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Abstract: The symptoms of attention-deficit/hyperactivity disorder (ADHD) are characterized by inattention 
and hyperactivity-impulsivity. It is a common childhood neurodevelopmental disorder that often persists into 
adulthood. Improvements in ADHD symptoms using psychostimulants have been recognized as a paradoxical 
calming effect. The psychostimulant methylphenidate (MPH) is currently used as the first-line medication for 
the management of ADHD. Recent studies have drawn attention to altered dopamine-mediated 
neurotransmission in ADHD, particularly reuptake by the dopamine transporter (DAT). This hypothesis is 
supported by the observation that DAT knockout mice exhibit marked hyperactivity that is responsive to acute 
MPH treatment. However, other behaviors relevant to ADHD have not been fully clarified. In the present study, 
we observed learning impairment in shuttle-box avoidance behavior together with hyperactivity in a novel 
environment in DAT knockout mice. Methylphenidate normalized these behaviors and enhanced escape 
activity in the tail suspension test. Interestingly, the effective dose of MPH increased extracellular dopamine in 
the prefrontal cortex but not striatum, suggesting an important role for changes in prefrontal dopamine in 
ADHD. Research that uses rodent models such as DAT knockout mice may be useful for elucidating the 
pathophysiology of ADHD. 

Keywords: ADHD, dopamine transporter, frontal cortex, knockout, learning, methylphenidate, norepinephrine 
transporter. 

INTRODUCTION 
 The symptoms of attention-deficit/hyperactivity 
disorder (ADHD) are characterized by inattention 
and/or hyperactivity-impulsivity [1]. It is the most 
prevalent childhood psychiatric disorder. ADHD 
frequently persists into adult life as either a full-blown 
condition in approximately 15% of cases or partial 
remission in approximately 50% of cases. It is 
associated with significant levels of academic, 
occupational, and social impairment and high levels of  
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psychiatric comorbidity [2]. Twin, adoption, and 
segregation studies have estimated 50-90% heritability 
for ADHD [3]. The genes involved in mesocortical 
dopaminergic neurotransmission are considered 
candidates for genetic predisposition to this disorder 
[4], including the dopamine (DA) transporter (DAT) [5] 
and D4 receptor genes [6]. Abnormal dopaminergic 
transmission is therefore implicated in ADHD [7]. 
 Brain DA is involved in motor and reward systems 
and integrative functions that contribute to adaptive 
behaviors, such as attention, learning, memory [8, 9], 
and motivation [10, 11]. Aberrations in these variable 
brain functions are manifested in individuals with ADHD 
as three core symptoms: inattention, hyperactivity and 
impulsivity [12, 13], and deficits in reward and 
motivation [14-16]. Brain imaging studies of individuals  
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with ADHD have reported deficient DA neurotrans-
mission [12, 13, 17-19] and lower D2/D3 receptor 
expression and DAT availability only in the nucleus 
accumbens, midbrain regions, and the caudate [12, 
16]. By contrast, decreases of DA synthesis and 
metabolism were reported in the prefrontal cortex 
(PFC) in ADHD patients [20]. 
 The evidence mentioned above sheds light on the 
therapeutic mechanism of action of methylphenidate 
(MPH), the major pharmacotherapy for ADHD [21]. 
Methylphenidate is a psychostimulant that inhibits DAT 
and the norepinephrine transporter (NET) [22]. The 
efficacy of MPH against ADHD has been empirically 
recognized for decades. However, much remains to be 
revealed about how MPH leads to improvements in 
ADHD symptoms. 
 Numerous genetically altered rodents, such as DAT 
knockout (DAT-/-) mice [23] and Adcyap1-deficient mice 
[24], have a behavioral phenotype that is similar to 
ADHD. The most distinctive phenotype is marked 
hyperactivity in a novel environment. Intriguingly, 
psychostimulants such as amphetamine and MPH 
suppress hyperactivity, in contrast to their well-known 
locomotor-stimulatory effects [23, 24]. Especially,  
DAT-/- mice also exhibit impairments in spatial cognitive 
function in the radial maze [23] and reversal learning in 
the water maze [25]. The phenotypic characteristics of 
DAT-/- mice are similar to those in individuals with 
ADHD, which is the rationale for proposing DAT-/- mice 
as an animal model of ADHD. However, little is known 
about the effect of MPH on learning behavior and the 
mechanism of action of MPH in DAT-/- mice, including 
its so-called “paradoxical calming effect”. 
 The present study investigated the effect of DAT 
deletion and MPH administration on behaviors 
regulated by DA, including locomotor activity, escape 
behavior, and avoidance learning. We also evaluated 
extracellular DA (DAex) levels in the striatum and 
prefrontal cortex (PFC) using microdialysis. 

MATERIALS AND METHODS 
Mice 
 DAT+/+, DAT+/-, and DAT-/- mouse littermates [26] 
were obtained by crossing male and female DAT+/- 
mice on a 129/C57 mixed genetic background. The 
mice were housed in an animal facility maintained at 22 
± 2ºC and 55 ± 5% relative humidity under a 12/12 h 
light/dark cycle with lights on at 8:00 AM and off at 8:00 
PM. Food and water were available ad libitum. All of 
the experiments were conducted during the light phase 
of the light/dark cycle. The mice were brought to the 
testing room at least 1 h before the experiments began. 
Twenty- to 30-week-old mice were used in the 
behavioral tests, and 12- to 50-week-old mice were 
used in the microdialysis experiment. The experimental 
procedures and housing conditions were approved by 
the Institutional Animal Care and Use Committee of the 
Tokyo Metropolitan Institute of Medical Science, and all 
of the animals were treated humanely in accordance 
with our institutional animal experimentation guidelines. 

Drugs 
 Methylphenidate (Sigma, St. Louis, MO, USA) was 
dissolved in saline. Methylphenidate (30 mg/kg) and 
saline were injected either intraperitoneally (i.p.) or 
subcutaneously (s.c.) in a volume of 0.1 ml/10 g of 
body weight. 

Open Field Test 
 Each mouse was placed in an illuminated chamber 
(25 cm diameter, 27 cm height) and allowed to freely 
explore the chamber for 30 min. Methylphenidate was 
then injected i.p., and observations continued for 180 
min. Locomotor activity was measured using Supermex 
(Muromachi Kikai, Tokyo, Japan) by detecting the 
radiated body heat of the animal through a sensor 
mounted above the chamber. Counts were 
automatically recorded at every 5 min. 

Tail Suspension Test 
 The mice were suspended by the tail on a hook (20 
cm from the floor) using adhesive tape (1 cm from tip of 
tail) in the recording apparatus (Neuroscience, Tokyo, 
Japan). Body movements of less than 10 Hz were 
considered escape activity (i.e., running movements, 
body torsion, and body jerks). Escape activity was 
monitored for 30 min. Methylphenidate was then 
injected i.p., and escape activity was further measured 
for 180 min. Counts were analyzed in 5-min bins. 

Conditioned Avoidance Responding Test 
 The conditioned avoidance responding test was 
conducted using shuttle boxes equipped with wire grid 
floors through which electric footshocks were 
administered (Muromachi Kikai Co., Tokyo, Japan). 
Each box had two compartments of equal size and 
shape, separated by a metal barrier with an open 
doorway, and was placed in a sound-attenuating 
chamber. A trial began with a 24-s intertrial interval 
(ITI), followed by presentation of a light and a 2.8-kHz 
tone (conditioned stimulus [CS]) for 5 s. The CS 
stopped and the next ITI began when the mouse 
moved to the other side during CS presentation. An 
electric footshock (0.1 mA, 1 s; unconditioned stimulus 
[UCS]) was delivered when the mouse stayed in the 
same chamber at the end of the CS. The UCS ceased 
when the mouse jumped or moved to the other 
compartment, and the next trial began after the ITI. All 
of the mice underwent 40 trials per session and two 
sessions per day at intervals of 3 h or longer. The mice 
were trained without MPH for the first 5 consecutive 
days and then with MPH for another 5 days. 
Methylphenidate was injected i.p. immediately before 
the test. For the analysis, we defined the following 
parameters: RCS (response to the CS as a recorded 
movement during the CS), RUCS (response to the UCS 
as a recorded movement during presentation of the 
UCS), and E (no response to the CS or UCS). 
Avoidance responding was calculated using the 
following equation: (RCS each day / 80) × 100. The 
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sensitivity to footshock was checked by calculating the 
response rate (RUCS / [RUCS + E]) in the first session. 

Microdialysis Procedure 
 The mice were anesthetized with pentobarbital (50 
mg/kg, i.p.) and stereotaxically implanted with 
microdialysis probes in the striatum (anterior, +0.6 mm; 
lateral, +1.8 mm; ventral, -4.0 mm from bregma) or 
PFC (anterior, +2.0 mm; lateral, +0.5 mm; ventral, -3.0 
mm from bregma) according to the atlas of Franklin 
and Paxinos [27]. After 24 h of recovery from 
implantation, the microdialysis experiments were 
performed in freely moving mice. Ringer’s solution (145 
mM NaCl, 3 mM KCl, 1.26 mM CaCl2, and 1 mM 
MgCl2, pH 6.5) was perfused at a constant flow rate of 
1 µl/min. The perfusates were directly injected into the 
high-performance liquid chromatography system every 
10 min using an autoinjector (EAS-20; Eicom). 
Dialysate DA was separated with a reverse-phase ODS 
column (PP-ODS; Eicom) and detected with a graphite 
electrode (HTEC-500; Eicom) with a detection limit of 
0.5 fmol/sample with a signal-to-noise ratio of 2. The 
mobile phase consisted of 0.1 M phosphate buffer (pH 
5.5) that contained 500 mg/L sodium decanesulfonate, 
50 mg/L (ethylenedinitrilo)tetraacetic acid, and 1% 
methanol. Perfusion was initiated 180 min prior to the 
measurement of DAex. Baseline DAex was first obtained 
from the average of three consecutive samples. 
Methylphenidate was injected s.c., and the samples 
were collected for 180 min. DAex levels are expressed 
relative to baseline and as the area-under-the-curve 
(AUC). 

Statistical Analysis 
 The statistical analyses were conducted using 
StatView 5.0 software (SAS Institute). Locomotor 
activity in the open field test and escape activity in the 
tail suspension test were analyzed using ANOVA and 
Scheffe’s post hoc test. In the conditioned avoidance 
responding test, the effects of training on avoidance 
responding were subjected to mixed-design ANOVA or 
one-way repeated-measures ANOVA for each 
genotype. One-way ANOVA was used for response 
rate (i.e., avoidance responding on days 5 and 10), 
followed by Scheffe’s post hoc test. Avoidance 
responding on day 6 was compared with day 5 for each 
genotype using paired t-tests. In the microdialysis 
experiments, AUC values were analyzed using two-
way ANOVA followed by Fisher’s PLSD post hoc test. 
Values of P < 0.05 were considered statistically 
significant. 

RESULTS 
Locomotor Activity 
 Locomotor activity was significantly different in 
DAT+/+, DAT+/-, and DAT-/- mice (main effect of 
genotype, F(2,32) = 3.720, P= 0.035, one-way analysis of 
variance [ANOVA]; Fig. 1A), and DAT-/- mice were 
hyperactive compared with DAT+/+ mice (P = 0.044,  
 

Scheffe’s test; Fig. 1B). After MPH injections, a 
difference in locomotor activity was observed in DAT+/+, 
DAT+/-, and DAT-/- mice (main effect of genotype, F(2,32) 
= 12.218, P < 0.001, one-way ANOVA; Fig. 1C), 
although in a distinct manner. DAT-/- mice exhibited a 
remarkable decrease in locomotor activity compared 
with DAT+/+ mice (P = 0.006, Scheffe’s test; Fig. 1C). 

Tail Suspension Test 
 Escape activity was similar in magnitude in DAT+/+, 
DAT+/-, and DAT-/- mice before MPH treatment (main 
effect of genotype, F(2,28) = 0.839, P = 0.443, one-way 
ANOVA; Fig. 1D, E). In contrast to locomotor activity, 
MPH enhanced escape activity equally in DAT+/+, 
DAT+/-, and DAT-/- mice (main effect of genotype, F(2,28) 
= 0.969, P = 0.392, one-way ANOVA; Fig. 1D, F). 

Conditioned Avoidance Responding Test 
 The sensitivity to footshock, expressed as response 
rate, was comparable between genotypes (main effect 
of genotype, F(2,54) = 2.291, P = 0.111, one-way 
ANOVA; Fig. 2A). Prior to MPH treatment, a difference 
in avoidance responding was observed between 
genotypes (main effect of genotype, F(2,216) = 41.661, P 
< 0.001, mixed-design ANOVA). Training also 
influenced avoidance responding (main effect of 
training, F(4,216) = 91.312, P < 0.001, mixed-design 
ANOVA). Unequal temporal changes in avoidance 
responding were observed on day 1-5 (genotype × 
training, F(8,216) = 25.358, P < 0.001, mixed-design 
ANOVA). DAT+/+ and DAT+/- mice acquired the task 
(main effect of training; DAT+/+, F(4,88) = 60.991, P < 
0.001; DAT+/-, F(4,64) = 57.988, P < 0.001; one-way 
repeated-measures ANOVA), but DAT-/- mice did not. A 
trend toward a change in avoidance responding (main 
effect of training; DAT-/-, F(4,64) = 2.494, P = 0.052, one-
way repeated-measures ANOVA) was likely 
attributable to a decline on day 2-5 (Fig. 2B). On day 5, 
avoidance responding was comparable between 
DAT+/+ mice (77%) and DAT+/- mice (74%) and higher 
than in DAT-/- mice (5%; main effect of genotype, F(2,54) 
= 66.917, P < 0.0001, one-way ANOVA; DAT+/-, P = 
0.914; DAT-/-, P < 0.0001, vs DAT+/+ mice; DAT+/-, P < 
0.001, vs DAT-/- mice, Scheffe’s test). 
 When training was continued with MPH 
administration, a drop in avoidance responding was 
observed on day 6 in DAT+/+ and DAT+/- mice (DAT+/+, 
t(22) = 4.836, P < 0.001; DAT+/-, t(16) = 4.979, P < 0.001, 
vs day 5; paired t-test) but not in DAT-/- mice (t(16) =  
-1.736, P = 0.102, paired t-test; Fig. 2A, B). Avoidance 
responding differed across all genotypes and training, 
with a significant genotype × training interaction (main 
effect of genotype, F(2,216) = 36.453, P < 0.001, mixed-
design ANOVA; main effect of training, F(4,216) = 23.062, 
P < 0.001, mixed-design ANOVA; genotype × training, 
F(8,216) = 2.689, P = 0.008, mixed-design ANOVA). An 
increase in avoidance responding was observed in 
DAT+/+, DAT+/-, and DAT-/- mice (main effect of training; 
DAT+/+, F(4,88) = 23.564, P < 0.001; DAT+/-, F(4,64) =  
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Fig. (1). Distinct responses to MPH in DAT-/- mice. In the open field test, (A, B ) DAT-/- mice exhibited hyperactivity in a novel 
environment. (A, C) Methylphenidate (30 mg/kg, i.p.) inhibited locomotor activity in DAT-/- mice (n = 9-16 per group). (D, E)  
DAT-/- mice exhibited comparable escape activity when assessed in the tail suspension test. (D, F) The response to MPH (30 
mg/kg, i.p.) was equal among the three genotypes (n = 8-14). *P < 0.05, **P < 0.01, vs DAT+/+ mice (Scheffe’s test). The data 
are expressed as mean ± SEM. 
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3.963, P = 0.006; DAT-/-, F(4,64) = 6.506, P < 0.001; one-
way repeated-measures ANOVA; Fig. 2B). In contrast 
to day 5, avoidance responding was higher in DAT+/+ 
mice (82%) than in DAT+/- (62%) and DAT-/- (23%) mice 
on day 10 (main effect of genotype, F(2,54) = 30.784, P < 
0.001, one-way ANOVA; P = 0.035, DAT+/+ vs DAT+/-; P 
< 0.001, DAT+/+ vs DAT-/-; P < 0.001, DAT+/- vs DAT-/-; 
Scheffe’s test; Fig. 2B). 

Extracellular Dopamine in the Striatum and PFC 
 In the striatum, DAex levels were highest 40-60 min 
after MPH administration, whereas no temporal 
changes were noted in DAT-/- mice (Fig. 3A). 
Methylphenidate markedly elevated the AUC of DAex in 
DAT+/+ mice (P < 0.001, Fisher’s protected least 
significant difference [PLSD] test) but not in DAT-/- mice 
(Fig. 3B). In the PFC, an increase in DAex levels was 
observed in both DAT+/+ and DAT-/- mice treated with 
MPH, reaching a plateau at 40-60 min (Fig. 3C). 
Methylphenidate significantly augmented the DAex AUC 
in DAT+/+ and DAT-/- mice (main effect of treatment, 
F(3,340) = 8.039, P = 0.001, two-way ANOVA; Fig. 3D). 

DISCUSSION 
 In the present study, abnormal behaviors relevant to 
ADHD were observed in DAT-/- mice. Locomotor 
activity was elevated when the mice were exposed to a 
novel environment, consistent with a previous report 
[23]. DAT-/- mice had difficulty avoiding the footshock in 
the conditioned avoidance responding test, which 
requires cognitive behaviors [28, 29]. Escape activity 
remained unchanged in the mutant mice, which was 
inconsistent with the literature [30]. This may have 
been attributable to the measurements because we 
recorded body movements of less than 10 Hz. 
Moreover, MPH, the medication most frequently used 
for individuals with ADHD, ameliorated the behavioral 

phenotypes in DAT-/- mice. Notably, locomotor activity 
was markedly suppressed by MPH, whereas escape 
activity was stimulated, similar to DAT+/+ and DAT+/- 
mice. The latter finding is consistent with previous 
studies of rodents treated with antidepressants [31] and 
in contrast to the notion that MPH possesses “a 
paradoxical calming effect” [23]. Additionally, DAT-/- 
mice exhibited a substantial improvement in the 
conditioned avoidance responding test with MPH 
treatment. Therefore, MPH appeared to exert a 
cognitive-enhancing effect rather than a sedative effect. 
 Systemically administered MPH elevated DAex 
levels in the PFC but not in the striatum in DAT-/- mice. 
The distinct distribution patterns of DAT and NET might 
explain this result. Neurons in the PFC have high levels 
of NET, whereas DAT expression is low [32-34]. In the 
striatum, the levels of DAT expression are high, and 
NET expression is low [34]. Importantly, NET serves an 
uptake function for both DA and norepinephrine [35, 
36]. The inhibition of NET results in the accumulation of 
DA in the PFC in animals [37, 38], including DAT-/- mice 
[39]. A PFC-specific increase in DAex parallels these 
previous studies and may modulate the effects of MPH 
in DAT-/- mice. Another possibility is that the increase in 
extracellular norepinephrine (NEex) caused by MPH-
induced NET inhibition [40] may underlie the behavioral 
effects of MPH in DAT-/- mice. This possibility is 
supported by the recent approval of guanfacine, a 
selective α2A-adrenergic receptor agonist, for the 
treatment of ADHD by the Food and Drug 
Administration (FDA). However, the limited efficacy of 
guanfacine compared with MPH suggests that the 
increase in DAex in the PFC may be more involved in 
the effects of MPH on ADHD-like behaviors. 
 When discussing the relationship between behavior 
and brain DA in DAT-/- mice, one consideration is that 
the mutant animals have persistent hyperdopaminergic 

 
Fig. (2). Effects of training and MPH on avoidance responding. (A) The sensitivity to footshock, expressed as response rate, 
was comparable in DAT+/+, DAT+/-, and DAT-/- mice (n = 17-23 per group). (B) Training alone was effective in DAT+/+ and DAT+/- 
mice but not in DAT-/- mice. Methylphenidate had beneficial effects on acquisition in this task in DAT-/- mice. The reduction of 
avoidance responding on day 6 in DAT+/+ and DAT+/- mice was transient and recovered by training. &P < 0.05, vs DAT+/+ mice; 
***P < 0.001, vs day 5 (paired t-test); #P < 0.05, vs DAT+/+ mice; ###P < 0.001, vs DAT+/- mice (Scheffe’s test). The data are 
expressed as mean ± SEM. 
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tone in the striatum [41]. This may give rise to striatum 
dysfunction, leading to hyperactivity and learning 
deficits. Consistent with this possibility, MPH loses its 
locomotor-stimulating effects when selective 
dopaminergic lesions are made using 6-
hydroxydopamine in the striatum [42] but not in the 
PFC [43]. A combined double lesion in the nucleus 
accumbens and striatum resulted in a severe deficit in 
the conditioned avoidance responding test [44]. The 
crucial role of a transient increase in PFC DAex is 
stressed for avoidance behavior [45, 46]. In the present 
study, the effects of MPH in DAT-/- mice were 
associated with elevated levels of DAex in the PFC. 
Thus, the PFC is suggested to play an important role in 
correcting pathologic behaviors in DAT-/- mice, even 
with striatum dysfunction caused by a constitutive 
hyperdopaminergic state. 

 Also interesting is the response of DAT+/+ and 
DAT+/- mice to MPH that was associated with increased 
DA levels in both the PFC and striatum. Escape activity 
was enhanced similarly across all genotypes, 
implicating the greater involvement of the PFC than the 
striatum. Locomotor stimulation and worsened 
avoidance responding may reflect the influence of 
elevated DA in the striatum that surmounted the 
elevation of DA in the PFC. Avoidance responding on 
day 10 was highest in DAT+/+ mice, followed by DAT+/- 
and DAT-/- mice, suggesting that haploinsufficiency of 
the DAT gene disturbs striatum function to a certain 
extent. 
 The present findings in DAT mutant mice will 
expand our understanding of the pathophysiology of 
ADHD in humans. Individuals with ADHD have lower 

 
Fig. (3). DAex response to MPH in the striatum and PFC. (A, B) In the striatum, DAT+/+ mice exhibited a marked increase in DAex 
in response to MPH but DAT-/- mice did not (n = 4-5 per group; basal level, mean ± SEM: DAT+/+ mice, 57.35 ± 8.87 fmol/10 min; 
DAT-/- mice, 546.97 ± 94.26 fmol/10 min). (C, D) In contrast, MPH elevated DAex in the PFC in DAT+/+ and DAT-/- mice (n = 4-8 
per group; basal level, mean ± SEM: DAT+/+ mice, 2.32 ± 0.25 fmol/10 min; DAT-/- mice, 2.27 ± 0.48 fmol/10 min). Notice the 
absence of temporal changes in DAex by saline in the striatum and PFC in DAT+/+ and DAT-/- mice. ***P < 0.001, vs saline 
(Fisher’s PLSD test); ##P < 0.01, vs saline (two-way ANOVA). The data are expressed as mean ± SEM. 
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DAT availability in the striatum [12, 16] and impaired 
inhibition of prepotent motor responses that depend on 
the integrity of both the PFC and striatum [47-49]. 
Frontostriatal circuitry is one of the most prominent 
brain pathways involved in the control of locomotion, 
affect, impulsivity, attention, and emotion [50, 51]. 
Functional magnetic resonance imaging studies 
revealed that subjects with ADHD exhibited 
underactivation in the PFC, which was reversed by 
MPH [52, 53]. These results are consistent with the 
present study, in which MPH improved hyperactivity 
and learning deficits in DAT-/- mice by augmenting DA 
levels in the PFC. Cognitive function that involves the 
frontal cortex should be further investigated with regard 
to ADHD using animal models, including DAT-/- mice. 

CONCLUSION 
 We observed behavioral abnormalities relevant to 
ADHD in DAT-/- mice. Methylphenidate ameliorated 
these behavioral deficits in association with increased 
DAex in the PFC. The present findings suggest that the 
increase in PFC DAex by MPH reversed the constitutive 
hyperdopaminergic state in the striatum and 
consequent abnormal behaviors. Future studies on the 
PFC in DAT-/- mice will deepen our understanding of 
ADHD, particularly with regard to frontal cortical 
function and DA. 

ABBREVIATIONS 
ADHD = Attention-deficit/hyperactivity disorder 
AUC = Area-under-the-curve 
CS = Conditioned stimulus 
DA = Dopamine 
DAex = Extracellular dopamine 
DAT = Dopamine transporter 
i.p. = Intraperitoneally 
ITI = Intertidal interval 
MPH = Methylphenidate 
NEex = Extracellular norepinephrine 
NET = Norepinephrine transporter 
PFC = Prefrontal cortex 
s.c. = Subcutaneously 
UCS = Unconditioned stimulus 
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