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(p < 0.05, FWE-corrected) (Table 2, Fig. 1A). In contrast, there were
no areas with significantly greater regional GMVs in the patients
with MAP compared with the HC subjects. With regard to WMV,
VBM identified an orbitofrontal area (OFA) with a significantly small-
er WMV in the patients with MAP compared with the HC subjects
(p < 0.05, FWE-corrected). There were no regions with significantly
larger WMVs in the individuals with MAP compared with the HC sub-
jects (Fig. 1B). The statistical conclusions for differences in regional
brain volumes were preserved when the group difference in the esti-
mated 1Q, in which the patients showed significantly low level com-
pared with the HC subjects, was accounted by employing this variable
as a nuisance covariate in the group comparisons.

3.3. Correlates of gray or white matter with clinical variables in patients
with MAP

A significant correlation between smaller regional GMVs in the ante-
rior rostral part of the medial portion of the FPC and higher BPRS posi-
tive symptom scores was found in the patients with MAP ([—14 50
1], Z = 3.28, p < 0.001). There was no significant correlation between
regional GMVs or WMVs and the clinical information or potential
confounds.

4. Discussion
To our knowledge, the present study is the first VBM study to dem-

onstrate regional brain volume reductions in patients with MAP. The
main findings are significant GMV reductions in the left perisylvian
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A-3LDLFPC

A-4 DMFPC

regions, including the posterior IFG and anterior STG, and approximate-
ly in the frontopolar Brodmann area (BA) 10, including its dorsomedial,
ventromedial, dorsolateral, and ventrolateral portions, and WMV re-
ductions in the OFA in the patients with MAP compared with the HC
subjects. In addition, correlation analysis demonstrated a significant
correlation between smaller regional GMVs in the anterior rostral part
of medial portion of the FPC and higher BPRS positive symptom scores
in the patients with MAP.

Previous studies have consistently reported volume reductions in
left perisylvian structures, such as the STG and the IFG, as described
in meta-analyses of VBM studies involving both first episode psycho-
sis (Chan et al., 2011; Fusar-Poli et al.,, 2012) and chronic schizophre-
nia (Bora et al,, 2011; Chan et al,, 2011). The importance of the IFG in
the pathophysiology of schizophrenia was also supported by our pre-
vious volumetric studies focusing on the IFG that suggested that local-
ized GMV reductions of the pars triangularis and pars opecularis
represent biomarkers for vulnerability to and those for the clinical se-
verity and the progression of schizophrenia, respectively (Suga et al.,
2010; Iwashiro et al., 2012). With regard to the STG, neuroimaging
studies identified portions of the bilateral anterior STG (including part
of Heschl's gyri) as key areas in the structural pathophysiology of audito-
ry verbal hallucinations (Kasai et al,, 2003; Yamasue et al., 2004; Yoshida
et al., 2009; Takahashi et al., 2010; Molina et al,, 2011; Asami et al., 2012;
Modinos et al., 2013). It has also been suggested that volume reduc-
tions in the STG, especially the left hemisphere (Hirayasu et al.,
1998) are specific to schizophrenia rather than affective psychosis
(McCarley et al., 2002). Based on these previous studies, GMV reduc-
tions in the left perisylvian structures, such as the IFG and the STG,
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Fig. 1. Regions of brain volume reductions in patients with methamphetamine-induced psychosis. A 1-6) Areas with significantly reduced gray matter volumes in the patients with
methamphetamine-induced psychosis compared with the healthy control subjects rendered onto orthogonal slices (voxel threshold p < 0.001). STG: superior temporal gyrus; IFG:
inferior frontal gyrus; VLFPC: ventrolateral frontopolar cortex; DLFPC: dorsolateral frontopolar cortex; DMFPC: dorsomedial frontopolar cortex; VMFPC: ventromedial frontopolal
cortex. B) Areas with significantly reduced white matter volumes in the patients with methamphetamine-induced psychosis compared with the healthy controls rendered ont0

orthogonal slices (voxel threshold p < 0.001). OFA: orbitofrontal area.
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in patients with MAP may be a crucial factor in the development of
schizophrenia-like psychotic symptoms such as auditory hallucina-
tions. Thus, GMV reductions in these left perisylvian structures can
be considered to be a common neuroblologxcal underpinning for
MAP and schizophrenia. !

The current study identified extensive GMV reductions approxi-
mately in the frontopolar BA10 cortices, including in its dorsal to ven-
tral and medial to lateral portions, in the patients with MAP. A great
majority of previous meta-analyses of 'volumetric studies did not
demonstrate GMV reduction in the BA 10 in individuals with schizo-
phrenia (Glahn et al,, 2008) or first episode psychosis (Fusar-Poli et
al, 2012). In particular, although medial portions of the FPC have
been reported to be decreased in patients with schizophrenia, gray
matter deficits in the dorsal .portions of the FPC have rarely been
reported (Glahn et al., 2008; Fusar-Poli et al,, 2012). On the other
hand, previous' VBM studies of people with METH dependence have
repeatedly shown decreased GMVs in the BA 10 (Kim et al.,, 2006;
Morales et al., 2012). Thus, the extent of volume reductions in BA
10 is considered to be ‘a relatively specific ﬁndmg to METH-related
psychiatric problems.

The polar sector in the BA 10 modulates behavior by regulating
emotional reactivity to perceived environmental threats or frustra-
tion in the absence of an expected reward, and instrumental violence
is hypothesized to be associated with abnormalities within the ante-
rior medial FPC (Anderson et al., 1999). Notably, a number of studies
have reported that the anterior rostral part of the medial portion of
the BA 10 is a neural basis of moral judgment (e.g. refs. Greene et
al,, 2001; Moll et al,, 2006). These findings suggest that dysfunction
in an area from the anterior rostral part of the medial portion of the
FPC may result in antisocial and immoral behavior. As these conse-
quences may increase BPRS scores, it is important to note that severe

positive symptoms were correlated with smaller GMVs in the anterior

rostral part of the medial portion of FPC in the current partrc:pants
with MAP. ,

On the other hand, the current VBM also identified WMV reduction in
the OFA. The area has been recognized to involve in appetitive behavior
and decision making, in particular ‘with regard to expectations of
outcome, whose disturbance is associated with several types of antisocial
behavior, such as substance abuse and dependence (Lucantonio et al.,
2012), with comorbid dysfunction of amygdala area (Koob, 1996;
Chase et al, 2011). Thus, volume reduction in the OFA potentially re-
flects neural basis of antisocial: behavror stich as mappropnate usage
of METH in the current participants.

The absence of a group of patients with schizophrenia is a limitation
of the current study. Although we have cited resuits from previous stud-
ies that investigated volumetric changes in patients with schrzophrema
to indirectly compare those patients with the patients in the current
study, this indirect comparison ignores the possible confounds of vari-
ous technologrcal differences between studies. These confounds can
be addressed with a direct comparison. Highly Tl—wexghted images
likely underestimate the cortical volumes because they are influenced
by infiltration of myelin into the gray matter (Bartzokis et al., 2009;
Glasser and Van Essen, 2011). Thus, although our analyses revealed
areas of GMV reductions in patients with MAP compared with healthy
contro] subjects, it is not possible using this design to determine areas
of GMV loss that are specific to patients with MAP.

In addition, to establish the clinical characteristics of MAP that
distinguish it from schizophrenia, the clinical features of patlents
‘with MAP that are distinct from those of patients with sch1zophrema
‘should be noted carefully. At first, none of the patients with MAP ex- -
‘perienced psychotic symptoms. before their first consumption of
METH. However, their repeated consumption of METH eventually
Tesulted in psychotic symptoms, but concordant with the ICD-10
criteria of MAP, each episode of psychosis remitted within 6 months.
};m accord with traditional descnptlon of MAP (Jonsson et al,, 1971;
‘Rylander, 1972; Anggard et al., 1973), in six out of the twenty patients,
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psychotic symptoms disappeared within a week. After the first episo'
of MAP, the patients were prescribed antipsychotics to prevent subse-
quent psychiotic episodes. o
Here we discuss the methodologxcal considerations and Irm a-' i
tions of the present study. First, although the sample size was s ﬁ,-,
cient to reveal volumetric difference between the patients arl, .
controls, the number of patients was msufﬁcxent to detect potential:
differences within patient subtypes, such as patients with transient
versus prolonged psychosis, users with a history of intravenous injec-
tion versus smoking METH; and male versus female patients. Second,
although whether neuroleptics  affect brain morphology rémains:
controversial and the current VBM analysis identified no relatlonshlp
between antipsychotic dosing and regional brain volumes, use of neu-
roleptics in the patients with MAPis a potential limitation, Some pre-

* vious studies have reported regional brain volume reductions related

to the cumulative neuroleptlc dose to which an individual has been

exposed (Nopoulos et al,, 2001; Heitmiller et al., 2004), while others

reported no significant changes or increases in regional brain volumes.
(Lieberman et al., 2005: Girgis et al., 2006). These inconsistent results
may p0551b1y stem from differences between the participants-and/or

neuroleptlcs exammed Based on these prevxous studles 1t has beenw

affect the basal ganglla and thalamus but. 1t remains controversml

whether ‘neuroleptics affect cortical Volumes (revxewed in Navari

and Dazzan; 2009). Thus, although the correlanon analyses démon-

strated no 51gn1ﬁcant correlation between GMV: alterations and the

durat1ons of .consumption of Ppsychotropic medlcatlons and chlor-

promazine equrvalents GMV alteration can be influenced by elther

neuroleptics or METH: (Bartzokis., 2012): In addition, GMV changes i
identified by VBM are an indirect reflection of underlymg biological

changes, rather than direct observanons of anatomy. Thus, the cur-

rent findings should be interpreted with caution (Bartzokxs et al,

'2009) Third, although the VBM approach used in this study revealed

significant volume reductions in the frontal and temporal lobe, the
cross-sectional desxgn of the current study plecluded us from deter-
mining whether the current findings represent a predisposition to or
consequence of the subject’s. neuropsychlamc status. Fourth, it is a rea-
sonable criticism that we did not compare volumetric changes between
METH-dependent patients who did or did not experience MAP, as it is
unclear whether the volumetric changes identified by the current VBM
approach are related to MAP or exposure to methamphetamme It has

‘been reported that 75% of METH users experience at least mild suspi-

ciousness and unusual thoughts or hallucinations each year. Further-
more, 27% of patients: with METH dependence develop clinically
significant psychosis each year (McKetin et al., 2006). Thus, it is drfﬁcult
to recruit sufficient METH- dependent individuals who have not experi-

- “enced psychotic symptoms to form an appropriate control group.

1n conclusion, the present VBM study identified that patients with
MAP showed regional GMV reductions that are similar to those that
have been reported in patients with schizophrenia, These GMV redtic-
tions were localized in the left perisylvian region and may be a com-
mon neural basis for similar psychotic symptoms. On the other hand,

‘the VBM also detected BA 10 dominant GMV reductions that are not

commonly observedi in mdmduals with schizophrenia and may be as-
sociated with symptoms of MAP. However, as we did not conduct a
direct comparison between patients with MAP and schizophrenia,
there remains the possibility that the differences between the present
study and previous studies derive from technical differences rather
than differences between MAP and schizophrenia. We expect that
futureresearch will overcome this limitation of the current study.
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: . Abstract ;
The func‘aon of each organ meludmg the brain tends to decline with agmg This mﬂu- ”
nces on the appearance of psychotic symptoms in the elderly. A manic state in the elderly
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Abstract

Rationale Impulsivity is a key feature of disorders that
include attention-deficit/hyperactivity disorder (ADHD).
The cliff avoidance reaction (CAR) assesses maladaptive
impulsive rodent behavior. Dopamine transporter knockout
(DAT-KO) mice display features of ADHD and arc candi-
dates in which to test other impulsive phenotypes.
Objectives Impulsivity of DAT-KO mice was assessed in the
CAR paradigm. For comparison, attentional deficits were also
assessed in prepulse inhibition (PPI) in which DAT-KO mice
have been shown to exhibit impaired sensorimotor gating.
Results DAT-KO mice exhibited a profound CAR impair-
ment compared to wild-type (WT) mice. As expected, DAT-
KO mice showed PPI deficits compared to WT mice.
Furthermore, the DAT-KO mice with the most impaired
CAR exhibited the most severe PPI deficits. Treatment with
methylphenidate or nisoxetine ameliorated CAR impair-
ments in DAT-KO mice.

Conclusion These results suggest that DAT-KO mice exhib-
it impulsive CAR behavior that correlates with their PPl
deficits. Blockade of monoamine transporters, especially
the norepinephrine transporter (NET) in the prefrontal
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cortex (PFC), may contribute to pharmacological improve-
ment of impulsivity in these mice.
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Introduction

Pathological forms of impulsive behavior contribute to the
morbidity of numerous psychiatric disorders including
attention-deficit/hyperactivity disorder (ADHD) (Barkley
1997; Nigg 2000). Impulsivity has been defined broadly as a
lack of behavioral inhibition, including actions that are pre-
mature, mistimed and/or, difficult to suppress or control
(Dalley et al. 2008; Eagle and Baunez 2010). Impulse control
pathologies display actions initiated without due deliberation
of other possible options or outcomes. While work in humans
has allowed some progress to be made on the pathophysiology
of inhibition deficits, mouse models can aid understanding of
the brain mechanisms that mediate behavioral inhibition of
different sorts. The cliff avoidance reaction (CAR) refers to
natural tendency of animals to avoid a potential fall from a
height. Under experimental conditions, a test table of a height
more than twice the length of the animal is often used. CAR
impairment is thought to represent an aspect of maladaptive
impulsive behaviors in mature rodents (Matsuoka et al. 2003;
Kumakura et al. 2010; Kuroda et al. 2011) that is likely to
result from deficient behavioral inhibition. Among the behav-
ioral paradigms used to investigate different forms of impul-
sive behavior in rodents (Humby and Wilkinson 2011;
Winstanley 2011), CAR can provide insights into the under-
lying ncurobiology of behavioral inhibition.
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Dopamine transporter knockout (DAT-KO) mice have been
suggested to constitute an animal model of ADHD (van der
Kooij and Glennon 2007; Arime et al. 2011). Pharmacological
and other evidence has long supported roles for alterations in
dopaminergic functioning in ADHD (Engert and Pruessner
2008; Tripp and Wickens 2009; Amsten and Pliszka 2011).
DAT-KO mice, produced by transgenic inactivation of the
DAT gene, exhibit persistently and profoundly elevated extra-
cellular dopamine (DA) levels in the striatum and nucleus
accumbens (Jones et al. 1998; Shen et al. 2004), and some-
what smaller elevations of basal DA levels in the prefrontal
cortex (PFC) (Xu et al. 2009). These mice display a variety of
behavioral deficits that model aspects of ADHD that include
hyperactivity in novel environments and deficits in prepulse
inhibition (PPI) (Sora et al. 1998; Gainetdinov et al. 1999;
Ralph et al. 2001; Yamashita et al. 2006; Powell et al. 2009;
Arime et al. 2012; Uchiumi et al. 2013). Importantly, both
hyperactivity and PPI deficits can be ameliorated by treatment
with methylphenidate, a first-line psychostimulant medication
for ADHD (Gainetdinov et al. 1999; Yamashita et al. 2006). A
major relevant action of this drug appears to be its ability to
inhibit frontocortical DA uptake via the norepinephrine trans-
porter (NET) (Yamashita et al. 2006; Arime et al. 2012).

We now report use of CAR to assess impulsivity in DAT-
KO mice and correlations between individual differences in
CAR and PPIL Finally, we evaluate the effects of methyl-
phenidate and the more selective NET blocker nisoxetine on
CAR, based on the evidence that each of these drugs can
normalize PPI deficits in DAT-KO mice (Yamashita et al.
2006). The novel results of this work indicate that DAT-KO
mice manifest a maladaptive impulsive CAR behavior, that
individual differences in CAR deficits correlate with those
in PP, and a role for NET blockade in ameliorating these
deficits. We discuss the ways in which these data support
novel approaches to the treatment of ADHD symptoms.

Materials and methods
Animals

Male wild-type (WT) and homozygous DAT-KO mice (Sora
et al. 1998) were bred and maintained on a mixed back-
ground combining C57BL/6J and 129Sv/] strains at the
Institute for Animal Experimentation in Tohoku University
Graduate School of Medicine (Sendai, Japan), which met all
Japanese federal government requirements for animal care
and use. Offsprings from heterozygote crosses were weaned
at 28 days of age and were housed in groups of two to five
(segregated by sex) in a temperature and light-controlled
colony (lights on at 0800 hours, lights off at 2000 hours),
with food and water available ad libitum. Mice from 8-
16 weeks of age were used in behavioral tests. All animal
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experiments were performed in accordance with the guide-
lines of the Animal Ethics Committee at Tohoku University
Graduate School of Medicine (Sendai, Japan).

Drugs

Drugs were dissolved in 0.9 % NaCl solution and were
administered intraperitoneally in a volume of 10 ml/kg.
Methylphenidate hydrochloride was supplied by Novartis
Pharma KK, Japan. Nisoxetine hydrochloride was obtained
from Sigma-Aldrich, Japan.

Behavioral tests
Cliff avoidance reaction (CAR)

CAR was assessed using a round wooden platform (diame-
ter, 20 cm; thickness, 2 cm), supported by an iron rod
(height, 50 cm) similar to a bar stool (Yoshida et al. 1998).
The platform was secured so that the movement of the
animal did not affect it. The floor below the platform was
carpeted to prevent injury if the animal fell. Ten identical
platforms were used for the test.

The test was initiated by gently placing an animal on a
platform such that the forelimbs approached its edge. If the
animal fell from the platform, it was judged to have im-
paired CAR. The latency from an initial placement on the
platform until falling was recorded. The incidence of im-
paired CAR was calculated as a percentage index for each
group: %(CAR)={the number of intact CAR mice (which
did not fall from platforms)/total numbers of tested mice} x
100. Mice which fell from platforms were immediately and
gently placed back on the platforms, and the test was con-
tinued until 60 min had elapsed. Mice which did not fall
from platforms were tested for the same duration of time.
Vehicle and drugs were administered prior to CAR test in
separate groups of mice. The number of fecal boli was
counted at the end of the test. During the testing period,
ataxia and stereotypy were also assessed.

Measurement of ataxia and stereotypy

Ataxic behavior was rated at 30 min afier the onset of the
test session and scored using the numerical rating scale
developed by Hiramatsu et al. (1989): (0) inactive or coor-
dinated movements, (1) awkward or jerky movements or
loss of balance while rearing, (2) frequent falling or partial
impairment of reflexes, (3) inability to move beyond a small
area and support of body weight on haunches or abdomen,
and (4) inability to move except for twitching movements.
Stereotypy was also rated at 30 min after the onset of the
test session according to the numerical rating scale devel-
oped by Creese and Iversen (1973): (0) asleep or stationary,
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(1) active, (2) predominantly active but with bursts of ste-
reotypic sniffing or rearing, (3) stereotypic activity such as
sniffing along a fixed path in the test ground, (4) stereotypic
sniffing or rearing maintained in one location, (5) stereotypy
in one location with bursts of gnawing or licking, and (6)
continual gnawing or licking,

At the end of the session, clasping was also assessed by
suspending an animal by its tail (Yamamoto et al. 2000; Cyr et
al. 2003). Dyskinetic or dystonic movements of hindlimbs, or
a combination of limbs and trunk, were observed every 2 s for
14 s and 1 point was given for each observation of such
movements (minimum score 0, maximum score 7).

Prepulse inhibition (PPI)

PPI was tested using four startle chambers (SR-LAB; San Diego
Instruments, San Diego, CA) in a sound-attenuated room, as
previously described (Yamashita et al. 2006). Each chamber
consisted of a nonrestrictive Plexiglas cylinder mounted on a
frame inside a ventilated enclosure. Acoustic stimuli and back-
ground noise were presented via a high-frequency loudspeaker
inside the chamber, mounted above the cylinder. The delivery of
acoustic stimuli was controlled by the SR-LAB microcomputer
and interface assembly, which also digitized, rectified, and
recorded stabilimeter readings, beginning at stimulus onset.
Startle magnitude was defined as the average of 65 stabilimeter
readings at 1 ms intervals. It was detected and transduced via a
piezoelectric device attached to the cylinder’s bottom.

PPI test sessions consisted of 64 trials, startle trials
(PULSE-ALONE), prepulse trials (PREPULSE+PULSE),
and no-stimulus trials (NO-STIM). The PULSE-ALONE
trial consisted of a 40-ms 120 dB pulse of broadband noise.
The PREPULSE+PULSE trials consisted of a 20-ms noise
prepulse, a 100-ms delay, then a 40-ms 120 dB startle pulse
(a 120-ms onset-to-onset interval). Prepulse intensities were
3, 6, and 12 dB above the 65 dB continuous background
noise. The NO-STIM trials consisted of background noise
only. Each test session began and ended with six presenta-
tions of the PULSE-ALONE; in between, PREPULSE+
PULSE and NO-STIM trials were given 10 times each,
and the PULSE-ALONE trials 12 times each in a pseudo-
random order. The inter-trial interval was 8-23 s (average
15 s). Afier the mice were placed in the startle chambers, a
65 dB background noise level was presented for a 5 min
prior to initiating the trials, to acclimatize the subjects to the
test chamber, and was continued throughout the test session.
The initial and final six PULSE-ALONE trials were not
included in the analysis in order to ensure the calculation
of PPl over a more stable range of startle responses. From
these values, two measures were calculated: first, the
amount of PPI was calculated as a percentage score for each
PREPULSE+PULSE type: %PPI=100- {[(startle response
for PREPULSE+PULSE)/(startle response for PULSE-
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ALONE)]x100}. Second, acoustic startle response (ASR)
was calculated as the average response to all of the PULSE-
ALONE trials.

Experimental design

Experiment 1 Percent impairment of CAR, stereotypic,
ataxic, and clasping behavioral scores were
evaluated in drug naive WT (n=14) and
DAT-KO (n=13) mice.

Percent CAR of drug naive WT (n=10) and
DAT-KO (n=18) mice was assessed along
with the latency of the time to the initial fall.
On the day following the CAR test, PPI was
evaluated.

Percent impairment of CAR, and stereotypic,
ataxic, and clasping behavioral scores, and
the number of fecal boli were evaluated in
WT (n=20) and DAT-KO (n=20) mice for
each drug treatment, with saline, 30 mg/kg
methylphenidate, or 30 mg/kg nisoxetine,
administered just before start of the testing.

Experiment 2

Experiment 3

Statistical analysis

The statistical package SPSS for Windows (SPSS Inc., Tokyo,
Japan) was used for all data analyses. The effect of genotype
on CAR impairment was initially analyzed by the Chi square
test. Stereotypic, ataxic, and clasping behavioral scores were
analyzed by the Mann—Whitney U test or the Kruskal-Wallis
test, followed by the Mann—Whitney U test adjusted by
Bonferroni's inequality for multiple comparisons. PPI and
ASR data were analyzed by two-way repeated analysis of
variance (ANOVA) with GROUP (WT, DAT-KO with intact
CAR, and DAT-KO with impaired CAR) as a between-
subjects factor, and for PPI prepulse intensity (INTENSITY)
as a within-subjects factor. The effects of methylphenidate and
nisoxetine on CAR were assessed by Chi Square analysis,
while stereotypy scores were subjected to analysis with the
Kruskal-Wallis test, and the number of fecal boli to ANOVA
with the between subjects factors of GENOTYPE (WT vs.
DAT-KO) and DRUG (drug vs. saline). All ANOVAs were
followed by the Tukey’s HSD test for post hoc comparisons, if
applicable. All alpha levels were set at 0.05.

Results
Experiment 1: CAR was impaired in DAT-KO mice

WT mice tended to explore the edge of the platform for
several minutes with their snouts, without placing any part
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of their bodies substantially over the edge, and then
remained still until the end of the test (Fig. 1). By contrast,
DAT-KO mice demonstrated marked perseverative hyper-
locomotion with bursts of sniffing throughout the test ses-
sion and repetitive peering-down behavior at the edge of the
platform. They often placed substantial portions of their
heads and torsos over its cdge, even attempting to climb
underneath the platform (Fig. 1). This behavior was inher-
ently risky, so that, in the course of this behavior, it was
common for these mice to fall from the edge of the platform.
About half of the 13 DAT-KO mice tested had impaired
CAR during the 60 min observation, while no WT mice
displayed impaired CAR (Fig. 2a). This was confirmed by a
significant difference between WT and DAT-KO mice (Chi
square (1)=8.31; p<0.01). In addition, stereotypy scores of
DAT-KO mice were significantly higher than those of WT
mice (U=10; p<0.001; Fig. 2b). However, neither WT nor
DAT-KO mice showed any significant signs of ataxic or
clasping behaviors (ataxia, U=91, NS; clasping, U=178,
NS: respectively, Table ).

Experiment 2: DAT-KO mice with impaired CAR showed
severe PPI deficits

In a separate cohort of subjects, the latency to fall in the CAR
test was measured in WT and DAT-KO mice. As in the first
experiment, about half of the 18 DAT-KO mice fell from the
platform within the 60 min test period, but none of the WT
mice fell (Fig. 3). The latency to fall in DAT-KO mice was
variable, with a normal distribution (mean=SEM=27.1%
12.1; Kormogorov—Smirnov test; p>0.20). Subsequently
PPl was assessed in all 3 groups, WT mice and the two
DAT-KO mice divided into subgroups based on performance
in the CAR test: WT mice (n=10), all with intact CAR, the
DAT-KO mice with intact CAR (7=9), and the DAT-KO mice
with impaired CAR (n=9). ANOVA revealed a significant
main effect of INTENSITY on PPI (F(2, 50)=42.19; p<
0.001), but no interaction of INTENSITY with GROUP
(F(4, 50)=0.18; NS). The ANOVA did reveal a significant
main effect of GROUP (F(2, 25)=15.52; p<0.001). Post hoc
comparisons for each prepulse intensity demonstrated that

WT
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Fig. 2 a) CAR in WT and DAT-KO mice; about half of the DAT-KO
mice exhibited impaired CAR during the 60 min observation period.
Values represent %CAR. *p<0.01, compared with WT mice. b) Ste-
reotypy rating scale in WT and DAT-KO mice; Stereotypy behavioral
score in DAT-KO mice was significantly higher than that in WT mice.
The stereotypy scores are represented as mean = SEM. *p<0.001,
compared with WT mice

WT DAT-KO

DAT-KO mice with intact CAR displayed significantly re-
duced PPl at+12 dB prepulse intensity compared to WT mice,
while DAT-KO mice with impaired CAR displayed signifi-
cantly reduced levels of PPI compared to WT mice across all
prepulse intensities (Fig. 4). Furthermore, compared to the
DAT-KO mice with intact CAR, the DAT-KO mice
with impaired CAR showed significantly impaired PPI at
both +6 dB and +12 dB prepulse intensities (Fig. 4). These
effects were limited to PPI. For ASR, there was no significant
main effect of GROUP (F(2, 25)=1.46; NS; Table 2). Thus, all
DAT-KO mice had impaired PPl compared to WT mice, but
those with impaired CAR had greater disruptions of sensori-
motor gating than did the DAT-KO mice with intact CAR.

Experiment 3: methylphenidate and nisoxetine ameliorated
CAR impairment in DAT-KO mice

About half of the 20 DAT-KO mice tested with vehicle
exhibited impaired CAR during the 60 min observation

Fig. 1 Scquential photographs of a WT and DAT-KO mouse on the CAR test platforms; Note marked perseverative hyperlocomotion, and bursts of
sniffing behavior or repetitive peering-down behavior in the DAT-KO mouse. This DAT-KO mouse finally lost a balance and fell from the platform
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Table 1 Ataxia and clasping scores in WT and DAT-KO mice

WT DAT-KO
Ataxia Score 0 0
Clasping Score 0.43£0.20 0.38+0.21

Significant ataxic or dyskinetic motor dysfunction was not observed
Ataxia and clasping scores are represented as mean £ SEM

period (Fig. 5a). Methylphenidate reversed the effect of DAT-
KO on CAR (Chi square test (3)=8.98; p<0.05). The CAR in
DAT-KO mice treated with vehicle was significantly impaired in
comparison to WT mice treated with vehicle (Chi square (1)=
7.62; p<0.01). Methylphenidate treatment did not impair CAR
in WT mice (Chi square (1)=1.56; NS), but significantly im-
proved CAR in DAT-KO mice (Chi square (1)=3.96; p<0.05).
Stereotypy scores also differed significantly between these four
groups (H (3)=48.64; p<0.001; Fig. 5b). Post hoc analysis of
the stereotypy scores found that DAT-KO mice treated with
vehicle had significantly higher scores that WT mice treated
with vehicle (U=5.5; p<0.01/6). Methylphenidate significantly
increased stereotypy scores in WT mice (U=3; p<0.01/6), but
not in DAT-KO mice (U=157; NS). Neither DAT-KO nor WT
mice showed any significant signs of ataxic or clasping behav-
iors after either treatment (ataxia, H (3)=0.00, NS; clasping: H
(3)=6.41, NS; respectively, Table 3). The number of fecal boli
were decreased after DRUG (methylphenidate) treatment (F(1,
76)=87.96; p<0.001). However, there was no significant main
effect of GENOTYPE (F(1, 76)=0.11; NS) nor any significant
interaction between GENOTYPE and DRUG (F(1, 76)=0.86;
NS; Fig. 5c). Methylphenidate significantly reduced the numb-
ers of fecal boli in both WT and DAT-KO mice.

The results of nisoxetine treatment were virtually identical to
those of methylphenidate treatment, except on stereotypy.

100 ~
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002030 % 50 50
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Fig. 3 Time course of CAR impairment in WT and DAT-KO mice;
about half of the DAT-KO mice dropped from the platforms within
30 min. Values represent %CAR

10

Prepulse Intensity +3dB
31 Prepulse |ntensity +6dB
Prepulse Intensity +12dB

i L S pea iz g M

WT KO/CAR(+) KOICAR(-)

Fig. 4 PPl of WT mice, DAT-KO mice with intact CAR (CAR(+)) and
DAT-KO mice with impaired CAR (CAR(-)). PPI of the DAT-KO
mice with impaired CAR was significantly decreased compared to that
of the DAT-KO mice with intact CAR at the +6 dB and +12 dB
prepulse intensities. %PPI Values are represented as mean + SEM.
*p<0.05, **p<0.01, compared with WT mice; +p<0.05, compared
with DAT-KO mice with intact CAR

There were thus significant DRUG and GENOTYPE effects
on CAR between the four genotype by treatment groups (Chi
square test (3)=14.57; p<0.01; Fig. 6a). CAR in DAT-KO mice
treated with vehicle was significantly impaired compared to
WT mice treated with vehicle (Chi square test (1)=7.62; p<
0.01). Nisoxetine had no significant effect on the CAR in WT
mice (Chi square test (1)=0.36; NS), but significantly improved
the CAR in DAT-KO mice (Chi square test (1)=3.96; p<0.05).
Stereotypy also differed when all four groups were compared
(H (3)=57.46, p<0.001; Fig. 6b). Stereotypy was significantly
greater in DAT-KO mice treated with vehicle compared to WT
mice treated with vehicle (U=5.5; p<0.01/6), but nisoxetine
had no effect on in either group (WT: U=190, NS; DAT KO:
U=198, NS). Neither DAT-KO nor WT mice treated with
nisoxetine or vehicle showed any significant signs of
ataxic or clasping behaviors (ataxia: H (3)=0, NS; clasping: H
(3)=1; Table 4). Nisoxetine reduced the numbers of fecal boli
(F(1, 76)=40.82; p<0.001). There was no significant main
effect of GENOTYPE (F(1, 76)=0.09; NS) nor a signif-
icant DRUG x GENOTYPE interaction (F(1, 76)=0.03,
NS; Fig. 6¢). Post hoc analyses revealed that nisoxetine

Table 2 Acoustic startle response in WT, DAT-KO mice with intact
CAR (CAR(+)) and impaired CAR (CAR(-))

WT DAT-KO/ DAT-KO/
CAR{#) CAR(-)
Acoustic 130.8+25.9 73.4x12.9 115.3+£30.9

Startle Response

Values (arbitrary unit) are represented as mean startle amplitudeSEM
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Fig. 5 a) CAR in WT and DAT-KO mice after methylphenidate treat-
ment (30 mg/kg). About half of the DAT-KO mice exhibited impaired
CAR during the 60 min observation period in vehicle-treated condition.
Treatment of methylphenidate increased CAR in DAT-KO mice. Values
represent %CAR. *p<0.01, compared with vehicle-treated WT
mice: +p<0.05, compared with vehicle-treated DAT-KO mice. b) Stereo-
typy behavior rating scale in WT and DAT-KO mice afier methylpheni-
date treatment (30 mg/kg). Stereotypy scores in DAT-KO mice were
significantly higher than those in WT mice in vehicle-treated condition

significantly reduced the numbers of fecal boli in both WT and
DAT-KO mice.

Discussion

In this study, we show, for the first time that DAT-KO mice
exhibit highly impulsive behavior in CAR testing. DAT-KO
mice show perseverative exploration at the edge of the
platform with bursts of sniffing. They peer repetitively over
the platform edges where they risk falling. The behaviors
observed in these mice can be explained by impulsive and
stereotypic activation of behavior, consistent with previous
studies using other behavioral tests (Spiclewoy et al. 2000;
Ralph et al. 2001; Pogorelov et al. 2003). Indeed, our results
document high levels of stereotypical or repetitive behavior
in DAT-KO mice (Fig. I1b) which has been shown to be
characteristic of their exploration of novel environments
(Ralph et al. 2001). Perseverative patterns of motor behavior
in DAT-KQO mice that clicit repetitive exploratory behaviors
may contribute to the observed CAR impairments. Novelty-

Table 3 Ataxia and clasping scores in WT and DAT-KO mice with
methylphenidate (MPD) (30 mg/kg) and vehicle (VEH) treatment

WT VEH WT DAT-KO DAT-KO
MPD VEH MPD
Ataxia Score 0 0 0
Clasping Score 0.45+0.20 0 0.30=0.15 0

Significant ataxic or dyskinctic motor dysiunction was not observed.
Ataxia and clasping scores are represented as mean#SEM
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(*p<0.01, compared with vehicle-treated WT mice). Stereotypy scores in
the drug-treated WT mice were significantly increased (*<0.01, com-
pared with vehicle-treated WT mice). However, stereotypy scores in the
drug-treated DAT-KO mice were not significantly altered. Stereotypy
scores are represented as mean = SEM. ¢) Numbers of fecal boli during
the CAR test. The numbers of fecal boli were significantly reduced in the
drug-treated WT and DAT-KO mice. The numbers of fecal boli are
represented as mean + SEM. *p<0.001, compared with vehicle-treated
mice

secking may also affect CAR performance since DAT-KO
mice are easily aroused by novelty (Spielewoy et al. 2000).
Interestingly, DAT knockdown mice have also been shown
to exhibit increased exploratory behavior with associated
increases in risk-taking behavior (Young et al. 2011).
Increased attention to novel stimuli could thus contribute
to impulsive behavior in DAT-KO mice as demonstrated in
these CAR experiments.

DAT-KO mice can display anxiety-like responses when
first exposed to a novel environment, and perhaps reduced
anxiety subsequently (Pogorelov et al. 2003), although his
behavior might better be described a perseveration of initial
response tendencies, and delayed and prolonged temporal
progression of exploratory behavior. However, here we ob-
served differences in the behavioral patterns in the CAR test
in DAT-KO mice, characterized by perseverative explora-
tion at the edge to the point of falling, that are not observed
in WT mice. Conceivably, such stereotypic exploratory be-
havior in DAT-KO mice might serve an arousal-reducing
effect in these mice, as suggested previously (Pogorelov et
al. 2005). It is thus possible that differences in anxiety-like
responses could contribute to the CAR impairments ob-
served in DAT-KO mice. [t is also conceivable that impaired
motor performance observed in DAT-KO mice (Fernagut et
al. 2003) could contribute to the observed results. However,
there are no obvious motor impairments, ataxic or clasping
behaviors in DAT-KO mice (Table 1). It thus seems likely
that altered sensorimotor integration, including that assessed
by PPI, or impulsivity might underlie at least some of the
CAR impairment noted in DAT-KO mice.

DAT-KO mice have long been shown to display impaired
scnsorimotor gating, as measured by PPI deficits, compared
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Fig. 6 a) CAR in WT and DAT-KO mice after nisoxetine treatment
(30 mg/kg). About half of the DAT-KO mice exhibited impaired CAR
during the 60 min obsecrvation period in vehicle-treated condition.
Treatment of nisoxetine increased CAR in DAT-KO mice. Values
represent %CAR. #*p<0.01, compared with vehicle-treated WT mice;
+p=<0.05, compared with vehicle-treated DAT-KO mice. b) Stereotypy
behavior rating scale in WT and DAT-KO mice after nisoxetine treat-
ment (30 mg/kg). Stereotypy scores in DAT-KO mice were

to WT mice (Yamashita et al. 2006; Arime et al. 2012;
Uchiumi et al. 2013). Indeed, the current data demonstrates
that DAT-KO mice with impaired CAR exhibit significantly
more robust PPI deficits than those with intact CAR (Fig. 4).
These results imply that attentional disturbances assessed in
the PPI paradigm may contribute, at least in part, to the CAR
impairment in DAT-KO mice. It is still possible that DAT-
KO mice with intact CAR and more modest PPl deficits
may exhibit other forms of impulsivity not detectable in the
CAR paradigm. It will be of further interest to determine
whether the underlying neural basis for these deficits in
DAT-KO mice share some common mechanisms.
Methylphenidate and atomoxetine, a NET blocker used for
the treatment with ADHD, are found to be effective in treating
impulsivity in the disorder (Aron et al. 2003; DeVito et al.
2009; Wehmeier et al. 2011). Our study demonstrated that
impulsivity represented by CAR impairment in DAT-KO mice
was ameliorated by treatment with methylphenidate and the
selective NET blocker nisoxetine (Figs. 3a and 6a), as was the
case for PPl deficits in DAT-KO mice reported previously
(Yamashita et al. 2006). With regard to the site of action, the
PFC would be a primary candidate, because these drugs

Table 4 Ataxia and clasping scores in WT and DAT-KO mice with
nisoxetine (NSX) (30 mg/kg) and vehicle (VEH) treatment

WT WT DAT-KO DAT-KO

VEH NSX VEH NSX
Ataxia Score 0 0 0 0
Clasping Score 0.45+0.20  0.45+0.17 0.30+0.15  0.20+0.12

Significant ataxic or dyskinctic motor dysfunction was not observed.
Ataxia and clasping scores are represented as mean+SEM
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significantly higher than those in WT mice in vehicle-treated condition.
Drug treatment did not significantly alter stercotypy scores in WT or
DAT-KO mice. Stercotypy scores are represented as mean & SEM. #*p<
0.001, compared with vehicle-treated WT mice. ¢) Numbers of fecal
boli during CAR test. The numbers of fecal boli were significantly
reduced in drug-treated WT and DAT-KO mice. The numbers of fecal
boli are represented as mean £ SEM. *p<0.001, compared with vehi-
cle-treated mice

increased neuronal activity in this region, but not in the stria-
tum (Bymaster et al. 2002; Koda et al. 2010; Arime et al.
2012). In vivo microdialysis studies have shown that methyl-
phenidate and atomoxetine increase extracellular DA and nor-
epinephrine (NE) levels in the PFC (Bymaster et al. 2002;
Berridge et al. 2006; Koda et al. 2010). Uptake via NET is
responsible for much of the DA clearance in the PFC (Sesack
ctal. 1998; Bymaster et al. 2002; Hernandez et al. 2008; Koda
ct al. 2010); it is thus likely that methylphenidate and nisox-
etine activate the prefrontal catecholamine systems by block-
ing the NET function, thereby helping to improve CAR
performance in DAT-KO mice. Methylphenidate can amelio-
rate some of the hyperactivity in DAT-KO mice as well
(Gainetdinov et al. 1999). The locomotor-reducing effects of
this drug might also contribute to improvements of CAR
impairments. NET blockade has also been shown to modify
anxiety-like behavior in mice (e.g. Goddard et al. 2010;
Haenisch and Bonisch 2011). Improvement of CAR in DAT-
KO mice could also be aided by methylphenidate or nisoxetine
cffects on emotionality, if this is contributing to CAR
impairments.

Besides the catecholamine systems, altered functioning
of the serotonin system has long been implicated in impul-
sivity (Pattij and Vanderschuren 2008; Eagle and Baunez
2010; Winstanley 2011). In particular, decreased serotoner-
gic necurotransmission has been hypothesized to correlate
with diminished inhibitory control and elevated aggression.
A previous study has shown that the selective serotonin
reuptake inhibitor (SSRI) fluoxetine ameliorated hyperac-
tivity in DAT-KO mice (Gainetdinov et al. 1999). Blockade
of the serotonin transporter and activation of serotonergic
neurofransmission might also contribute to improvements of
deficient behavioral inhibition seen in DAT-KO mice after
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some treatments, although they would not apply to the
effects of nisoxetine of course.

In conclusion, the present study demonstrated that DAT-
KO mice exhibit maladaptive impulsive behavior in the
CAR test and that attentional disturbances marked by PPI
deficits could in part contribute to this impulsive behavioral
deficit. This impulsive phenotype in DAT-KO mice was
ameliorated by treatment with methylphenidate and nisox-
etine, as has been previously observed for PPl deficits in
DAT-KO mice. The effects of these drugs are likely to affect
extracellular DA and NE dynamics in the PFC via inhibition
of NET, perhaps activating prefrontal catecholaminergic
functions. Further analysis of neural circuits involved in
CAR will contribute to understanding the pathogenic mech-
anisms underlying inhibitory control in ADHD, and in help-
ing to identify improved treatments for these symptoms.
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