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Abstract

Npas4 is a transcription factor, which is highly expressed in the brain and regulates the formation and maintenance of
inhibitory synapses in response to excitatory synaptic activity. A deregulation of the inhibitory-excitatory balance has been
associated with a variety of human developmental disorders such as schizophrenia and autism. However, not much is
known about the role played by inhibitory synapses and inhibitory pathways in the development of nervous system
disorders. We hypothesized that alterations in the inhibitory pathways induced by the absence of Npas4 play a major role in
the expression of the symptoms observed in psychiatric disorders. To test this hypothesis we tested mice lacking the
transcription factor (Npas4 knock-out mice (Npas4-KO)) in a battery of behavioral assays focusing on general activity, social
behaviors, and cognitive functions. Npas4-KO mice are hyperactive in a novel environment, spend less time exploring an
unfamiliar ovariectomized female, spend more time avoiding an unfamiliar male during a first encounter, show higher social
dominance than their WT littermates, and display pre-pulse inhibition, working memory, long-term memory, and cognitive
flexibility deficits. These behavioral deficits may replicate schizophrenia-related symptomatology such as social anxiety,
hyperactivity, and cognitive and sensorimotor gating deficits. Immunohistochemistry analyses revealed that Npas4
expression is induced in the hippocampus after a social encounter and that Npas4 regulates the expression of c-Fos in the
CA1 and CA3 regions of the hippocampus after a cognitive task. Our results suggest that Npas4 may play a major role in the
regulation of cognitive and social functions in the brain with possible implications for developmental disorders such as
schizophrenia and autism.
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Introduction

Npas4 has been implicated in the formation and maintenance of

inhibitory synapses. This transcription factor belongs to the basic

helix-loop-helix-PAS protein family [1,2]. It is highly expressed in

the brain, its expression is selectively induced by calcium influx in

neurons, and it is transcribed in response to excitatory synaptic

activity [2,3]. Evidence strongly suggests that Npas4 plays a role in

the development of inhibitory synapses by regulating the

expression of activity-dependent genes, which in turn control the

number of GABA-releasing synapses that form on excitatory

neurons [3]. These findings suggest that Npas4 participates in the

regulation of the balance between neuronal excitation and

inhibition by contributing to the maintenance of the inhibitory

pathways.

A balance between inhibitory and excitatory elements in brain

circuits is believed to be important for maintenance of normal

neuronal activity, which leads to synaptic plasticity. This balance is

crucial for processing sensory information and for higher cognitive

functions [4]. A deregulation of this balance has been associated

with a variety of human developmental disorders [5,6], and

increasing evidence points to alterations in the inhibitory pathways

(GABAergic interneurons) as a cause of schizophrenia (i.e.

‘‘glutamatergic hypothesis of schizophrenia’’ – [7–12]) and autism

[13,14]. However, the exact molecular circuits underlying the

regulation of the excitatory-inhibitory balance and the contribu-

tion of this balance to the multiple symptoms defining develop-

mental disorders is not well understood. Most investigations have

focused on the molecular mechanisms underlying the functioning

of excitatory synapses, while less is known about the role played by

inhibitory synapses and inhibitory pathways in the development of

nervous system disorders. Here, we further test the idea that

elevation of the brain’s susceptibility to stimulation, due to

impairments in the inhibitory pathways, is responsible for the

symptomatology of developmental disorders such as schizophrenia

and autism.

To investigate whether alterations in the excitatory-inhibitory

balance contribute to the expression of symptoms of developmen-

tal disorders, we tested mice lacking the transcription factor

(Npas4 knock-out mice (Npas4-KO)) in a battery of behavioral

assays. We aimed to evaluate general activity and social and

cognitive functions since evidence indicates that the combination

of hyperactivity, cognitive deficits and social incapacity is the

primary determinant of holistic dysfunction in schizophrenic

patients [15,16]. We also studied the expression of Npas4 and c-
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Fos in various brain regions, including the hippocampus, after

social and learning events.

Materials and Methods

Ethics Statement
All experiments were conducted in accordance with protocols

approved by the Institutional Animal Care and Use Committee of

Stanford University and were performed based on the National

Institutes of Health Guide for the Care and Use of Laboratory

Animals.

1.Animals

Behavioral testing was conducted on a total of 97 Npas4 mice.

This line has been described previously [3]. Male Npas4 wild-type

(WT), heterozygotes (HET), and knockout (KO) mice were

obtained by HETxHET breeding at the Stanford Behavioral

and Functional Neuroscience core facility (USA). Mice were

housed in groups (2–6 mice per cage) and maintained on a 12-h

reverse light-dark cycle with access to food and water ad libitum. All

mice were at least 7 weeks old at the beginning of experiments,

and behavioral procedures were conducted during the dark phase

of the cycle. The battery of behavioral tests was performed over

several weeks. KO mice were found to die at a much younger age

(around 3 months of age) than WT and HET mice, which explains

the absence of KO mice tested in the elevated-zero maze and the

low number of KO mice tested in the novel object recognition test.

Npas4 expression in the brain after a social encounter was tested

by immunohistochemistry. This experiment was conducted on

male C57Bl/6j mice (n = 8) from Jackson Laboratory (Bar Harbor,

ME, USA). Mice were group-housed on a 12-h reverse light-dark

cycle with access to food and water ad libitum. They were tested at

12 weeks of age.

All experiments were conducted blind to the genotype of the

mice.

2.Test of anxiety and locomotor activity

a. Elevated zero-maze. Animals (WT n = 15; HET n = 17)

were tested in 8-min trials of elevated zero-maze to assess anxiety.

The maze was elevated 40 cm from the ground and featured two

opposite open arms and two opposite closed arms. The closed

arms were characterized by 40 cm high walls. Mice were

individually placed in an open arm, facing a closed arm. Their

behavior was recorded via an overhead camera and the automated

tracking system Ethovision. At the end of the test, the maze was

cleaned with 70% ethanol. Time spent in the open arms was

recorded and analyzed as an indicator of anxiety.

b. Open-field test. Twenty-two WT, 22 HET, and 8 KO

were placed in the center of an empty novel arena (76676 cm)

with opaque walls, surrounded by privacy blinds. For 10 minutes,

each animal was allowed to explore the entire arena while being

tracked by Ethovision (Noldus Information Technology, Wagen-

ingen, the Netherlands). At the end of each trial, the animal was

placed back in its home cage and the arena was cleaned with 10%

ethanol. The total distance moved and the percent of time spent in

the center of the arena (53.5653.5 cm) were analyzed.

3.Tests of social behavior and social memory

a. 6-trial social test. The 6-trial social test was used to assess

social behavior and social discrimination. It consists of presenting

ovariectomized females (OEF) to each subject mouse (WT n = 10,

HET n = 13, KO n = 9) over six 1-min trials separated by a 10-

min inter-trial interval (ITI). During trials 1 to 4, subject mice were

exposed to the same never-before-met OEF. In the 5th trial,

subject mice were exposed to a new never-before met OEF to test

for social discrimination. During the 6th trial, subject mice were

exposed to the same OEF presented during trials 1 to 4. Each trial

was videotaped and videos were analyzed offline by a trained

experimenter. The time the subject mouse spent investigating the

OEF was recorded; investigation was defined as the subject mouse

making contact with the OEF.

b. Tube dominance. Animals were assayed in the tube

dominance test as previously described [17,18]. The Tube

Dominance test assesses tendencies of social dominance and

aggressive behavior in rodents without involving physical harm.

Pairs of aged-matched animals from different genotypes (WT

(n = 5) and KO (n = 8)) are formed. Subjects of each pair were

simultaneously released facing each other into opposite ends of a

clear, narrow tube. The more dominant animal forced its

opponent out of the tube. When one animal had all four paws

out of the tube, it was declared the loser. Each mouse was tested in

4 trials with a 10-min ITI. No subject faced the same opponent

twice. The number of wins was reported as a percentage of total

number of matches.

c. Two-day social test. This test was used to study detailed

social behavior in a neutral environment. Two days prior to

testing, each mouse was habituated to the testing arena (a large

clean cage with bedding) 10 minutes daily. On the first day of

testing, WT (n = 5), HET (n = 10), and KO (n = 8) mice were

placed in the testing arena with an unfamiliar C57Bl/6 male (age-

matched) for 10 minutes. No obvious body weight difference was

observed; historical data from our laboratory indicate that the

average body weight of our Npas4 HET and WT mice at 12 weeks

old were 31.0063.46 g and 30.6061.94 g, respectively, while the

average body weight of a C57BL/6J from Jackson Laboratory at

12 weeks is 27.8261.58 g (http://jaxmice.jax.org/support/

weight/000664.html). Twenty-four hours after the 1st trial, subject

animals were placed back in the testing arena with the C57Bl/6

male encountered during the 1st trial. At the end of each trial the

testing arena was changed for a new clean one. For each trial, the

activity of the mice was recorded using an overhead camera. The

behavior of the subject animals was analyzed offline using the

Annotation software (Saysosoft; http://www.saysosoft.com). De-

tailed social behaviors were recorded: (1) active social behavior:

the subject animal actively sniffs, approaches/follows, or touches

the C57Bl/6 mouse; (2) avoidance of social contact: the subject

animal actively avoids the C57Bl/6 mouse; (3) proximity: mice are

in body contact without sniffing each other; (4) non-social

behavior.

4.Tests of cognitive abilities

a. Spontaneous alternation. Spontaneous alternation, as an

indicator of working memory, was assessed using a modified

version of the procedure developed by Lalonde (2002) in WT

(n = 21), HET (n = 22), and KO (n = 10). The apparatus consists of

a gray plastic maze formed by three arms (A, B, and C) so as to

form a Y shape (arm length: 40 cm; width: 8 cm; height: 15 cm).

Each animal was placed in the apparatus for 8 minutes during

which it was allowed to explore the entire maze. This test is based

on a strong tendency in rodents to alternate arm entries, explained

by their natural propensity to explore a novel environment over a

recently explored one. The series of arm entries (e.g. ACB-

CABCBCA) was recorded using an overhead camera and videos

were scored by an observer unaware of the animal’s genotype.

Alternation was defined as successive entry into the three arms on

overlapping triplet sets (e.g. in the sequence ACBCABCBCA, five
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alternations were recorded). Percent alternation was calculated as

the ratio of actual alternations to possible alternations (defined as

the total number of arm entries minus two), multiplied by 100.

b. Place and reversal learning. A place and reversal

learning test was used to assess for spatial memory and cognitive

flexibility. Only WT (n = 15) and HET (n = 17) animals were

tested; because of the inability of KO animals to swim and because

of their early age of death, Npas4-KO mice were not tested in this

paradigm. The test took place in a Y-maze filled with tap water.

The water was made opaque using non-toxic white paint. A clear

escape platform was submerged 8 mm from the water’s surface

and external-maze visual cues were placed around the maze.

Before the first day of testing, animals were exposed to the water

Y-maze without the platform to detect a possible turning bias.

Mice were released from the start arm and explored the maze for 6

30-second trials with an ITI of 15 minutes. The first arm entered

(left or right) was recorded. Six entries into the same arm

constituted a turning bias.

The following day, spatial place learning took place. The

platform was placed at the end of the left or right arm in a

counterbalanced fashion unless the mouse had a turning bias, in

which case the platform was placed on the opposite side of the

bias. A trial began by placing a mouse at the end of the start arm

and ended when the mouse climbed onto the platform and

remained there for 2 s, or after 60 s had elapsed. Mice that did not

escape to the platform after 60 s were gently guided to it. Mice

were then left on the platform for an extra 15 s and then returned

to their home cage. Each day, animals were tested 8 times (8 trials)

with an ITI of 15 minutes. A correct response was defined as

reaching the platform without entry into the opposite arm. The

criterion for acquiring spatial learning was seven or eight correct

responses per day for three consecutive days. Once this criterion

was reached, the reversal learning began after a 24-hour ITI. The

same procedure as used during spatial place learning was

employed during reversal learning, except the platform was placed

at the end of the opposite arm. The same criterion for acquisition

and the same dependent measures were used (seven or eight

correct responses per day for three consecutive days).

c. Novel object recognition. The novel object recognition

test was used to assess long-term memory. WT (n = 13), HET

(n = 15), and KO (n = 3) mice were tested in a 20640 cm arena to

which they were habituated for 15-min the day prior to testing.

The arena contained visual cues on two of its walls. On the first

day of testing, animals were placed in the arena with 2 identical

unfamiliar objects positioned 5 cm away from the walls. Animals

were allowed to explore the arena and the objects during a 10-min

trial (training session). Twenty-four hours later, one of the objects

was changed for a new unfamiliar one while the other object was

identical to the ones used during the training session. Again,

animals were allowed to explore the arena and the objects during a

10-min trial (testing session). Each trial was recorded using an

overhead camera. The amount of time spent sniffing and with the

head within 1 cm of the objects was scored as exploration of the

objects. At the end of each trial, the arena and the objects were

cleaned using 70% ethanol.

5.Test of sensorimotor gating – Pre-pulse inhibition
(PPI)

Sensorimotor gating was tested in the PPI test in WT (n = 5),

HET (n = 10), and KO (n = 8) mice using a startle apparatus (Med

Associates, Georgia, VT, USA). During this test, two KO mice

developed severe seizures and died. Thus, only 6 KO mice were

tested. Seizures in KO mice have been observed by other

experimenters [3]. Each mouse was habituated to the equipment

by being placed in the restraint device for 15 minutes per day for 3

days prior to the experiment. On testing day, subjects were

exposed to a 70 dB white background noise for 5 minutes, and

then exposed to three blocks of different startle pulses. In the first

block, each animal was given five 120 dB startle pulses lasting

40 ms (no prepulses) with randomly variable inter-trial intervals of

10-20 s. In the second block, the animals encountered the same

startle pulses with the addition of prepulse tones just prior to them.

Each subject was given 12 exposures to each of the 6 different

prepulses (0, 74, 78, 82, 86, and 90 dB), presented in random

order for a total of 72 trials. The duration of the prepulse tone was

20 ms for all pre-pulses followed by a fixed interval of 100 ms

(startle delay). After each prepulse tone, the animals received

40 ms of 120 dB startle pulse alone and the startle response of the

animals was recorded. Inter-trial intervals for all 72 trials of Block

2 were randomly variable from 10–20 s. The maximum amplitude

of the startle response in each trial was recorded for analysis. Block

1 and 2 were used for PPI measurements. For each PPI dB level

(block 2), the PPI% was calculated using the following equation:

[(startle response with startle pulse alone – startle response with

prepulse and subsequent startle pulse)/ startle response with startle

pulse alone] X 100. In the third block, each animal received 25

trials with 10–20 s randomly variable inter-trial intervals. Five

different intensities of startle pulses (0, 90, 100, 110, 120 dB) lasting

40 ms were used for this block. Each animal was exposed 5 times

to each intensity of startle pulses, which were given in random

order. One ms after the onset of the startle stimulus, the startle

response of the subject was recorded for 65 ms. This block 3 was

used to assess acoustic startle. The animal holder of the apparatus

was cleaned with 20% alcohol between each animal.

6.Immunohistochemistry

a. Npas4 immunohistochemistry. Eight male C57Bl/6J

mice were used in this experiment. One week prior to the

experiment, mice were singly-housed. One group of mice (n = 4)

was placed in a social situation while the other group of mice

(n = 4) was used as controls. For the social situation, each mouse

was placed in a new clean cage with a never-before met male adult

mouse. Each pair was left undisturbed for 10 minutes. At the end

of the 10 minutes, mice were placed back in their home-cage and

left undisturbed for 45 minutes. The control mice were placed

individually in a new clean cage for 10 minutes. After 10 minutes,

they were placed back in their home-cage and left undisturbed for

45 minutes. Animals were then anaesthetized with isoflurane and

perfused transcardially with 50 ml of 0.1 M phosphate-buffered

saline (pH 7.4) followed by 50 ml of fresh 4% paraformaldehyde

(PFA). Brains were removed and post-fixed overnight in PFA at

4uC, placed in 30% sucrose until they sank, then frozen on dry ice

and sectioned at 50 mm using a cryostat. Tissues were stored in

cryoprotectant solution at 220uC until Npas4 staining was

performed. For immunohistochemistry, free-floating sections were

labeled with a rabbit anti-Npas4 primary antibody (dilution

1:15,000), detected using Vectastain Elite ABC reagents (Vector

Laboratories, Burlingame, CA, USA) with nickel intensified

diaminobenzidine.

b. c-Fos immunohistochemistry. Three WT, 3 HET, and

3 KO mice were stained for c-Fos after novel object recognition, a

hippocampal-dependent memory task. Animals were tested in this

task as described earlier. Ninety minutes after the testing session,

animals were anaesthetized with isoflurane and perfused transcar-

dially as described earlier. Brains were treated as previously

described. For immunohistochemistry, free-floating sections were

Social and Cognitive Deficits in Npas4 KO Mice
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labeled with a rabbit anti-c-Fos primary antibody (dilution

1:10,000; Ab-5; Calbiochem/EMD, San Diegeo, CA, USA),

detected using Vectastain Elite ABC reagents (Vector Laborato-

ries, Burlingame, CA, USA) with nickel intensified diaminoben-

zidine.

c. Image analysis. Images were captured with a Zeiss Imager

M2 microscope (Carl Zeiss Vision, Munich, Germany). The

quantitative analysis of Npas4 expression in the hippocampus of

C57Bl/6j mice was achieved using an optical density analysis as

previously described [19]. Briefly, images were taken with a 5x

objective at four different Bregma levels of the dorsal hippocampus

(Bregma 21.22 mm; Bregma 21.32 mm; Bregma 21.94 mm;

Bregma 22.30 mm), two different levels of the ventral hippocam-

pus (Bregma 22.54 mm; Bregma 22.70 mm) and two different

levels of the amygdala (Bregma 21.06 mm; Bregma 21.82 mm)

according to the Mouse Brain Atlas of Franklin and Paxinos [20].

Images were analyzed using Image J software (http://rsbweb.nih.

gov/ij/). In this program, a grey level of 0 represents black (no

transmission) and 255 is white (full transmission). The measured

parameters included the mean grayscale value of each drawn

region of interest (CA1, CA2, CA3, and dentate gyrus [DG] in the

hippocampus and medial amygdala [MeA], central amygdala

[CeA], and basolateral amygdala [BLA] in the amygdala). Three

measures were taken from each image capture: (1) a non tissue

area that contained mounting media and coverslip but no tissue;

this provided the measurement of the incident light, (2) connective

tissue containing no cells to provide the measurement of

background; (3) the region of interest. The optical density (OD)

was derived using the formula: OD = log10 (incident light/

transmitted light). This formula inverts the grey level scaling so

that intense (dark) signal results in a high OD value. The

background OD value was subtracted from each OD value

measured at the region of interest to normalize the data.

The quantitative analysis of c-Fos expression in the hippocam-

pus of Npas4 mice was achieved using the stereology method. The

total number of c-Fos positive cells in the CA1, CA2, CA3, and

DG of the dorsal hippocampus was quantified using the optical

fractionator method [21], with assistance from the StereoInvesti-

gator software from MBF Bioscience (Williston, VT, USA). Cells

were counted in every 4 sections. Regions of interest were outlined

under low magnification (5x), and c-Fos positive cells counted at

high magnification (63x oil immersion). The counting criteria were

determined so as to obtain a mean coefficient of error (CE, [22])

below 0.11.

7.Statistical analysis

Data were analyzed using the software Prism 5.01 (GraphPad

Software Inc., CA, USA). All data were tested for normality using

the Kolmogorov-Smirnof test and then analyzed using appropriate

tests as described in the results section. Statistical significance was

set at p#0.05. All data are presented as mean 6 standard error of

the mean (SEM).

Results

The behavioral results are summarized in Table 1.

1.Test of anxiety and locomotor activity

a. Elevated zero-maze. The elevated-zero maze is used to

assess the anxiety level of rodents [23]. No difference in anxiety, as

measured by the percent of time spent in the open arm, was found

between the WT and HET mice (WT 21.2863.01%; HET

22.7661.95%; t-test: p = 0.16).

b. Open-field test. The open-field test is widely used in

rodents to assess locomotor activity in a novel environment as well

as anxiety [24]. The time spent in the center of the arena was not

affected by the genotype of the animals (one-way ANOVA

F2,49 = 0.08; p.0.05 – Figure 1a). The total distance traveled in

the arena was significantly affected by the genotype (one-way

ANOVA F2,49 = 5.53; p,0.01 – Figure 1b). Bonferroni post-hoc

test revealed that KO mice traveled a longer distance than WT

mice (p,0.01).

2.Tests of social behavior and social memory

a. 6-trial social test. The 6-trial social test is commonly used

to assess social investigation and social memory in mice [e.g. 25].

The time spent investigating the OEF during each of the 6 trials

was analyzed using a 2-way ANOVA with repeated measures. We

observed an overall genotype effect (p = 0.002 – Figure 2a).

Bonferroni post-hoc tests showed that KO mice spent less time

exploring the OEF than WT mice during the 1st and 2nd trials

(p,0.001 and p,0.05, respectively) and than HET mice during

the 1st, 2nd and 6th trials (p,0.01, p,0.05, and p,0.05,

respectively). We also observed a significant decrease in explora-

tion in WT mice over the 4 exposures to the same OEF (trial 1 vs.

trial 4 p,0.05) while this habituation to the OEF was not seen in

HET and KO mice (p.0.1). Social discrimination was assessed by

presenting our subject mice with the same OEF over the first 4

trials and then introducing a never-before met OEF during the 5th

trial. We noted that all genotypes (WT, HET, and KO) spent

more time sniffing the never-before met OEF during the 5th trial

when compared to the time spent sniffing the OEF during the 4th

trial (WT p,0.001; HET p,0.05; KO p,0.05). Finally, WT and

KO mice spent less time sniffing the OEF presented during the 6th

trial (which was the same OEF presented during trials 1 to 4) when

compared to trial 5 (WT p,0.001; KO p,0.01) while this

difference was not observed in HET mice (p.0.05).

b. Tube dominance test. Assessment of social dominance

and aggression was done based on the tube dominance test

[17,18]. Each animal was tested in 4 trials for a total of 32 WT/

KO encounters. We observed that KO mice won 23 of these

encounters while the WT won only 4 (5 were declared even). The

distribution of wins across the two genotypes (WT 12.5%; KO

71.9% - Table 2) was found to be significantly different from a

hypothetical distribution for which there would be no difference

between WT and KO (i.e. 50/50 – Chi2 test p,0.001).

c. Two-day social test. Social investigation was assessed

using a 2-trial test with a 24-hour ITI. Over the 2 days of this

social test, the total time spent in social interaction was not

different between the WT, HET, and KO mice (2-way ANOVA

with repeated measures: F2,20 = 1.25; p.0.1). A time effect was

observed showing a reduction in the time spent in social

interaction during the 2nd exposure (2-way ANOVA with repeated

measures: F1,20 = 8.57; p,0.01). We observed a genotype effect in

the percent of time spent avoiding social contact during the 1st day

of exposure (F2,20 = 6.06; p = 0.009 – Figure 2b). Bonferroni

posthoc analyzes show that KO mice spent more time avoiding the

unfamiliar mouse than the WT (p,0.01). This genotype difference

disappeared during the 2nd day of testing (p.0.1).

3.Npas4 expression after a social encounter

A control immunostaining was performed on a brain section

from an Npas4-KO mouse. We observed a complete absence of

signal. This verifies the specificity of our antibody against Npas4.

OD measurement results are presented in Table 3. OD values

of the Npas4 signal in the dorsal hippocampus showed that a social

Social and Cognitive Deficits in Npas4 KO Mice
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encounter induced a strong Npas4 expression in the CA1 and CA3

regions of the hippocampus when compared to the expression

measured in control animals (Figure 3). In the CA1 region this

difference was more apparent in caudal regions of the dorsal

hippocampus (Bregma 21.94 mm: t-test p = 0.03 and Bregma

22.30 mm: t-test p = 0.058). In the CA3 region, this difference

was observed only at Bregma 21.34 mm (t-test p = 0.04). In the

ventral hippocampus and in the amygdala no difference between

the control animals and the animals exposed to the social

encounter was observed (Figure 3).

4.Tests of cognitive abilities

a. Spontaneous alternation. The Y-maze was used for

assessment of spontaneous alternation for spatial working memory

[26]. No genotype difference was observed in the total number of

arm entries in the Y-maze (one-way ANOVA F2,50 = 0.21; p.0.05

– Figure 4a). We observed that both WT and HET mice have a

percentage of alternation significantly above chance level (.50% –

one-sample t-test: p,0.001) while this was not the case for the KO

mice (p.0.1 – Figure 4b).

Table 1. Summary of the results of the behavioral tests performed on Npas4 WT, HET and KO mice.

Test Parameter WT HET KO P value Interpretation

Elevated-Zero maze Time in open
arm (%)

21.3863.01 22.7661.95 N/A ns Npas4 KO and HET mice are not
more anxious than WT. This behavior
is not regulated by NPAS4

Open field Time in center (%) 6.4861.42 7.2361.28 6.8662.27 ns

Total distance (cm) 70956225 77846321 90096681 WT vs.KO
p,0.01

Npas4 KO mice are hyperactive in a
novel environment.

6-trial test Time sniffing 1st

trial
45.7462.71 40.7962.76 21.6666.06 KO vs. WT and

HET p,0.01
Npas4 KO mice spend less time
sniffing an unfamiliar mouse

Time sniffing 5th

trial
51.3861.26 51.0361.79 39.4866.15 ns Npas4 KO mice can discriminate

between different mice

Tube Dominance Wins (%) 12.5 N/A 71.9 p,0.001 Npas4 KO mice are more aggressive/
dominant

2-Days social test Day 1 – Time avoiding
contact (%)

44.0962.65 50.2761.81 57.5163.05 WT vs. KO
p,0.01

Npas4 KO mice avoid contact with
an unfamiliar mouse

Day 1 – Time initiating
contact (%)

36.9764.88 31.8763.26 27.0862.95 ns Npas4 KO mice initiate contact with
an unfamiliar mouse

Day 2 – Time avoiding
contact (%)

27.0267.62 45.2164.97 37.6667.79 ns Npas4 KO mice do not avoid contact
with a familiar mouse

Day 2 – Time initiating
contact (%)

50.28610.95 29.9866.49 43.75610.36 ns Npas4 KO mice initiate contact with
a familiar mouse

Spontaneous alternation Total arm entries 47.2461.97 44.4562.22 44.4069.53 ns Npas4 KO mice are not hyperactive
in a Y-maze

Alternation (%) 60.3261.88 59.9661.58 54.0562.88 Vs. chance
level: KO p.0.1

Npas4 KO mice show deficit in
working memory

Place Learning # days to criterion 4.1360.13 4.4760.11 N/A ns Npas4 HET mice don’t have a deficit
in spatial learning

# errors day 1 3.8760.62 4.7160.62 N/A p = 0.09 (T)

# errors day 2 0.8060.38 2.4760.74 N/A

# errors day 3 0.0760.07 0.7160.32 N/A

Reversal Learning # days to criterion 3.8060.14 4.4160.23 N/A p = 0.04 Npas4 HET show a deficit in reversal
learning

# errors day 1 3.5360.60 4.7160.65 N/A p = 0.052

# errors day 2 0.2760.15 2.0060.68 N/A

# errors day 3 0.0760.07 0.6560.41 N/A

Novel Object
Recognition

Time exploring
new object (%)

59.8862.77 36.2569.07 55.6863.13 p = 0.01 Npas4 KO mice show a deficit in
object recognition memory

Pre-Pulse Inhibition %PPI – 74 dB 64.1168.12 38.3664.10 20.4463.22 WT vs KO p,0.01
WT vs HET p,0.01

Npas4 HET and KO mice show a
deficit in sensorimotor gating

%PPI – 78 dB 70.8767.62 48.0765.87 30.4262.94 WT vs KO p,0.05
WT vs HET p,0.05

%PPI – 82 dB 71.2866.40 54.7464.41 37.0763.87 WT vs KO p,0.001

%PPI – 86 dB 71.667.39 56.1663.95 46.3164.57 WT vs KO p,0.05

%PPI – 90 dB 76.1164.08 63.1464.03 47.8866.81 WT vs KO p,0.01

ns: non-significant (p.0.1); T: trend (0.05,p,0.1); N/A: data are not available
doi:10.1371/journal.pone.0046604.t001
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b. Place and reversal learning. A water Y-maze was used

to assess place and reversal learning. During place learning, the

total number of days needed to reach the criterion of success was

not different between the WT and HET mice (t-test p.0.1 –

Figure 5a). However, the number of errors made during the first 3

days of testing tended to be higher in HET mice (2-way ANOVA

with repeated measures; genotype effect p = 0.09 – Figure 5b).

During reversal learning, the number of days needed to reach the

criterion of success was significantly higher in HET mice

compared to WT (t-test p = 0.04 – Figure 5c) and the number of

errors made during the 3 first days of reversal testing was higher in

HET mice than in WT (2-way ANOVA with repeated measures;

genotype effect p = 0.052 – Figure 5d).

c. Novel object recognition. Object memory in rodents is

commonly assessed with the object recognition test developed by

Ennaceur and Delacour [27]. In this test, WT mice performed

normally, spending more time exploring the new object than the

familiar one, indicating that they remembered the object

presented 24 hours earlier (paired t-test p = 0.003 – Figure 6a).

On the contrary, both HET and KO mice failed to remember the

previously presented object; the time spent exploring the familiar

object was not different than the time spent exploring the new

object (paired t-test: HET p = 0.09; KO p.0.1 – Figure 6a).

5.c-Fos expression in Npas4 WT, HET, and KO mice
after a hippocampus-dependent memory task

Results of c-Fos expression after the novel object recognition test

are presented in Figure 6. We observed a high expression of c-Fos

in the hippocampus of WT mice after the novel object recognition

test. HET and KO mice had significantly lower c-Fos expression

than WT in the CA1 region (one-way ANOVA F2,8 = 8.61;

p = 0.02 – Bonferroni post-hoc test: WT vs. HET p,0.05; WT vs.

KO p,0.05 – Figure 5b) and in the CA3 region (one-way

Figure 1. Anxiety and locomotor activity assessed in the Npas4 line. (A) Percent of time spent in the center of the open-field: no difference
was observed between WT (n = 22), HET (n = 22), and KO (n = 8) mice (B) Total distance traveled in the open-field: KO mice moved a longer distance
than the WT. ** p,0.01.
doi:10.1371/journal.pone.0046604.g001

Figure 2. Social Behaviors assessed in the Npas4 line. (A) Time spent sniffing an unfamiliar ovariectomized female (OEF) during the 6-trial
social test: KO mice (n = 9) showed less interest toward the OEF when compared to WT and HET mice (n = 10 and n = 13, respectively). However, they
did not show any deficit in social discrimination as demonstrated by the increase in exploration time when they met a novel OEF (trial 5). (B) Percent
of time spent in active social behavior and in avoidance behavior toward a C57Bl/6 mouse over 2 days of testing. KO mice spent more time avoiding
the C57Bl/6 mouse than the WT (n = 5) during the 1st day of testing. No difference was observed between HET (n = 10) and WT mice (n = 5).
***p,0.001; ** p,0.01; *p,0.05.
doi:10.1371/journal.pone.0046604.g002
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ANOVA F2,8 = 29.59; p,0.001 – Bonferroni post-hoc test: WT

vs. HET p,0.01; WT vs. KO p,0.001 – Figure 5d). No

difference was observed between the genotypes in the CA2 region

(one-way ANOVA F2,8 = 4.11; p = 0.08 – Figure 5c) and in the

dentate gyrus (one-way ANOVA F2,8 = 2.88; p = 0.13 – Figure 5e).

6.Test of sensorimotor gating – Pre-pulse inhibition
(PPI)

Animals were tested in pre-pulse inhibition to assess their

sensorimotor gating. Analysis of the acoustic startle response and

PPI was done using a 2-way ANOVA with repeated measures. We

first noticed that KO mice have a greater startle response than

WT and HET mice (genotype effect: p = 0.01; genotype x dB:

p = 0.004; dB effect: p,0.001 – Figure 7b). However, all animals

from each genotype showed a strong startle response after pulses

ranging from 90 to 120 dB, indicative that they hear properly

(Figure 7b). In PPI, we showed a genotype effect (p = 0.001), a

decibel (dB) effect (p,0.001), as well as a genotype x decibel

interaction (p = 0.016 – Figure 6a). Post-hoc analysis with

Bonferroni tests showed that KO mice have less inhibition than

WT mice for all pre-pulse intensities (p,0.05) and HET mice

showed less inhibition than WT mice for pre-pulses of 74 dB and

78 dB (p,0.05). No difference was observed between HET and

KO.

Table 2. Results from the tube dominance test performed in
WT and Npas4 KO mice.

WT Npas4 KO Even

# of win 4 23 5

% of win* 12.5 71.9 15.6

*the distribution of wins across the two genotypes is significantly different from
a hypothetical distribution for which there would be no difference between WT
and KO (i.e. 50/50 – Chi2 test p,0.001).
doi:10.1371/journal.pone.0046604.t002

Table 3. Npas4 expression assessed in the dorsal hippocampus, ventral hippocampus and amygdala of C57Bl/6 mice after a social
interaction.

Brain region Bregma level Brain sub-region Control Social Interaction

Dorsal Hippocampus 21.22 CA1 0.4160.04 0.4660.04

CA2 0.3960.04 0.4160.01

CA3 0.2360.02 0.2760.03

DG 0.1960.05 0.2560.05

21.34 CA1 0.3760.02 0.4260.03

CA2 0.5160.02 0.5160.06

CA3 0.3060.02 0.4160.04*

DG 0.2660.03 0.2960.05

21.94 CA1 0.3660.04 0.5060.03*

CA2 0.4260.07 0.4960.02

CA3 0.3060.04 0.3360.04

DG 0.2360.03 0.2260.02

22.30 CA1 0.3860.03 0.4960.03T

CA2 0.4760.03 0.4260.04

CA3 0.3760.02 0.3860.03

DG 0.2460.02 0.2660.02

Ventral Hippocampus 22.54 CA1 0.3460.32 0.3760.02

CA2 0.3460.01 0.2960.01

CA3 0.3460.03 0.3760.02

DG 0.2460.03 0.2560.01

22.70 CA1 0.3660.01 0.3660.01

CA2 0.3260.02 0.3260.02

CA3 0.3260.04 0.3660.02

DG 0.3360.10 0.4060.02

Amygdala 21.06 MeA 0.0760.02 0.0260.01

CeA 0.0560.01 0.0360.01

BLA 0.0860.01 0.0760.01

21.82 MeA 0.0460.01 0.0660.01

CeA 0.0260.01 0.0360.01

BLA 0.0660.01 0.0760.01

*value significantly different than the control with p,0.05; T value significantly different than the control with p = 0.058
Data are presented as the mean value of the optical density measured at various Bregma levels 6 SEM.
doi:10.1371/journal.pone.0046604.t003
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Figure 4. Cognitive abilities assessed in the Npas4 line. WT (n = 21), HET (n = 22), and KO (n = 10) mice were tested in the spontaneous
alternation test to assess their working memory. (A) The total number of arm entries was not affected by the genotype. (B) The percent of alternation
in the Y-maze was significantly above chance level (50%) in WT and HET mice but not in KO mice. *** p,0.001.
doi:10.1371/journal.pone.0046604.g004

Figure 3. Representative pictures of Npas4 expression measured after a social interaction (A, C, E) and in control animals (B, D, F) in
the dorsal hippocampus (A and B), the ventral hippocampus (C and D) and the amygdala (E and F). The scale bar on the picture
represents 100 mm.
doi:10.1371/journal.pone.0046604.g003
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Discussion

In the present study we aimed to conduct a comprehensive

behavioral analysis of mice lacking the transcription factor Npas4.

Our goal was to investigate the effects of a deregulation of the

inhibitory pathways caused by the absence of the transcription

factor Npas4 on locomotor activity, anxiety, sensorimotor gating,

social and cognitive behaviors. We observed that Npas4 null mice

display several behavioral impairments, including hyperactivity in

a novel environment, disruption of prepulse inhibition, social

interaction deficits and cognitive impairments. These behavioral

deficits may replicate the reported symptomatology of schizophre-

nia (social anxiety, hyperactivity, cognitive and sensorimotor

gating deficits) and of autism (social and cognitive deficits). We also

showed that Npas4 is highly expressed in the hippocampus in a

social situation and is necessary to induce c-Fos expression in the

hippocampus during a cognitive task. This suggests that the

transcription factor Npas4 may play a major role in the regulation

of cognitive and social functions in the brain with possible

implication for neurological disorders. This supports the idea that

a deregulation of the excitation-inhibition balance is responsible

for a number of developmental disorders such as schizophrenia

and autism [5–7,11].

We first observed that mice lacking Npas4 displayed novelty-

induced locomotor hyperactivity in the open-field when compared

to their WT littermates. Hyperactivity is observed in many rodent

models of schizophrenia [28] and is often attributed to increased

dopaminergic tone [e.g. 29,30]. However, other studies have

shown that some mouse lines characterized by impaired excitato-

ry-inhibitory balance show hyperactivity independently of dopa-

minergic functions [31]. With the present study we are not able to

determine whether the hyperactivity observed in Npas4-KO mice

is dopaminergic-dependent or a direct consequence of impair-

ments in the inhibitory pathways. Further studies are required to

answer this question.

We did not observe a significant anxious phenotype in Npas4-

KO and HET mice tested in the elevated-zero maze and the open-

field test. The time they spent in the open-arm of the zero-maze or

in the center of the open-field did not differ from the time WT

spent in these areas. These results might be surprising considering

that alterations in the inhibitory pathways have been associated

with increased anxiety [e.g. 7,32,33]. However, mice lacking

Npas4 displayed another form of anxiety: social anxiety. When

presented for the first time to an unfamiliar ovariectomized female,

Npas4 HET and KO mice failed to habituate to this female over

Figure 5. Cognitive abilities assessed in the Npas4 line. WT (n = 15) and HET (n = 17) mice were tested in a place and reversal
learning task. (A) During the place learning, HET and WT mice needed the same amount of days to reach the criterion of success. However, HET
mice tended to make more errors over the 3 first days of testing (p = 0.08) (B). During reversal learning, HET mice needed significantly more days to
reach the criterion of success (C) and made more errors over the 3 first days of testing (p = 0.052) (D). * p,0.05.
doi:10.1371/journal.pone.0046604.g005
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Figure 6. Cognitive abilities assessed in the Npas4 line. (A) During the novel object recognition test WT mice (n = 13) performed normally and
sniffed a novel object longer than a familiar one; HET mice (n = 15) and KO mice (n = 3) performed poorly and did not show a preference for a novel
object over a familiar one. (B-E) c-Fos expression was measured after the object recognition test in Npas4 WT (n = 3), HET (n = 3), and KO (n = 3) mice.
The total number of c-Fos positive cells was counted using the stereological method in the CA1, CA2, CA3 regions and the dentate gyrus (DG) of the
hippocampus. Pictures are representative pictures of c-Fos staining in the hippocampus. The black arrows represent c-Fos positive cells. The scale bar
on the picture represents 100 mm. *** p,0.001; **p,0.01; *p,0.05; T p = 0.097.
doi:10.1371/journal.pone.0046604.g006

Figure 7. Sensori-motor gating assessed in the Npas4 line. (A) During PPI testing, HET mice (n = 10) showed less inhibition than WT with a pre-
pulse of 74 and 78 dB; KO mice (n = 6) showed less inhibition than WT (n = 5) for all pre-pulse intensities. (B) During the acoustic startle response trial,
KO mice showed greater startle than HET at 100, 110, and 120 dB and than WT at 110 and 120 dB. *p,0.05; **p,0.01; ***p,0.001.
doi:10.1371/journal.pone.0046604.g007
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several exposures and Npas4 KO mice spent less time exploring it

than did the WT and HET mice. Another similar paradigm

supported the idea of social anxiety in mice lacking Npas4: when

Npas4-KO mice faced an unfamiliar male conspecific in a neutral

environment, they spent more time avoiding contact with the

conspecific than the WT. This avoidance disappeared during a 2nd

encounter with the same conspecific. In addition to this social

anxiety, we used the tube dominance test to measure another

aspect of social behavior: social aggression. We noticed high

aggressive/dominance behavior in the Npas4-KO mice when

tested in the tube test. Pathological aggression associated with

defective social interactions (i.e. social withdrawal) has been found

in mouse models of mood disorders (i.e. CREB-regulated

transcription coactivator 1 KO mice [34]). Also, similar social

dysfunctions to the ones observed in Npas4-KO mice have already

been observed in mice characterized by alterations in the

inhibitory pathways such as the TgNL2.6 strain [33] or in

neuregulin 1, the schizophrenia risk gene, knockout mice [35].

With the present results, we further support the idea that integrity

of the excitatory-inhibitory balance in the brain is necessary for

mice to display normal social behavior. Various brain regions are

known to regulate social functions. Here, we observed that a social

encounter between unfamiliar mice results in enhanced Npas4

expression in the dorsal hippocampus but not in the amygdala.

This result suggests that Npas4 expression plays a role in social

behavior in WT mice and that the lack of Npas4 might be

responsible for abnormal social behavior. The hippocampus has

been previously shown to be involved in social behavior. For

instance, the low sociability that characterizes the BTBR mouse

line has been linked with altered serotonin neurotransmission in

the hippocampus [36]. Further studies have highlighted a strong

relationship between serotonin and Npas4: serotonin knockout rats

that display social disruptions [37,38] show reduced Npas4

expression in the hippocampus as well as strong impairments of

the GABAergic system [39]. It is thus possible that the

neurotransmitter serotonin modulates social behavior by regulat-

ing Npas4 expression, which modulates GABAergic signaling. It is

also possible that in absence of Npas4 (e.g. Npas4-KO mice), the

modulatory effect of serotonin on social behavior is absent, leading

to aberrant social interactions.

We also found that Npas4 is necessary for proper cognitive

performance. Npas4-KO mice demonstrated normal short-term

social memory as shown in the 6-trial test. But, they performed

poorly in a task of working memory (spontaneous alternation test)

and in a task of long-term memory (object recognition test).

Finally, we found that Npas4-HET mice performed worse than

WT mice in a test of cognitive flexibility (place and reversal

learning test). Altogether, these data show that Npas4 is important

for proper cognitive functioning. This is consistent with the idea

that a deregulation of the excitatory/inhibitory balance has a

direct impact on cognitive flexibility, working memory, and

memory formation [40,41]. Based on our data, we suggest a

pathway by which the absence of Npas4 and the subsequent

impairments in the inhibitory circuits affect cognitive abilities: in

the absence of Npas4, we observed a strong reduction in the

expression of the immediate early genes (IEG) c-Fos in the CA1

and CA3 regions of the hippocampus after the retrieval phase of

an object recognition test. The role of IEG-hippocampal

expression in cognitive functions is well known [42] and another

study has demonstrated that Npas4 regulates the expression of c-

Fos in the CA3 region after a task of long-term contextual memory

[41]. With the present data we not only support this finding but we

also demonstrate a similar regulatory role of Npas4 in the CA1

region in a task of long-term recognition memory. The role of the

hippocampus in long-term recognition memory is well established

[43,44]. However, other brain regions such as the perirhinal

cortex are also involved [45,46]. Previous studies have shown that

Npas4 is highly expressed in the cortex [2]. Thus, it would be

interesting to determine whether IEG expression in this particular

area is also regulated by Npas4.

Finally, in addition to hyperactivity, and social and cognitive

deficits of mice lacking Npas4, we also observed an enhanced

acoustic startle reflex. This high acoustic startle reflex found in

Npas4-KO mice is in line with the hyperactivity previously

detected. A correlation between acoustic startle response and

locomotor activity has already been suggested [47]. More

importantly, we showed a dose-dependent deficit in sensorimotor

gating in Npas4-HET and KO mice. Npas4-KO mice displayed

the strongest deficit when compared with their WT littermates and

Npas4-HET mice presented an intermediate phenotype. Impaired

sensorimotor gating has been proposed to be an important feature

of the cognitive dysfunction observed in schizophrenia [48].

Rodent studies have revealed that disruptions in PPI are linked to

stimulation of the dopamine D2 receptor, activation of the

serotonergic system and/or blockade of the N-methyl-D-aspartate

(NMDA) receptors [49]. In the present study, the deregulation of

inhibitory synapses induced by the absence of Npas4 seems to be

responsible for the deficit in PPI and for the other cognitive

impairments observed in Npas4-KO mice; however, the exact

mechanism is not yet known. Additional experiments will be

necessary to determine the molecular pathways downstream of

Npas4 by which this transcription factor regulates cognitive

functions.

Altogether, our findings indicate that the expression of the

Npas4 gene in the brain is directly involved in regulation of

locomotor activity, sensorimotor gating, and social and cognitive

behaviors in mice. The absence of Npas4 and the subsequent

deregulation of the excitatory-inhibitory balance led to severe

behavioral impairments that resemble those of developmental

disorders characterized by a disruption of this balance. Precisely,

mice lacking Npas4 display social and cognitive impairments

similar to those observed in autism or schizophrenia, and

hyperactivity and deficit in pre-pulse inhibition, which are

endophenotypes of schizophrenia. Interestingly, Hussman [13]

suggests that suppressed GABAergic inhibition is a common

feature of the autistic brain. Recent advances in autism research

postulates that some forms of autism are caused by an increased

ratio of excitation/inhibition in sensory, mnemonic, social, and

emotional systems (i.e. [14]). Similarly, several studies have

reported impaired inhibitory control in the brains of schizophrenic

patients [e.g. 50,51] and deficits in episodic memory in schizo-

phrenia have been associated with a failure of inhibitory activity in

the hippocampus [52]. Finally, it is interesting to note that the

location of the Npas4 gene in the human genome (chromosome

11, locus 11q13 [53]) has been associated with schizophrenia in a

genome-wide linkage disequilibrium survey in a Japanese popu-

lation [54]. Even if the implication of this particular locus in

schizophrenia remains to be confirmed, several case studies have

reported translocations between chromosome 11 and other

chromosomes in schizophrenia (1, 6, 9 and 17 – see [55] for a

review) supporting the idea that chromosome 11 may be highly

relevant for psychosis.

To conclude, because of its unique and widespread expression

in the brain, its location in the human genome and its importance

in the regulation of neuronal excitatory-inhibitory signaling, the

transcription factor Npas4 constitutes a plausible target for

understanding the pathogenic mechanisms that underlie the

complexity of diseases characterized by an imbalance between
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excitation and inhibition. Further studies will aim at defining the

mechanism of action of Npas4 and identifying the Npas4-

mediated signaling cascade in the normal brain as well as in

pathological conditions such as schizophrenia and autism.

Acknowledgments

We would like to thank Dr. Michael Greenberg and Dr. Yingxi Lin for

providing the original Npas4 mice necessary for breeding our colony. In

addition, we also thank Dr. Greenberg for valuable scientific comments

and pre-submission review. We are thankful to Alice Chiang, Michael

Miller, and Leo Kim for excellent technical assistance.

Author Contributions

Conceived and designed the experiments: LC SB MS. Performed the

experiments: LC SB NLS PMA. Analyzed the data: LC SB NLS. Wrote

the paper: LC MS.

References

1. Moser M, Knoth R, Bode C, Patterson C (2004) LE-PAS, a novel Arnt-
dependent HLH-PAS protein, is expressed in limbic tissues and transactivates

the CNS midline enhancer element. Brain Res. Mol. Brain Res. 128: 141–149.

2. Shamloo M, Soriane L, von Schack D, Rickhag M, Chin DJ, et al. (2006) Npas4,

a novel helix-loop-helix PAS domain protein, is regulated in response to cerebral
ischemia. Eu. J. Neurosci. 24: 2705–2720.

3. Lin Y, Bloodgood BL, Hauser JL, Lapan AD, Koon AC, et al. (2008) Activity-

dependent regulation of inhibitory synapse development by Npas4. Nature. 455:
1198–1205.

4. Greer PL, Greenberg ME (2008) From synapse to nucleus: calcium-dependent
gene transcription in the control of synapse development and function. Neuron.

59: 846–860.

5. Eichler SA, Meier JC (2008) E-I balance and human diseases – from molecules

to networking. Front. Mol. Neurosci. 1: 2.

6. Yizhar O, Fenno LE, Prigge M, Schneider F, Davidson TJ, et al. (2011)
Neocortical excitation/inhibition balance in information processing and social

dysfunction. Nature. 477(7363):171–8.

7. Belforte JE, Zsiros V, Sklar ER, Jiang Z, Yu G, et al. (2010) Postnatal NMDA

receptor ablation in corticolimbic interneurons confers schizophrenia-like
phenotypes. Nat. Neurosci. 13: 76–86.

8. Benes FM, Kwok EW, Vincent SL, Todtenkopf MS (1998) A reduction of

nonpyramidal cells in sector CA2 of schizophrenics and manic depressives. Biol
Psychiatry. 44: 88–97

9. Gaspar PA, Bustamante ML, Silva H, Aboitiz F (2009) Molecular mechanisms
underlying glutamatergic dysfunction in schizophrenia: therapeutic implications.

J. Neurochem. 111: 891–900.

10. Heckers S, Rauch SL, Goff D, Savage CR, Schacter DL, et al. (1998) Impaired

recruitment of the hippocampus during conscious recollection in schizophrenia.

Nat Neurosci. 1: 318–323.

11. Kim JS, Kornhuber HH, Schmid-Burgk W, Holzmüller B (1980) Low

cerebrospinal fluid glutamate in schizophrenic patients and a new hypothesis
on schizophrenia. Neurosci. Lett. 20: 379–82.

12. Lewis DA, Hashimoto T, Volk DW (2005) Cortical inhibitory neurons and

schizophrenia. Nat. Rev. Neurosci. 6: 312–324.

13. Hussman JP (2001). Suppresed GABAergic inhibition as a common factor in

suspected etiologies of autism. J. Autism Dev. Disord. 2: 247–248.

14. Rubenstein JL, Merzenich MM (2003) Model of autism: increased ratio of

excitation/inhibition in key neural systems. Genes Brain Behav. 2: 255–267.

15. Freedman R (2003) Schizophrenia. N. Engl. J. Med. 349: 1738–1749.

16. Thaker GK, Carpenter WT (2001) Advances in schizophrenia. Nat. Med. 7:

667–671.

17. Lijam N, Paylor R, McDonald MP, Crawley JN, Deng CX, et al. (1997) Social

interaction and sensorimotor gating abnormalities in mice lacking Dvl1. Cell. 90:
895–905.

18. Lindzey G, Winston H, Manosevitz M (1961) Social dominance in inbred mouse
strains. Nature. 191: 474–476.

19. Machaalani R, Waters KA (2002) Distribution and quantification of NMDA R1

mRNA and protein in the piglet brainstem and effects of intermittent
hypercapnic hypoxia (IHH). Brain Res. 951: 293–300.

20. Franklin KBJ, Paxinos G (2008) The Mouse Brain in Stereotaxic Coordinates.
San Diego, CA: Academic Press.

21. West MJ, Slomianka L, Gundersen HJ (1991) Unbiased stereological estimation
of the total number of neurons in thesubdivisions of the rat hippocampus using

the optical fractionator. Anat. Rec. 231: 482–497.

22. Gundersen HJ, Jensen EB, Kieu K, Nielsen J (1999) The efficiency of systematic
sampling in stereology-reconsidered. J. Microsc. 193: 199–211.

23. Sheperd JK, Grewal SS, Fletcher A, Bill DJ, Dourish CT (1994) Behavioural
and pharmacological characterisation of the elevated ‘‘zero-maze’’ as an animal

model of anxiety. Psychopharmacology. 116: 56–64.

24. Choleris E, Thomas AW, Kavaliers M, Prato FS (2001) A detailed ethological

analysis of the mouse open-field test: effects of diazepam, chlordiazepoxide and

an extremely low frequency pulsed magnetic field. Neurosci. Biobehav. Rev. 25:
253–260.

25. Ferguson JN, Young LJ, Hearn EF, Matzuk MM, Insel TR, et al. (2000) Social
amnesia in mice lacking the oxytocin gene. Nat. Genet. 25: 284–288.

26. Lalonde R (2002) The neurobiological basis of spontaneous alternation.
Neurosci. Biobehav. Rev. 26: 91–104.

27. Ennaceur A, Delacour J (1988) A new one-trial test for neurobiological studies of

memory in rats. 1: Behavioral data. Behav Brain Res. 31: 47–59.

28. Gainetdinov RR, Mohn AR, Bohn LM, Caron MG (2001) Glutamatergic

modulation of hyperactivity in mice lacking the dopamine transporter. Proc.

Natl. Acad. Sci. 98: 11047–11054.

29. Giros B, Jaber M, Jones SR, Wightmann RM, Caron MG (1996) Hyperlocomo-

tion and indifference to cocaine and amphetamine in mice lacking the dopamine

transporter. Nature. 379: 606–612.

30. Shamir A, Kwon O-B, Karavanova I, Vullhorst D, Leiva-Salcedo E, et al. (2012)

The importance of the NRG-1/ErbB4 pathway for synaptic plasticity and

behaviors associated with psychiatric disorders. Neurobiol. Dis. 32: 2988–2997.

31. Mohn AR, Gainetdinov RR, Caron MG, Koller BH (1999) Mice with reduced

NMDA receptor expression display behaviors related to schizophrenia. Cell. 98:

427–436.

32. Blundell J, Tabuchi K, Bolliger MF, Blaiss CA, Brose N, et al. (2009) Increased

anxiety-like behavior in mice lacking the inhibitory synapse cell adhesion

molecule neuroligin 2. Genes Brain Behav. 8: 114–126.

33. Hines RM, Wu L, Hines DJ, Steenland H, Mansour S, et al. (2008) Synaptic

imbalance, stereotypies, and impaired social interactions in mice with altered

neuroligin 2 expression. J. Neurosci. 28:6055–67.

34. Breuillaud L, Rossetti C, Meylan EM, Merinat C, Halfon O, et al. (2012)

Deletion of CREB-regulated transcription coactivator 1 induces pathological

aggression, depression-related behaviors, and neuroplasticity genes dysregulation

in mice. Biol. Psychiatry. In Press.

35. O’Tuathaigh CMP, Babovic D, O’sullivan GJ, Clifford J, Tighe O, et al. (2007)

Phenotypic characterization of spatial cognition and social behavior in mice

knockout of the schizophrenia risk gene neuregulin 1. Neurosci. 1: 18–27.

36. Gould GG, Hensler JG, Burke TF, Benno RH, Onaivi ES, et al. (2011) Density

and function of central serotonin (5-HT) transporters, 5-HT1A and 5-HT2A

receptors, and effects of their targeting on BTBR T+tf/J mouse social behavior.

J. Neurochem. 116:291–303.

37. Homberg JR, Schiepers OJ, Schoffelmeer AN, Cuppen E, Vanderschuren LJ

(2007) Acute and constitutive increases in central serotonin levels reduce social

play behaviour in peri-adolescent rats. Psychopharmacology. 195: 175–182.

38. Kalueff AV, Olivier JD, Nonkes LJ, Homberg JR (2010) Conserved role for the

serotonin transporter gene in rat and mouse neurobehavioral endophenotypes.

Neurosci. Biobehav. Rev. 34: 373–386.

39. Guidotti G, Calabrese F, Auletta F, Olivier J, Racagni G, et al. (2012)

Developmental influence of the serotonin transporter on the expression of npas4

and GABAergic markers: modulation by antidepressant treatment. Neuropsy-

chopharmacology. 37: 746–758.

40. Morellini F, Sivukhina E, Stoenica L, Oulianova E, Bukalo O, et al. (2010)

Improved reversal learning and working mmory and enhanced reactivity to

novelty in mice with enhanced GABAergic innvervation in the dentate gyrus.

Cerebral Cortex 20: 2712–2727.

41. Ramamoorthi K, Fropf R, Belfort GM, Fitzmaurice HL, McKinney RM, et al.

(2011) Npas4 regulates a transcriptional progan in CA3 required for contextual

memory formation. Science. 334: 1669–1674.

42. Kubik S, Miyashita T, Guzowski JF (2007) Using immediate-early genes to map

hippocampal subregional functions. Learning and Memory. 14: 758–770.

43. Broadbent NJ, Squire LR, Clark RE. (2004) Spatial memory, recognition

memory, and the hippocampus. Proc. Nat. Acad. Sci. 101: 14515–14520.

44. Hammond RS, Tull LE, Stackman RW (2004) On the delay-dependent

involvement of the hippocampus in bject recognition memory. Neurobiol.

Learn. Memory. 82: 26–34.

45. Gaffan EA, Eacott MJ, Simpson EL (2000) Perirhinal cortex ablation in rats

selectively impairs object identification in a simultaneous visual comparison task.

Behav. Neurosci. 114: 18–31.

46. Xiang JZ, Brown MW (1999) Differential neuronal responsiveness in primate

perirhinal cortex and hippocampal formation during performance of a

conditional visual discrimination task. Eu. J. Neurosci. 11: 3715–3724.

47. Fendt M, Buchi M, Bürki H, Imobersteg S, Ricoux B, et al. (2011) Neuropeptide

S receptor deficiency modulates spontaneous locomotor activity and the acoustic

startle response. Behav. Brain. Res. 217: 1–9.

48. Braff D, Geyer M, Swerdlow N (2001) Human studies of prepulse inhibition of

startle: normal subjects, patient groups, and pharmacological studies. Psycho-

pharmacology. 156: 234–258.

49. Geyer MA, Krebs-Thomson K, Braff DL, Swerdlow NR (2001) Pharmacolog-

ical studies of prepulse inhibition models of sensorimotor gating deficits in

schizophrenia: A decade in review. Psychopharmacology. 156: 117–154.

Social and Cognitive Deficits in Npas4 KO Mice

PLOS ONE | www.plosone.org 12 September 2012 | Volume 7 | Issue 9 | e46604



50. Enticott PG, Ogloff JR, Bradshaw JL (2008) Response inhibition and impulsivity

in schizophrenia. Psychiatry Res. 157: 251–254.

51. Raemaekers M, Jansma JM, Cahn W, Van der Geest JN, Van der Linden JA, et

al. (2002) Neuronal substrate of the saccadic inhibition deficit in schizophrenia

investigated with 3-dimensional event-related functional magnetic resonance

imaging. Arch Gen. Psychiatry. 59:313–320.

52. Benes FM, Berretta S (2001) GABAergic interneurons: implications for

understanding schizophrenia and bipolar disorder. Neuropsychopharmacol.

25, 1–27.

53. Ooe N, Saito K, Mikami N, Nakatuka I, Kaneko H (2004) Identification of a

novel basic helix-loop-helix-PAS factor, NXF, reveals a Sim2 competitive,
positive regulatory role in dendritic-cytoskeleton modulator drebrin gene

expression. Mol. Cell. Biol. 24: 608–616.

54. Yamada K, Iwayama-Shigeno Y, Yoshida Y, Toyota T, Itokawa M, et al. (2004)
Family-based association study of schizophrenia with 444 markers and analysis

of a new susceptibility locus mapped to 11q13.3. Am J Med Genet B
Neuropsychiatr Genet. 127B: 11–9.

55. Klar AJ (2004) A genetic mechanism implicates chromosome 11 in

schizophrenia and bipolar diseases. Genetics. 167:1833–40.

Social and Cognitive Deficits in Npas4 KO Mice

PLOS ONE | www.plosone.org 13 September 2012 | Volume 7 | Issue 9 | e46604


