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Prepulse inhibition (PPI) deficits are among the most reproducible phenotypic markers found in schizophrenic patients. We recently

reported that nisoxetine, a selective norepinephrine transporter (NET) inhibitor, reversed the PPI deficits that have been identified in

dopamine transporter (DAT) knockout (KO) mice. However, the mechanisms underlying nisoxetine-induced PPI recovery in DAT KO

mice were unclear in previous experiments. To clarify these mechanisms, PPI was tested after microinjections of nisoxetine into the

medial prefrontal cortex (mPFc) or nucleus accumbens (NAc) in wildtype (WT) and DAT KO mice. c-Fos immunohistochemistry

provided an indicator of neural activation. Multiple-fluorescent-labeling procedures and the retrograde tracer fluorogold were employed

to identify nisoxetine-activated neurons and circuits. Systemic nisoxetine activated the mPFc, the NAc shell, the basolateral amygdala, and

the subiculum. Infusions of nisoxetine into the mPFc reversed PPI deficits in DAT KO mice, but produced no changes in WT mice, while

infusion of nisoxetine into the NAc had no effect on PPI in both WT and DAT KO mice. Experiments using multiple-fluorescent labeling/

fluorogold revealed that nisoxetine activates presumed glutamatergic pyramidal cells that project from the mPFc to the NAc. Activated

glutamatergic projections from the mPFc to the NAc appear to have substantial roles in the ability of a NET inhibitor to normalize PPI

deficits in DAT KO. Thus, this data suggest that selective NET inhibitors such as nisoxetine might improve information processing deficits

in schizophrenia via regulation of cortico-subcortical neuromodulation.
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INTRODUCTION

Cognitive dysfunction, including problems in attention,
learning, memory, and executive functions, are core
symptoms of schizophrenia that are strongly associated
with functional impairments in daily life (Mueser and
McGurk, 2004). Most antipsychotic medications display
only modest, if any, enhancement of cognitive performance
in schizophrenics (Tamminga, 2006; Goldberg et al, 2007;
Keefe et al, 2007). Medications that reverse aspects of
the cognitive dysfunction in schizophrenic patients are
thus urgently needed.

Hyperdopaminergic tone and hypofunction of glutama-
tergic signaling have both been suggested to contribute
to cognitive dysfunction in schizophrenics and to underlie
behavioral and cognitive deficits in rodent models of

schizophrenia (Jentsch and Roth, 1999; Iversen and Iversen,
2007). Dopamine transporter knockout (DAT KO) mice
exhibit increased extracellular dopamine levels in the
striatum and nucleus accumbens (NAc), but display normal
medial prefrontal cortical (mPFc) dopamine levels (Shen
et al, 2004). The DAT KO mice display deficits in prepulse
inhibition (PPI), a model of sensorimotor gating (Ralph
et al, 2001; Yamashita et al, 2006; Ishii et al, 2010). PPI is the
suppression of the startle response that occurs when a
startle-eliciting stimulus is preceded by a brief low-intensity
stimulus (the prepulse). As this response can be reliably
elicited in rodents and humans, this model for identifying
sensorimotor gating deficits has served as one of the few
validated animal models of a clinical feature of abnormal-
ities in sensorimotor gating impairments in schizophrenics
(although PPI deficits can also be found in some other
psychiatric disorders) (Braff et al, 2001; Geyer, 2006;
Swerdlow et al, 2006). PPI has neuroanatomical substrates
that include the mPFc, basolateral amygdala (BLA), hippo-
campus, and NAc, and neurochemical substrates that
include dopamine, glutamate, and GABA (Swerdlow et al,
2001; Schmajuk and Larrauri, 2005). We previouslyReceived 23 August 2011; revised 4 June 2012; accepted 6 June 2012
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reported that systemic treatment with a selective norepi-
nephrine reuptake inhibitor (NRI), nisoxetine, normalized
PPI deficits observed in DAT KO mice (Yamashita et al,
2006). However, the brain circuits at which nisoxetine might
act to mediate recovery of PPI in DAT KO mice have yet to
be determined (Schroeter et al, 2000; Gehlert et al, 2008).
We now report results that elucidate the neural circuits that
underlie PPI recovery in DAT KO mice by mapping the
changes in neurons that express c-Fos (Sumner et al, 2004)
after systemic nisoxetine administration, in combination
with nisoxetine microinjection, specific neural markers and
fluorogold.

MATERIALS AND METHODS

Animals

DAT KO mice and wildtype (WT) littermates (Sora et al,
1998) were bred at the Animal Laboratory Institute of
Tohoku University Graduate School of Medicine and
maintained on a mixed C57BL/6J-129Sv genetic background
by crossing between heterozygous mice. Mice were weaned
at 4 weeks of age and housed socially (segregated by sex),
in a temperature- (22.0–24.0 1C), humidity- (45–65%) and
light-controlled room (light on 0800–2000 hours). Food and
water were available ad libitum. Male and female mice from
8–20 weeks old of each genotype were used in each experi-
ment in equal proportions. All experiments were performed
in accordance with the Guidelines for Care of Laboratory
Animals of Tohoku University Graduate School of Medicine
and conformed to all Japanese federal rules and guidelines.

Drug Administration

For immunohistochemical studies, nisoxetine hydro-
chloride (Sigma-Aldrich) was dissolved in saline (10 mg/kg),
and administered intraperitoneally (i.p.) in a volume of
10 ml/kg. For intracerebral microinjection studies, nisoxe-
tine (2 and 8mg/side) was dissolved in Ringer’s solution
(Na + 145 mM, K + 3 mM, Ca2 + 1.26 mM, and Mg2 + 1 mM).

Immunohistochemical Analysis of c-Fos Expression

WT and DAT KO mice were used to identify the regions
of the brain activated by nisoxetine. Mice were placed in
a temperature- (23.0 1C) and light-controlled (light on
0800–2000 hours) chamber on the day before the experi-
ment. On the following day, 2 h after nisoxetine adminis-
tration (10 mg/kg, i.p.), mice were deeply anesthetized with
nembutal and transcardially perfused with phosphate-
buffered saline (PBS) followed by 4% paraformaldehyde in
0.1 M phosphate buffer (PB). This interval (2 h) was
determined from the following: our previous work reported
that amelioration of PPI deficits in DAT KO mice was
observed 30 min after systemic nisoxetine treatment (Ya-
mashita et al, 2006), and the period of peak production for
c-Fos protein was between 90 and 120 min after treatment
(Bisler et al, 2002). Brains were removed and post-fixed in
the same fixative, transferred to 15% sucrose in 0.1 M PB,
and then immersed in 30% sucrose in 0.1 M PB for
cryoprotection. Brains were sectioned on a freezing micro-
tome and serial coronal sections (14 mm) were incubated in

PBS with 10% normal horse serum and 0.5% Triton X-100,
and then incubated overnight at 4 1C with rabbit anti-c-Fos
polyclonal antibody (1:1000, sc-253, Santa Cruz Biotechno-
logy). Sections were rinsed with PBS and incubated with
goat Alexa 488-conjugated anti-rabbit IgG (1:300, A11034,
Molecular Probes) at 4 1C for 1 h. Sections were transferred
to slides, rinsed with PBS, and imaged using a fluorescence
microscope (Leica DMRXA).

Medial prefrontal cortex (mPFc), NAc shell and core,
BLA, and dorsal and ventral hippocampus (dHPC and
vHPC) were located according to the coordinates of the
Paxinos mouse brain atlas (Paxinos, 2001). Subjects were
numbered so that the investigator was blind to the groups
during analysis. The numbers of c-Fos-positive cells in each
region were quantified manually within a 744� 555 mm2

grid placed over each area from each of four sections using
ImageJ. Statistical analyses used the SPSS statistical package
(SPSS 11.5J for Windows, SPSS, Tokyo, Japan).

Surgery

WT and DAT KO mice were anesthetized using
Avertin (20 mg/ml), injected i.p., at an initial dose of
0.1 ml/10 gm body weight, and bilaterally implanted with
guide cannulae targeting the mPFc (anterior + 1.8 mm,
lateral + 0.5 mm, ventral �1.7 mm from bregma) or NAc
shell (anterior + 1.2 mm, lateral + 0.6 mm, ventral �4.7 mm
from bregma) according to the atlas of Paxinos (Paxinos,
2001). Mice were allowed to recover for at least 5 days
before PPI testing and/or fluorogold infusions were
performed.

PPI Testing in DAT KO Mice

PPI testing was conducted using previously reported
methods (Geyer and Dulawa, 2003). Mice were tested in
startle chambers (SR-LAB, San Diego Instruments, San
Diego, CA), consisting of a nonrestrictive Plexiglas cylinder
mounted on a frame inside a lighted, ventilated, and sound-
proof chamber (35� 35� 47.5 cm3). Movement was
detected by a piezoelectric accelerometer. Electrical signals
were digitized and stored by a computer. A total of 65
readings were recorded at 1 ms intervals beginning at the
stimulus onset. Average amplitude over this time was used
as the measure of startle. Experimental sessions consisted of
a 5 min acclimatization period with 65 dB background noise
followed by startle trials, which were of five different types:
no stimulus (nostim), consisting only of background noise
(65 dB); startle pulse alone, 40 ms duration at 120 dB
(p120); and three prepulse + pulse conditions, 20 ms
duration prepulse at 68 dB (pp3), 71 dB (pp6), or 77 dB
(pp12), followed by a 40 ms duration startle stimulus at
120 dB after a 100 ms interstimulus interval. The duration
of the interstimulus interval was measured between the
onset of the prepulse and the onset of the pulse (onset to
onset). Test sessions began and ended with 12 presentations
of the p120 trial, followed by 10 presentations of the nostim
trial, and pp3, pp6, and pp12 prepulse trials given in
pseudorandom order, with an intertrial interval of 8–23 s
(mean 15 s). PPI was calculated as the percentage of
the startle magnitude at each prepulse intensity using the
following equation: % PPI ¼ 100�((startle response for
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prepulse + pulse (pp3, pp6, or pp12))/(startle response
for pulse alone (p120))� 100). In the microinjection study,
nisoxetine solution (2 and 8mg/side or vehicle (Ringer’s
solution) was microinjected bilaterally into freely moving
mice using a microsyringe pump (0.25 ml/min for 2 min).
After the microinjection, the cannulae were left in place
for 1 min to allow diffusion of the drug. Mice were then
placed into the startle chamber for PPI testing. After the
microinjection study, the brains were removed, sectioned at
100 mm thickness using a vibratome, and stained with cresyl
violet for localization of cannula placements.

Double Immunostaining for c-Fos and Neural Markers

Brain sections obtained from naı̈ve WT (n¼ 4; n¼ 2 male
and n¼ 2 female) and DAT KO mice (n¼ 4; n¼ 2 male and
n¼ 2 female) were boiled in 10 mM citrate solution for
5 min. Sections were washed with PBS, incubated in PBS
with 10% normal horse serum and 0.5 % Triton X-100, and
then incubated overnight at 4 1C with rabbit anti-c-Fos
polyclonal antibody (1:1000, sc-253, Santa Cruz Biotechno-
logy), anti-GAD67 monoclonal antibody (1:500, MAB5406,
Chemicon), anti-phosphate-activated glutaminase (PAG)
monoclonal antibody (1:500, 5 mg/ml; a gift from Takeshi
Kaneko, Kyoto University) or anti-tyrosine hydroxylase
(TH) monoclonal antibody (1:1000, MAB318, Chemicon) as
markers for activated neurons, GABAergic, glutamatergic or
dopaminergic neurons, respectively. Sections were washed
with PBS, incubated with biotinylated anti-mouse IgG
(5 mg/ml, BA-2000, Vector Laboratories) at 4 1C for 2 h,
incubated with goat Alexa 594-conjugated anti-rabbit IgG
(1:300, A11012, Molecular Probes) and Alexa 488-conju-
gated streptavidin (1:300, S11223, Molecular Probes) at 4 1C
for 1 h, rinsed with PBS and imaged using a fluorescence
microscope (Keyence, BZ-9000). Quantitative analysis
of c-Fos and PAG colocalization was calculated as the
percentage of colocalized neurons: Colocalized neurons (%)
¼ (Number of c-Fos-positive and PAG-positive cells)/
(Number of c-Fos-positive cells) � 100.

Fluorogold Infusion and Triple Fluorescence Imaging

WT and DAT KO mice implanted with guide cannulae in
the NAc, as described above, were used for fluorogold-
retrograde labeling and immunostaining to detect multiple
neuronal markers. Fluorogold (80014, Biotium) was dis-
solved in saline at a concentration of 4% and injected
bilaterally (0.5 ml/side) into the NAc. Sections were prepared
as described above, up to the secondary antibody step, but
were then incubated with goat Alexa 555-conjugated anti-
rabbit IgG (1:200, A21429, Molecular Probes) and Alexa
633-conjugated streptavidin (1:200, S21375, Molecular
Probes) at 4 1C for 1 h, rinsed with PBS, and imaged by
fluorescence microscopy (Keyence, BZ-9000). Quantitative
analysis of colocalization of c-Fos, neuronal markers, and
fluorogold was calculated as the percentage of colocalized
neurons: Colocalized neurons (%) in the mPFc ¼ (Number
of triple-labeled cells for c-Fos, PAG, and fluorogold)/
(Number of c-Fos-positive cells) � 100, colocalized
neurons (%) in the VTA ¼ (Number of triple-labeled cells
for c-Fos, TH, and fluorogold)/(Number of c-Fos-positive
cells) � 100.

Statistical Analysis

For c-Fos immunohistochemistry, cell counts were analyzed
by analysis of variance (ANOVA), with brain region,
genotype, and drug as between-subjects factors, followed
by the Tukey HSD or Bonferroni post hoc comparisons. PPI
data in microinjection studies were analyzed by ANOVA
with drug treatment and genotype as between-subjects
factors and prepulse intensities as a within-subjects factor
followed by the Bonferroni post hoc comparisons. The alpha
level o5% (po0.05) was considered as significant differ-
ence. All data are presented as means ±SEM.

RESULTS

Effects of Nisoxetine on c-Fos Induction

c-Fos immunoreactivity was examined in WT and DAT KO
mice to identify the brain regions that were activated by
nisoxetine. Systemic nisoxetine (10 mg/kg), which normal-
ized PPI defects in DAT KO mice (see below), increased the
number of c-Fos-positive nuclei in several brain regions
(Figure 1). ANOVA revealed that there was no significant
main effect of genotype on the number of c-Fos-positive
nuclei, there were significant main effect of drug (F(1, 404)
¼ 91.286, po0.001) and brain region (F(5, 404)¼ 14.286,
po0.001), there was a significant drug � brain region
interaction (F(5, 404)¼ 11.726, po0.001), and there was no
significant brain region � drug � genotype interaction.
Post hoc analysis revealed a significant induction of c-Fos by
nisoxetine in the mPFc (F(1, 404)¼ 70.003, po0.001), NAc
shell (F(1, 404)¼ 32.114, po0.001), BLA (F(1, 404)¼ 48.684,
po0.001), and vHPC (F(1, 404)¼ 6.009, po0.05). By con-
trast, there were no changes in the number of c-Fos-positive
nuclei in the NAc core and dHPC.

Effects of Nisoxetine Microinjection on PPI

There were no effects of surgery on PPI in WT or DAT KO
mice; neither PPI nor startle response differed between

Figure 1 The effects of vehicle (V) or selective norepinephrine reuptake
inhibitor, nisoxetine (N) 10 mg/kg, on the numbers of c-Fos-positive nuclei
in WT (n¼ 4–5; n¼ 2–3 for male and n¼ 2–3 for female per groups) and
DAT KO mice (n¼ 4–5; n¼ 2–3 for male and n¼ 2–3 for female per
groups). Nisoxetine significantly increased the numbers of c-Fos-positive
nuclei in the medial prefrontal cortex (mPFc), nucleus accumbens (NAc)
shell, basolateral amygdala (BLA), and ventral hippocampus (vHPC) in both
WT and DAT KO mice. Nisoxetine had no effect on c-Fos expression in
the NAc core and dorsal hippocampus (dHPC). ***po0.001, *po0.05
compared with vehicle-treated mice.
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preoperative and postoperative assessments (data not
shown). After intracerebral vehicle infusions into either
the mPFC or NAc, PPI deficits were observed in DAT KO
mice compared with WT mice (Figures 2, 3a and b).
ANOVA revealed a significant main effect of genotype
(F(1, 61)¼ 13.0, po0.01), drug (F(2, 61)¼ 3.49), and pre-
pulse intensity (F(2, 122)¼ 107.3, po0.001) on PPI in mice
with mPFC cannula. Intracerebral injection of nisoxetine
into the mPFC reversed these deficits that were confirmed
by a significant genotype � drug interaction in the
ANOVA (F(1, 61)¼ 12.7, po0.01). Post hoc comparisons
revealed that vehicle-treated DAT KO mice displayed
PPI that was significantly reduced when compared
with vehicle-treated WT mice (F(1, 61)¼ 30.8, po0.001).
Nisoxetine 8 mg/side in the mPFc reversed the PPI deficits
displayed by DAT KO mice compared with vehicle-treated
DAT KO mice (F(2, 61)¼ 9.72, po0.001) (Figure 3a).
Nisoxetine in the mPFC was without effect in WT mice.
In contrast to the effects of nisoxetine in the mPFC,
nisoxetine in the NAc did not significantly alter PPI in
either WT or DAT KO mice (Figure 3b). ANOVA revealed
a significant main effect of genotype (F(1, 47)¼ 14.791,
po0.001), but there was no significant genotype � drug
interaction.

The magnitude of the acoustic startle response was not
affected by genotype or drug in either injection group
(Table 1). In the ANOVA, there was no significant effect
of genotype or drug, nor was there a significant genotype�
drug interaction.

Figure 2 Schematic representation of the injection sites, mapped on drawings of mouse brain coronal sections (adapted from Paxinos, 2001). Each black
circle in (a) medial prefrontal cortex (mPFc) and (b) nucleus accumbens (NAc) represents the approximate injection cannula placement.

Figure 3 The effects of vehicle (VEH) or nisoxetine (NSX) microinjection on PPI in WT (n¼ 11–16 for medial prefrontal cortex (mPFc) infusion; n¼ 6–8
for male and n¼ 5–8 for female per groups; n¼ 12 for nucleus accumbens (NAc) infusion; n¼ 6 for male and n¼ 6 for female per groups) and DAT KO
mice (n¼ 12–16 for mPFc infusion; n¼ 6–8 for male and n¼ 6–8 for female per groups; n¼ 11–12 for NAc infusion; n¼ 5–6 for male and n¼ 6 for female
per groups). After administration of VEH into the mPFc (a) or NAc (b), DAT KO mice displayed significantly reduced PPI compared with WT VEH. mPFc
infusions of nisoxetine (8mg/side, NSX8) significantly increased PPI in DAT KO mice without affecting PPI in WT mice, while NAc infusions of nisoxetine
(8 mg/side, NSX8) had no effect on PPI. % PPI values represent mean ± SEM. ***po0.001 compared with WT VEH; ###po0.01 compared with KO VEH.

Table 1 Effects of Intracerebral Injection on Acoustic Startle
Reactivity

Wild-type DAT KO

Prefrontal cortex

Vehicle 221.4±37.5 139.4±25.4

Nisoxetine 2mg/side ND 156.2±29.1

Nisoxetine 8mg/side 195.3±36.9 164.1±29.5

Nucleus accumbens

Vehicle 161.6±30.9 131.9±31.3

Nisoxetine 8mg/side 130.7±21.8 144.6±27.5

Abbreviations: DAT KO, dopamine transporter knockout mice; ND, not
determined.
Each value represents the mean startle magnitude±SEM.
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Double Immunostaining for c-Fos and Neuron Markers

To investigate the types of neurons activated by nisoxetine
treatment, double immunostaining was employed for
c-Fos and neuronal markers for glutamatergic (PAG) and
GABAergic (GAD67) neurons. Systemic treatment with
the selective norepinephrine transporter (NET) blocker
nisoxetine activated PAG-positive neurons in the mPFc
(Figure 4a–h). Table 2 shows that nearly all (WT mice:
94.2% and DAT KO mice: 87.4%) of the nisoxetine-induced
c-Fos-positive cells in the mPFc express PAG. In addition to
the glutamatergic neurons in these areas, nisoxetine
activated GABAergic neurons in the NAc shell in both WT
and DAT KO mice (Figure 4i–l).

Activated Neural Circuits by Nisoxetine Treatment

Retrograde labeling produced by fluorogold injection in the
NAc was observed in neurons in the mPFc (Figure 5b and f)
and VTA (Figure 5j and n) in both WT and DAT KO mice.
Triple fluorescence immunostaining revealed the majority
of nisoxetine-induced c-Fos expression in the mPFc was
labeled for both PAG and fluorogold (WT mice: 84.0% and

DAT KO mice: 90.9%; Figure 5d and h and Table 3). By
contrast, no c-Fos expression was observed in both TH- and
fluorogold-positive cells in the VTA (WT mice: 0% and
DAT KO mice: 0%; Figure 5l and p).

DISCUSSION

The present study found that (1) selective NET blockade
by microinjection of nisoxetine into the mPFc, but not
the NAc, ameliorated PPI deficits in DAT KO mice and

Figure 4 Representative micrographs of c-Fos (a1–l1, magenta), PAG (a2–d2, green), and GAD67 (e2–l2, green) immunoreactivity and overlay (a3–l3,
merge) in WT (n¼ 4; n¼ 2 for male and n¼ 2 for female) and DAT KO mice (n¼ 4; n¼ 2 for male and n¼ 2 for female) treated with vehicle and
nisoxetine (10 mg/kg, i.p.). Detailed quantitative data are shown in Table 2. PAG: glutamatergic neuronal marker, NAc: nucleus accumbens. Scale bars,
100 mm.

Table 2 Proportion of Nisoxetine-Induced c-Fos+ that Express
PAG in the mPFc

Wild-type DAT KO

Number of c-Fos+ (/mm2) 16.8 17.4

Number of c-Fos+/PAG+ (/mm2) 15.7 15.1

Colocalized neurons (%) 94.2 87.4

Abbreviations: c-Fos+, c-Fos-positive cells; PAG+, PAG-positive cells.
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(2) systemic nisoxetine activated glutamatergic pyramidal
cells projecting to the NAc. This confirms the observation
of nisoxetine-induced normalization of PPI deficits in DAT
KO mice (Yamashita et al, 2006) and suggests that it is
produced, at least in part, through enhancement of
glutamatergic neurotransmission in the prefrontal-accum-
bal pathway. In addition, nisoxetine might also activate
other glutamatergic projections to the NAc, including those
from the BLA and vHPC (Grace et al, 2007).

In support of this conclusion, c-Fos activation produced
by systemic treatment with nisoxetine was observed in the
mPFc, NAc shell, BLA, and vHPC in both WT and DAT KO
mice, all areas known to be important for the regulation
of PPI. In most brain areas assessed there was no basal
expression of c-Fos, consistent with previous observations
(Sumner et al, 2004). Systemic nisoxetine produced
substantial increases in c-Fos expression in all of these
structures as well as the NAc shell and BLA, which would
appear to identify a particular neural circuit activated by
nisoxetine, which includes the NAc shell (Hasue and
Shammah-Lagnado, 2002) and glutamatergic projections
to the NAc shell from the mPFc, BLA, and vHPC (Brog et al,
1993; Grace et al, 2007). This neuroanatomical circuitry
that includes mPFc, BLA, vHPC, and NAc has also been
identified as an important portion of the circuitry that
regulates PPI (Swerdlow et al, 2001; Schmajuk and Larrauri,
2005).

As the next step in identifying the critical site of action
of nisoxetine that normalizes PPI in DAT KO mice, the
consequences of local intracerebral administration of
nisoxetine on PPI was examined. Based on prior data and

Figure 5 Triple fluorescence micrographs for c-Fos (blue; a, e, i, and m), PAG (magenta: c and g), TH (magenta; k and o), and fluorogold (green; b, f, j,
and n) for WT and DAT KO mice treated with nisoxetine (10 mg/kg, i.p.) after fluorogold injection into the NAc. PAG (phosphate-activated glutaminase):
glutamatergic neuronal marker and TH (tyrosine hydroxylase): dopaminergic marker. Scale bars, 100 mm.

Table 3 Proportion of Nisoxetine-Induced c-Fos+ that Colocalize
PAG and Fluorogold in the mPFc

Wild-type DAT KO

Number of c-Fos+ (/mm2) 28.7 30.2

Number of c-Fos+/PAG+/FG+ (/mm2) 24.2 27.4

Colocalized neurons (%) 84.0 90.9

Abbreviations: c-Fos+, c-Fos-positive cells; FG+, fluorogold-labeled cells; PAG+,
PAG positive cells.
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c-Fos mapping results, the mPFc and NAc were selected
for local application of nisoxetine. In addition to the c-Fos
study presented here, a number of studies have suggested
that the mPFC and NAc are important anatomical sites
regulating PPI (Swerdlow et al, 2001; Schmajuk and
Larrauri, 2005). The mPFC, in particular, might be relevant
to the effects of nisoxetine as mPFc dopamine regulates PPI,
and NET is the primary mediator of frontocortical
dopamine uptake (Carboni et al, 1990; Yamamoto and
Novotney, 1998; Moron et al, 2002). That NET effects upon
mPFC dopamine, and not norepinephrine, levels might be
most relevant to mPFc regulation of PPI is suggested by the
ability of dopamine D1 and D2 antagonists in the PFc to
reduce PPI (Ellenbroek et al, 1996; Shoemaker et al, 2005).
Furthermore, systemic nisoxetine enhances mPFc dopamine
levels in both WT and DAT KO mice (Arime et al, 2006),
and atomoxetine increases dopamine in the mPFc, but not
the NAc (Bymaster et al, 2002). Thus, specific NET blockade
by local administration of nisoxetine into the mPFc would
be expected to selectively enhance dopamine neurotrans-
mission in the mPFC, making this action of nisoxetine a
strong candidate to mediate normalization of PPI in DAT
KO mice. Indeed, the present study found that selective NET
blockade in the mPFc, but not the NAc, ameliorated PPI
deficits in DAT KO mice, confirming that this structure is
an important site of action for this effect. That the effects of
NET blockade are mediated by mPFC dopamine is also
consistent with a recent imaging study that identified
altered prefrontal circuitry in DAT KO mice indicative of
hypofrontality (Zhang et al, 2010). This does not rule out
contributions from other structures, and given that c-Fos
activation was observed in both the BLA and vHPC, which
also have glutamatergic projections to the NAc, these other
structures might also contribute to this effect. Previous
studies reported that blockade of NMDA receptors in the
BLA reduces PPI in rats, that this impairment is reversed by
the dopamine D2 receptor antagonist haloperidol (Fendt
et al, 2000), and that enhanced NMDA receptor activity
in the vHPC also reduces PPI (Wan et al, 1996a). The
involvement of amygdalo-accumbens or subiculo-accum-
bens glutamatergic neurotransmission via NMDA receptors
in PPI regulation suggests that NRIs might ameliorate PPI
deficits via activation of these subcortical glutamatergic
pathways in addition to the prefrontal-accumbens pathway.
However, it is known that there are species differences in
the regulation of PPI during systemic administration of
dopamine D1 and D2 agonist (Ralph and Caine, 2005).
Therefore, it remains unclear which type of receptors in the
mPFc and hippocampus have a role in the amelioration of
PPI deficits in DAT KO mice.

Although it would appear likely that nisoxetine effects
upon mPFc dopamine function likely contribute to these
effects, the present experiments cannot determine whether
c-Fos activation, and the consequent effects of these
activated mPFc glutamatergic neurons, is in fact mediated
primarily by increased dopamine or norepinephrine neuro-
transmission. Systemic administration of the dopamine
D1/D2 agonist apomorphine and local infusion of
norepinephrine into the mPFc both increase mPFc c-Fos
expression (Stone et al, 1991; Deutch and Duman, 1996).
Clozapine and olanzapine have been shown to induce c-Fos
expression in the mPFc via noradrenergic mechanisms

(Ohashi et al, 2000), and the selective NET blocker
atomoxetine also increases mPFc c-Fos immunoreactivity
(Bymaster et al, 2002). Our immunohistochemical double-
labeling results for c-Fos and the glutamatergic cell marker
PAG identified co-labeling in pyramidal glutamatergic
mPFc neurons in B90% of c-Fos-positive cells expressing
PAG in both WT and DAT KO mice, indicating that these
mPFc neurons were indeed activated by nisoxetine (Table 2).
Furthermore, triple fluorescence studies for c-Fos, specific
neuronal markers, and the retrograde tracer fluorogold
indicated that nisoxetine activates mPFc glutamatergic
neurons that project to the NAc shell, which receives mPFc
projections (Wright and Groenewegen, 1995). Furthermore,
dopamine terminals form synapses on these mPFc pyrami-
dal cells (Carr et al, 1999). Taken together, these data
suggest that glutamatergic inputs from the mPFc to the NAc
shell region are modulated by effects of nisoxetine on
catecholaminergic inputs to the mPFc, and modulation of
this pathway is responsible, at least in part, for the
normalization of PPI by nisoxetine in DAT KO mice.

The present results also demonstrated that systemic
nisoxetine activates GABAergic neurons in the NAc shell,
based on immunohistochemical double-labeling for c-Fos
and GAD67, a marker of GABAergic neurons. In the NAc,
GABAergic medium spiny neurons constitute B90% of all
neurons (Meredith, 1999). These neurons receive excitatory
inputs from the mPFc, BLA, and ventral subiculum (Brog
et al, 1993; Grace et al, 2007), as well as dopamine
innervation from the VTA (Margolis et al, 2006), and PPI
is regulated by both of these projections (Wan and
Swerdlow, 1996b; Swerdlow et al, 2001). Systemic nisoxetine
activated the mPFC, BLA, and ventral subiculum. How-
ever, there were no nisoxetine-induced increases in the
number of c-Fos-positive cells projecting from the VTA to
NAc. Thus, although nisoxetine might inhibit hyperdopa-
minergic neurotransmission indirectly, there was no
evidence for direct actions on dopaminergic neurons.
Therefore, it would seem that NAc GABAergic neurons that
showed nisoxetine-induced increases in c-Fos expression
were secondarily activated by excitatory glutamatergic
inputs from other regions, such as the mPFc. These results
suggest that nisoxetine enhances glutamatergic signaling in
the NAc shell and that subsequent GABAergic activation
might also be involved in the normalization of PPI in DAT
KO mice.

The behavioral, pharmacological, and anatomical data
presented here indicate that the NET inhibitor nisoxetine
normalizes PPI deficits in hyperdopaminergic mouse
model, and that the mechanism underlying these effects
most likely involves activation of glutamatergic neurons
that includes, but may not be limited to, those projecting
from the mPFc to the NAc. Schizophrenia is associated with
alterations in the anatomy and function of several cortical
and subcortical brain areas, including those that have been
shown to be most relevant to the effects of nisoxetine in the
present studies, and are thought to underlie the cognitive
impairments observed in schizophrenic patients (Lewis and
Lieberman, 2000; Marek et al, 2010). PPI is not considered
to be a cognitive measure per se but such abnormalities in
preattentive information processing might be predictive
of cognitive deficits (Geyer, 2006). Our results suggest
that selective NRIs, such as nisoxetine, might improve

Cortico-subcortical neuromodulation of PPI in DAT KO mice
Y Arime et al

2528

Neuropsychopharmacology



information processing deficits in schizophrenia via regula-
tion of this malfunctioning cortico-subcortical and meso-
limbic circuitry.
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