
258 © 2021 Institute of Psychiatry and Neurology. Production and hosting by Termedia sp. z o.o.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

The role of serotoninergic system  
in psychostimulant effects
Rola układu serotoninergicznego 
w działaniu substancji 
psychostymulujących

Ewa Taracha

Department of Neurochemistry, Institute of Psychiatry and Neurology, Warsaw, 
Poland

Abstract
Purpose: This article discusses the modulatory effects of the serotonergic system on the behavioral and neurochemical effects exerted 
by psychostimulants, mainly cocaine. 
Views: The  mesocorticolimbic dopaminergic system plays an  important role in the  rewarding effects of  psychostimulants and 
the long-lasting neuroadaptive changes underlying the development of addiction. Dopaminergic brain regions such as the ventral 
tegmental area (VTA) and substantia nigra (SN) and their projection fields (prefrontal cortex – PFC, nucleus accumbens – Acb, 
dorsal striatum) are innervated by serotonergic neurons that can modulate this system. Pharmacological manipulation of the ac-
tivity of the serotonergic system in rats has shown that lowering or elevating its activity increases and decreases, respectively, most 
behavioral responses to cocaine. Studies on the role of serotonin receptors have shown that the serotonin 5-HT1B receptor agonists 
administered to the Acb during self-administration increase the reinforcing effects of cocaine, whereas when administered during 
abstinence they decrease cocaine seeking. Distinct populations of 5-HT2AR and 5-HT2CR in the PFC, Acb, and VTA differentially 
affect the output of  the mesocorticolimbic dopaminergic pathway. 5-HT2B receptors exert independent control over the activity 
of the three ascending dopamine (DA) pathways through specific tonic excitatory and inhibitory control of DA efflux from the Acb 
and PFC and do not affect striatal activity. 
Conclusions: The serotonergic system exerts modulatory effects on the behavioral and neurochemical effects of psychostimulants. 
The pharmacological manipulation of serotonergic system activity makes it possible to attenuate the effects of psychostimulants, 
which gives hope for the development of effective pharmacotherapy. Currently, the main obstacle to this is the excessive side effects 
shown by potential drugs.
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Streszczenie
Cel: W artykule omówiono modulujący wpływ układu serotoninergicznego na behawioralne i neurochemiczne efekty wywierane 
przez substancje psychostymulujące, głównie kokainę.
Poglądy: Mezokortykolimbiczny układ dopaminergiczny odgrywa istotną rolę w  nagradzającym działaniu psychostymulantów 
oraz w powstawaniu długotrwałych zmian neuroadaptacyjnych leżących u podstaw rozwoju uzależnienia od tych substancji. Dopa
minergiczne regiony mózgu, takie jak pole brzuszne nakrywki (VTA) i substancja czarna (SN), oraz ich pola projekcyjne (kora 
przedczołowa – PFC, jądro półleżące – Acb, prążkowie grzbietowe) są unerwione przez neurony serotoninergiczne, które mogą 
modulować ten układ. Wykazano, że manipulacje farmakologiczne aktywnością układu serotoninergicznego u  szczurów, pro-
wadzące do zmniejszenia lub zwiększenia jego aktywności, powodują odpowiednio nasilenie i  zahamowanie większości reakcji  
behawioralnych w odpowiedzi na kokainę. Badania nad rolą receptorów serotoninowych wykazały, że agonisty receptorów seroto-
niny 5-HT1B podawane do Acb w czasie samopodawania zwiększają wzmacniające działanie kokainy, natomiast gdy są podawane 
w czasie abstynencji, zmniejszają poszukiwanie kokainy. W przypadku receptorów 5HT2 wykazano, że odrębne populacje 5-HT2AR 
i 5-HT2CR w PFC, Acb i VTA w różny sposób wpływają na wyjście mezokortykolimbicznego szlaku dopaminergicznego, a receptory 
5-HT2B wywierają niezależną kontrolę nad aktywnością trzech wstępujących szlaków dopaminy (DA) poprzez specyficzną toniczną 
kontrolę pobudzającą i hamującą odpływ DA z Acb i PFC, ale nie wpływają na aktywność prążkowia.
Wnioski: Układ serotoninergiczny wywiera modulujący wpływ na behawioralne i neurochemiczne efekty substancji psychosty-
mulujących. Manipulacje farmakologiczne aktywnością układu serotoninergicznego pozwalają na osłabianie efektów wywieranych 
przez psychostymulanty, co daje nadzieję na opracowanie skutecznej farmakoterapii. Na razie zasadniczą przeszkodą są zbyt ciężkie 
działania niepożądane wykazywane przez potencjalne leki.
Słowa kluczowe: dopamina, serotonina, receptory serotoninowe, substancje psychostymulujące.
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INTRODUCTION
Drugs of abuse have many valuable properties and are 

used in therapy, e.g. morphine is a very good painkiller, 
amphetamine derivatives are used to normalize attention 
deficit disorder and to treat narcolepsy [1], and cocaine 
is used in nose and eye surgery [2]. However, these sub-
stances usurp the right to act in reward, motivation and 
memory circuits, and their abuse can lead to pathological 
neuroadaptive changes and, in susceptible individuals, to 
the development of addiction.

The hallmark of addictive substances is their reward-
ing effects. The  rewarding effects of  almost all addictive 
substances are associated with three ascending dopami-
nergic pathways: the  nigrostriatal, the  mesocortical, and 
the mesoaccumbal dopaminergic tracts [3, 4]. The meso-
corticolimbic dopaminergic network may be critical not 
only for reward properties following acute administration 
of  psychostimulant drugs but also for long-term neuro
adaptive changes in the  brain responsible for behaviors 
characteristic of  drug addiction, particularly cocaine ad-
diction [5-8]. The rapid release of dopamine (DA) induced 
by psychostimulants is associated with the subjective sen-
sation of  the  so-called “high” [9]. Rapid changes in DA 
levels activate dopamine D1 receptors with low affinity.  
Their activation is essential for the development of the re-
warding effects of drugs [10] and the production of condi-
tioning [11]. There also appears stimulation of high-affin-
ity DA D2 receptors, but their stimulation is not sufficient 
to produce a rewarding effect [12, 13], and these receptors 
can even reduce reward perception [14, 15].

With the  development of  addiction, cognitive and 
motivational disturbances arise. Structures of  dopami-
nergic limbic-cortical circuits, such as ventral tegmental 
area (VTA), medial prefrontal cortex (mPFC), nucleus 
accumbens (Acb), and amygdala (Amy) are involved in 
these processes [16]. They are responsible for impulsiv-
ity and reactivity to stimuli. Neuroadaptations involving 
these areas are thought to be crucial in the development 
of addiction [1, 17]. The VTA is responsible for the ini-
tiation of  behavioral sensitization, reward-motivated 
behavior, or anhedonia in acute withdrawal; the mPFC, 
which is responsible for inhibitory control, is the  site 
where the effects of drugs of abuse lead to altered exec-
utive function and impaired decision making; the  Acb 
is responsible for reward action, maintenance of sensiti-
zation, and persistent drug-induced behavior; the  Amy 
is associated with memory for the  motivational im-
pact of  drug-associated stimuli [16, 18, 19]. Substances 
of abuse are associated with rewards, which have hedonic 
(“liking”) and motivational (“wanting”) values and drug 
intake is accompanied by the learning of associations be-
tween reward and drug-associated stimuli [20]. The value 
of natural rewards and the motivational aspects of intra-
cranial self-stimulation-induced reward is controlled by 

serotonergic innervation of the limbic-corticostriatal cir-
cuit [21, 22].

5-HT plays an essential role in, among other things, 
associative learning, a  process important for drug use 
behavior. It is exploited in a classic test for studying re-
ward action, the conditioned place preference (CPP) test, 
in which animals learn to associate specific environment 
with a drug-related context. Drug-altered serotonin neu-
rotransmission can contribute to vulnerability and al-
tered neurobiological states that result in the  transition 
from controlled use, through abuse, to addiction [23]. 
Serotonergic neuroadaptive changes induced by just 
the first dose of a drug can contribute to the development 
of addiction [24].

Two serotonergic pathways extending from their 
parent neurons from the  raphe nuclei, the dorsal raphe 
nucleus (DRN) and median raphe nucleus (MNR), in-
nervate cortical and subcortical structures [23]. These  
5-HT neurons intensely innervate the forebrain (hippo-
campus, hypothalamus, substantia nigra (SNc), medial 
mammillary nucleus, lateral septum, thalamus, AMY,  
and cortex) [25]. Dopaminergic brain regions such as 
the SNc and VTA, as well as their terminal fields (dor-
sal striatum, Acb, and frontal cortex; see above), are thus 
innervated by the  5-HT system [25, 26]. Hence the  in-
terest in the role of the serotonergic system in the emer-
gence of behaviors associated with controlled drug use, 
the  transition to compulsive use, and the  development 
of  addiction in which the  dopaminergic system plays 
a key role.

It has been shown that increasing and decreasing 
5-HT transmission can decrease and increase, respective-
ly, the  ability of  drugs such as cocaine to elicit a  dopa-
minergic response [27, 28]. Most psychostimulants with 
addictive potential have been shown to increase 5-HT 
activity in almost the  entire brain. Psychostimulants 
bind to the serotonin transporter (SERT), which leads to 
the inhibition of 5-HT reuptake and increased extracel-
lular 5-HT outflow [29, 30]. This has significant effects 
on the  cellular activity of  raphe 5-HT neurons [31, 32] 
and neuronal signaling in terminal regions of raphe 5-HT 
neurons, such as cortical areas [33-35]. Thus, cocaine ex-
posure significantly alters the function of 5-HT neurons 
and 5-HT signaling in limbic-cortical-striatal circuits 
and is thought to affect 5-HT neurons’ control of reward 
signal processing. Based on electrophysiological studies 
in monkeys [36], 5-HT DRN neurons have been shown 
to transmit reward-related information to the forebrain, 
and in studies in rats they have been shown to influence 
reward-seeking behavior [37-39].

Cocaine has been shown to cause 5HT release from 
the Acb [40, 41], dorsal striatum [33], ventral pallidum 
[42], hippocampus [41, 43], thalamus [44], hypothala-
mus, VTA [34, 45], and DRN [34]. Cocaine also increases 
extracellular 5-HT levels in several areas of the new cor-
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tex, such as the PFC [35, 46], the occipital and temporal 
cortices [47], and the entorhinal and perirhinal cortices. 
Taken together, acute cocaine administration increases 
extracellular 5-HT levels in the brain. Repeated cocaine 
administration may lead to increased SERT activity in ter-
minal fields and decreased tissue and extracellular 5-HT 
levels in these areas. Also, AMPH increases extracellular 
5-HT levels in the Acb and striatum [48-51], in the fron-
tal cortex (FC) [52], PFC [35, 52], and entorhinal and per-
irhinal cortex, in parallel with locomotor activation [53]. 
During local intra-DRN administration of AMPH [54], 
increased levels of  extracellular 5-HT were observed in 
the DRN but not in the striatum [55]. Local application 
of AMPH by reverse dialysis to the infralimbic and ante-
rior cingulate subregions of the PFC also increased extra-
cellular 5-HT levels in these regions [56]. Overall, acute 
administration of AMPH causes a significant increase in 
extracellular 5-HT levels in the brain. There is no evidence 
for up-regulation of  SERT and a  change in basal 5-HT 
levels after chronic use.

Serotonin (5-HT) has been shown to be essential not 
only for maintaining synaptic plasticity across the  lifes-
pan [57] but also for hedonic tone, motivation and rein-
forcement, and learning and memory [58]. Learning and 
memory, but also sensory processing [52, 59], temporally 
coincide with increased 5-HT activity. This analogy points 
to a functional role of brain 5-HT activation in the emer-
gence of addiction.

Effects of pharmacological 
manipulations of 5-HT system 
activity on the effects 
of psychostimulants

In order to study the  serotonergic mechanisms in-
volved in the neurochemical and behavioral effects of psy-
chostimulants, preclinical studies use pharmacological 
manipulations involving the administration to rats, peri
pherally or to selected brain structures, of substances that 
increase or decrease levels of 5-HT.

Decreasing 5-HT levels
Reducing 5-HT transmission may increase the  be-

havioral effects of cocaine by increasing self-administra-
tion and enhancing cocaine-induced locomotor activity, 
CPP, and a goal-directed conditioned approach [27, 60]. 
The most commonly used approaches to lower serotonin 
levels include: (i) reducing the substrate for its synthesis 
by administering a tryptophan-deficient amino acid mix-
ture (acute tryptophan depletion) orally (rats, humans); 
(ii) decreasing its synthesis by administering an inhibitor 
of  tryptophan hydroxylase, the  rate-limiting enzyme in 
serotonin synthesis (rats); (iii), depletion of serotonin by 

administration of  the  neurotoxin 5.7-dihydroxytrypta
mine (5.7-DHT) (rats).

Studies that lowered 5-HT levels in rats using 
the  tryptophan hydroxylase inhibitor para-chlorophe-
nylalanine [61, 62] showed an  increase in cocaine-in-
duced hyperlocomotion. A  similar effect was also ob-
served after the  lesion of  serotonergic neurons using 
5.7-DHT [63]. In contrast, after intracerebroventricular 
(ICV) administration of  the  neurotoxin 5.7-DHT, de-
creased levels of  5-HT were observed in the  midbrain 
but not in the  Acb or Amy. This was accompanied by 
an increased breakpoint [64]. Lesions of specific regions 
allowed researchers to determine their contribution to 
the effects of 5-HT on psychostimulant effects. Local de-
creases in 5-HT in the medial forebrain or Amy resulted 
in an increased breakpoint [65], indicating that 5-HT in-
nervation in the forebrain is crucial for cocaine reward. 
Administration of  5.7-DHT to the  mPFC attenuated 
the hyperlocomotor effects induced by cocaine, whereas 
lesions in the  entorhinal and occipital cortices had no 
effect [66]. Both global damage of  5-HT neurons in-
duced with 5.7-DHT, and that restricted to the forebrain 
or amygdala nuclei, increased responding for cocaine in 
a fixe and progressive ratio schedule in rats [65].

In rats, a  tryptophan-deficient diet significantly in-
creases locomotor activity, CPP, and dopaminergic re-
sponses to amphetamine and cocaine [67-69]. In humans, 
a diet devoid of tryptophan also increased cocaine-induced 
“craving” for the drug [69] but suppressed the “high” [70]. 
Using PET (11C) raclopride methods, it was shown that 
acute tryptophan depletion induced by the oral admin-
istration of  a  tryptophan-deficient amino acid mixture 
(acute tryptophan depletion) increased cocaine-induced 
drug seeking and striatal DA response to cocaine in co-
caine-dependent humans [69, 70]. These authors believe 
that the dopaminergic effects of cocaine under conditions 
of acute tryptophan deficiency show some neuroanatom-
ical specificity. The  ventral striatum receives dense input 
signals from the  Amy, hippocampus, and limbic cortex. 
They are thought to be responsible for maintaining moti-
vation to act in response to salient stimuli, such as drug 
reward [1, 71, 72]. In contrast, the dorsal striatum receives 
more stimuli from association and sensorimotor areas 
of the cortex and less from limbic areas. Dopamine within 
the dorsal striatum is implicated in stimulus-response habit 
learning [73]. This may suggest that limbic system-mediat-
ed incentive motivational processes extend gradually from 
the ventromedial striatum to more dorsal area [74]. At low 
concentrations of  5-HT, drug-induced dopaminergic re-
sponses are increased within the dorsal striatum, resulting 
in increased motivation for drug reward and susceptibility 
to compulsive drug-seeking (see Figure I).

In humans, decreased 5-HT levels decreased resting 
limbic DA levels and increased the cocaine-induced DA 
response in the striatum and the desire to take the drug [69]. 
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Most of the available studies done in rodents suggest that 
decreased tissue levels of 5-HT exacerbate most of the be-
haviors associated with cocaine use, such as hyperloco-
motion, CPP, and self-administration relapse. This sug-
gests that 5-HT suppresses cocaine use behaviors [23, 47]. 
However, it is essential to note that a  systemic reduc-
tion in 5-HT does not necessarily equate to reducing 
the  dynamic extracellular 5-HT response. In addition, 
the  5-HT synapse becomes hypersensitive to dynam-
ic increases in 5-HT and responds with greater signal 
throughput to acute cocaine administration. While bas-
al 5-HT tissue levels are reduced, the 5-HT synapse is 
rendered supersensitive towards a  dynamic 5-HT in-
crease and responds now with enhanced signal through-
put to acute cocaine administration. Besides this, low-
ering basal 5-HT levels can increase the expression and 
sensitivity of 5-HT receptors [24, 75].

Given that repeated cocaine administration coincides 
with a decrease in tissue levels of 5-HT but exacerbates 
cocaine use behavior compared to that observed after 
acute cocaine administration [24], it is speculated that 
the acute increase in extracellular 5-HT after cocaine is 
not necessarily required to induce cocaine-use behav-
ior but is necessary to cause the up-regulation of SERT 
in terminal areas and down-regulation at a somatoden-
dritic level. This ultimately leads to a  down-regulation 
of basal 5-HT levels, which involves hyper-sensitization 
of the 5-HT receptors. It has been suggested that this sce-
nario will promote the  development and maintenance 
of various cocaine use behaviors [24].

Increasing 5-HT activity
In contrast, increasing 5-HT neurotransmission has 

the opposite effect, decreasing cocaine-induced dopami-
nergic responses and behaviors [69, 76, 77]. Increasing 
5-HT activity can be achieved by using a 5-HT precursor 
such as L-tryptophan and, even better, 5-hydroxy-L-tryp-
tophan, using serotonin reuptake inhibitors (SSRIs) or 
5-HT releasing agents such as fenfluramine.

Pradhan and colleagues [78] found that 5-hydroxy- 
L-tryptophan, a  direct precursor of  5-HT, attenuates 
the locomotor response of cocaine in rats. Similar effects 
were obtained after administration of L-tryptophan [79]. 
Pretreatment with L-tryptophan decreased the  break-
point in a progressive ratio schedule of i.v. cocaine self- 
administration in rats [80].

Also, administration of  fenfluramine, which releases 
5-HT [81], or the selective 5-HT reuptake inhibitor (SSRI) 
fluoxetine [77, 82, 83] suppressed the reinforcing and mo-
tivational properties of cocaine. However, in other studies 
fluoxetine and fluvoxamine increased cocaine-induced 
locomotor activation [62, 84], although the administra-
tion of citalopram and sertraline was without effect [85]. 
The  non-serotonergic mechanisms of  action of  fluoxe-
tine appear to be responsible for the cocaine-enhancing 
effects of  fluoxetine, as this effect was also observed in 
animals with 5.7-DHT-induced 5HT depletion [85].

In a  study conducted in rhesus monkeys, PAL-434 
(a 5-HT releasing substance) selectively reduced co-
caine self-administration if the food was the choice [86]. 

Figure I. Under condition of low concentration of 5-HT (tryptophan deficient diet), cocaine-induced dopaminergic re-
sponses are increased within the dorsal striatum resulting in increased susceptibility to compulsive drug seeking. Incentive 
motivational processes extend gradually from ventromedial striatum to more dorsal aspects
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The  inhibitory effects of  5-HT on the  motivational/ 
reinforcing effects of cocaine were also studied in SERT 
knock out (KO) in mice and rats. However, increased co-
caine-induced CPP was observed in SERT KO mice and 
rats [87-89]. Compared to wild-type rats, the SERT-KO 
ones showed increased cocaine self-administration un-
der short access conditions [87], and SERT-KO rats even 
escalated cocaine self-administration under long access 
conditions. Due to the  lack of SERT and the associated 
lack of 5-HT reuptake, these rats have high extracellular 
5-HT levels [90, 91]. However, tissue levels of 5-HT and 
5-HIAA are lower in SERT-KO rats in the hippocampus, 
dorsal striatum, cerebral cortex and Amy, compared to 
wild-type rats [90]. Also, the  electrically-evoked 5-HT 
release was lower in SERT-KO rats in the hippocampus, 
dorsal striatum, cortex and Amy [90]. Furthermore, such 
genetically altered rats showed more intense cocaine- 
seeking during extinction sessions.

The role of 5-HT receptors  
in the effects of psychostimulants 

The high density of  5-HT receptors in structures 
of  the  mesocorticolimbic system, which is central to 
the development of addiction, suggests that 5-HT may play 
an essential modulating role [92, 93]. The role of the sero-
tonergic system in the  effects of  addictive substances is 
complex. The action of 5-HT at the synapse is controlled 
by SERT; 5-HT neurotransmission is mediated by at least 
14 different 5-HT receptor subtypes. These include 5-HT 
autoreceptors located at 5-HT nerve terminals that regu-
late 5-HT release [94, 95] as well as heteroreceptors located 
on dopaminergic terminals, dopaminergic, glutamatergic, 
GABAergic or cholinergic neurons that regulate the  re-
lease of these neurotransmitters [96-98]. The 14 genetically 
encoded 5-HT receptor subtypes form seven families (5-
HT1R – 5-HT7R) depending on their structural (mRNA and 
amino acid sequence homology) and functional (signal 
transduction mechanisms, pharmacological properties) 
properties (for review see [99, 100]). A  further example 
of  a  complication is that 5-HT2CR can form 32 mRNA 
isoforms that can encode up to 24 different receptor pro-
tein isoforms in humans [101] and rats [102]. The 5-HT3R 
subtype is a ligand-gated ion channel, and the remaining 
5-HTRs belong to a  superfamily of  receptors with seven 
transmembrane bands, more commonly referred to as G 
protein-coupled receptors (GPCRs) [103].

5-HT1B receptors
5-HT1B receptors appear to play an important role in 

mediating the  effects induced by psychostimulants. Re-
sults regarding the  effects of  serotonin-5-HT1B receptor 
manipulation on the various effects of cocaine appear di-
vergent. 5-HT1BR antagonists inhibit psychostimulant-in-

duced locomotor activation [104-106] but 5-HT1BR KO 
mice show increased locomotor activation compared to 
wild-type mice [106]. Perhaps the  reason for these dif-
ferences is the different effects produced by acute phar-
macological blockade and long-term genetic knockout 
of  5-HT1B receptors [105]. Interestingly, as mentioned 
above, the effects observed in SERT-KO animals were also 
opposite to those expected [24]. 5-HT1B receptor antago-
nists inhibit cocaine-seeking or cue-induced behaviors. 
Importantly, this effect of 5-HT1B receptor antagonists ap-
pears to be specific, as it does not affect other responses to 
cocaine (sensitization, CPP, self-administration mainte-
nance), or food intake behaviors in rats [105]. In contrast, 
rats with an overexpression of 5-HT receptors showed in-
creased cocaine reward for cocaine-induced CPP [107]. 
Acute pharmacological blockade of  5-HT1B receptors 
did not affect cocaine self-administration in mice [104] 
and rats [108, 109], or amphetamine in rats [110]. It has 
been shown [105, 111] that the 5-HT receptor antagonist 
GR 127935, administered at 3 mg/kg, did not affect cue- 
induced cocaine relapse. However, the  5-HT receptor 
antagonist administered at a  higher dose (10 mg/kg), 
and another antagonist, SB 216641 (7.5 mg/kg), strongly 
reduced psychostimulant-seeking behavior under co-
caine provocation [112]. There are suggestions that these 
receptors undergo, bidirectional, changes dependent on 
abstinence status[113-115]. This is indicated by stud-
ies showing that 5-HT1B receptor agonists administered 
to the  Acb increase cocaine reinforcement during self- 
administration and decrease cocaine-seeking and reoc-
currence of cocaine-seeking behaviors when administered 
during abstinence [114, 115].

5-HT2 receptors
The 5-HT2R family consists of 5-HT2AR, 5-HT2BR and 

5-HT2CR, which share sequence homology, similar phar-
macological properties, and signaling pathways [99, 100]. 
The  ultimate level of  5-HT2R functionality depends on 
many factors, including the availability of an active recep-
tor pool and effective coupling and activation of signaling 
components.

These 5-HT2AR and 5-HT2CR receptors control the 
neurochemical and behavioral effects of  psychostimu-
lants, particularly the effects of cocaine. Preclinical stud-
ies indicate that 5-HT2AR antagonists and/or 5-HT2CR 
agonists can effectively reduce drug craving and/or re-
lapse as well as increase abstinence, while 5-HT2CR ago-
nists can also effectively reduce cocaine intake in active 
cocaine users [116]. 5-HT2AR and 5-HT2CR play import-
ant stimulatory and inhibitory roles, respectively, in 
modulating cocaine and other psychostimulant-in-
duced DA output. Systemic administration of 5-HT2CR 
antagonists potentiated cocaine-induced DA release 
in the  Acb [117] and the  selective 5-HT2AR antagonist 
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SR 46349B decreased cocaine [118] or amphetamine- 
induced DA release in it [119]. Consequently, these re-
ceptors can be expected to modulate behavioral effects 
induced by psychostimulants, in which dopaminergic 
mechanisms play a major role. The study of the neurobi-
ological mechanisms of action of drugs often uses loco-
motor activation related to their ability to release DA in 
the Acb (for a review, see [120]). Acute systemic injec-
tions of selective 5-HT2AR antagonists and 5-HT2CR ago-
nists at doses that did not themselves affect behavior have 
been shown to block the hyperlocomotor effects of co-
caine. In contrast, the  administration of  5-HT2AR ago-
nists and 5-HT2AR antagonists enhanced them [121-124]. 
5-HT2AR and 5-HT2CR ligands similarly affected the  ef-
fects of  amphetamine [125, 126] and its derivatives 
(MDMA; ecstasy) [110, 127, 128], even though these 
substances have different mechanisms of  action. Fur-
thermore, the  effects of  5-HT2 receptor manipulation 
have also been more similar for psychoactive substances 
other than psychostimulants, such as morphine, nic-
otine, and phencyclidine [116]. The  effects of  5-HT2R 
agonists and antagonists on performance in other be-
havioral tests (drug discrimination, self-administration, 
cocaine reinstatement, cue reinstatement, CPP) were 
summarized in a review paper by Bubar and Cunning-
ham [116]. The results indicate that 5-HT2AR receptors 
play an excitatory role and 5-HT2CR receptors an inhibi-
tory role in the control of behavior induced by stimulant 
administration.

To identify the  pathways and structures responsible 
for these effects, ligands specific for 5-HT2AR and 5-HT2CR 
were injected into different brain regions, starting at 
the  DA mesocorticoaccumbens pathway’s DA nodes: 
the VTA, Acb or PFC [116]. Ligands were administered at 
doses that do not alter baseline behavior [129-131] but do 
alter cocaine-induced behavior when microinjected into 
the nuclei of the mesocorticoaccumbens pathway imme-
diately before systemic cocaine administration.

Microinjection of  the  selective 5-HT2AR antagonist 
M100907 into the  VTA inhibited the  locomotor stimu-
lant and discriminative stimulus effects of cocaine [129], 
as well as neuronal activation in the nucleus accumbens 
shell (AcbSh) assessed by Fos protein expression induced 
by systemic cocaine administration [132]. Intra-VTA in-
fusion of  another 5-HT2AR antagonist, SR 46349B, also 
blocked amphetamine-induced hyperactivity and am-
phetamine-induced DA release in the Acb [119]. In con-
trast, microinjection into the Acb of the selective 5-HT2AR 
antagonist M100907 did not affect cocaine-induced hy-
peractivity [129]. These results suggest that the 5-HT2AR 
in VTA plays a pivotal role in controlling psychostimu-
lant-induced hyperactivity, possibly through its effects 
on psychostimulant-induced efflux DA, but the  role 
of the 5-HT2AR in Acb and PFC is not yet clear.

The 5-HT2CR antagonist RS102221, administered 
into the  VTA, did not alter cocaine-induced hyper-
activity [130, 133], whereas the  infusion of  a  5-HT2CR  
agonist blocked it [85]. In contrast to the  inhibitory ef-
fects of  5-HT2CR agonists in the  VTA, an  intra-AcbSh  
microinjection of  the 5-HT2CR antagonist RS 102221 at-
tenuated, whereas infusion of  the  5-HT2CR agonist MK 
212 or RO 60-0175 potentiated, the hyperlocomotor ef-
fects of cocaine in a dose-dependent manner [130, 133]. 
In contrast to that observed after systemic administration 
[122, 123], intra-mPFC microinjections of  the  5-HT2CR 
agonist MK 212 or the antagonist RS 102221 decreased or 
increased the hyperlocomotor effects of cocaine, respec-
tively [131]. The effects of 5-HT2CR agonists, when admin-
istered systemically and to the PFC, are similar and exert 
inhibitory control over the hypermotor effects of cocaine. 
The use of microinjections of 5-HT2CR ligands into indi-
vidual structures indicate that 5-HT2CR in the  Acb and 
PFC have to oppose stimulatory and inhibitory effects 
on the  hyperlocomotor effects of  cocaine, respectively. 
The effect induced by administration of 5-HT2CR ligands 
depends on the contribution and interplay of the differ-
ent 5-HT2CR populations located in the  VTA, Acb, and 
PFC, with the 5-HT2CR population in the PFC appearing 
to have a dominant influence.

In summary, the results of microinjection studies in-
dicate that while 5-HT2AR and 5-HT2CR in the  mesocor-
ticoaccumbens nuclei do not play an active tonic role in 
behavioral control, separate populations of  5-HT2AR and 
5-HT2CR within the PFC, Acb, and VTA differentially af-
fect the output of the mesocorticoaccumbens DA pathway. 
These studies indicate that the VTA is one of the sites in 
the brain in which 5-HT2AR exerts an excitatory effect on 
cocaine-induced behavior, whereas the PFC is a  specific 
site in the brain in which 5-HT2CR exerts an inhibitory ef-
fect on cocaine-induced behavioral responses [131, 134]. 
However, further studies evaluating the  involvement of 
5-HT2ARs and 5-HT2CRs located in brain areas outside the 
mesocorticoaccumbens circuit are necessary to under-
stand the specific sites of action of these areas’ receptors 
throughout the brain.

5-HT2BRs also appear to play an important role in regu
lating both basal and “stimulated” DA activity. In partic-
ular, data available in the  literature show that 5-HT2BRs 
are able to regulate DA release and transmission, as well 
as DA-dependent behavior, through complex polysynap-
tic processes [135].

Locally differential effects of 5-HT2BR antagonists on 
dopaminergic activity in the mPFC and Acb have been 
demonstrated. This is likely due to a functional interac-
tion of  5-HT2BR with 5-HT1ARs involving cortical-sub-
cortical pathways. It has been observed that the  block-
ade of  5-HT2BR results in an  increased cortical outflow 
of  5-HT, which stimulates 5-HT1ARs located on GABA
ergic interneurons in the mPFC [136] and consequently 
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stimulates pyramidal glutamatergic neurons [137], lead-
ing to opposing changes in DA outflow from the mPFC 
and Acb through direct or indirect interactions with DA 
VTA neurons [58]. This suggests a  functional role for 
a  specific 5-HT2BR population in the  regulatory control 
of  DA neuronal activity. Although the  cellular mecha-
nisms involved in this interaction have not yet been estab-
lished, it is noteworthy that 5-HT2BRs exert independent 
control over the activity of three ascending DA pathways 
through specific tonic excitatory and inhibitory control 
of DA efflux from the Acb and mPFC, and that there is no 
effect in the striatum.

Conclusions
Research over the years has led to significant advanc-

es in the understanding of serotonergic mechanisms in-
volved in the  effects of  psychostimulants. So far, it has 
been established that pharmacologically decreasing or 
increasing the activity of the 5-HT system leads to an in-
crease or decrease in the  addictive effects of  psychosti
mulants. Studies using 5-HT receptor ligands have provid-
ed much interesting information. There are suggestions 
that 5-HT1B receptors undergo bidirectional, abstinence- 
dependent changes. While 5-HT1B receptor agonists ad-
ministered to Acb during self-administration increase 

cocaine reinforcement, they decrease cocaine-seeking 
and the reoccurrence of cocaine-seeking behavior when 
administered during abstinence.

In contrast, separate populations of  5-HT2AR and 
5-HT2CR within the  PFC, Acb, and VTA differentially  
affect the output of the mesocorticoaccumbens DA path-
way. These studies indicate that the  VTA is a  brain site 
upon which 5-HT2AR exerts an excitatory effect on cocaine- 
induced behavior, whereas the PFC is a specific brain site 
upon which 5-HT2CR exerts an  inhibitory effect on co-
caine-induced behavioral responses. In contrast, 5-HT2BR 
exert independent control over the  three ascending DA 
pathways’ activity through specific tonic excitatory and 
inhibitory control of DA efflux from the Acb and mPFC, 
with no effect in the striatum. These findings indicate that 
by manipulating the  activity of  the  serotonergic system 
we can increase and, more importantly from a therapeu-
tic point of view, decrease the effects of psychostimulants. 
However, many substances with therapeutic potential, such 
as 5-HT2BR ligands, show strong side effects. Despite con-
siderable progress, the current state of knowledge does not 
translate into efficacy in the treatment of addiction, and we 
still do not have an effective pharmacotherapy. This may be 
because we study selected elements of a very complex sys-
tem and do not cover the entire cascade of events caused 
by acting on a selected point of this complex machinery.
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