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Role of Serotonin in the 
Paradoxical Calming Effect of 

Psychostimulants on 
Hyperactivity 

Raul R. Gainetdinov, William C. Wetsel, Sara R. Jones, 
Edward D. Levin, Mohamed Jaber," Marc G. Caront 

The mechanism by which psychostimulants act as calming agents in humans 
with attention-deficit hyperactivity disorder (ADHD) or hyperkinetic disorder 
is currently unknown. Mice lacking the gene encoding the plasma membrane 
dopamine transporter (DAT) have elevated dopaminergic tone and are hyper- 
active. This activity was exacerbated by exposure to a novel environment. 
Additionally, these mice were impaired in spatial cognitive function, and they 
showed a decrease in locomotion in response to  psychostimulants. This par- 
adoxical calming effect of psychostimulants depended on serotonergic neuro- 
transmission. The parallels between the DAT knockout mice and individuals 
with ADHD suggest that common mechanisms may underlie some of their 
behaviors and responses to psychostimulants. 

The catecholamine dopamine (DA) is present 
in both the central and peripheral nervous 
systems, where it controls a variety of differ- 
ent physiological processes (1). Perhaps one 
of the most important regulators of dopami- 
nergic function is the DA transporter (DAT) 
(2). This transporter is located on the plasma 
membrane of DA neurons. where it controls 
the concentrations of DA by rapidly remov- 
ing the transmitter from the extracellular 
space and localizing it into the cytoplasm (3). 
A long-term interest in this transporter de- 
rives from its role as an endogenous target for 
psychostimulants: antidepressants, and sever- 
al neurotoxins (3). Disruption of the DAT 
gene in mice (4) results in a phenotype that 
includes behavioral abnormalities, neuroen- 
docrine dysfunction, dwarfism: and altered 
sensitivities to certain drugs (2: 5). A prom- 
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inent characteristic of these mice is their 
marked hyperactivity (4). This hyperkinetic 
behavior is consistent with the loss of trans- 
porter function and the resultant high concen- 
trations of extracellular DA in the striata of 
these mice (2). 

Recently, an association between polymor- 
phism~ in the noncoding regions of the human 
DAT and ADHD has been suggested (6). 
ADHD is a condition that is manifested by 
impulsivity, hyperactivity, and inattention (7). 
These symptoms are also defined as hyperki- 
netic disorder (HKD) (8). It is estimated that 3 
to 6% of school-aged children are affected by 
this condition (9). Since the 1930s, treatment 
has involved the use of psychostimulant com- 
pounds that paradoxically sene to attenuate the 
hyperactivity and often improve cognitive per- 
formance (9, 10). Although psychostimulants 
preferentially inhibit the DAT. they also block 
the action of other monoamine transporters (3, 
5, 11). As a result, extracellular concentrations 
of DA, norepinephrine (W): and serotonin (5-  
HT) can be elevated. Although dysregulation of 
each of these monoamine systems has been 
postulated to be involved in ADHD-HKD, it is 
commonly believed that the DA system is pref- 
erentially implicated in the etiology and phar- 
macotherapy of these disorders (9, 12). 

Drugs that block the DAT result in a 
pronounced increase in extracellular DA in 
brain regions that mediate enhanced locomo- 

tion and stereotypic behavior (2-4, 11). DAT 
knockout (KO) mice were placed into a novel 
environment, and locomotor, rearing. and ste- 
reotypic activities were monitored (13). 
DAT-KO animals exhibited substantially 
higher levels of activity than wild-type mice 
(Fig. 1. A to C). Whereas the DAT-KO mice 
showed minimal habituation to the novel en- 
vironment over 240 min of observation, ha- 
bituation occurred within the first 30 to 40 
min for the wild-type animals. Hyperactivity 
in the DAT-KO animals appeared to be nov- 
elty driven because locomotor activity was 
about 12-fold higher in the novel environ- 
ment (Fig ID). Moreover. repetitive expo- 
sure to the open field augmented the activity 
of the DAT-KO mice over seven consecutive 
days of testing, whereas locomotor responses 
of the wild-type mice showed habituation 
(14). These results suggest that the DAT-KO 
animals might be less able to adapt to novel 
stimuli than the wild-type controls. 

Extracellular DA concentrations were 
sampled by inicrodialysis in freely moving 
mice in both the familiar and novel environ- 
ments (15). Despite the fact that DAT-KO 
mice have fivefold higher concentrations of 
extracellular DA (2), no differences were dis- 
cerned as a function of time when samples 
were taken from mice in either environment 
(Fig. 1E). Dopaminergic neurotransmission, 
however, was required for the presence of 
locomotor activity because haloperidol, a DA 
receptor antagonist, suppressed activity in 
both the wild-type (14) and DAT-KO mice 
(Fig. IF). These data suggest that although 
the enhanced spontaneous locomotor activity 
in the DAT-deficient animals was not due to 
additional augmentation of dopaminergic neu- 
rotransmission in striatum, it was dependent 
on dopaminergic tone (see also Fig. 4C). 
These findings indicate that additional mech- 
anisms may be responsible for the novelty- 
induced hyperactivity of the DAT-KO mice. 

An aspect of ADHD-HKD that may accom- 
pany or occur independently of the hyperactiv- 
ity involves cognition. Animals were tested in 
an eight-ann radial maze with a win-shift par- 
adigm over 21 consecutive days (16). In this 
procedure, only the first entry in each arm was 
rewarded. Initially, performance was very poor 
for both genotypes (Fig. 2A). As training pro- 
gressed. wild-type mice attained high levels of 
performance within the first several sessions. 
As a group, the DAT-KO mice were signifi- 
cantly impaired. These differences in perfor- 
mance did not appear to be due to possible 
motivational differences because animals from 
both groups consumed practically identical 
amounts of food in the maze (1 7). 

Another manner of evaluating performance 
in the radial maze is to examine the response 
patterns that are made while acquiring the task. 
One type of response is that of perseveration 
(18). DAT-KO mice made significantly more 
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perseverative errors than the wild-type animals, 
and these mutants showed very little reduction 
in these types of errors over all sessions of 
training (Fig. 2B). Activity in the maze was also 
assessed. During any given session, most of the 
DAT-KO mice were unable to solve the maze 
within the allotted 300 s. By the fifth through 
the seventh test blocks, wild-type animals were 
reliably solving the maze within 120 to 160 s 
(17). When the time to complete the task was 
divided by the total number of arm entries, 
DAT-KO mice exhibited longer latencies to 
enter a given arm than their wild-type controls 
(Fig. 2C). In contrast to the open-field tests 
where the DAT-KO mice were hyperactive, 
these maze dafa imply that the mutants were 
less active than the wild-type mice in this set- 
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ting. In fact, mutants were often observed to 
spend more time engaged in other extraneous 
activities (for example, sniffing: rearing, and so 
forth) than the controls (1 7). These results sug- 
gest that the DAT-KO mice are deficient in 
spatial learning and that they might have more 
difficulty than wild-type animals in suppressing 
inappropriate responses. 

Conventional treatment of ADHD-HKD 
generally involves the use of psychostimu- 
lants. Although these drugs sen7e to enhance 
activity in normal individuals, they exert a 
calming effect in ADHD-HKD patients. Psy- 
chostimulant effects on the activities of wild- 
type and DAT-KO animals were evaluated in 
the open-field environment (13). Methyl- 
phenidate, dextroamphetamine, and cocaine 
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Fig. 1. Parameters of locomotor activity in an open-field environment and accompanying extra- 
cellular striatal DA concentrations in wild-type (WT) and DAT-KO mice. (A to C) Locomotion 
(horizontal activity), rearings (vertical activity), and stereotypy in a novel environment for 
wild-type and DAT-KO mice. Activity was recorded every 5 min over a 4-hour period; n = 10 for 
wild-type mice and n = 16 for DAT-KO animals. (D) Locomotor activity in either a familiar or a 
novel environment for wild-type and DAT-KO mice. Activity was monitored for 1 hour; n = 10 for 
wild-type and n = 10 for DAT-KO animals. a, P < 0.05-activity in familiar versus novel 
environment. No significant differences between the activities of DAT-KO and wild-type mice were 
discerned in their home cages. (E) Extracellular DA concentrations monitored by microdialysis in 
striatum of freely moving mice in home cages and the novel, open-field environment. Samples were 
taken every 20 min; n = 4 for wild-type and n = 5 for DAT-KO mice. (F) Effects of haloperidol on 
locomotor activity of the DAT-KO mice in a novel environment. After a 30-min exposure to the 
open field, DAT-KO mice and wild-type controls (14) were injected with either saline (SAL) or 
haloperidol (HAL); n = 14 for the DAT-KO mice given saline and n = 6 for the DAT-KO mice given 
haloperidol. Haloperidol effectively inhibited locomotion in both genotypes [total distance traveled 
by wild-type mice for 210 min was 219 t 52 cm (n = 6, haloperidol-treated) compared with 
640 t 98 cm (n = 10, saline-treated); *, P < 0.05 (14)]. 

enhanced locomotor activity in wild-type 
mice (Fig. 3: A to C). By contrast, activity in 
the DAT-KO animals was substantially atten- 
uated (Fig. 3: E to G) (19). Similar effects on 
rearing and stereotypic activities were ob- 
served (14). The effects of methylphenidate 
on locomotion in wild-type n ice  were almost 
immediate, whereas those in the DAT-KO 
mice were much more delayed and long- 
lasting. Moreover, additional experiments re- 
vealed that the inhibitory effect of methyl- 
phenidate on the hyperactivity of the DAT- 
KO animals was dose-dependent [20 to 60 
mglkg, intraperitoneal (ip)] (14). The same 
doses in wild-type controls were excitatory 
(14): with the enhancement in activity fol- 
lowing an inverted U-shaped function (20). 

Extracellular DA concentrations in striatum 
were measured by microdialysis in freely mov- 
ing animals after administration of methyl- 
phenidate (15). DA concentrations were mark- 
edly augmented in wild-type mice, whereas 
those for the DAT-KO animals were unper- 
turbed by the methylphenidate (see Fig. 4A), 
amphetamine, or cocaine treatments (5). The 
time courses for the increase and decline in 
striatal DA concentrations in wild-type mice 
approximated the changes in locomotor activity 
(see Fig. 3A). By contrast, the DA concentra- 
tions in mutants, which were already increased, 
were unchanged in response to methylpheni- 
date (see Fig. 4A) despite the attenuation in 
locomotor activity (see Fig. 3E). This associa- 
tion of striatal DA concentrations with activity 
in the wild-type mice and the dissociation of 
these two parameters in the DAT-KO animals 
suggests that different mechanisms may be in- 
volved in these responses to psychostimulants. 

Psychostimulants have also been reported 
to interact with the NE (NET) and 5-HT 
transporters (SERT) (3, 5, 11). To test wheth- 
er NE or 5-HT neurons could be involved in 
the control of hyperactivity of the DAT-KO 
mice, we selectively activated each of these 
systems. Nisoxetine, a selective inhibitor of 
the NET ( 2 4 ,  administered at 4 mgikg (14) 
and 10 mglkg, exerted no effect on locomo- 
tion in wild-type (Fig. 3D) or DAT-KO mice 
(Fig. 3H). Similarly, no significant effects on 
rearing or stereotypic activity were noted 
(14). These findings indicate that the NET is 
unlikely to play an important role in the 
activating or calming effects of psychostimu- 
lants in these mice. 

Administration of the SERT inhibitor, flu- 
oxetine, markedly attenuated the activity of the 
DAT-KO mice (Fig. 31), whereas it had no 
effect on wild-type animals (14). These actions 
were presumably mediated by increased extra- 
cellular concentrations of 5-HT due to blockade 
of the transporter because administration of qui- 
pazine, a nonselective 5-HT receptor agonist, 
also reduced hyperlocomotion in the DAT-KO 
mice (Fig. 35). Another method for potentiating 
central 5-HT neurotransmission is through the 
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increased availability of precursor substrates 
(22). \$%en mice were treated with 5-hy- 
droxytryptophan or with the dietary 5-HT pre- 
cursor (L-tryptophan). hyperlocomotion in the 
UAT-KO mice was again profoundly reduced 
(Fig. 3, K and L). Similar reductions in other 
activity parameters (rearing and stereotypic re- 
sponses) were also observed (14). By compar- 
ison. the wild-type animals either did not re- 
spond to these serotonergic pharmacological 
treatments or responded with only marginal and 
transient reductions in locomotion (14). These 
phalmacological data emphasize the irnpor- 
tance of 5-HT in the regulation of activity levels 
in the DAT-KO mice. 

To determine.whether serotonergic agents 
affect activity through modulation of striatal 
DA release, \ye measured extracellular con- 
centrations of DA by microdialysis after flu- 
oxetine treatment. Repeated 20-min sam- 
plings after drug administration revealed no 
significant alterations in striatal DA concen- 
trations in either genotype (Fig. 4B). These 
data demonstrate that serotonergic neuro- 
transmission can modulate hyperactivity 
without producing concurrent changes in ex- 
tracellular striatal DA concentrations. 

To examine the mechanism of 5-HT ac- 
tion; we performed additional experiments 
under conditions in which dopaminer,' OIC tone 
was provided by a direct DA receptor agonist. 
DAT-KO animals were treated with the ty- 
rosine hydroxylase inhibitor a-methyl-p-ty- 
sosine (otl\/IT) for 40 min; which effectively 
depleted extracellular DA concentrations by 
greater than 80% (14) and co~llpletely abol- 
ished locon~otion within 20 mi11 (Fig. 4C). 
Locomotion was restored when these mice 
were treated with a direct DllD2 receptor 
agonist (apomolyhine) to replace the endog- 
enous DA. When fluoxetine was given before 
apomolphine adnlinistration to enhance sero- 
tonergic neurotra~lsmissio~~. the locomotor re- 
sponse to apomorphine was completely ab- 
sent. These data suggest that the 5-HT effects 
on hyperactivity are localized dowastream of 
dopaminergic ne~lrotransrnissioa. 

It is co~nlnonly believed that changes in 
dopaminergic tone are highly related to alter- 
ations in locolnotor activity (1, 3, 4, 11). 
DAT-KO inice display marked hyperactivity 
with respect to locomotor, rearing; and ste- 
reotypic responses over that of wild-type an- 
imals. These responses are most evident 
when the mice are placed into a novel envi- 
ronment. Hyperloco~llotion of DAT-KO mice 
is similar to the behavior of ADHD-HKD 
children where many of these individuals 
have greater difficulty in suppressing their 
hyperactivity in novel surromldings (9;  23). 

In the present study. global processes as- 
sociated with spatial learning and memoly 
were impaired in the DAT-KO mice. Analy- 
sis of perseverative errors in the radial maze 
suggested that these mice might be unable to 
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Fig. 2. Assessment of spatial cognitive performance in wild-type and DAT-KO mice. Spatial learning 
and memory were assessed with an eight-arm radial maze during win-shift testing over 21 sessions. 
(A) Performance as assessed by the number of entries made into each of the eight arms of the 
apparatus before making an error (entries to repeat). (B) Number of perseverative errors made per 
animal across the seven session blocks of testing. (C) Latency to enter a given arm (the time it took 
to enter all eight arms or 300 s divided by the total number of arms entered during this time). 
Wild-type (n = 9) (c) and DAT-KO mice (n = 9) (a); *, P < 0.05. 
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Fig. 3. Effects of various drugs on locomotor activity in a novel environment in wild-type and 
DAT-KO mice. (A to D) Wild-type and (E to L) DAT-KO mice were placed in the open-field 
apparatus for an initial period of 30 min and then were injected with the psychostimulants: 
methylphenidate (MPH), d-amphetamine (AMPH), and cocaine (COC); the NET inhibitor [nisoxetine 
(NIS)]; or various serotonergic agents: a SERT inhibitor [fluoxetine (FLU)], a mixed serotonin 
receptor agonist [quipazine (QUI)], or serotonin precursors [5-hydroxytryptophan (5-HTP) and 
L-tryptophan (TRP)]; controls were given saline (SAL; 10 mllkg, ip). Mice were returned to the 
apparatus and activity was measured. Drug-na'ive animals were used for each drug protocol and n 
represents the number of animals used. 0, control; a, treated mice. All serotonergic drugs (I  to L) 
potently inhibited the activity of DAT-KO mice, whereas in wild-type mice (14) only 5-HTP 
produced a significant decrease in the activity [total distance traveled by wild-type mice for 120 
rnin was 221 I 52 cm (n = 6, 5-HTP-treated) compared with 525 I 79 cm (n = 10, 
saline-treated), P < 0.051. In an additional set of experiments, lower doses of d-amphetamine (0.75 
mglkg, ip), quipazine (0.5 mglkg, ip), 5-hydroxytryptophan (10 mglkg, ip), and [-tryptophan (10 
mglkg, ip) were all able to significantly decrease the activity of DAT-KO mice. With the exception 
of amphetamine, no effects of these treatments on the activity of wild-type mice were observed 
(14). s.c., subcutaneous. 
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Fig. 4. Analyses of changes in extracellular DA concentrations in striatum and locomotor activity 
of DAT-KO and wild-type mice after administration of dopaminergic and serotonergic drugs. (A and 
B) Effects of methylphenidate or fluoxetine on extracellular DA concentrations in the striatum of 
freely moving mice measured In home cage environment. At least three samples were collected 
before each drug treatment (and the mean value was set to 100%). Samples were taken every 20 
min for a period of 2 to 3 hours after drug administration; n = 4 for wild-type and n = 5 for 
DAT-KO mice,ln wild-type mice, all points, except for the effect of methylphenidate 160 and 180 
min after administration, were significantly different (P < 0.05) from wild-type saline-treated 
controls (74). There was no significant effect of methylphenidate in DAT-KO mice. Fluoxetine had 
no s~gnif~cant effect in either genotype. (C) DAT-KO mice were given aMT to block DA synthesis 
10 min before exposure to the open-field apparatus. Forty minutes later, mice were administered 
a mixed DIlD2 dopamine receptor agonist [apomorphine (APO)] to restore locomotor activity (n = 
6). A second group of DAT-KO animals were given the aMT, as described above, followed 30 min 
later by a SERT inhibitor [fluoxetine (FLU)], to enhance extracellular 5-HT concentrations, followed 
by apomorhine (n = 6). 

inhibit inappropriate responses or that they reduce psychostimulant-induced hyperactivi- 
might be inattentive to relevant cues in their ty; however, the neuronal circuitry and mech- 
environment (18). Interestingly, Barkley (24) anisms involved in this DA-5-HT interaction 
has recently proposed that ADHD-HKD pa- have remained elusive (27, 30). This situation 
tients suffer primarily from an inability to has become much more complicated with the 
inhibit their behavioral responses such that identification of multiple 5-HT receptor sub- 
they are hyperresponsive to various stimuli. types that may activate, inhibit, or exert no 
Therefore, impairments of cognitive function effects on locomotion (27) .  Our results reaf- 
would be secondary to the hyperkinesis. Sim- firm in a genetic model that 5-HT can con- 
ilar mechanisms may exist in the DAT-KO strain hyperactivity and that this effect is 
mice. localized downstream of DA neurons. 

Psychostimulants exerted a calming effect DAT-KO mice are hyperactive, show an 
in DAT-KO mice. The studies with nisox- impairment in spatial cognitive function, and 
etine suggested that noradrenergic transmis- exhibit paradoxical responses to psycho- 
sion was unlikely to play an important role in stimulants. Despite these similarities between 
this response. By contrast, agents that in- the mutant mice and humans with ADHD- 
creased serotonergic neurotransmission were HKD, it is unlikely that their phenotypes are 
all observed to substantially reduce hyperac- completely identical. Nonetheless, the results 
tivity in the DAT-KO mice. Only minor ef- with the DAT-KO mice emphasize the im- 
fects were seen in wild-type mice. The rela- portance of a relative balance of the 5-HT and 
tive magnitude of these effects suggests that DA systems for normal motor activity. 
levels of existing dopaminergic tone in wild- Therefore: alterations in any of the parame- 
type and DAT-KO mice may detelmine the ters that control this delicate homeostatic sit- 
potency of the serotonergic inhibitory effect. uation might underlie hyperactive states. De- 
Altogether, these data indicate that the prima- spite these reservations: the preponderance of 
ry calming effect of psychostimulants in common symptomatologies between the 
DAT-KO mice is mediated by the 5-HT sys- DAT-KO mice and individuals with ADHD- 
tem (25).  HKD suggests that these mice may not only 

Psychostimulant therapy in ADHD-HKD serve as a useful animal model and as a 
patients is somewhat controversial because resource to test new therapies but that they 
these drugs have long-term sensitizing effects may also provide insights into the basic 
and a potential for abuse and they may be mechanisms that underlie the etiology of this 
neurotoxic (26) .  The findings with the DAT- and other hyperkinetic disorders. 
KO mice provide the tantalizing possibility 
that hyperkinetic behaviors may be controlled References and Notes 
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Unresponsiveness to  
Canna binoids and Reduced 

Addictive Effects of Opiates in 
CB, Receptor Knockout Mice 
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The function of the central cannabinoid receptor (CB,) was investigated by 
invalidating its gene. Mutant mice did not respond to  cannabinoid drugs, dem- 
onstrating the exclusive role of the CB, receptor in mediating analgesia, re- 
inforcement, hypothermia, hypolocomotion, and hypotension. The acute ef- 
fects of opiates were unaffected, but the reinforcing properties of morphine and 
the severity of the withdrawal syndrome were strongly reduced. These obser- 
vations suggest that the CB, receptor is involved in the motivational properties 
of opiates and in the development of physical dependence and extend the 
concept of an interconnected role of CB, and opiate receptors in the brain areas 
mediating addictive behavior. 

Marijuana and other derivatives of Cannabis 
sativa have been used for centuries for their 
therapeutic and mood-altering properties and 
are the most widely used recreational drugs 
today (I). The active compounds of Canna- 
bis, including A9-tetrahydrocannabinol (A9- 
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THC), as well as the endogenous cannabinoid 
anandamide, act through two G protein-cou- 
pled receptor subtypes. The CB, receptor is 
abundant in the central and peripheral nervous 
systems but is also expressed in several periph- 
eral organs, whereas CB, receptor expression is 
essentially restricted to lymphoid organs (2). 
We investigated the in vivo function of the CB, 
receptor by invalidating its gene in a mouse 
model (3). Northern (RNA) blotting demon- 
strated the absence of CB, transcripts in brain 
and testis fiom knockout (CB;'-) mice, and 
binding assays confirmed the absence of bind- 
ing sites for cannabinoid ligands (4). Histology 
of brain and other organs, body weight moni- 
tored over a 6-month period, and blood iono- 
gram and cell count appeared to be unaffected 
by CB, gene inactivation. 

The consequences of CB, receptor inacti- 
vation on spontaneous behavior were ana- 
lyzed. A moderate increase in locomotor ac- 
tivity (5) was observed in CB; mice when 
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