164–172.

Lopachin  RM, Rudy  TA (1982) The thermoregulatory effects of 
noradrenaline, serotonin and carbachol injected into the rat 
spinal subarachnoid space. J Physiol 333:511–529.

Marzuk  PM, Tardiff  K, Leon  AC, Hirsch  CS, Portera  L, Iqbal  MI, 
Nock MK, Hartwell N (1998) Ambient temperature and mor-
tality from unintentional cocaine overdose. JAMA 279:1795–
1800.

Mazzola-Pomietto P, Aulakh CS, Wozniak KM, Hill JL, Murphy DL 
(1995) Evidence that 1-(2,5-dimethoxy-4-iodophenyl)-
2-aminopropane (DOI)-induced hyperthermia in rats is 
mediated by stimulation of 5-HT2A receptors. Psycho-
pharmacology (Berl) 117:193–199.

Müller  CP, De  Souza  Silva  MA, DePalma  G, Tomaz  C, Carey  RJ, 
Huston JP (2002) The selective serotonin(1A)-receptor antag-
onist WAY 100 635 blocks behavioral stimulating effects of 
cocaine but not ventral striatal dopamine increase. Behav 
Brain Res 134:337–346.

Murnane  KS, Winschel  J, Schmidt  KT, Stewart  LM, Rose  SJ, 
Cheng  K, Rice  KC, Howell  LL (2013) Serotonin 2A receptors 
differentially contribute to abuse-related effects of cocaine 
and cocaine-induced nigrostriatal and mesolimbic dopamine 
overflow in nonhuman primates. J Neurosci 33:13367–13374.

Nakamura  M, Shintani-Ishida  K, Ikegaya  H (2018) 5-HT2A Re-
ceptor agonist-induced hyperthermia is induced via vasocon-
striction by peripheral 5-HT2A receptors and brown adipose 
tissue thermogenesis by peripheral serotonin loss at a high 
ambient temperature. J Pharmacol Exp Ther 367:356–362.

Neve  KA, Henningsen  RA, Kinzie  JM, De  Paulis  T, Schmidt  DE, 
Kessler  RM, Janowsky  A (1990) Sodium-dependent 
isomerization of dopamine D-2 receptors characterized 
using [125I]epidepride, a high-affinity substituted benzamide 
ligand. J Pharmacol Exp Ther 252:1108–1116.

Nisijima K, Yoshino T, Ishiguro T (2000) Risperidone counteracts 
lethality in an animal model of the serotonin syndrome. Psy-
chopharmacology (Berl) 150:9–14.

Nisijima  K, Yoshino  T, Yui  K, Katoh  S (2001) Potent serotonin 
(5-HT)(2A) receptor antagonists completely prevent the de-
velopment of hyperthermia in an animal model of the 5-HT 
syndrome. Brain Res 890:23–31.

Paxinos G, Watson C (1986) The rat brain in stereotaxic coordin-
ates. 2nd ed. New York: Academic Press.



820 | International Journal of Neuropsychopharmacology, 2020

Phillips K, Luk A, Soor GS, Abraham JR, Leong S, Butany J (2009) 
Cocaine cardiotoxicity: a review of the pathophysiology, 
pathology, and treatment options. Am J Cardiovasc Drugs 
9:177–196.

Reith ME, Li MY, Yan QS (1997) Extracellular dopamine, norepin-
ephrine, and serotonin in the ventral tegmental area and nu-
cleus accumbens of freely moving rats during intracerebral 
dialysis following systemic administration of cocaine and 
other uptake blockers. Psychopharmacology (Berl) 134:309–
317.

Ritz MC, Cone EJ, Kuhar MJ (1990) Cocaine inhibition of ligand 
binding at dopamine, norepinephrine and serotonin trans-
porters: a structure-activity study. Life Sci 46:635–645.

Rockhold  RW, Carver  ES, Ishizuka  Y, Hoskins  B, Ho  IK (1991) 
Dopamine receptors mediate cocaine-induced temperature 
responses in spontaneously hypertensive and Wistar-Kyoto 
rats. Pharmacol Biochem Behav 40:157–162.

Roth  BL, Ciaranello  RD, Meltzer  HY (1992) Binding of typical 
and atypical antipsychotic agents to transiently expressed 
5-HT1C receptors. J Pharmacol Exp Ther 260:1361–1365.

Schmidt AW, Lebel LA, Howard HR Jr, Zorn SH (2001) Ziprasidone: 
a novel antipsychotic agent with a unique human receptor 
binding profile. Eur J Pharmacol 425:197–201.

Schotte A, Janssen PF, Gommeren W, Luyten WH, Van Gompel P, 
Lesage AS, De Loore K, Leysen JE (1996) Risperidone compared 
with new and reference antipsychotic drugs: in vitro and in 
vivo receptor binding. Psychopharmacology (Berl) 124:57–73.

Sevigny EL, Caces MF (2018) When DAWN went dark: can the Na-
tionwide Emergency Department Sample (NEDS) fill the sur-
veillance gap left by the discontinued Drug Abuse Warning 
Network (DAWN)? Drug Alcohol Depend 192:201–207.

Shioda K, Nisijima K, Yoshino T, Kuboshima K, Iwamura T, Yui K, 
Kato  S (2008) Risperidone attenuates and reverses hyper-
thermia induced by 3,4-methylenedioxymethamphetamine 
(MDMA) in rats. Neurotoxicology 29:1030–1036.

Shioda K, Nisijima K, Yoshino T, Kato S (2010) Effect of risperidone 
on acute methamphetamine-induced hyperthermia in rats. 
Drug Alcohol Depend 111:241–249.

Steketee JD (1998) Injection of SCH 23 390 into the ventral teg-
mental area blocks the development of neurochemical but 
not behavioral sensitization to cocaine. Behav Pharmacol 
9:69–76.

Teneud LM, Baptista T, Murzi E, Hoebel BG, Hernandez L (1996) 
Systemic and local cocaine increase extracellular sero-

tonin in the nucleus accumbens. Pharmacol Biochem Behav 
53:747–752.

Toll L, Berzetei-Gurske  IP, Polgar WE, Brandt SR, Adapa  ID, Ro-
driguez  L, Schwartz  RW, Haggart  D, O’Brien  A, White  A, 
Kennedy JM, Craymer K, Farrington L, Auh JS (1998) Standard 
binding and functional assays related to medications devel-
opment division testing for potential cocaine and opiate nar-
cotic treatment medications. NIDA Res Monogr 178:440–466.

United Nations Office of Drug and Crime (2019) World Drug 
Report 2019. https://wdr.unodc.org/wdr2019/prelaunch/
WDR19_Booklet_1_EXECUTIVE_SUMMARY.pdf. Accessed 31 
August 2020.

Wainscott  DB, Sasso  DA, Kursar  JD, Baez  M, Lucaites  VL, 
Nelson DL (1998) [3H]Rauwolscine: an antagonist radioligand 
for the cloned human 5-hydroxytryptamine2b (5-HT2B) re-
ceptor. Naunyn Schmiedebergs Arch Pharmacol 357:17–24.

Welch  RD, Todd  K, Krause  GS (1991) Incidence of cocaine-
associated rhabdomyolysis. Ann Emerg Med 20:154–157.

Wetli CV, Mash D, Karch SB (1996) Cocaine-associated agitated 
delirium and the neuroleptic malignant syndrome. Am J 
Emerg Med 14:425–428.

Wood MD, Scott C, Clarke K, Cato KJ, Patel N, Heath J, Worby A, 
Gordon L, Campbell L, Riley G, Davies CH, Gribble A, Jones DN 
(2006) Pharmacological profile of antipsychotics at mono-
amine receptors: atypicality beyond 5-HT2A receptor 
blockade. CNS Neurol Disord Drug Targets 5:445–452.

Yamada J, Sugimoto Y, Wakita H, Horisaka K (1998) The involve-
ment of serotonergic and dopaminergic systems in hypo-
thermia induced in mice by intracerebroventricular injection 
of serotonin. Jpn J Pharmacol 48:145–148.

Yamawaki  S, Lai  H, Horita  A (1983) Dopaminergic and 
serotonergic mechanisms of thermoregulation: mediation of 
thermal effects of apomorphine and dopamine. J Pharmacol 
Exp Ther 227:383–388.

Yan QS (2000) Activation of 5-HT2A/2C receptors within the nu-
cleus accumbens increases local dopaminergic transmission. 
Brain Res Bull 51:75–81.

Zayara  AE, McIver  G, Valdivia  PN, Lominac  KD, McCreary  AC, 
Szumlinski KK (2011) Blockade of nucleus accumbens 5-HT2A 
and 5-HT2C receptors prevents the expression of cocaine-
induced behavioral and neurochemical sensitization in rats. 
Psychopharmacology (Berl) 213:321–335.

Zimmerman  JL (2012) Cocaine intoxication. Crit Care Clin 
28:517–526.

https://wdr.unodc.org/wdr2019/prelaunch/WDR19_Booklet_1_EXECUTIVE_SUMMARY.pdf
https://wdr.unodc.org/wdr2019/prelaunch/WDR19_Booklet_1_EXECUTIVE_SUMMARY.pdf

