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ABSTRACT 

Schnurri-2 (Shn-2), a nuclear factor-κB site-binding protein, tightly binds to the 

enhancers of major histocompatibility complex class I genes and inflammatory 

cytokines, which have been shown to harbor common variant single-nucleotide 

polymorphisms associated with schizophrenia. Although genes related to immunity are 

implicated in schizophrenia, there has been no study showing that their mutation or 

knockout (KO) results in schizophrenia. Here, I show that Shn-2 KO mice have 

behavioral abnormalities that resemble those of schizophrenics. The mutant brain 

demonstrated multiple schizophrenia-related phenotypes, including 

transcriptome/proteome changes similar to those of postmortem schizophrenia patients, 

decreased parvalbumin and GAD67 levels, increased theta power on 

electroencephalograms, and a thinner cortex. Dentate gyrus granule cells failed to 

mature in mutants, a previously proposed endophenotype of schizophrenia. Shn-2 KO 

mice also exhibited mild chronic inflammation of the brain, as evidenced by increased 

inflammation markers (including GFAP and NADH/NADPH oxidase p22 phox), and 

genome-wide gene expression patterns similar to various inflammatory conditions. 
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Chronic administration of anti-inflammatory drugs reduced hippocampal GFAP 

expression, and reversed deficits in working memory and nest-building behaviors in 

Shn-2 KO mice. These results suggest that genetically induced changes in immune 

system can be a predisposing factor in schizophrenia.  
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１. INTRODUCTION 

Elucidating the neural and genetic basis of schizophrenia and other psychiatric disorders 

remains difficult, in part because psychiatric phenotypes in human patients are largely 

dependent on subjective clinical evaluation criteria that lack quantifiable biological 

indicators. The biological heterogeneity of schizophrenia patients has particularly 

hindered the identification of genetic risk factors (Braff et al., 2007). Thus, the 

development of animal models with homogenous backgrounds is imperative for 

investigating genetic contributions to schizophrenia. For the past decade, I and 

colleagues have sought to identify rodent models of neuropsychiatric disorders, 

including schizophrenia, by analyzing genetically engineered mice with a 

comprehensive behavioral test battery that covers many distinct behavioral domains, 

from simple sensorimotor functions to cognition-intensive functions like learning and 

memory (Figure 1a) (Miyakawa et al., 2003; Powell & Miyakawa, 2006; Takao et al., 

2007; Yamasaki et al., 2008). To date, I and colleagues have screened >200 mutant 

mouse strains using the same protocol and identified several strains with behavioral 

phenotypes that resemble symptoms in human schizophrenia patients (Takao et al., 
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2008; Yamasaki et al., 2008) (Figure 1). Because schizophrenia is a multi-factorial 

disorder, the effects of many of the individual factors identified in human genetics or 

epidemiological studies are small. Therefore, even if one of those factors were 

introduced into mice, the phenotype would be weak, and it would be difficult to make a 

good mouse model of schizophrenia. In contrast to those etiology-driven research 

strategies, phenotype-driven research strategies analyze mice without a specific 

hypothesis and search for mice that resemble schizophrenia. If a new model mouse with 

a very similar behavioral phenotype, i.e., one with high surface validity, is identified, 

we can use it to search for and find novel endophenotypes of the brain.  

Schnurri-2 (Shn-2; also called major histocompatibility complex (MHC)-

binding protein 2 (MBP-2), Hivep2 or Mibp1) was originally identified as a nuclear 

factor-κB (NF-κB) site-binding protein that tightly binds to the enhancers of MHC 

genes in the MHC regions of chromosome 6 (Fukuda et al., 2002). Recent genome-wide 

association studies identified a number of single-nucleotide polymorphisms (SNPs) in 

the MHC region associated with schizophrenia (Purcell et al., 2009; J. Shi et al., 2009; 

Stefansson et al., 2009; Yue et al., 2011). MHC class I proteins coded in this region 
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have been reported to play a critical role in neural development and plasticity (Shatz, 

2009). Genes in MHC regions often contain NF-κB-binding sequences in their promoter 

regions. Shn-2 constitutively binds NF-κB-binding site to suppress NF-κB-dependent 

gene expression (Kumar et al., 2004), including tumor necrosis factor (TNF)-α, 

interleukin (IL)-1β, IL-6, cyclin D1, prostaglandin-endoperoxidase synthase 2 (PTGS2, 

also called COX2), NADH/NADPH oxidase p22 phox, and vimentin. To induce an 

immune response, Shn-2 detaches from the NF-κB-binding site, allowing the 

transcription of NF-κB target genes (Kimura et al., 2005, 2007). Accordingly, Shn-2 

KO mice demonstrate constitutive NF-κB activation in CD4+ T cells (Kimura et al., 

2007). Shn-2 expression is also reported in several brain regions including 

hippocampus, cortex, and cerebellum (Fukuda et al., 2002). Previously, it is reported 

that Shn-2 KO mice exhibited hyperactivity (Takagi et al., 2006), suggesting the 

functional significance of Shn-2 in the brain. 

As a course of the large-scale screening to identify animal models of 

psychiatric disorders, Shn-2 KO mice were subjected to a comprehensive behavioral 

test battery. Shn-2 KO mice displayed behavioral alterations and cognitive impairments 
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resembling those of schizophrenia. I observed significant similarities in 

transcriptome/proteome changes between Shn-2 KO mouse brain and postmortem 

brains of human schizophrenia patients. Granule cells of the dentate gyrus (DG) also 

failed to mature in Shn-2 KO mice, a previously proposed candidate endophenotype of 

the disease observed in at least one additional mouse model of schizophrenia and its 

related phenotypes (Yamasaki et al., 2008). Finally, Shn-2 KO mice demonstrated mild, 

widespread brain inflammation characterized by the upregulation of NF-κB-responsive 

genes and activation of astrocytes. Results of my study demonstrate that Shn-2 KO mice 

serve as an animal model of schizophrenia with good face and concept validity. The 

present study also suggests that immune system changes induced by genetic factors may 

contribute to the pathophysiology of schizophrenia. This doctoral dissertation is mainly 

based on an original paper “Deficiency of schnurri-2, an MHC enhancer binding 

protein, induces mild chronic inflammation in the brain and confers molecular, 

neuronal, and behavioral phenotypes related to schizophrenia”, which was previously 

published in Neuropsychopharmacology (Takao et al., 2013). The dissertation also 

partly based on other original papers published in Neuroscience Research (Takao et al., 
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2007) and Proceedings of the National Academy of Sciences of the United States of 

America (Takao & Miyakawa, 2015). 

 

2 MATERIALS AND METHODS 

2.1 Animals and experimental design 

All behavioral tests were carried out with male mice that were at least 9 weeks old at the 

start of testing. Raw data from the behavioral tests, the date on which each experiment 

was performed, and the age of the mice at the time of the experiment are shown in the 

mouse phenotype database (http://www.mouse-phenotype.org/). Mice were group-

housed (2–4 mice per cage) in a room with a 12-h light/dark cycle (lights on at 7:00) 

with access to food and water ad libitum. The room temperature was kept at 23 ± 2°C. 

Behavioral testing was performed between 9:00 and 19:00. After the tests, all 

apparatuses were cleaned with diluted sodium hypochlorite solution to prevent a bias 

due to olfactory cues. Sixteen independent groups of mice were prepared for behavioral 

tests. One group consisted of equal numbers of Shn-2 KO mice and wild-type control 
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littermates. All behavioral tests were separated from each other by at least 1 day. All 

behavioral testing procedures were approved by the Animal Research Committee, 

Graduate School of Medicine, Kyoto University (MedKyo 09539, MedKyo 10259), 

Fujita Health University (I0741) and National Institute for Physiological Sciences 

(15A021). 

 

Shn-2 KO mice 

The generation of Shn-2 KO mice has been previously described (Takagi et al., 2001). 

Shn-2 KO mice were backcrossed with C57BL6/J or Balb/cA for at least 10 generations 

for each strain. Shn-2 KO mice with an F1 hybrid background were obtained by mating 

heterozygous C57BL6/J male and heterozygous Balb/cA female mice. The F1 mice on 

the C57BL/6J and BALB/cA genetic background were used for all experiments, both 

KO and WT mice as well. The effect of the genetic background is virtually the same for 

both genotypes. I used F1 mice for the experiments because the number of Shn-2 KO 

offspring obtained with a single genetic background is very small.  
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Arc-dVenus mice 

Transgenic mice expressing destabilized Venus driven by the Arc gene promoter 

(Eguchi & Yamaguchi, 2009) were backcrossed with C57BL/6J mice for at least 6 

generations. Arc-dVenus mice were crossed with Shn-2 heterozygous KO mice on a 

C57BL/6J background. Arc-dVenus-expressing Shn-2 KO mice on the F1 hybrid 

background were obtained by mating Arc-dVenus heterozygote Shn-2 KO male 

(C57BL/6J) with heterozygote Balb/cA females. 

 

Anti-inflammatory treatment 

Mice were treated with rolipram (4 mg/kg, i.p.; Sigma-Aldrich, St. Louis, MO) in saline 

containing 2% dimethyl sulfide (DMSO) once daily and kept on a ibuprofen (400 ppm; 

Tokyo Chemical Industry, Tokyo, Japan)-containing chow for 3 to 4 weeks. Control 

mice were treated with saline containing 2% DMSO and fed an identical diet, but 

without added ibuprofen. 
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2.2 Behavioral analysis 

Open field test 

Locomotor activity was measured using an open field test. Each mouse was placed in 

one corner of the open field apparatus (40 × 40 × 30 cm; Accuscan Instruments, 

Columbus, OH). Total distance traveled (in cm), vertical activity (rearing measured by 

counting the number of photobeam interruptions), time spent in the center, the beam-

break counts for stereotyped behaviors, and the number of fecal boli were recorded. 

Data were collected for 120 min.  

 

Social interaction test in home cage 

Social interaction monitoring in the home cage was conducted as previously described 

(Miyakawa et al., 2003). The system contains a home cage (29 × 18 × 12 cm) and a 

filtered cage top, separated by a 13-cm-high metal stand containing an infrared video 

camera, fitted on top of the stand. Two mice of the same inbred strain that had been 
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housed separately were placed together in a home cage. Their social behavior was then 

monitored for a week. Outputs from the video cameras were fed into a Macintosh 

computer. Images from each cage were captured at a rate of one frame per second. 

Social interaction was measured by counting the number of particles in each frame: two 

particles indicated the mice were not in contact with each other; and one particle 

indicated contact between the two mice. I also measured locomotor activity during these 

experiments by quantifying the number of pixels that changed between each pair of 

successive frames. Analysis was performed automatically using Image SI software (see 

'Image analysis'). 

 

Eight-arm radial maze 

The eight-arm radial maze test was performed with 21- to 25-week-old male mice in a 

fully-automated eight-arm radial maze apparatuses (O'Hara & Co., Tokyo, Japan). The 

floor of the maze was made of white plastic and the wall (25 cm high) consisted of 

transparent plastic. Each arm (9 × 40 cm) radiated from an octagonal central starting 

platform (perimeter 12 × 8 cm) like the spokes of a wheel. Identical food wells (1.4 cm 
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deep and 1.4 cm in diameter) with pellet sensors were placed at the distal end of each 

arm. The pellets sensors were able to automatically record pellet intake by the mice. 

The maze was elevated 75 cm above the floor and placed in a dimly lit room with 

several extra-maze cues. During the experiment, the maze was maintained in a constant 

orientation.  

One week before pretraining, animals were deprived of food until their body 

weight was reduced to 80-85% of the initial level. Pretraining started on the 8th day. 

Each mouse was placed in the central starting platform and allowed to explore and 

consume food pellets scattered over the whole maze for a 30-min period (one session 

per mouse). After completion of the initial pretraining, mice received further pretraining 

to take a food pellet from each food well after being placed at the distal end of each 

arm. A trial was finished after the mouse consumed the pellet. This was repeated eight 

times, using eight different arms, for each mouse. After these pretraining trials, actual 

maze acquisition trials were performed. In the spatial working memory task of the 

eight-arm radial maze, all eight arms were baited with food pellets. Mice were placed 

on the central platform and allowed to obtain all eight pellets within 25 min. A trial was 



 17 

terminated immediately after all eight pellets were consumed or after 25 min had 

elapsed. An “arm visit” was defined as traveling more than 5 cm from the central 

platform. The mice were confined to the center platform for 5 s after each arm choice. 

The animals completed one trial per day. For each trial, arm choice, latency to obtain all 

pellets, distance traveled, number of different arms chosen within the first eight choices, 

number of arms revisited, and omission errors were automatically recorded. Data 

acquisition, control of guillotine doors, and data analysis were performed using Image 

RM software (see “Image analysis”). 

 

T-maze forced alternation task 

The forced alternation task was conducted using an automatic T-maze (Shoji et al., 

2012). It was constructed of white plastic runways with walls 25 cm high. The maze 

was partitioned into six areas by sliding doors that opened downwards. The stem of the 

“T” comprised of area S2 (13 cm × 24 cm), and the arms of “T” comprised of areas A1 

and A2 (11.5 cm × 20.5 cm). Areas P1 and P2 were the connecting passageways from 

the arm (area A1 or A2) to the start compartment (area S1) (Figure 3o). The end of each 
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arm was equipped with a pellet dispenser that could provide a food reward. The pellet 

sensors were able to automatically record pellet intake by the mice.  

One week before the pre-training, mice were deprived of food until their body 

weight was reduced to 80–85% of the initial level. Mice were kept on a maintenance 

diet throughout the course of all the T-maze experiments. Before the first trial, mice 

were subjected to three 10-min adaptation sessions, during which they were allowed to 

freely explore the T-maze with all doors open and both arms baited with food. On the 

day after the adaptation session, mice were subjected to a forced alternation protocol for 

16 days (one session consisting of 10 trials per day; cut-off time, 50 min). Mice 

underwent 10 pairs of training trials per day. On the first (sample) trial of each pair, the 

mouse was forced to choose one of the arms of the T (area A1 or A2) and received the 

reward at the end of the arm. Choosing the incorrect arm resulted in no reward and 

confinement to the arm for 10 s. After the mouse consumed the pellet or the mouse 

stayed >10 s without consuming the pellet, the door that separated the arm (area A1 or 

A2) and connecting passageway (area P1 or P2) was opened, and the mouse could 

return to the starting compartment (area S1) via the connecting passageway. The mouse 
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was then given a 3-s delay followed by a free choice between both T arms and was 

rewarded for choosing the arm that was not chosen on the first trial of the pair. The 

location of the sample arm (left or right) was varied pseudo-randomly across trials using 

a Gellermann schedule so that mice received equal numbers of left and right 

presentations. A variety of fixed extra-maze cues surrounded the apparatus. On the 9th 

to 10th days, a delay (10, 30, or 60 s) was applied after the sample trial. 

 

T-maze left-right discrimination task 

The left-right discrimination task was also conducted using an automatic T-maze 

(Figure 3o) (Shoji et al., 2012) and food deprivation before the trials as described above. 

On the day after the adaptation session, mice were subjected to a left-right 

discrimination task for 20 d (one session consisting of 10 trials, two sessions per day, 

cut-off time of 50 min). The mouse was able to freely choose either the right or left arm 

of the T-maze (A1 and A2). The correct arm was randomly assigned to each mouse. If it 

chose the correct arm, the mouse received a reward at the end of the arm. Choosing the 

incorrect arm resulted in no reward and confinement to the arm for 10 s. After the 
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mouse consumed the pellet or the mouse stayed for more than 10 s without consuming 

the pellet, the door that separated the arm (A1 or A2) and connecting passageway (P1 or 

P2) was opened and the mouse could return to the starting compartment (S1) via the 

connecting passageway. On the 9th day, the correct arm was changed for reversal 

learning. A variety of fixed extra-maze clues surrounded the apparatus. 

 

Startle response/prepulse inhibition test 

A startle reflex measurement system was used (O'Hara & Co., Tokyo, Japan). A test 

session began by placing a mouse in a plexiglass cylinder, where it was left undisturbed 

for 10 min. A 40 ms duration of white noise was used as the startle stimulus for all trial 

types. The startle response was recorded for 140 ms (measuring the response every 1

ms), starting with the onset of the prepulse stimulus. The background noise level in each 

chamber was 70 dB. The peak startle amplitude recorded during the 140 ms sampling 

window was used as the dependent variable. A test session consisted of six trial types 

(i.e., two types for “startle-stimulus-only” trials and four types for prepulse inhibition 

(PPI) trials). The intensity of the startle stimulus was 110 or 120 dB. The prepulse 
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sound was presented 100 ms before the startle stimulus, and its intensity was 74 or 78

dB. Four combinations of prepulse and startle stimuli were used (74–110, 78–110, 74–

120, and 78–120 dB). Six blocks of the six trial types were presented in pseudo-random 

order such that each trial type was presented once within a block. The average inter-trial 

interval was 15 s (range: 10–20 s). 

 

Social interaction test in a novel environment 

The social interaction test in a novel environment was performed with 11- to 14-week-

old male mice. Two mice of identical genotypes that were previously housed in 

different cages were placed into a box together (40 × 40 × 30 cm) and allowed to 

explore freely for 10 min. Social behavior was monitored by a CCD camera connected 

to a computer. Analysis was performed automatically using Image SI software (see 

“Image analysis”). The total duration of contact, number of contacts, number of active 

contacts, mean duration per contact, and total distance traveled were measured. The 

number of active contacts was defined as follows: Images were captured at 1 frame per 

second, and the distance traveled between two successive frames was calculated for 
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each mouse. If the two mice contacted each other and the distance traveled by either 

mouse was greater than 5 cm, the behavior was considered an “active contact.” 

 

Sociability and social novelty preference test 

The social testing apparatus consisted of a rectangular, three-chambered box and a lid 

fitted with an infrared video camera (Ohara & Co., Tokyo, JAPAN). Each chamber was 

20 × 40 × 22 cm in size, and the dividing walls were made from clear plexiglass, with 

small square openings (5 × 3 cm) allowing access into each chamber. An unfamiliar 

C57BL/6J male (stranger 1), which had had no prior contact with the subject mice, was 

placed in one of the side chambers. The location of stranger 1 in the left vs. the right 

side chamber was systematically alternated between trials. The stranger mouse was 

enclosed in a small, round wire cage, which allowed nose contact between the bars but 

prevented fighting. The cage was 11 cm in height, with a bottom diameter of 9 cm, 

vertical bars 0.5 cm and horizontal bars spaced 1 cm apart. The subject mouse was first 

placed in the middle chamber and allowed to explore the entire social test box for a 10 

min session to quantify social preference for the first stranger. The amount of time spent 
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around each cage was measured with the aid of the camera fitted on top of the box. 

After the first 10 min session, a second unfamiliar mouse, also enclosed in an identical 

small wire cage, was placed in the chamber that had been empty during the first 10 min 

session. The mouse subjected to the test thus had a choice between the first, already-

investigated unfamiliar mouse (stranger 1), and the novel unfamiliar mouse (stranger 2). 

The amount of time spent around each cage during the second 10-minutes was 

measured as described above. Time spent around each cage by each genotype was 

compared using a one-tailed paired t-test. Data acquisition and analysis were performed 

automatically using an ImageJ based original program (Image CSI: see “Image 

analysis”). 

 

Nest-building test 

To test the individual nest building behavior, mice were housed individually in cages 

containing paper chip bedding and one square of pressed cotton, “Nestlets” (Ancare, 

Bellmore, NY, USA). No other nesting material (e.g. wood or wool) was present. The 

following morning, the manipulation of the Nestlet and the constitution of the built nest 
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were assessed according to a five-point scale as described previously (Deacon, 2006): 

(1) Nestlet not noticeably touched (more than 90% intact); (2) Nestlet partially torn (50–

90% remaining intact); (3) Nestlet mostly shredded but with no identifiable nest site 

(less than 50% of the Nestlet remains intact, but less than 90% is within a quarter of the 

cage floor area (i.e., the cotton is not gathered into a nest but rather spread around the 

cage), with the material may sometimes in a broadly defined nest area, but, critically, 

with 50–90% shredded); (4) an identifiable but flat nest (more than 90% of the Nestlet 

is torn, the material is gathered into a nest within a quarter of the cage floor area, but the 

nest is flat with walls higher than mouse body height (of a mouse curled up on its side) 

for less than 50% of its circumference; and (5) a (near) perfect nest (more than 90% of 

the Nestlet is torn, and the nest is a crater, with walls higher than mouse body height for 

more than 50% of its circumference).  

 

Hot plate test 

A hot plate test was used to evaluate sensitivity to a painful stimulus. Mice were placed 

on a hot plate (Columbus Instruments, Columbus, OH, USA) at 55.0 (± 0.3)°C, and 
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latency to the first paw response was recorded. A paw response was a foot shake, or a 

paw lick, or lifting both forepaws simultaneously. 

 

Locomotor activity monitoring in the home cage 

A system that automatically analyzes the locomotor activity of mice in their home cage 

was used. The system contained a home cage (29 × 18 × 12 cm) and a filtered cage top, 

separated by a 13 cm-high metal stand containing an infrared video camera, which was 

attached to the top of the stand. Each mouse was individually housed in each home 

cage, and their locomotor activity was monitored for 1 week. Outputs from the video 

cameras were fed into a computer. Images from each cage were captured at a rate of one 

frame per second, and distance travelled was measured automatically using Image HA 

software (see “Image analysis”). 

 

Elevated plus maze test 
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The elevated plus maze apparatus consisted of two open arms (25 × 5 cm) and two 

enclosed arms of the same size, with transparent walls15 cm high (Komada et al., 

2008). The arms and central square were made of white plastic plates and were elevated 

55 cm above the floor. To minimize the likelihood of animals falling from the 

apparatus, 3 mm-high plexiglass ledges were provided for the open arms. Arms of the 

same type were arranged on opposite sides. Each mouse was placed in the central 

square of the maze (5 × 5 cm) facing one of the closed arms. Behavior was recorded 

during a 10 min test period. The number of entries into and the time spent on open and 

enclosed arms was recorded. For data analysis, the following four measures were 

employed: the percentage of entries into open arms, the stay time on the open arms (s), 

the number of total entries, and the total distance traveled (cm). To specify the locations 

of the mice, the center of balance was used (i.e., "entry" indicates that center of the 

mass of the mice enters into the other arm). Data acquisition and analysis were 

performed automatically, using an ImageJ-based original program (Image EP: see 

“Image analysis”) 
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Sucrose preference test 

The sucrose preference test was performed as previously described (Snyder et al., 

2011). Mice were individually housed prior to the experiment. Animals were given a 

water bottle containing water and a second containing 1% sucrose, with the left/right 

location balanced across animals, for 3 successive days. Both bottles were removed 

between 15:30 and 18:30 on each day and weighed. Sucrose preference was calculated 

according to the formula: 

% preference = (Δweightsucrose)/(Δweightsucrose + Δweightwater) × 100 

 

Porsolt forced swim test 

The apparatus consisted of four plexiglass cylinders (20 cm height × 10 cm diameter). 

The cylinders were filled with water (23°C), up to a height of 7.5 cm. Mice were placed 

in the cylinders, and immobility and distance traveled were recorded over a 10 min test 

period. Images were captured at one frame per second. For each pair of successive 

frames, the amount of area (pixels) within which the mouse moved was measured. 
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When the amount of area was below a certain threshold, the mouse was judged to be 

"immobile." When the area equaled or exceeded the threshold, the mouse was 

considered to be "moving." The optimal threshold was determined by adjusting it to the 

degree of immobility measured by human observation. Immobility lasting for less than 

2 s was not included in the analysis. Data acquisition and analysis were performed 

automatically using an ImageJ based original program (Image TS: see “Image 

analysis”). 

 

Pharmacological treatment 

MK-801: Animals they were placed and recorded in the open filed as described in 

“Open field test.” After 60 min, the animals were removed from the apparatus and 

injected with MK-801 (0.2 mg/kg, ip) or the vehicle solution.  

Haloperidol: Mice were acclimated to the procedure room for at least 30 min before 

administration of drug or vehicle. Haloperidol (1 or 3 mg/kg, ip) or the vehicle solution 

was administered ip 30 min prior to the startle response/prepuse inhibition and the open 
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filed test. The dose of haloperidol was chosen based its efficacy in animal models 

designed to study the action of antipsychotic drugs (Duncan et al., 2006; Ouagazzal et 

al., 2001). 

Clozapine: Mice were acclimated to the procedure room for at least 30 min before 

administration of drug or vehicle. Clozapine (1 mg/kg, ip) or the vehicle solution was 

administered ip 30 min prior to the open filed test. For the open field test, 1 mg/kg, 3 

mg/kg or the vehicle solution was administered ip 30 min prior to the test. 

Rolipram and ibupurofen treatment: Rolipram (4mg/kg, ip) or the vehicle solution was 

administrated to the animals for at least 3 weeks. At the same time, mice were fed with 

ibuprofen chow containing ibuprofen or no drug. 

 

Image analysis 

The applications used for the behavioral studies (Image LD, Image EP, Image RM, 

Image FZ, Image SI, Image TS, Image TM, Mimage CSI and Image HA) were based on 

the public domain ImageJ program (http://rsb.info.nih.gov/ij/) and were modified for 
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each test by I and collaborators (those software are available through O'Hara & Co., 

Tokyo, Japan, and some of them are freely available on the “Mouse Phenotype 

Database” website URL = http://www.mouse-phenotype.org/software.html). 

 

Statistical analysis 

Statistical analysis was conducted using StatView (SAS Institute, Cary, NC, USA). 

Data were analyzed by unpaired t-test, one-way ANOVA, two-way ANOVA or two-

way repeated measures ANOVA, unless noted otherwise. Values in Tables and graphs 

are expressed as the mean ± s.e.m. 

 

2.3 Dopamine signaling Assay 

Dopamine receptor autoradiography 

Frozen brains were obtained from 12-week-old wild (n = 6) and Shn-2 KO (n = 6) mice, 

and were cut into 20-mm-thick coronal sections with a HM560 cryotome (Thermo 

Fisher Scientific Inc., Waltham, MA, USA). The sections were mounted on slide 
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glasses (Matsunami Glass, Osaka, Japan) and stored at −80 °C pending analyses. 

Levels of dopamine D1 and NMDA receptors were determined by autoradiographically 

analyzing specific binding of [3H]SCH233090 (1.5 nM) and [3H]PHNO (2 nM), 

respectively, to the brain slices. The conditions of buffers and incubation time were as 

described in previous reports (Mansour et al., 1990; Nobrega & Seeman, 1994). Non-

specific binding of [3H]SCH23390 and [3H]PHNO was determined by adding 10 mM of 

flupenxiol and 10 mM of raclopride, respectively. Following the incubation, the 

samples were rinsed with ice-cold buffer, and were desalted with ice-cold distilled 

water. The slices were subsequently dried under blowing air and were contacted to an 

imaging plate (Fuji Film, Tokyo, Japan) for 7 days. The imaging plates were 

subsequently scanned by a BAS5000 system (Fuji Film, Tokyo, Japan). Regions of 

interest (ROIs) were defined on the images using a Multi Gauge® software (Fuji Film, 

Tokyo, Japan), and densitometric assay for each ROI was performed using 

autoradiographic [3H]micro-scales (GE Healthcare Bio-Sciences Corp., Piscataway, NZ, 

USA). 
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Preparation and incubation of neostriatal slices 

Shn-2 KO mice and wildtype mice were sacrificed by decapitation. The brains were 

rapidly removed and placed in ice-cold, oxygenated Krebs-HCO3
− buffer (124 mM 

NaCl, 4 mM KCl, 26 mM NaHCO3, 1.5 mM CaCl2, 1.25 mM KH2PO4, 1.5 mM 

MgSO4 and 10 mM D-glucose, pH 7.4). Coronal slices (350 μm) were prepared using a 

vibrating blade microtome, VT1000S (Leica Microsystems, Nussloch, Germany).  

Dentate gyrus was dissected from the slice in ice-cold Krebs-HCO3- buffer. Slices were 

devided into polypropylene incubation tube (3-4 slices in each tube) with 2 ml fresh 

Krebs-HCO3- buffer. The slices were preincubated at 30˚C under constant oxygenation 

with 95 % O2 / 5% CO2 for 60 min. The buffer was replaced with fresh Krebs-HCO3- 

buffer after 30 min of preincubation. Slices were treated with a dopamine D1 agonist, 

(±)-SKF81297 (Tocris Bioscience, Bristol, United Kingdom). After drug treatment, 

slices were transferred to Eppendorf tubes, frozen on dry ice, and stored at –80˚C until 

assayed. 

Frozen tissue samples were sonicated in a solution of boiling 1% sodium 

dodecyl sulfate (SDS), then boiled for an additional 10 min. Small aliquots of the 
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homogenate were retained for protein determination by the BCA protein assay method 

(Pierce, Rockford, IL, USA).  Equal amounts of protein (40 g) were separated by 4-

12% polyacrylamide Bis-Tris gels (Bio-Rad, Hercules, CA, USA), and transferred to 

nitrocellulose membranes (0.2 m) (Schleicher and Schuell, Keene, NH, USA). 

 

2.4 Gene expression and bioinformatics analysis 

Gene expression analysis 

Microarray experiments were performed using the medial prefrontal cortex and dentate 

gyrus of 32- to 35-week-old male mice (three control mice and three mutant mice), and 

the hippocampus of 15- to 35-week-old male mice (four control mice and four mutant 

mice). The dentate gyrus and medial prefrontal cortex were sampled from the same 

mice. RNA was isolated from brain tissues using the TRIzol method (Invitrogen, 

Carlsbad, CA, USA) from brain tissues, followed by purification, using RNeasy 

columns (Qiagen, Valencia, CA, USA). Double-stranded cDNA was synthesized from 

the total RNA, and the in vitro transcription reaction was performed using biotin-labeled 
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RNA generated from the cDNA. Labeled RNA was hybridized to the Mouse Genome 

430 2.0 Array (Affymetrix, Santa Clara, CA, USA) containing 45101 probe sets and 

washed according to the manufacturer's recommendations. The hybridized probe array 

was then stained with streptavidin-conjugated phycoerythrin, and each GeneChip was 

scanned by an Affymetrix GeneChip Scanner 3000 (GCS3000). Raw data were 

corrected for background using the robust multichip average (RMA) algorithm and 

quantile normalization (Irizarry et al., 2003) with the Affymetrix Expression Console 

1.1 software. To determine whether genes were differentially expressed between the 

two groups, a two-tailed, unpaired Welch’s t test was performed on the normalized data 

set. Only genes showing a P value from the t test < 0.05 and an absolute value of fold 

change > 1.2 were considered to be differentially expressed. 

 

Bioinformatics analysis 

Gene expression pattern in the brains of Shn-2 KO mice were compared with publicly 

available microarray data obtained from the web-based search engine software, NextBio 

(Cupertino, CA, USA). Fold changes are calculated by dividing the mutant/disease 
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value by the wild-type/normal value. For the graphs, these raw fold change values are 

used. In the text and tables, fold change values are converted into the negative 

reciprocal, or -1/(fold change), if the fold change is less than one. Public microarray 

datasets were queried using NextBio, a database of microarray results (accessed on May 

4th, 2011). NextBio is a repository of analyzed microarray datasets that allows the 

investigator to search results and the expression profiles of publicly available 

microarray datasets. Gene overlaps were examined using Running Fisher test. 

In Figure 4A–D, genes that showed differential expression both in the hippocampus of 

Shn-2 KO mice and in one of the four inflammation-related biosets that are deposited in 

NextBio database. The following data sets were used for each of the plots: (a) LPS: Mus 

musculus, Hippocampal tissue from mice inoculated with NBH + 500 μg/kg LPS 18 wk 

after _vs_ saline (GSE23182); (b) Injury: Mus musculus, Spinal cord below impact site 

72 h after injury _vs_ naïve (GSE5296); (c) Prion infection: Mus musculus, 

Hippocampal tissue of mice treated with 500 μg/kg saline 18 wk after ME7 infection 

_vs_ uninfected (GSE23182); (d) Aging: Mus musculus, Hippocampus from spatial 
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memory unimpaired aged animals _vs_ young (GSE13799). The Gene Expression 

Omnibus (GEO) accession IDs are shown in parentheses. 

NextBio was used to identify diseases or experiments that demonstrated gene 

expression patterns (signatures) similar to that of Shn-2 KO mice, I utilized NextBio 

(for Figure 6 and Table 2 NextBio was accessed on September 29 in 2011, for Figure 

16A-D accessed on April 20 in 2011, for Table 3, NextBio was accessed on May 4 in 

2011, and for Table 4 NextBio was accessed on March 8 (Schizophrenia), and on April 

6 (Shn-2 KO mice) in 2012). NextBio compares the signatures in publicly available 

microarray databases with a signature provided by the user using a “Running Fisher” 

algorithm, as previously described (Kupershmidt et al., 2010). The overlap P value, the 

direction of correlation between two given gene signature sets (b1, b2), and the P values 

between subsets of gene signatures are calculated as follows:  

First, each gene signature set was rank-ordered according to the absolute value of the 

fold change. The upregulated and downregulated genes are denoted by positive and 

negative signs, respectively, to imply directionality. A directional subset is generated 

for each direction, such as b1+, b1-, b2+, and b2-. Second, all the subset pairs are 
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identified as b1Di, b2Dj, where Di and Dj are the available directions (+ or -) in b1 and 

b2, respectively. The Running Fisher algorithm is applied to each subset pair. The top-

ranking genes in the first subset b1Di are collected as a group, G, and the second subset 

b2Dj was scanned from top to bottom in rank order to identify each rank with a gene 

matching a member in group G. At each matching rank, K, the scanned portion of the 

second subset b2Dj consists of N genes, and the overlap between group G and N genes 

is defined as M. A Fisher’s exact test is performed at rank K, to evaluate the statistical 

significance of observing M overlaps between a set of size G and a set of size N, where 

the set of size G comes from platform P1 and the set of size N comes from platform P2, 

given the sizes of P1 and P2 as well as the overlap between P1 and P2. At the end of 

the scan, the best P value is retained, and a multiple hypothesis testing correction factor 

is applied. The negative log of the multiple testing corrected best P value ( ) 

is a score ( ) for the subset pair. Here, the subscript of  

indicates that b1Di is the first subset that is used to define the top genes G and b2Dj is 

the second subset that is used for the scan. 

            .                              (1) 
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Next, the Running Fisher algorithm is performed in the reverse direction. The same 

procedure in this reverse direction produces another score ( ) for the same 

subset pair. The two scores were averaged to represent the magnitude of the similarity 

between the two subsets. 

        .                            (2) 

The P value (Pb1Dib2Dj) between b1Di and b2Dj is calculated by the following equation: 

        .                              (3) 

A positive sign is given to pairwise correlation scores (Sb1+b2+ and Sb1-b2-) for a subset 

pair of the same direction (b1+b2+, b1-b2-), and a negative sign is given to ones 

(Sb1+b2- and Sb1-b2+) for a subset pair of opposite directions (b1+b2-, b1-b2+). Then, the 

overall score (Sb1b2) between b1 and b2 is calculated from the correlation scores 

(Sb1+b2+, Sb1-b2-, Sb1+b2-, and Sb1-b2+) of subset pairs using the following equation: 

      .                     (4) 
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The sign of Sb1b2 determines whether the two signatures are positively or negatively 

correlated. The overall P value (Pb1b2) between b1 and b2 is calculated using the 

following equation: 

     .                                    (5) 

This overall P value is referred as an overlap P value between two gene expression 

patterns in this paper.  

 

2.5 Two-Dimensional Fluorescence Difference Gel Electrophoresis (2D-DIGE) 

The DG was dissected out (Hagihara et al., 2009), frozen with liquid nitrogen, and 

stored at −80 °C until use. Twenty micrograms of each protein were dissolved in 

30 mM Tris, pH 8.5 containing 2 M thiourea, 7 M urea, and 4% w/v CHAPS and 

minimally labeled with CyDye DIGE fluors according to the manufacturer’s 

instructions (GE Healthcare, Little Chalfont, UK). In brief, the dyes were added to the 

protein extract (8 pmol/μg protein). Internal pools were generated by combining equal 
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amounts of all samples and labeled with Cy2. After vortexing, centrifugation, and 

incubation (30 min in the dark at 4 °C), 10 mM L-lysine (Sigma-Aldrich, St. Louis, 

MI, USA) was added to stop the reaction (10 min in the dark at 4 °C). Equal amounts of 

Cy2-, Cy3-, and Cy5-labeled protein samples were mixed, and rehydration buffer (GE 

Healthcare, Milwaukee, WI, USA) was added to a final volume of 125 μl. Isoelectric 

focusing was performed using Immobiline DryStrip (pH 3–10, 7 cm, GE Healthcare, 

Milwaukee, WI, USA) and an Ettan IPGphorIII (GE Healthcare, Milwaukee, WI, USA) 

at 300 V for 200 V·h, 1 kV for 300 V·h, and 5 kV for 6 kV·h. After the reduction and 

alkylation of disulfide bonds with 10 mg/ml DTT and 25 mg/ml iodoacetamide, 

respectively, the second-dimension separation was run on NuPAGE gels (Invitrogen, 

Carlsbad, CA, USA). The gels were scanned on a Typhoon 9400 imager (GE 

Healthcare, Milwaukee, WI, USA). Excitation and emission wavelengths were chosen 

specifically for each dye according to the manufacturer’s recommendations. Intra-gel 

spot detection and intra-gel matching were performed using DeCyder software (GE 

Healthcare, Milwaukee, WI, USA). Differentially expressed protein spots were 
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determined by pairwise comparison of the mutants with the respective control data 

using Student’s t-test. 

 

2.6 Protein Identification by Mass Spectrometry 

In-gel trypsin digestion and mass spectrometry (MS) analysis were carried out 

essentially according to the method described previously (Kurosawa et al, 2009). 

SyproRuby (Invitrogen)-stained 2D gels were used. Protein spots on the gel were 

excised, washed, dehydrated, added to 20 μg/μl trypsin (Promega, Fitchburg, WI, USA) 

solution, and digested overnight at 37 °C. Peptide segments were extracted sequentially 

in 0.1% trifluoroacetic acid (TFA)/60% acetonitrile (ACN), 0.1% TFA/80% ACN, and 

0.1% TFA/100% ACN. The supernatant was concentrated by centrifugal evaporator and 

added to 0.1% TFA/2% ACN. 

The obtained peptides were separated using a nano-flow multidimensional 

HPLC system (Paradigm MS4; Michrom Bio Resources, Auburn, CA, USA) and 

analyzed by electrospray ionization ion trap MS (LCQDECAXP; Thermo Fisher 
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Scientific, Waltham, MA, USA) under optimum conditions (Kurosawa et al, 2009). 

MS/MS spectra were acquired in a data-dependent mode. The resulting spectra were 

analyzed, and the peptide sequences were searched against a protein database (MSDB) 

using MASCOT software (Matrix Science, London, UK). 

 

2.7 Immunoblotting 

The membranes were immunoblotted using phosphorylation state-specific antibodies 

raised against phospho-peptides: phospho-Ser845 GluR1, a site phosphorylated by PKA 

(p1160-845; 1:250 dilution) (PhosphoSolutions, Aurora, CO, USA); phospho-

Thr202/Tyr204 ERK (1:2,000 dilution) (New England BioLabs, Beverly, MA, USA). 

Antibodies generated against GluR1 (E-6, 1:250 dilution) (Santa Cruz Biotechnology, 

Santa Cruz, CA, USA), ERK (1:1,000 dilution) (New England BioLabs), which are not 

phosphorylation state-specific, were used to determine the total amount of proteins. The 

membranes were incubated with goat anti-rabbit Alexa 680-linked IgG (1:5,000 

dilution) (Molecular Probes, Eugene, OR, USA) and goat anti-mouse IRDyeTM800-

linked IgG (1:5,000 dilution) (Rockland Immunochemicals, Gilbertsville, PA, USA). 
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Fluorescence at infrared wavelengths was detected by the Odyssey infrared imaging 

system (LI-COR Biosciences, Lincoln, NE, USA), and quantified using Odyssey 

software. 

 

2.8 Immunohistochemistry 

Mice were deeply anesthetized and transcardially perfused with 4% paraformaldehyde 

in 0.1 M phosphate buffer, pH 7.4. The brains were dissected, immersed overnight in 

the same fixative, and transferred to 30% sucrose in PBS for at least 3 days for 

cryoprotection. Brain samples were mounted in Tissue-Tek (Miles, Elkhart, IN), frozen, 

and cut into 50-μm-thick coronal sections using a microtome (CM1850, Leica 

Microsystems, Wetzlar, Germany).  The sections were washed with Tris-buffered 

saline containing Tween 20 (pH 7.4). For immunostaining, the cryostat sections were 

incubated at 4°C for 18 h with the following primary antibodies: calbindin (mouse 

monoclonal antibody 300 and rabbit polyclonal antibody D-28k; Swant, Bellinzona, 

Switzerland), calretinin (mouse monoclonal antibody 6B3 and rabbit polyclonal 

antibody 7699/4; Swant), GAD67 (MAB5406; Millipore, Temecula, CA, USA), mouse 
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anti-CNPase monoclonal (C5922, Sigma-Aldrich, St. Louis, MO, USA), GFAP 

(G9269; Sigma-Aldrich, St. Louis, MO, USA), p22-phox (sc-20781; Santa Cruz 

Biotechnology, San Diego, CA, USA), goat polyclonal antibody for parvalbumin (PVG-

214; Swant, Burgdorf. Switzerland). To detect antigen localization, the sections were 

incubated at 4°C for 2 h with Alexa Fluor (488 or 594)-conjugated goat anti-mouse IgM 

or IgG antibody (1:400 dilution; Invitrogen) and/or Alexa Fluor (488 or 594)-

conjugated goat anti-rabbit IgG antibody (1:400 dilution; Invitrogen). Fluorescent 

signals were detected using a confocal laser-scanning microscope (LSM 700, Carl 

Zeiss, Oberkochen, Germany) or a fluorescence microscope (Axioplan-2, Carl Zeiss, 

Oberkochen, Germany). 

 

2.9 Immunofluorescence Analysis 

Adult (2- to 8-month-old) mice were used. They were perfused through the heart with 

ice-cold PBS and then with 4% paraformaldehyde (PFA) in 0.1 M PBS, pH 7.4. After 

perfusion, the brains were immediately removed and then immersed in the same fixative 

at 4°C overnight, followed by successive immersions in 30% sucrose in PBS. The 



 45 

brains were mounted in Tissue-Tek (Miles Inc., Elkhart, NY, USA), frozen and stored 

in −80°C until use. Brain sections were prepared 50 μm thick on a cryostat (CM1850, 

Leica Microsystems, Wetzlar, Germany). Resulting sections were washed in PBS for at 

least 2 h. The sections were incubated with primary antibodies in PBS-GB (4% normal 

goat serum (Vector Laboratories, Burlingame, CA, USA) and 1% bovine serum 

albumin in PBS) at room temperature overnight. The following primary antibodies were 

used: anti-calbindin (mouse monoclonal antibody 300 and rabbit polyclonal antibody D-

28k; Swant, Bellinzona, Switzerland), anti-calretinin (mouse monoclonal antibody 6B3 

and rabbit polyclonal antibody 7699/4; Swant), mouse anti-CNPase monoclonal 

(C5922, Sigma-Aldrich, St. Louis, MO, USA), anti-GAD67 (MAB5406; Millipore, 

Temecula, CA, USA), rabbit polyclonal anti-active Caspase-3 (BD Pharmingen, San 

Diego, CA, USA), GFAP (G9269; Sigma-Aldrich, St. Louis, MO, USA), anti-p22-phox 

(sc-20781; Santa Cruz Biotechnology, San Diego, CA, USA), anti-Iba1 (019-19741; 

Wako Pure Chemicals, Osaka, Japan), mouse anti-vimentin polyclonal (BD 

Pharmingen, San Diego, CA, USA), and goat polyclonal anti-parvalbumin (PVG-214; 

Swant). After washing in PBS for 60 min, the sections were incubated for 2 h at room 
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temperature with Alexa488- or Alexa594-conjugated secondary antibodies (Molecular 

Probes, Eugene, OR, USA). Nuclear staining was performed with Hoechst 33258 

(Polyscience, Warrington, PA, USA). The sections were mounted on glass slides and 

air-dried. The sections were then embedded with Permafluor (Thermo Shandon, 

Pittsburgh, PA, USA). A confocal microscope (LSM700; Zeiss, Oberkochen, Germany) 

was used to obtain images of the stained sections. 

 

Quantification of the numbers of immunopositive cells 

For the quantification of the numbers of immunopositive cells, I used ImageJ with 

WCIF ImageJ bundle (http://www.uhnres.utoronto.ca/facilities/wcif/). Images from the 

confocal microscope were converted into 8-bit black and white images. Image 

thresholds were automatically determined by a plugin “maximum entropy threshold”, 

and the binary images were obtained. Once the images were segmented, the number of 

dVenus-positive cells was automatically counted by a command “Analyze/Analyze 

particles”. To exclude objects that are clearly not objects of interest in the binary image, 

the minimum size and maximum size were set at range of 5-25 μm, which were 
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corresponded to the cell body sizes of small GABAergic interneurons and large 

pyramidal neurons. The immunoreactive cells for GFAP, Iba1, PSA-NCAM and 

calbindin were visually counted on the binary images obtained by procedures described 

above. For the quantification of fluorescence intensity of immunostained images, I used 

ZEN software (Carl Zeiss). The region of interest of the acquired images was traced, 

and optical densities were obtained from at least four sections. The intensity of 

background staining was subtracted using nonstained portions of the each section. The 

values were then averaged within each brain and by group. All data collected for 

quantitative analysis were statistically evaluated using (Student’s t test for comparison 

of means). 

 

Quantification of the number of dVenus-positive cells in Shn-2 KO mice. 

To analyze dVenus expression under the Arc promoter, electric shocks (0.6 mA, 125 V) 

were delivered to control mice (3-4 months old, n = 5) and Shn-2 KO mice (3-4 months 

old, n = 5) 10 times through the metal grids in the bottom of a chamber. The duration of 

each foot shock was 1 s, and the interval between pairs of shocks was 30 s. Five hours 
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after exposure to the last foot shock, mice were fixed with 4% PFA in 0.1 M PBS. The 

brains were removed and further incubated in the same fixative at 4°C overnight and 

cryoprotected in 30% sucrose in PBS. Coronal sections were prepared 50 μm thick on a 

cryostat (CM1850, Leica Microsystems, Wetzlar, Germany). The resulting sections 

were counter-stained with Hoechst 33258 and mounted on glass slides. The glass slides 

were embedded with Permafluor (Thermo Shandon, Pittsburgh, PA, USA). Images of 

dVenus-positive cells within the specified regions or subdivisions were taken by a 

confocal microscope (LSM 700, Zeiss, Göttingen, Germany). The brain regions were 

carefully determined according to the mouse brain atlas (Paxinos & Franklin, 2004). 

Microscopic analysis was performed using a 20× objective lens (Plan-Apochromat, NA 

0.8, Zeiss) and a pinhole setting that corresponded to a focal plane thickness of less than 

1-μm. 

The number of dVenus expressing cells was counted using ImageJ with the 

WCIF ImageJ bundle (http://www.uhnres.utoronto.ca/facilities/wcif/). The following 

procedures are previously described in the paragraph “Quantification of the numbers of 

immunopositive cells.”  
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Quantification of cortical thickness and cell number 

I used three age groups: postnatal days (P) 14-16 (WT: 5 males and 4 females; Shn-2 

KO: 2 males and 5 females), P30 and 31 (WT: 4 males and 4 females; Shn-2 KO: 8 

males and 10 females), and adult (WT, 3-4 month-old males, n = 6; Shn-2 KO, 3-4 

month-old males, n = 8). Brains were fixed as described above. Fixed brains were sliced 

sagittally into 50 μm thick sections on a cryostat (CM1850, Leica Microsystems). The 

resulting sections were mounted on glass slides and air-dried. The sections were stained 

with Cresyl violet (Merck, Darmstadt, Germany) for 30 min at room temperature. After 

washing twice in dH2O for 1 min, the sections were sequentially dehydrated in 70%, 

90%, 95%, 2×100% ethanol, 50% ethanol/50% xylene, cleared in xylene, and 

embedded with new MX mounting reagent (Matsunami Glass, Osaka, Japan). Digital 

images were captured by using a light microscope (DM3000, Leica, Wetzlar, Germany) 

with a × 5 objective (N Plan, numerical aperture 0.12, Leica) and a digital camera (DS-

Vi1, Nikon, Tokyo, Japan). 
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For the quantification of region size, cortical thickness, and cell number, I 

used ImageJ with the WCIF ImageJ bundle 

(http://www.uhnres.utoronto.ca/facilities/wcif/). Quantification of cell number was 

performed as described in the paragraph “Quantification of the number of dVenus-

positive cells in Shn-2 KO mice”. For the quantification of region size, the regions were 

defined as follows: neocortex, hippocampus, and basal ganglia were defined as 

cerebrum; and diencephalon, midbrain, pons, and medulla oblongata were defined as 

brain stem. The sections for measurement were selected at 0.36 mm laterals from the 

midline. For the quantification of the thickness and cell number of each neocortical 

region, I used each coordinate: prelimbic area, 0.36 mm lateral from the midline; motor 

area, 1.20 mm lateral from the midline; somatosensory and visual areas, 2.76 mm lateral 

from the midline.  

 

2.10 Electrophysiology 

Whole-cell patch clamp and field potential recordings 
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Male Shn-2 KO mice and their wild-type littermates (15-19 weeks old) were used for 

electrophysiological experiments. Mice were decapitated under halothane anesthesia 

and both hippocampi were isolated. Transverse hippocampal slices (380 μm) were cut 

using a tissue slicer. Slices were maintained in a humidified interface holding chamber 

at room temperature before use, and electrophysiological recordings were made in a 

submersion-type chamber superfused at 2 ml/min with the standard saline composed of 

(in mM): NaCl, 125; KCl, 2.5; NaH2PO4, 1.0; NaHCO3, 26.2; glucose, 11;CaCl2, 2.5; 

MgCl2, 1.3 (equilibrated with 95% O2/5% CO2) and maintained at 27-27.5 ºC. Whole-

cell recordings were made from granule cells in the dentate gyrus by using the blind 

whole-cell patch-clamp technique. Current-clamp recordings were made with a glass 

pipette filled with a solution composed of (in mM) potassium gluconate (140), HEPES 

(20), NaCl (8), MgATP (2), Na2GTP (0.3), EGTA (0.05) (pH adjusted to 7.2 with 

KOH) using a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA, USA). 

Hyperpolarizing and depolarizing currents (400 ms) were injected through the recording 

pipette to measure the input resistance and to assess properties of action potential firing, 

respectively. Field excitatory postsynaptic potentials (EPSPs) arising from mossy fibers 
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(MFs) were recorded from the CA3 region of the hippocampus. Bipolar stimulating 

electrodes were placed in the dentate granule cell layer and a recording glass electrode 

filled with 2M NaCl was placed in the stratum lucidum of the CA3 region. EPSPs were 

evoked at the frequency of 0.05 Hz unless otherwise specified. A criterion used to 

identify the MF input was more than 85% block of EPSP by the group II metabotropic 

glutamate receptor agonist (2S,2´R,3´R)-2-(2´,3´-Dicarboxycyclopropyl)glycine (DCG-

IV; Tocris Bioscience, Bristol, UK). Statistical significance was evaluated by two-tailed 

Student’s t-test with the significance level p < 0.05. All procedures were approved by 

the Animal Care and Use Committee, Nippon Medical School.  

 

Electroencephalogram (EEG) recording 

Mice were anesthetized with pentobarbital (50 mg/kg) and implanted with epidural 

stainless steel screw electrodes (1.2 mm-diameter) for electroencephalogram (EEG) 

recording. Electrodes (four pins located ± 2.5 mm lateral of bregma, ± 2.5 mm anterior 

or posterior to bregma) were connected to a multi-channel cable-free data-logging 

device NeuroLogger (NewBehavior AG, Zürich, Switzerland) that weights 2.8 g 



 53 

including batteries and can be plugged into or removed from a connector embedded in a 

dental cement socket on the skull of the animal (Etholm et al., 2010). EEG recording 

from implanted mice was conducted in their homecage (12 h light/dark cycle). Food and 

water were available ad libitum during the recording. The sampling rate was 200 Hz. 

Spectral analysis of the EEG was performed by fast Fourier transform (FFT) using the 

SPIKE2 program (version 6, Cambridge Electronic Design, Cambridge, UK). This 

analysis yielded a power spectral profile over a 0–128 Hz window divided into delta (1–

4 Hz), theta (4–9 Hz), alpha (9–12 Hz), and beta (12-25 Hz), and gamma (25–70 Hz) 

waves. 

 

2.11 Analysis of SNPs in the MHC region 

To identify SNPs that potentially influence transactivation of NF-κB and/or Shn-2 in the 

MHC region, I conducted the following in silico analyses. First, I picked up SNPs that 

are significantly associated with schizophrenia (Bergen et al., 2012; Purcell et al., 2009; 

J. Shi et al., 2009; Y. Shi et al., 2011; Stefansson et al., 2009), and that are located in or 

close (~50 bp) to binding sites for NF-κB in the MHC region. The selection was 
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performed using TRANSFAC, a library of transcription factor binding sites (Wingender 

et al., 1997) and MATCH, a web-based application for searching putative transcription 

factor binding sites in DNA sequences (Kel et al., 2003). Due to strong linkage 

disequilibrium (LD) across the extended MHC region (Purcell et al., 2009; J. Shi et al., 

2009; Y. Shi et al., 2011), SNPs in the region could be involved in susceptibility to 

schizophrenia. I next screened SNPs in NF-κB binding sites from approximately 87,000 

SNPs in the extended MHC region (chr6:25,900,000-33,533,000, GRCh37/hg19) 

(Horton et al., 2004) by using UCSC Table Browser (Karolchik, 2004) for retrieving the 

data of both SNPs and conserved transcription factor binding sites (TFBSs) (Liu et al., 

2008), and Galaxy (Giardine et al., 2005) for mapping those SNPs to TFBSs. Then, I 

collected genes located in the 20 kbp region up- or down-stream of the 52 

schizophrenia-associated SNPs in or close (~50 bp) to binding sites of NF-κB in the 

MHC region and 58 SNPs in binding sites of NF-κB in the MHC region. The latest gene 

information was obtained using 1000 Genomes Browser 

(http://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/). I listed 32 genes that are 
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differentially expressed in post-mortem brains of schizophrenic patients and brains of 

Shn-2 KO mice with the NextBio search engine. 

 

2.12 Measurement of skull size 

Adult male mice were used (WT, 3-7 month-old, n = 9; Shn-2 KO, 3-7 month-old, n = 

7). Mice were deeply anesthetized with chloral hydrate and perfused with 4% PFA. The 

scalp was incised along the midline, and the skull was completely exteriorized. In order 

to precisely measure skull size, connective and muscular tissues were removed. Each 

cranial size was defined as follows: cranial length, the anterior border of the frontal 

bone to the posterior border of the occipital bone; cranial width, the maximum width 

between the temporal bones; cranial depth, the maximum length between the bottom of 

the temporal bone to the top of parietal bone. Cranial size was measured with a caliper. 

The fixed brains were stored until use. 

 

2.13 Electron microscopy 
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Brain tissues were fixed with 4% paraformaldehyde / 0.2% glutaraldehyde / 100 mM 

sodium cacodylate, pH 7.2 at 4°C by perfusion from left ventricles for 15 min, and 

small pieces of hippocampus were then fixed by immersion overnight with 4% 

paraformaldehyde / 6% glutaraldehyde / 100 mM sodium cacodylate, pH 7.2 following 

the procedure by Shepherd and Harris (Shepherd & Harris, 1998). After fixation with 

1% osumium tetroxide / 100 mM sodium cacodylate, pH 7.2 at 4°C for 1 h and then 

washing with 100 mM sodium phosphate, pH 7.4 / 150 mM sodium chloride, the small 

pieces of hippocampus were dehydrated in a graded series of ethanol and acetone. They 

were then embedded in Epok812 (Oken, Tokyo, Japan) and polymerized by heating at 

60°C. Thin sections of 2 µm thickness were cut on an ultramicrotome, collected on 

glass slides, and stained with 0.1% toluidine blue O / 100 mM sodium phosphate, pH 

7.4. Areas of the hippocampus, CA1, CA3, and dentate gyrus were trimmed under the 

microscope and ultra-thin sections of 0.1 µm thickness were cut on an ultramicrotome 

and collected on nickel grids with a polyvinyl formal membrane. Specimens were 

observed through a JEM1010 transmission electron microscope (JEOL, Tokyo, Japan) 

at an accelerating voltage of 80 kV after staining with uranyl acetate and lead citrate. 
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Image acquisition was done with a Gatan BioScan model 792 CCD camera and Digital 

Micrograph software (ver. 3.9.3) (Gatan, Pleasanton, CA, USA).   

 

3. RESULTS 

3.1 Shn-2 KO Mice Display Behavioral Abnormalities Reminiscent of 

Schizophrenia 

Hyperactivity is one of the most common phenotypes in animal models of 

schizophrenia or bipolar disorder. Since Shn-2 KO mice were reported to show 

hyperactivity during open field testing (Takagi et al., 2006), I subjected them to a 

comprehensive behavioral test battery (Yamasaki et al., 2008) to further analyze the 

behavioral effects of Shn-2 deficiency. Shn-2 KO mice showed no obvious deficits in 

general health, physical characteristics, or basic sensorimotor functions compared with 

their wild-type littermates, apart from decreased sensitivity to pain in the hot plate test 

(Figure 2b) and a lower body weight (Table 1). Shn-2 KO mice displayed severe 

working memory deficits in the eight-arm radial maze (Figure 3a and b) and T-maze 
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forced-alternation task (Figure 3c and d), while their performance in the T-maze left–

right discrimination task was normal (Figure 3e). In reversal learning, mutants 

performed even better than controls (Figure 3e). This working memory impairment is 

commonly found in schizophrenia patients and is referred to as a cognitive 

endophenotype of schizophrenia (Kalkstein et al., 2010). Shn-2 KO mice also showed a 

series of other schizophrenia-related abnormal behaviors: Prepulse inhibition (PPI), the 

phenomenon by which a weak pre-stimulus suppresses the response to a startling 

stimulus, is often decreased in schizophrenic patients compared with healthy controls 

(Swerdlow et al., 2006). In Shn-2 KO mice, while the amplitude of the acoustic startle 

response was comparable with that of wild-type controls (Figure 3f; Figure 2a), the PPI 

of the acoustic startle response was markedly reduced (Figure 3g). High-dose 

administration of haloperidol, a typical antipsychotic, significantly improved this 

impairment in PPI in Shn-2 KO mice (Figure 3g). 

Social withdrawal has been identified as one of the common negative 

symptoms in schizophrenia patients (Bobes, Arango, Garcia-Garcia, & Rejas, 2011). 

Mutant mice showed impaired sociability and novelty preference in Crawley’s 
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sociability and social novelty preference test (Figure 3h and i). Mutant mice also 

displayed decreased social interaction in the conventional social interaction test in a 

novel environment (Figure 3j; Figure 4g and h). Consistent with a previous report 

(Takagi et al., 2006), Shn-2 KO mice displayed hyperactivity in the open field test 

(Figure 4a) and in their home cages (Figure 4b). Prior treatment with the antipsychotic 

haloperidol (0.3 mg/kg) or clozapine (1.0 mg/kg) decreased hyperactivity in Shn-2 KO 

mice to that of saline-treated control mice (Figure 3k and l). MK-801, an NMDA 

antagonist that causes schizophrenia-like psychosis in humans, produced significantly 

higher levels of drug-stimulated motor activation in Shn-2 KO mice (Figure 4j and k). 

The social activity of nest building in rodents is disrupted by the administration of 

psychomimetic agents (Schneider & Chenoweth, 1970). Nestlet shredding and nest 

building was severely impaired in Shn-2 KO mice (Figure 3m and n); Nestlets were left 

intact by ∼80% of mutant mice, while all wild-type mice built nests within 24 h. 

Depression-like behavior of Shn-2 KO mice was increased in sucrose preference test 

(Figure 19n). In the Porsolt forced swim test, a reduction of immobility was observed in 

Shn-2 KO mice (Figure 4f), possibly due to hyperactivity. 
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The improvement in PPI observed after haloperidol administration suggests 

that dopaminergic receptor signaling is altered in Shn-2 KO mice; therefore, I 

performed dopamine receptor binding assays to examine this. Because Shn-2 KO mice 

showed significantly reduced expression of D1 dopamine receptors in the DG (Figure 

5a), I examined the effects of D1 receptor activation on the phosphorylation status of 

the AMPA receptor, GluA1, at Ser845 (the PKA site) and extracellular signal-regulated 

kinase 2 (ERK2) at Thr202/Tyr204. The increases in GluA1 and ERK2 phosphorylation 

induced by SKF81297, a D1 receptor agonist, were greater in Shn-2 KO mice than in 

control mice (Figure 5d–g). Normalization of phosphorylated GluA1 against total 

GluA1, which is decreased in Shn-2 KO mice (Figure 5f, right), made these differences 

even greater (Figure 5f, center). The increased levels of ERK2 phosphorylation 

observed in Shn-2 KO mice resulted from increased expression of ERK2 (Figure 5g). 

 

3.2 Shn-2 KO Mice Share Gene Expression Alterations with Postmortem 

Schizophrenia Brain 
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The medial prefrontal cortex (mPFC) (Goldman-Rakic, 1995) and DG (Gilbert & 

Kesner, 2006) have been suggested to play key roles in working memory, and in Shn-2 

KO mice this working memory was severely impaired. Therefore, gene chip analysis 

was conducted to assess gene expression in the mPFC of Shn-2 KO mice. Significant 

up- or downregulation of 856 genes (980 probes) was observed in the mutants (P-value 

< 0.05, fold-change < −1.2 or > 1.2). I then compared the gene expression pattern in 

Shn-2 KO mice with those in patients with mental disorders from publicly available 

array data using the NextBio search engine. The highest degree of gene expression 

overlap was detected in postmortem schizophrenic and control tissue from the 

frontopolar part of the frontal cortex, Brodmann area 10 (BA10) (previously reported by 

(Maycox et al., 2009); Figure 6a, P = 9.5 × 10−14), with 100 genes altered in both Shn-2 

KO mice and schizophrenia patients. Seventy-six genes out of those genes showed the 

same directional change in expression (Figure 6b–d) and, of these genes, 42 genes were 

downregulated (P = 3.6 × 10−16) and 34 were upregulated (P = 6.1 × 10−13). It is 

noteworthy that HIVEP2 (SHN2) was significantly decreased in the schizophrenic 

BA10 (FC = −1.29, P = 0.0009) (Maycox et al., 2009). Within these groups, I noted a 
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large number of genes previously implicated in schizophrenia or bipolar disorder (Table 

2). Eighty-nine of 100 genes showing significant similarities in terms of expression 

have been identified as being related to these disorders (Table 2). Interestingly, six of 

the top 10 ranked genes were involved in inflammatory or immune responses. In 

addition, seven of the top 10 ranked upregulated biogroups showing significant overlap 

between postmortem schizophrenia brain tissue and the PFC of Shn-2 KO mice were 

related to inflammatory or immune responses (Table 3).  

 

3.3 Molecular Alterations in the Hippocampus of Shn-2 KO Mice 

The granule cells of the hippocampal DG are compromised in schizophrenia (Altar et 

al., 2005; Tamminga et al., 2010). Because the DG is involved in spatial working 

memory (Gilbert & Kesner, 2006; Vann et al., 2000), deficits of which are cardinal 

features of schizophrenia, I analyzed the DG transcriptome of Shn-2 KO mice. Under 

the same criteria used for mPFC analysis, the expression of 1497 probes (1220 genes) 

was significantly up- or downregulated in the mutants. The top 500 genes are listed in 

Table 4. I also compared the DG transcriptome of Shn-2 KO mice to a study of laser-
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captured DG from human schizophrenia patients (Altar et al., 2005). Calb1 (Shn-2 KO, 

FC = −5.36, P = 0.001; Schizo, FC = −1.82, P = 0.001), a marker of mature granule 

neurons, and Rab33a (Shn-2 KO, FC = −1.25, P = 0.0023; Schizo, FC = −1.96, P = 

0.0001), a Ras-associated small GTPase, were both downregulated in the DG of Shn-2 

KO mice and human schizophrenia patients. 

I further analyzed the DG proteome in Shn-2 KO mice using two-dimensional 

difference gel electrophoresis (2D-DIGE) and found 116 proteins differentially 

expressed between mutant and control mice (Table 5). When sorted by functional 

category, proteins in the same category were differentially expressed in both 

schizophrenia and Shn-2 KO mice. Table 6 lists the genes and proteins with altered 

expression in both schizophrenic DG and Shn-2 KO brains (Altar et al, 2005) (including 

the DG (Tables 4 and 5) and whole hippocampus (Table 5)). Notably, the expression of 

aldo-keto reductase genes (particularly AKR1A1 and AKR1B1 and their mouse 

equivalents) was reduced in human patients and Shn-2 KO mice. Cytochrome-related 

genes UQCRFS1 and CYC1 were reduced in the DG of schizophrenia and the 

hippocampus of Shn-2 KO mice, as were genes encoding glucose phosphate isomerase, 
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NADH dehydrogenase, phosphoglycerate-related molecules, proteasome, ubiquitin-

related molecules, and syntaxins (Altar et al., 2005). 

Immunohistochemistry of Shn-2 KO brains revealed several features observed 

in the postmortem brains of schizophrenia patients (Benes et al, 2007; Flynn et al, 2003; 

Reynolds and Beasley, 2001). Parvalbumin-positive neuronal number was decreased in 

the mPFC (Figure 7a and b) and hippocampal CA1 region (Figure 7c and d). The 

expression of glutamic acid decarboxylase 67 (GAD67) was lower in the mutant 

hippocampus (Figure 7e and f). The expression of 2′,3-cyclic nucleotide 3′-

phosphodiesterase (CNPase), a marker for mature oligodendrocytes, was also reduced 

(Figure 7g and h) and cell-packing density was higher in the DG of Shn-2 KO mice 

(Figure 7i and j). 

 

3.4 Arc Induction Is Reduced in the Brains of Shn-2 KO Mice 

Induction of the immediately early gene protein products has been used to assess neural 

activation. I crossed Shn-2 KO with transgenic mice expressing destabilized Venus 



 65 

(dVenus) under the control of the activity-regulated cytoskeletal-associated protein 

(Arc) promoter (Eguchi and Yamaguchi, 2009), allowing fluorescence-based 

visualization of Arc expression. I compared Arc-dVenus expression between Shn-2 KO 

and wild-type mice with the Arc-dVenus-positive background. To maximize Arc 

induction in the DG physiologically, mice received electrical shocks in a novel 

environment. Expression of Arc-dVenus in the DG 5 h after stimulation was 

dramatically reduced throughout the entire brain of Shn-2 KO mice (Figure 8), 

including amygdala (Figure 8a and d), sensory cortex (Figure 8b and d), motor cortex 

(Figure 8d), and PFC (Figure 8d). In the hippocampus of Shn-2 KO mice, dVenus 

expression was almost completely abolished in the DG (Figure 8c and d), with only 

minimal changes in CA regions. Reduced induction of Arc-dVenus was also observed 

5 h after exposure to a novel environment without electrical shocks (Figure 9). 

 

3.5 Schizophrenia-Related Cortical Abnormalities in Shn-2 KO Mice 

Shn-2 mutant mice display significantly thinner cortex and reduced cell density in the 

prelimbic and primary visual cortices (PrL and V1, respectively) when compared with 
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wild-type mice (Figure 10a–c), which is consistent with observations in human patients 

(Pierri et al., 1999). Although the mutants demonstrated a reduction in cortical 

thickness, increased apoptosis was not appreciated in the brains of Shn-2 KO mice 

(Figure 11). No obvious hallmarks of neurodegeneration, such as cell swelling, protein 

deposition, or nuclear condensation, were not found by electron microscopic analysis in 

the mutants (Figure 12). The size of the whole brain (Figure 13a and b), cerebrum 

(Figure 13c left), and cerebellum (Figure 13c right) was not significantly different 

between genotypes. The size of skull was also measured, which was not significantly 

different (Figure 13e). Previous studies report increased low-frequency (Moran & 

Hong, 2011; Sponheim et al., 1994) and decreased high-frequency (Gallinat et al., 2004; 

Moran & Hong, 2011) energy in EEG studies of schizophrenia patients. I measured 

cortical EEG in freely moving mice using Neurologger spectral analysis technology 

(Figure 10e) and observed a significant increase of power in the theta band and decrease 

in the gamma band of Shn-2 KO mice compared with that in the controls (Figure 10d). 

 

3.6 Maturation Deficits of Dentate Gyrus in Adult Shn-2 KO Mice 
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The behavioral abnormalities shown by Shn-2 KO mice resembled those observed in α-

CaMKII+/− mice, which also show locomotor hyperactivity and severe working 

memory deficits (Yamasaki et al., 2008). To identify further similarities, I compared the 

hippocampal transcriptome patterns of both mouse models. Shn-2 KO mice and α-

CaMKII+/− mice showed strikingly similar expression patterns (Figure 14a), with over 

100 genes similarly altered. Moreover, the fold changes in differentially expressed 

genes were quite similar between strains (Figure 14a and b), indicating shared 

molecular pathophysiology between these mutants. In the hippocampus of α-CaMKII+/− 

mice, dentate granule cells fail to mature, which is termed “immature dentate gyrus”. 

This immature dentate gyrus, abbreviated “iDG” is characterized by increased 

expression of the immature-neuronal marker calretinin and decreased expression of the 

mature granule cell marker calbindin in the DG. Calbindin expression within the Shn-2 

KO hippocampus is also dramatically decreased (Figure 14b and c) and was almost 

completely abolished in the DG (Figure 14c). As observed in α-CaMKII+/− mice, the 

number of cells positive for calretinin (Figure 14d) and PSA-NCAM (a late-progenitor 

and immature-neuron marker) (Figure 15) was increased dramatically in the Shn-2 KO 
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DG. Collectively, these findings suggest that the number of immature neurons increases 

and that of mature neurons decreases, within the hippocampi of the two mutant mouse 

strains, that exhibited behavioral abnormalities related to schizophrenia. 

Whole-cell recordings were made from granule cells in the DG. The cell 

membrane capacitance of Shn-2 KO mice decreased compared with that in controls 

(Figure 14e), indicating a smaller cell surface area. Granule cells in the DG of Shn-2 

KO mice had a normal resting membrane potential (data not shown) and high input 

resistance (Figure 14f). In response to the current injection, Shn-2 KO cells 

demonstrated a lower current threshold for firing (Figure 14g), a short latency to the 

first spike (Figure 14h), and a decreased number of spikes during sustained 

depolarization (Figure 14i). Consistent with their immunohistological profile, granule 

cells in the mutant DG showed somatic electrophysiological features similar to those of 

immature granule cells (Schmidt-Hieber et al., 2004; Yamasaki et al., 2008). 

I also examined synaptic transmission at the granule cell output, the mossy 

fiber (MF) synapse. The ratio of peak MF excitatory postsynaptic potential (EPSP) 

amplitude to fiber volley amplitude was increased in the mutant (Figure 14j), indicating 
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significant augmentation of basal synaptic transmission. Strong frequency facilitation, 

an index of mature presynaptic function at the MF synapse (Kobayashi et al., 2010; 

Yamasaki et al., 2008), was greatly decreased in mutant mice (Figure 14k). 

 

3.7 Evidence of CNS Inflammation within Shn-2 KO Mice 

To characterize the molecular events happening in the Shn-2 KO mouse brain, 

correlation between Shn-2 KO gene expression data and thousands of publicly available 

array data sets were computed using the NextBio search engine using a rank-based 

algorithm (Sung et al., 2009). The top 300 biosets with the highest correlation scores 

with Shn-2 KO mice are categorized in Table 7. Seven of the top 10 correlating biosets 

were categorized as ‘aging.’ Among the top 300 correlating biosets, 59 were 

categorized as aging, 18 as infection, 13 as injury, 12 as tumor, and 11 as 

neurodegeneration. Conspicuously, almost all biosets exhibiting gene expression 

changes similar to those in the brains of Shn-2 KO mice were related to inflammatory or 

immune responses. Similar gene perturbation patterns were found in the case of LPS 
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treatment (Figure 16a, P = 5.6 × 10−9), injury (Figure 16b, P = 5.7 × 10−24), prion 

infection (Figure 16c, P = 1.0 × 10−18) and aging (Figure 16d, P=1.4 × 10−26). 

These results were particularly compelling, considering that Shn-2 is an 

endogenous inhibitor of NF-κB and that NF-κB is activated in Shn-2-deficient cells 

(Kimura et al., 2005). The expression of NF-κB-dependent genes such as Ccnd1 (FC = 

2.33, P = 0.0004), Hmox1 (FC = 1.69, P = 0.0215), Pdyn (FC = 1.66, P = 

0.0364), Ptgs2 (also known as Cox2, FC = 1.625, P = 0.0161), Traf1 (FC = 1.418, P = 

0.0148), and Vim (FC = 1.87, P = 0.0057) was increased in the hippocampus of Shn-2 

KO mice. Notably, genes related to the inflammatory/immune response such 

as Serpina3n, C1qa, C1qb, C1qc, Cyba, H2-Ab1, Tgfbr1, Cebpb, Ctsc, Lyn, 

and Tgfb1 were upregulated in the mPFC of Shn-2 KO mice and in postmortem brains 

of schizophrenia patients (Table 2). I compared the gene expression patterns across 

various human brain disorders with that of Shn-2 KO mice (Table 8). The biosets 

derived from schizophrenia patient groups showed the highest similarity to the bioset 

derived from Shn-2 KO mice (P = 9.50 × 10−14), although the biosets derived from 

neurodegenerative disorders such as Alzheimer’s disease and Parkinson’s disease also 
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showed significant similarities in expression to the biosets derived from Shn-2 KO 

mice. However, in spite of the similarities with neurodegenerative disorders, no obvious 

apoptosis or neurodegeneration was appreciated in the brains of Shn-2 KO mice 

(Figures 10 and 11). 

Next, immunohistochemistry was performed to detect molecular-level 

regulation by NF-κB. The expression of p22 phox NADPH oxidase, which causes 

inflammation via the release of reactive oxygen species (Manea et al., 2007), was 

increased in the DG and CA1 of Shn-2 KO mice (Figure 16e and f). Vimentin, an NF-

κB-regulated (Kumar et al., 2004) intermediate filament protein found in immature 

astrocytes, was similarly increased (Figure 16g and h), as was glial fibrillary acidic 

protein (GFAP; Figure 16i and j). Although the area of GFAP-positive cells increased 

(Figure 16j), the number of GFAP-positive cells that was counted by staining with 

Hoechst was unchanged (Figure 16k and l). While astrocytes were activated in Shn-2 

KO mice, microglias were not, as indicated by unaltered expression of the microglia 

marker, Iba1 (Figure 17). 
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Interestingly, pre-weaned animals showed no significant differences in 

calbindin (Figure 18a and b), calretinin (Figure 18e and f), p22 phox (Figure 18i and j), 

or GFAP (Figure 18m and n) expression between genotypes. The expression of p22 

phox in older (1-month-old) mutant animals was increased (Figure 18k and l) whereas 

that of GFAP was not significantly different (Figure 18o and p). Calbindin expression 

was decreased (Figure 18c and d), and calretinin was increased (Figure 18g and h) in 

the DG of 1-month-old Shn-2 KO mice compared to that of wild-type mice, indicating 

an immature dentate gyrus (iDG) phenotype.  

To assess whether inflammation plays any role in the behavioral 

abnormalities shown by Shn-2 KO mice, I treated them with anti-inflammatory drugs 

(chronic administration of 4 mg/kg rolipram and fed chow containing 400 ppm 

ibuprofen) for 3 weeks. Treatment with anti-inflammatories reduced the number of 

activated astrocytes, which reflect inflammation within the hippocampi of the Shn-2 KO 

mice (Figure 19a and b), but did not affect the number of activated astrocytes in the 

PFC (Figure 19c). The decrease in parvalbumin (in the CA1 and PFC; Figure 19d and 

e), calbindin (in the DG; Figure 19h), and GAD67 (in the DG; Figure 19i) expression 
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observed in the mutant mice was not rescued by treatment with anti-inflammatory 

drugs. Interestingly, the increase in the expression of doublecortin and calretinin in the 

DG of Shn-2 KO mice was reversed by treatment with anti-inflammatory drugs (Figure 

19f and g). Moreover, working memory, as measured by the T-maze test and nest-

building behavior were significantly improved in Shn-2 KO mice (Figure 19j and k). On 

the other hand, the increased locomotor activity observed in the open field test, the 

impaired PPI observed during the startle response, and the anhedonia in the sucrose 

preference test did not improve (Figure 19l–n). These results indicate that mild chronic 

inflammation occurring in the adult brain contributes to at least some of the behavioral 

deficits and cellular/molecular phenotypes seen in Shn-2 KO mice. 

 

4 DISCUSSION 

In the course of large-scale behavioral screening for mouse models of neuropsychiatric 

disorders, I discovered that Shn-2 KO mice display a series of schizophrenia-related 

behavioral abnormalities including severe working memory deficits, decreased social 

interaction, impaired nest-building behavior, and impaired PPI. I also identified 
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conserved genetic and molecular phenotypes shared by both Shn-2 KO mice and 

postmortem brains of schizophrenia patients. Transcriptome patterns in the mPFC of 

Shn-2 KO mice and the PFC of schizophrenia patients are strikingly similar. Table 9 

summarizes the phenotypes of the Shn-2 KO mice and the abnormalities associated with 

schizophrenia. Since the disorder is composed of a heterogeneous population, even an 

‘ideal’ animal model of schizophrenia, if any, will not necessarily exhibit the 

abnormalities observed in all schizophrenia-relevant phenotypes (Powell & Miyakawa, 

2006). However, Shn-2 KO mice exhibit an unusually high number of similarities 

compared with other existing animal models of schizophrenia. 

 Shn-2 KO mice possessed an immature DG (iDG) phenotype that has also been 

identified in α-CaMKII+/− mice, which display behavioral abnormalities similar to 

those observed in Shn-2 KO mice (Yamasaki et al., 2008). In addition, several other 

mouse strains have similar phenotypes: SNAP-25 KI mice (Ohira et al., 2013), 

calcineurin cKO mice (Hagihara et al., 2022), fluoxetine treated mice (Kobayashi et al., 

2010), pilocarpine-induced epirepsy model mice (Shin et al., 2013), and mice subjected 

to electroconvulsive shock (ECS) (Imoto et al., 2017), all of which had immature 
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dentate gyrus, similar to Shn-2 KO mice. There are also similarities in behavioral 

phenotypes in these mice, such as hyperactivity and impaired working memory. 

Considering the present results and these reports together, iDG phenotype can be caused 

by a variety of genetic mutations and abnormalities in neural activity. 

Of the top 20 biogroups whose genes that showed significant overlap with 

those whose expression was changed in postmortem schizophrenia brains (Maycox et 

al., 2009), 14 were involved in immune responses. Most of the genes within these 

biogroups were upregulated (Table 3), suggesting that inflammation or immune 

activation occurs in the brains of both schizophrenic patients and Shn-2 KO mice. The 

overall hippocampal transcriptome pattern of Shn-2 KO mice exhibited similarities to 

patterns identified in a number of inflammatory conditions, including aging, injury, 

prion infection, and adjuvant treatment (Table 7), in which NF-κB signaling is 

activated. I found significant increases in the expression level of many complement 

genes and MHC/HLA genes in Shn-2 KO mice (Table 10). Notably, C1qa, C1qb, C1qc, 

H2-Aa (HLA-DQA1), and H2-Ab1 (HLA-DQB1) were upregulated in the brains of 

both Shn-2 KO mice and patients with schizophrenia. Another complement, C4, has 
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also been reported to increase in the postmortem brains of schizophrenic patients (Sekar 

et al., 2016). C4 expression was also increased in the DG of Shn-2 KO mice, 2.4 times 

that of controls. C1q (Fourgeaud & Boulanger, 2007; Presumey et al., 2017) and C4 

(Presumey et al., 2017) are proposed to act as a spreading ‘punishment signals’ that 

bind to weaker synapses resulting in their physical removal. In this regard, it is of 

interest to note that the expression of the genes related to ‘synaptic transmission,’ the 

dysregulation of which is also thought to be involved in schizophrenia (Mirnics et al., 

2001; Stephan et al., 2006), tended to be downregulated in the brains of both Shn-2 KO 

mice and schizophrenic patients (Table 3). Upregulation of C1q genes could be a 

potential interface between inflammation and synaptic dysfunctions. Interestingly, the 

levels of majority of pro-inflammatory cytokines, including those that play a role in 

acute inflammation (eg, IL-1 and TNF-α), were unchanged in the brains of Shn-2 KO 

mice and schizophrenic patients (Table 10). These data indicate the atypical nature of 

inflammation happening in the brains of Shn-2 KO mice and, potentially, in those of 

schizophrenic patients. The precise manner in which these genes are altered is likely to 

be complex and remains to be determined. A number of SNPs in the MHC region 
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associated with schizophrenia (Purcell et al., 2009; J. Shi et al., 2009; Stefansson et al., 

2009; Yue et al., 2011). Table 11 lists the SNPs located in, or close to, NF-κB-binding 

sites that may be associated with susceptibility to schizophrenia. Some of the genes 

surrounding these SNPs are dysregulated in the postmortem brains of schizophrenic 

patients and/or the PFC of Shn-2 KO mice. Abnormal transcription of these genes may 

be induced by dysregulated NF-κB signaling pathways, without any deficiency or 

mutation in Shn-2 itself. 

Astrocytes were activated in the hippocampus of Shn-2 KO mice, while 

microglias were largely inactive. In humans, type-I and type-II immune responses are 

defined by the respective cytokines activated. The type-I response mainly promotes 

cell-mediated immune responses against intracellular pathogens with the activation of 

Th1 CD4+ cells and microglias (Muller & Schwarz, 2006). The type-II immune 

response is largely directed against extracellular pathogens in which Th2 CD4+ cells 

and astrocytes are activated (Muller & Schwarz, 2006). This atypical pattern of 

inflammation is also observed in schizophrenia patients, who demonstrate attenuated 

type-I immune responses and activated type-II immune responses (Muller & Schwarz, 
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2006). This so-called ‘Th2 slant’ can be observed in the CNS, with astrocytes reflecting 

the type-2 immune response and microglias reflecting the type-1 immune response 

(Muller & Schwarz, 2006), in schizophrenia patients as well as Shn-2 KO mice (Kimura 

et al., 2007). Accordingly, the astrocyte activation observed in Shn-2 KO and 

schizophrenia may result from type-2 immune activation. Microglial activation is also 

reported in schizophrenia, but only within a small percentage of postmortem brains, 

possibly as a side effect of medication (Bayer et al., 1999; Muller & Schwarz, 2006). 

Pharmacological experiments indicate that deficits in working memory and nest-

building behavior could be rescued by treatment with anti-inflammatory drugs, which 

also reduced GFAP expression, a widely used inflammation marker, in the brains of 

Shn-2 KO mice. These results suggest that mild chronic inflammation caused by 

deficiency of Shn-2 underlies at least some behavioral abnormalities related to 

schizophrenia. 

The well-established role of inflammation in the etiology of schizophrenia is 

often referred to as the inflammation hypothesis (Keshavan, Nasrallah, et al., 2011; 

Muller & Schwarz, 2006; Nawa & Takei, 2006; Patterson, 2009). The link between 
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prenatal infection and schizophrenia was first identified in an epidemiological study 

demonstrating increased schizophrenia risk in the offspring of women exposed to 

influenza during pregnancy (Muller & Schwarz, 2006). Several other infectious factors 

have also been implicated in the pathogenesis of schizophrenia (Muller & Schwarz, 

2006), suggesting that the disease may result from maternal immune response to 

infection. To this end, prenatal Poly I:C treatment, viral infection, and LPS treatment 

are used as rodent models of schizophrenia (Nawa & Takei, 2006; Patterson, 2009). To 

the best of my knowledge, the Shn-2 KO mouse is the first animal model of 

schizophrenia with multiple inflammatory-like phenomena arising from a single gene 

knockout. 

In schizophrenia patients, the number of parvalbumin-positive neurons 

decreases in the cortex (Reynolds & Beasley, 2001) and hippocampus (Zhang & 

Reynolds, 2002), which could cause a deficit in the density of certain GABAergic 

neuronal subtypes. Inflammatory responses evoked by neonatal LPS treatment were 

reported to induce a reduction in parvalbumin-expressing neurons in the rat 

hippocampus (Jenkins et al., 2009). Overexpression of IL-6 (Heyser et al., 1997), which 
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is secreted during type-II immune responses, also reduces the number of parvalbumin-

positive neurons (Muller & Schwarz, 2006). Similarly, a previous study reported that 

IL-6 mediates age-related loss of critical parvalbumin-expressing GABAergic 

interneurons through increased neuronal NADPH oxidase-derived superoxide 

production (Dugan et al., 2009). Consistently, IL-6 was increased in the T cells (Kimura 

et al., 2005) of Shn-2 KO mice. 

Attenuation of molecular markers for schizophrenia may also result from 

inflammation. Ketamine exposure, which has been used as a model of schizophrenia 

based on NMDA hypofunction, reduces parvalbumin and GAD67 expression through 

increased NADPH oxidase and p22 phox, suggesting inflammation (Behrens et al., 

2007). Schizophrenia patients express lower levels of GABAergic neuron-expressed 

GAD67 in the stratum oriens of CA2/3 (Benes et al., 2007), suggesting the possibility 

that these deficits lead to neuronal GABA hypofunction. I also observed several 

potential deficits in key oligodendrocyte markers, including decreases in CNPase and 

myelin basic protein (MBP). Decreased CNPase protein levels have been reported in 

schizophrenia (Flynn et al., 2003). Similarly, MBP mRNA levels, a major constituent of 
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the myelin sheath of oligodendrocytes and Schwann cells, were decreased in the mPFC 

of Shn-2 KO mice (Table 2). Inflammatory cytokines and autoimmune components are 

suggested to damage oligodendrocytes (Calzà et al., 1998). Thus, CNPase and MBP 

downregulation suggests a possible inflammation-related abnormality in Shn-2 KO 

oligodendrocytes, consistent with the so-called ‘oligodendrocyte hypothesis’ of 

schizophrenia. 

Adult but not juvenile Shn-2 KO mice display an abnormally thin cortex, 

which is also observed in schizophrenia patients (Pierri et al., 1999). Cortical thickness 

is reduced by aging (Salat et al., 2004), which in turn is associated with inflammation. 

Gene expression patterns in the cortex of Shn-2 KO mice significantly overlapped (P = 

1.1 × 10−17) with a previous data set comparing whole-brain gene expression patterns in 

young (8-week-old) and aged (2-year-old) mice. These data suggest that similar 

mechanisms may underlie the reduction of cortical thickness in aging and Shn-2 KO 

mice. 

In addition to anatomical abnormalities, the Shn-2 KO mouse cortex displays 

physiological alterations. Upon cortical EEG analysis, mutant mice displayed increases 
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in slow waves and decreases in fast waves, both of which are observed in schizophrenia 

patients (Gallinat et al., 2004; Moran & Hong, 2011; Sponheim et al., 1994). 

Computational model study suggested that downregulation of parvalbumin neurons 

reduced gamma oscillation (Volman et al., 2011), agreeing with my observations of 

Shn-2 KO mice. Immaturity of DG in Shn-2 KO mice may underlie their abnormal theta 

rhythm in their cortex, considering the close functional relationship between 

hippocampus and mPFC as demonstrated by their coordinated activity (Jones & Wilson, 

2005). 

Induction of Arc transcription after receiving foot shocks in a novel 

environment was generally reduced in almost all regions of the Shn-2 KO brain. Despite 

this near-ubiquitous reduction of Arc, I observed comparable Arc expression in the CA1 

and CA3 regions of the hippocampus in Shn-2 KO and wild-type mice. The relatively 

higher Arc expression in these regions suggests that CA areas in Shn-2 KO may be 

comparatively more active than other brain regions. This idea is consistent with 

increased glutamate level in the hippocampus of Shn-2 KO mice (Figure 20). In stark 

contrast to control mice, virtually no Arc induction was observed in the Shn-2 KO 
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mouse DG, which displays significant immaturity. The gene expression pattern 

associated with iDG-like phenomena has been observed in fluoxetine-treated 

(Kobayashi et al., 2010) and α-CaMKII+/− mice, whose DG also shows dramatically 

reduced expressions of immediately early genes, such as c-Fos and/or Arc (Kobayashi 

et al., 2010; Matsuo et al., 2009; Yamasaki et al., 2008). Although such an extreme 

phenotype may not be common in schizophrenic patients, this finding is particularly 

interesting for several reasons. Reduced expression of Arc mRNA in the PFC 

(Guillozet-Bongaarts et al., 2014; Maycox et al., 2009) of postmortem schizophrenia 

brains has been reported. A recent de novo copy-number variation (CNV) analysis 

suggests that Arc protein complexes play a role in the pathogenesis of schizophrenia 

(Kirov et al., 2012). Specifically, de novo CNVs found in schizophrenic patients are 

significantly enriched in the postsynaptic density (PSD) proteome; these include Arc 

protein complexes. It was recently shown that, upon synaptic activation, Arc is 

translocated to neighboring inactive synapses. This may potentially increase the signal-

to-noise ratio at plastic synapses (Okuno et al., 2012). Loss or dysfunction of the Arc 

complex may impair the synaptic input into neurons and subsequently cause cognitive 
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deficits in both schizophrenic patients and animal models of the disease. Interestingly, 

DG granule cells of mice treated with chronic fluoxetine produced repeated spikes but 

generated little immediate-early gene expression (Kobayashi et al., 2010). Thus, altered 

signal transmission likely reduces Arc induction. 

An increasing number of schizophrenia mouse models show impairment in 

hippocampus-dependent tasks. Mouse mutants of disrupted-in-schizophrenia 1 (DISC1) 

(Li et al., 2007) and dysbindin-1 (Takao et al., 2008), which are widely accepted models 

of schizophrenia, show deficits in spatial working memory, which is a DG-dependent 

function. DISC1 is highly expressed in the DG during adulthood (Meyer & Morris, 

2008), and mice lacking a C-terminal portion of DISC1 show morphological 

abnormalities in the DG and spatial working memory deficits (Li et al., 2007). 

Dysbindin-1 is expressed at high levels in the DG and MF. In schizophrenia patients, 

the reduction of dysbindin-1 is relatively restricted to the DG and MF terminal field 

(Talbot et al., 2004). Sdy mutant mice lacking the dysbindin-1 gene show working 

memory impairment (Takao et al., 2008) and reduced frequency facilitation in 

hippocampal MF-CA3 synapse (Kobayashi et al., 2011). α-CaMKII+/− mice display 
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severe working memory deficits and have well-defined features of iDG (Matsuo et al., 

2009; Yamasaki et al., 2008). It is reported that calretinin, an immature-neuronal 

marker, is significantly upregulated in the DG of postmortem brains in human 

schizophrenia/bipolar patients (Walton et al., 2012). Thus, the iDG phenotype may 

represent an additional ‘endophenotype’ that is shared by human schizophrenic patients 

and some schizophrenia mouse models. Since iDG neurons can produce spikes with 

lower current injection compared with mature neurons, the hippocampus harboring iDG 

may have a lower activation threshold. In the Shn-2 KO mouse brain, hippocampal 

hyperactivation was suggested by the fact that Arc induction in CA1 and CA3 was 

comparable to wild-type levels, while other regions exhibited an overall reduction. 

These observations suggest that the Shn-2 KO mouse hippocampus may be activated to 

a higher degree than that of controls. There was a marked reduction in strong frequency 

facilitation at the MF-CA3 synapse, a form of short-term plasticity, in Shn-2 KO mice. 

In agreement with this, the number of synapses per MF terminal was lower in 

postmortem schizophrenia brain tissue than in healthy control tissue (Tamminga et al., 

2010). Reduced frequency facilitation was also reported in DISC1 mutant mice (Kvajo 
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et al., 2011). These studies and results of my study collectively suggest that 

schizophrenia patients and some animal models of the disease may have hippocampal 

abnormalities, including iDG phenotype. 

Pre-weaned animals showed no significant differences in calbindin, calretinin, 

p22 phox, or GFAP expression between genotypes. Calbindin expression was 

decreased, and calretinin was increased in the DG of 1-month-old Shn-2 KO mice 

compared to that of wild-type mice, indicating an iDG phenotype. These observations 

suggest that neither astrocyte activation, increase of reactive oxygen species production, 

nor ‘iDG’ phenotype are present in the brain of Shn-2 KO mice before weaning, and 

that these phenotypes emerged during postnatal development, which is consistent with 

the fact that most cases of schizophrenia appear in late adolescence or early adulthood. 

After publishing the report of Shn-2 KO mice as schizophrenia model (Takao 

et al., 2013), several studies were conducted examining Shn-2 gene expression in 

human postmortem brains. Volk et al., reported that Shn-2 mRNA level are lower in 

schizophrenia patients compared to healthy controls (Volk et al., 2015). Weickert and 

her colleagues examined more detail in postmortem brains and found that mRNA of 
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Shn-2 were reduced in schizophrenia with high inflammation (Murphy, Lawther, et al., 

2020). They further investigated in which cell types decreased gene expression occurred 

in schizophrenia, and revealed that Shn-2 was downregulated by pyramidal neurons in 

layers 2–6 of the dorsolateral PFC in inflammation-associated schizophrenia (Murphy, 

Kondo, et al., 2020). These studies support the involvement of Shn-2 in the 

pathogenesis of schizophrenia with inflammation. 

Although Shn-2 gene mutations in schizophrenia have not been reported, 

mutations have been reported in related disorders. In bipolar disorder, a de novo 

missense mutation in HIVEP2 (Shn-2) was also reported (Kataoka et al., 2016; 

Nishioka et al., 2023). Bipolar disorder and schizophrenia are considered to constitute a 

spectrum (Keshavan, Morris, et al., 2011) and are therefore difficult to clearly separate 

in terms of biological phenomena.  

Shn-2 is also essential for normal brain function and neurodevelopment in 

humans. A number of human genetic studies have focused on Shn-2 were also 

conducted after the publication of the schizophrenia-like phenotype in Shn-2 KO mice. 

Whole exome sequencing studies showed that some mentally retarded individuals had 
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distinct de novo mutations in SHN-2 (HIVEP2) (Goldsmith et al., 2019; Jain & Atwal, 

2019; Park et al., 2019; Srivastava et al., 2016; Steinfeld et al., 2016). Deficiency of 

Shn-2 in mice caused a schizophrenia-like phenotype, but the loss-of-function mutation 

in humans caused neurodevelopmental disorders but not schizophrenia. 

Shn-2 deficiency leads to neurological dysfunction both in mice and humans, 

however, there are differences in the phenomena that occur respectively. In this study, 

mice were reared in SPF, which eliminates infectious effects as much as possible. In the 

case of humans, people live in the presence of many microorganisms throughout the 

embryonic and developmental stages, therefore, infectious effects cannot be eliminated. 

These differences in the microbiological environment may have caused differences in 

inflammation in the brain during embryonic and developmental stages, resulting in 

differences in the symptoms and phenomena that are manifested. 

SHN-2 has family genes such as SHN-1 (HIVEP1) and SHN-3 (HIVEP3), 

those contain a ZAS domain and bind to kappa Kappa-B motif. Notably, de novo 

mutations were detected in the schizophrenic PFC in the gene encoding Shn-1 (also 

called Hivep1), another member of the Schnurri family, which was suggested to be 
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involved in pathways important for brain development (Gulsuner et al., 2013). Another 

SHNs family gene, HIVEP3 were also reported to have Protein-coding missense de 

novo mutations associated to schizophrenia (Howrigan et al., 2020). These reports 

support that SHN-2 deficiency contributes pathogenesis of schizophrenia, 

As discussed above, Shn-2 KO mice exhibited a genetic inflammatory 

condition that may be responsible for various schizophrenia-like abnormalities. There 

was an argument that mice are not a good model for humans in inflammatory diseases 

(Seok et al., 2013). They showed that genomic responses to different acute 

inflammatory stressors are highly similar in humans but very poorly reproduced in the 

corresponding mouse models (Seok et al., 2013). I reevaluated the same gene 

expression datasets used in the previous study (Seok et al., 2013) by focusing on genes 

whose expression levels were significantly changed in both humans and mice. Contrary 

to the previous findings, the gene expression levels in the mouse models showed 

extraordinarily significant correlations with those of the human conditions (Figure 21). I 

reanalyzed the dataset with nonparametric ranking analysis by NextBio. The hypothesis 

that mouse models show only coincidental overlap of the directionality of gene changes 



 90 

with those in human burn conditions was rejected with extraordinarily high confidence 

(Figure 22; overlap P value = 3.9 × 10−34, 6.3 × 10−13, 1.2 × 10−35, 6.5 × 10−11, and 3.4 × 

10−35 for mouse models of burn, trauma, sepsis (GSE19668), sepsis (GSE26472), and 

infection, respectively). These results show that the directionality of the changes in 

mouse models was highly similar to that in human burn conditions. These findings 

demonstrate that gene expression patterns in mouse models closely recapitulate those in 

human inflammatory conditions and strongly argue for the utility of mice as animal 

models of human disorders.  

The original paper by Seok et al. that denied the usefulness of the mouse 

model was cited 2997 times, while our paper (Takao & Miyakawa, 2015) that showed 

the usefulness of the mouse model was cited 562 times (google scholar, accessed Jan 

26, 2024). I would like to discuss what might account for this difference in the number 

of citations. The argument that mouse models are useless for the study of human disease 

was fresh and received with surprise by the research community. It was especially 

welcomed by those involved in animal welfare, the development of biochips, and those 

involved in these areas. However, many animal experiments using mice have been 
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conducted before and since then, and continue to produce useful results. The first paper 

by Seok et al. was published online in 2013, whereas a search on PubMed for papers 

from 2014 onward using the terms “mouse” + “inflammation” yields 116,963 hits 

(PubMed, accessed Jan 26, 2024). The number of published papers continues to grow 

each year, which clearly demonstrates the usefulness of model mice for research in this 

field. 

Shn-2 KO mice are also a model of inflammatory disease, and their 

inflammatory gene expression signatures shared well with those of the schizophrenia 

patients. In addition, various behavioral abnormalities and brain characteristics were 

similar to those of the patient, which suggests that Shn-2 KO mice are an excellent 

model for schizophrenia. 

 Together, results of my study demonstrate that Shn-2 deficiency caused 

atypical inflammation and associated hippocampal and cortical abnormalities, 

imbalance of GABA-glutamate, and abnormal myelination. These alterations, as a 

whole, may bring about behavioral abnormalities related to schizophrenia in Shn-2-
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deficient mice. Thus, the Shn-2 KO mouse displays good face and concept validity, and 

may be useful in elucidating the pathogenesis and pathophysiology of schizophrenia.  
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5. FIGURES 
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Anxiety-like behavior
Locomotor activity
Social behavior (novel)
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Startle response/PPI
Depression-like behavior
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Each column represents each mouse strain.

↑p < 0.001
↑p < 0.01
↑p < 0.05
↓p < 0.05
↓p < 0.01
↓p < 0.001

Figure 1.
(a) Comprehensive behavioral test battery for mice. (b) “Animal-model-array” of psychiatric disorders. 
Each column represents the strain of genetically-engineered mice that has been analyzed in the 
laboratory of the authors’ group (202 strains including unpublished data). Each row represents a 
category of behavior assessed by comprehensive behavior test battery. Note that most of the 
genetically-engineered mice bearing a mutation of a gene expressed in the brain showed at least some 
behavioral phenotype(s), when assessed with the comprehensive behavioral test battery. Colors 
represent an increase (red) or decrease (green) in a comparison between the wild-type and mutant 
strains.

Comprehensive behavioral test battery for mice
a

b
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Figure 2.
Sensory/motor functions in Shn-2 KO mice. (a) Shn-2 KO mice showed an acoustic startle 
response comparable to that observed in wild-type control mice (genotype effect: P = 0.5359). (b) 
Shn-2 KO mice showed decreased pain sensitivity. (c) The performance of Shn-2 KO mice in the 
rotarod test was comparable to that of the wild-type controls (genotype effect: P = 0.2612). (d) No 
significant difference was observed in terms of the distance traveled during the foot shock test.
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Figure 3.
Schizophrenia-related behavioral abnormalities in Shn-2 KO mice. (a, b) In the spatial working 
memory version of the eight-arm radial maze, Shn-2 KO mice performed significantly worse with 
respect to the number of different arm choices in the first eight entries (genotype effect: 
F1,24=62.104, P<0.0001) and made significantly more revisiting errors than controls (genotype 
effect: F1,24=45.597, P<0.0001; genotype � trial block interaction: F12,228=1.470, P=0.1345). (c) 
Mutant mice also showed poor working memory performance in the T-maze forced-alternation task 
(genotype effect: F1,21=20.497, P=0.0002; genotype � session interaction: F7,147=3.273, P=0.0029). 
(d) With increased delay, Shn-2 KO mice exhibited a lower correct percentage than controls 
(delay=3, 10, 30, and 60 s; P=0.0010, P=0.0047, P=0.0083, and P=0.0026, respectively). (e) Shn-2 
KO and wild-type mice were comparable in the left–right discrimination task (genotype effect: 
F1,19=0.209, P=0.6529) and reversal learning (genotype effect: F1,19=5.917, P=0.0251). (f) The 
amplitude of the acoustic startle response was not significantly different between genotypes (Shn-
2+/+, +Veh vs Shn-2−/−, Veh, F1,73=1.371, P=0.2454). (g) PPI of the acoustic startle response was 
impaired in Shn-2 KO mice (Shn-2+/+, Veh vs Shn-2−/−, Veh, 110 dB startle, P=0.0027; 120 dB 
startle, P=0.0003). Administration of haloperidol improved the PPI of Shn-2−/− mice (Shn-2−/−, 
Veh vs Shn-2−/−,1 mg/kg Hal, 110 dB, P=0.0145; 120 dB, P=0.0059; Shn-2−/−, Veh vs Shn-2−/−, 
3 mg/kg Hal, 120 dB, P=0.0044). Post hoc Bonferroni’s test after two-way repeated-measures 
ANOVA (level of significance was set at P<0.0167). (h) Shn-2 KO mice display a lower level of social 
approach in the sociability test. (i) Shn-2 KO mice did not show social novelty preference. (j) Shn-2 
KO mice displayed decreased social interaction in a novel environment (total contact duration: 
F1,14=11.569, P=0.0043). (k) Administration of clozapine (1 mg/kg, i.p.) reversed hyperactivity in 
mutant mice (genotype effect: P=0.0012, drug effect: P=0.0003, genotype � drug 
interaction: P=0.0574, Shn-2−/−, Clz. vs Shn-2+/+, Veh., P=0.4221). (l) Administration of haloperidol 
(0.3 mg/kg, i.p.) also reduced hyperactivity in Shn-2 KO mice (genotype effect: P<0.0001, drug 
effect: P<0.0001, genotype � drug interaction: P=0.0275, Shn-2−/−, Hal. vs Shn-2+/+, 
Veh., P=0.8957). (m, n) Nest building was impaired in Shn-2 KO mice (P<0.0001). (o) Apparatus of 
the T-maze task. Veh, Vehicle; Clz, Clozapine; Hal, Haloperidol.
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Figure 4.
Abnormal behavior in Shn-2 KO mice. (a) Shn-2 KO mice showed hyperactivity in the open field 
test (genotype effect: P < 0.0001). (b) Mutant mice showed hyperlocomotor activity in their home 
cages in the dark (genotype effect: P < 0.0001). (c) In the elevated plus maze test, Shn-2 KO mice 
displayed increased stay time on open arms, which is usually interpreted as an indication of 
decreased anxiety-like behavior. (d) No significant differences in anxiety-like behavior were 
observed between the genotypes in the light/dark transition test. (e) Shn-2 KO mice showed 
increased plasma corticosterone levels after the elevated plus maze test, which were significantly 
higher than those in the wild type controls. (f) Shn-2 KO mice were less immobile and more active 
than the wild type controls in the Porsolt forced swim test (genotype effect: Day1, P = 0.0007; 
Day2, P < 0.0001). (g, h) Shn-2 KO mice showed reduced levels of social interaction when placed in 
a novel environment. (i) Administration of clozapine reduced the startle response (genotype effect: 
P = 0.007; drug effect: P < 0.0001; genotype � drug: P = 0.7167). Administration of clozapine 
improved the PPI in wild type mice (110 dB, Shn-2+/+: Veh vs 3 mg/kg Clz, P = 0.0001, Veh vs 10 
mg/kg Clz, P = 0.0055, post hoc Bonferroni’s test after two-way repeated measures ANOVA, level 
of significance was set at P < 0.0167), while the treatment did not improve PPI in Shn-2 KO mice. 
(j, k) Administration of 0.2 mg/kg MK801 activated Shn-2 KO mice (from 120 min to 180 min; 
genotype effect: P = 0.0002; drug effect: P = 0.0004; genotype � drug: P = 0.0015, Shn-2-/-, Veh vs 
Shn-2-/-, MK801, P = 0.0208), but did not activate wild type mice (from 120 min to Shn-2+/+, Veh vs 
Shn-2+/+, MK801: P = 0.2454). Veh, vehicle; Clz, clozapine; Hal, haloperidol.
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Figure 5
Altered dopamine signaling in the dentate gyrus of Shn-2 KO mice. (a) The level of D1 dopamine
receptor binding by [3H]SCH23390 was significantly decreased in the dentate gyrus (DG) of Shn-2
KO mice (genotype effect: P = 0.0042). (b) There were no significant differences between the
genotypes in terms of D2 dopamine receptor binding by [3H]PHNO. (c) The level of dopamine
transporter binding by [3H]GBR12935 was not significantly different between the genotypes. (d–g)
Acute DG slices were treated with the D1 dopamine receptor agonist, SKF81297 (1 and 10 µM for
10 min), for dopamine D1 receptor-stimulated phosphorylation of GluA1 and ERK2 in DG slices. (d,
e) Representative immunoblots showing the amounts of phospho-Ser845 GluA1 (phosphorylated on
the PKA-site) and total GluA1 (d), and the amounts of phospho-Thr202/Tyr204 ERK2
(phosphorylated on the MEK-site) and total ERK2 (e). (f) The amount of phosphorylated GluA1 (left,
genotype effect: P = 0.0068) and the amount of phosphorylated GluA1 normalized to the amount of
total GluA1 (center, genotype effect: P = 0.0004) were both significantly increased in Shn-2 KO
mice. The level of total GluA1 was significantly decreased in mutant mice (right, genotype effect: P
= 0.0001). (g) The amount of phosphorylated ERK2 was significantly increased in Shn-2 KO mice
(left, genotype effect: P = 0.0005), whereas the amount of total ERK2 was significantly increased in
the mutant mice (right, genotype effect: P = 0.0201). There was no significant difference between
the genotypes in terms of the amount of phosphorylated ERK2 normalized to the amount of total
ERK2. Lim, limbic cortex; Amy, amygdala; STR striatum; NaccS, nucleus accumbens shell; NaccC,
nucleus accumbens core; SNr, substantia nigra pars reticulata; SN, substantia nigra; VTR, ventral
tegmental area. * P < 0.05, ** P < 0.01.
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Figure 6
Comparison of gene expression profiles between Shn-2 KOmice and individuals with schizophrenia.
(a) Venn diagram of genes differentially expressed in the medial prefrontal cortex (mPFC) of Shn-2
KO mice and Brodmann area (BA) 10 of postmortem schizophrenia brain (Schizo.). (b) P-values of
overlap between Shn-2 KO mouse and schizophrenia data sets. (c) Scatter plot of gene expression
fold change values in Shn-2 KO mice and schizophrenia. (d) Genes differentially expressed in both
Shn-2 KO mice and schizophrenia. Red indicates gene upregulation and blue indicates
downregulation in both Shn-2 KOmice and schizophrenia. The top 40 genes are included.
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Figure 7
Schizophrenia-related alterations in the Shn-2 KOmouse brain. (a–d) The number of parvalbumin-
positive cells is decreased in mPFC (P=0.0088) (a, b) and CA1 (P=0.0029) (c, d) of Shn-2 KOmice. (e,
f) The expression of GAD67 in MFs of the hippocampus decreased in mutants (P=0.011). (g, h)
Reduced CNPase expression in the DG of Shn-2 KO mice compared with controls (molecular
layer, P<0.0001; hilus, P<0.0001). (i, j) DG cell number was evaluated by staining cell nuclei with
Hoechst dye. Cell-packing density was higher in Shn-2 KO mice (P=0.0061) (j). GAD67, glutamic
acid decarboxylase 67; CNPase, 2′,3-cyclic nucleotide 3′-phosphodiesterase; ML, molecular layer.
Scale bars indicate 200µm (a, c, g), 500 µm (e), 20 µm (i).
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Figure 8
Reduced Arc induction in Shn-2 KO mice was observed after foot shocks in a novel environment.
(a–c) Shn-2 KO mice were mated with transgenic mice expressing dVenus under the Arc promoter.
Representative images of both genotypes are shown. (d) In Shn-2 KO mice, Arc-dVenus expression
was greatly reduced in the DG and other regions of cortex and amygdala. Arc, activity-regulated
cytoskeleton-associated protein. Scale bars indicate 1mm (a), 250µm (b), and 100µm (c). MO,
medial orbital cortex; FA, frontal association cortex; PL, prelimbic cortex; M1, primary motor
cortex; CG, cingulate cortex; S1, somatosensory cortex; CA, central amygdaloid nucleus; LA, lateral
amygdaloid nucleus.
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Figure 9
Reduced Arc induction in Shn-2 KO mice exposed to a novel environment. (a–c) Representative
images from Shn-2 KO mice and their wild type littermates, both of which were mated with
transgenic mice expressing dVenus under the control of the Arc promoter. The mice were fixed with
4% PFA in 0.1 M PBS 5 h after exposure to a novel environment (n= 2, 2). (d) Expression of Arc-
dVenus was markedly reduced in the DG, cortical regions, and amygdala of Shn-2 KO mice. P
values indicate the genotype effect. Arc, activity-regulated cytoskeleton-associated protein. Scale
bars, 1 mm in (a), 200 µm in (c), and 50 µm in (b). DG, dentate gyrus; MO, medial orbital cortex; FA,
frontal association cortex; PL, prelimbic cortex; M1, primary motor cortex; CG, cingulate cortex; S1,
somatosensory cortex; CA, Central amygdaloid nucleus; LA, lateral amygdaloid nucleus.
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Figure 10
Abnormalities in the cortex of Shn-2 KO mice. (a, b) The cortex of Shn-2 KO mice was thinner than

that of wild-type mice. Cortical cell density was also reduced in the prelimbic cortex (PrL) and

primary visual cortex (V1) in Shn-2 KO mice (c). (d) Theta band power increased and gamma power
decreased in Shn-2 KO mice. (e) A mouse with the Neurologger, a head-mounted EEG data logger

device. M1, primary motor cortex; S1, primary somatosensory cortex. Scale bar indicates 1 mm (a).
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Figure 11
No significant difference was observed between the genotypes in terms of the number of activated
Caspase-3-positive cells in the PFC and hippocampus. (a) Representative images of activated
caspase-3-positive cells in the PFC and hippocampus. Arrowheads indicate activated caspase-3-
positive cells. Scale bars, 500 µm (PFC) and 250 µm (hippocampus). (b) Quantification of the
number of activated caspase-3 positive cells. DG, dentate gyrus; PFC, prefrontal cortex.

110



Figure 12
Morphology of the cells within the dentate gyrus (DG) and CA3 regions at the electron microscope
level. Representative images of cells in the DG and CA3 regions are shown (upper, DG; lower, CA3).
There is no obvious evidence of neurodegeneration, such as cell swelling, protein deposition, or
nuclear condensation, in either genotype. BV, blood vessel. Scale bars, 5 µm.
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Figure 13
Brain and skull sizes of Shn-2 KO mice. (a) Representative images showing brain sections taken
from Shn-2 KO mice (bottom) and wild type controls (top). Scale bar, 1 mm. (b) Brain weight was
not significantly different between the genotypes (genotype effect: P = 0.1348, n = 3, 4). (c) The size
of the cerebrum (genotype effect: P = 0.1591) and cerebellum (genotype effect: P = 0.5511) was
comparable between Shn-2 KO mice and wild type controls (n = 3, 4). (d) Shn-2 KO mice had a
shorter body length than wild type control mice (genotype effect: P = 0.012, n = 9, 7). Body length
was measured from the nose to the base of the tail. (e) There was no difference in skull size
between the genotypes (n = 9, 7). Cranial length (genotype effect: P = 0.665) was measured from
the anterior border of the frontal bone to the posterior border of the occipital bone. The cranial
width (genotype effect: P = 0.153) is the maximum distance between the temporal bones. The
cranial depth (genotype effect: P = 0.807) is the maximum distance between the bottom of the
temporal bone and the top of parietal bone.
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Figure 14
Dentate granule cells fail to mature in Shn-2 KO mice. (a) The hippocampal transcriptome pattern
of Shn-2 KO mice was similar to that of α-CaMKII+/− mice, which also demonstrated maturation
failure in the DG. Genes showing differential expression between genotypes at P<0.005 in both
experiments were plotted. (b) Normalized gene expression of differentially expressed genes in Shn-
2 KO and α-CaMKII+/− mice. The top 10 genes are indicated in the graphs. (c) The number of cells
expressing the mature neuronal marker calbindin was decreased in Shn-2 KO mice. (d) The
expression of the immature-neuronal marker calretinin was markedly increased. (e–k)
Physiological properties of granule cells in the DG of Shn-2 KO mice and controls. Physiological
features of DG neurons in the mutants were strikingly similar to those of immature DG neurons in
normal rodents. Cell capacitance was small in the granule cells of Shn-2 KO mice (e, P<0.0001),
whereas input resistance was high (f, P=0.0007), and the threshold current to induce spikes was
low (g, P<0.0001). In the current injection (320 pA) experiments, the latency-to-burst spike was
shorter (h, P<0.0001) and the number of spikes was lower (i, P=0.0004) compared with that in wild-
type mice. (j) The efficacy of basal transmission at the MF synapse was increased in mutant mice
(P<0.0001). The ratio of the peak EPSP amplitude to fiber volley amplitude is shown. (k) Shn-2 KO
mice display greatly reduced frequency facilitation at 1 Hz (k, genotype effect: P<0.0001 at steady
level). Scale bars indicate 500 µm (a), 250 µm (d).
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Figure 15
(a) PSA-NCAM expression increased in the DG of Shn-2 KO mice. (b) The number of PSA-NCAM-
positive cells also increased in the DG of mutant mice (genotype effect: P = 0.010). (c) PSA-NCAM
immunoreactivity was greater in the DG of Shn-2 KO mice than in wild type control mice (genotype
effect: P = 0.024). m, molecular layer; g, granule cell layer; h, hilus. Scale bar, 200 µm.
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Figure 16
Inflammatory-like phenomena in the hippocampus of Shn-2 KO mice. (a–d) The hippocampal
transcriptome pattern of Shn-2 KO mice was similar to the transcriptome data from LPS treatment
(a), injury (b), prion infection (c), and aging (d). The Gene Expression Omnibus (GEO) accession
numbers for the transcriptome data used for the graphs are GSE23182 (a, c), GSE5296 (b), and
GSE13799 (d). Genes that showed differential expression between conditions at P<0.005 in Shn-2
KO mice and P<0.025 in LPS treatment were plotted in (a). Genes that showed differential
expression between conditions at P<0.005 in both transcriptome data sets are plotted in (b–d). (e, f)
The expression of p22 phox, a component of NADH/NADPH oxidase, was increased in the DG
(ML, P=0.027; GCL, P=0.048; HI, P=0.039) and CA1 (Or, P=0.011; Py, P=0.019) of Shn-2 KO mice.
(g, h) The expression of vimentin in the DG of mutants was higher than that of the controls. (i–k)
The expression of GFAP was increased in the DG of Shn-2 KO mice. Although the area of GFAP-
positive cells increased (j), the number of GFAP-positive cells remained unchanged (k, l), which was
confirmed by Hoechest nuclear counterstaining. Or, oriens layer; Py, pyramidal cell layer; Rad,
stratum radiatum; ML, molecular layer; GCL, granule cell layer; HI, hilus. Scale bars indicate
500 µm (e), 100 µm (g), and 200 µm (i).
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Figure 17
Microglia in the hippocampus of Shn-2 KO mice. (a) The expression of Iba1 was not significantly
different between controls (left) and Shn-2 KO mice (right). (b) Number of Iba1-positive cells per
unit area did not differ between genotypes (n = 6, 6, genotype effect: P = 0.98). (c) Relative
immunofluorescence intensity of Iba1-positive cells (genotype effect: P = 0.74). m, molecular layer; g,
granule cell layer; h, hilus. Scale bar indicates 50 mm (a).
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Figure 18
Expression of molecular markers and cortical thickness in Shn-2 KO mice during postnatal
development. (a–d) The number of cells expressing calbindin (CB), a maker of mature neurons, was
unchanged in Shn-2 KO mice at 2 weeks old (a, b, P =0.653); however, the number decreased
significantly by 1 month (c, d, P = 3.29�10-8). (e–h) The number of calretinin (CR)-expressing cells,
a marker of immature neurons, was unchanged at 2 weeks old (e, f, P = 0.167); however, the
number increased significantly by 1 month (g. h, P = 1.58�10-5). (i–l) Immunoreactivity (IR) of p22-
phox in the dentate gyrus (DG) of Shn-2 KO mice was unchanged at 2 weeks old (i, j, P = 0.123);
however, a significant increase was observed at 1 month old (k, I). (m–p) There was no significant
difference in GFAP expression between control and Shn-2 KO mice at either 2 weeks old (m, n, P =
0.113) or 1 month old (o, p, P = 0.571). (q–t) Cortical thickness was measured in sagittal sections
stained with Nissl stain. There was no difference in the thickness of the prelimbic cortex (Prl) (q,
2W, P = 0.0766; r, 1M, P = 0.608) or primary visual cortex (VI) (s, 2W, P = 0.749; t, 1M, P = 0.173) in
Shn-2 KO mice at either time point. Scale bars, 200 µm, n= 6–9 mice per group (a–p), n=7–18 mice
per group (q–t).
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Figure 19
Anti-inflammatory treatment rescued neuronal and behavioral phenotypes of Shn-2 KO mice. Mice
were chronically treated with rolipram (Rpm, 4 mg/kg) and ibuprofen (Ib, 400 p.p.m.) for 3 weeks.
The treatment significantly decreased GFAP immunoreactivity in the DG of Shn-2 KO mice (a,
genotype effect: P<0.0001; genotype � drug interaction: P=0.014; Shn-2−/−, Veh vs Shn-2−/−,
Rpm+Ib, P=0.0323). There was a tendency of decrease in GFAP expression in the mutant CA1 (b,
genotype effect: P<0.0001; genotype � drug interaction: P=0.053; Shn-2−/−, Veh vs Shn-2−/−,
Rpm+Ib, P=0.051). The treatment did not reverse GFAP expression in the PFC of Shn-2 KO mice (c,
genotype effect: P=0.0717; genotype� drug interaction: P=0.3662). The reductions of parvalbumin
in CA1 (d, genotype effect: P<0.0001) or PFC (e, genotype effect: P=0.0002) were not rescued by the
treatment. Increased expression of doublecortin (f, genotype effect: P=0.0014; genotype � drug
interaction: P=0.0014; Shn-2−/−, Veh vs Shn-2−/−, Rpm+Ib, P=0.0109) and calretinin (g, genotype
effect: P<0.0001; genotype � drug interaction: P=0.0019; Shn-2−/−, Veh vs Shn-2−/−,
Rpm+Ib, P=0.0028) in the DG of Shn-2 KO mice were attenuated by the treatment, while decreased
expressions of calbindin (h, genotype effect: P<0.0001) or GAD67 (i, genotype effect: P<0.0001) in
the mutant DG were not rescued by the treatment. Working memory (j, genotype effect: P<0.0001;
genotype � drug interaction: P=0.0504; Shn-2−/−, Veh vs Shn-2−/−, Rpm+Ib, P=0.0042) and nest-
building behavior (k, genotype effect: P<0.0001; genotype� drug interaction: P=0.1542; Shn-2−/−,
Veh vs Shn-2−/−, Rpm+Ib, P=0.0407) were significantly improved by the anti-inflammatory
treatment in Shn-2 KO mice. On the other hand, hyperlocomotor activity (l), impaired PPI (m), or
anhedonia in the sucrose preference test (n, genotype effect: P=0.006) were not improved. n=5–10
per group. Rpm, rolipram; Ib, ibuprofen; ns, not significant; *P<0.05, **P<0.01
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Figure 20
Free amino acids in the hippocampus of Shn-2 KO mice. In Shn-2 KO mice, the levels of glutamate
(a), D-serine, and taurine (c) were higher than that of controls. The levels of GABA (d), D-aspartate
(e), L-aspartate (f), L-serine (g), L-glutamine (h), L-histidine (i), tyrosine and glycine (j), L-arginine
(k), L-alanine (l), L-tyrosine (m), L-valine (n), L-methionine (o), L-isoleucine (p), L-leucine (q), L-
phenylalanine (r) were not significantly altered between genotypes.
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Figure 21
Correlations of gene changes among human burns, trauma, sepsis, and the corresponding mouse
models. Scatterplots and Spearman’s rank correlations (ρ) of the fold changes. The criteria for gene
selection were as follows: absolute fold change > 2.0 in human diseases, absolute fold change > 1.2
in mouse models, P < 0.05 in both conditions. Vertical bar and horizontal bar for each panel
represents fold change in right and upper panels, respectively. N represents the number of probes
differentially expressed in both conditions of the comparison in each panel. Murine models were
highly significantly correlated with human conditions with Spearman’s correlation coefficient (ρ =
0.48–0.68; P < 0.0001 for every comparison between human conditions and mouse models). The
correlations between different mouse models were also significant (ρ = 0.23–0.84; P < 0.0001 for
every comparison).
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Figure 22
Statistical comparison of the direction of the gene expression changes between human burns and
mouse models. Vertical bar represents the significance of the overlap between gene sets. Genes
whose expression levels were changed in human burns significantly overlapped with those in the
condition of mouse burn (A, overlap P value = 3.9 � 10−34), mouse trauma (B, 6.3 � 10−13),
mouse sepsis from GSE19668 (C, 1.2 � 10−35), mouse sepsis from GSE26472 (D, 6.5 � 10−11),
and mouse infection (E, 3.4� 10−35). Value is expressed as the –log 10 of the P value. Statistical
significances regarding the directionality of the gene expression changes were derived from the
nonparametric ranking method provided by the bioinformatics platform NextBio (currently called
illumina Correlation Engine 2.0 ).
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Table 1. General physical characteristics and neurological screening of Shn-2 KO mice and
their wild type littermates.
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