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ABSTRACT 

 

One of major differences between genomes of mammals and other 

vertebrates is the presence or absence of homopolymeric amino acid 

repeats, sequences without interruptions in the run of a single amino 

acid residue. Some types of homopolymeric amino acid repeats 

modulate protein–protein interactions and/or transcriptional 

regulation. I investigated the functional meanings of homopolymeric 

amino acid repeats present in mammalian Brn-1/Pou3f3 transcription 

factor that is prominently expressed in brain. Mammalian 

BRN-1/POU3F3 has eight homopolymeric amino acid repeats, each of 

which consists of alanine, glycine, histidine, and proline amino acid 

residues. In contrast, only two of these repeats are present in 

Brn-1/Pou3f3 orthologues of amphibians and fishes. This remarkable 

feature is well conserved in both positions and numbers of the repeats 

among mammals, showing these repeats were acquired specifically in 

the mammalian lineage. 

To analyze what kinds of phenotypic diversification were produced 

by acquisition of these repeats during mammalian evolution, I newly 

generated non-mammalized mice (xPou3f3 knock-in mice) in which 

the entire coding region of the murine Pou3f3 gene was replaced with 

that of the amphibian (Xenopus tropicalis) orthologue. Both mouse 

and Xenopus Brn-1/Pou3f3 genes are intron-less, and their amino acid 
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sequences of the DNA-binding domain called POU domain are 

completely identical. Both homozygous and heterozygous xPou3f3 

knock-in mice grew to adulthood and appeared normal. There were no 

changes in appearance, body weight, growth, or fertility. Both the 

expression pattern and the expression level of the xPou3f3 (tro) allele 

were similar to those of the wild-type allele. Brain weight per body 

weight did not differ between wild-type and tro/tro mice. Further, no 

histologically abnormal changes were detected within the brain. In 

xPou3f3 knock-in mice, there was no deterioration of maternal 

behavior observed in xPou3f2 knock-in mice, in which transcription 

factor Brn-2/Pou3f2, a paralogue of Brn-1/Pou3f3, was replaced with 

the Xenopus tropicalis orthologue. However, pre-pulse inhibition of 

the xPou3f3 knock-in mice was significantly stronger than that of 

wild-type mice, showing schizophrenia-like abnormalities. In addition, 

the xPou3f3 knock-in mice showed significantly longer immobility 

time in both tail suspension test and forced swimming test than 

wild-type mice. This means that the xPou3f3 knock-in mice tend to be 

depressive. Then, I exposed the mice to various kinds of chronic stress 

including immobilization stress, and performed measurement of 

various molecular indexes about the stress and comprehensive 

transcriptome analysis. The chronic stress raises expression of 

precursor polypeptide of an adrenocorticotropic hormone released by 

pituitary gland. In the xPou3f3 knock-in mice, the degree of the rise 
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was significantly lower than wild-type mice. In contrast, the chronic 

stress causes decrease of gene expression in various types of 

glutamate and GABA receptors. However, only few receptors showed 

decrease of gene expression in the xPou3f3 knock-in mice. The 

immobilization stress is known to cause induction of various 

anti-oxidant enzymes. Among 111 anti-oxidant genes, 22 genes were 

up-regulated by the chronic stress in the wild-type mice, whereas only 

4 genes were in the xPou3f3 knock-in mice. 8-OHdG concentration of 

urine, an oxidative stress marker, increased by stress in the xPou3f3 

knock-in mice. This suggests that quick response against oxidative 

stress was not occurred. In addition, blood alkaline phosphatase and 

bone density decreased by chronic stress in the wild-type mice, but 

there were no changes in the xPou3f3 mice. I clarified that the 

following influences were induced by replacing transcription factor 

Brn-1/Pou3f3 of the mouse with the amphibian type (orthologue): (1) 

schizophrenia-like response and the depressed tendency, and (2) low 

response against stress. 
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1. INTRODUCTION 
 

Brn-1/Pou3f3, also known as Brain-1/Otf-8/Oct-8, has been identified as 

one of the members of class III POU transcriptional factor [1,2]. Brn-1/Pou3f3 

contains both POU-homeo and POU-specific DNA binding domains, which 

recognize octamer motif, ATGGTA. Brn-1/Pou3f3 is prominently expressed in the 

central nervous system including the cortex, amygdala, thalamus, hypothalamus, 

brainstem and cerebellum [1]. Brn-1/Pou3f3 knockout mice display hypoplasia of 

Henle’s loop, macula densa and distal convoluted tubule in the kidney, also 

showing histological abnormalities in the hippocampus, and die within 48 hours 

of birth [3]. Together with ASCL1, Brn-1/Pou3f3 up-regulates DLL1 gene, a 

human homologue of the Notch Delta ligand, that plays a key role in 

neurogenesis [4]. The spatiotemporal expression pattern of Brn-1/Pou3f3 

resembles that of Sox11 in the face, brain and kidney from the embryonic to 

postnatal development, and it is shown that Brn-1/Pou3f3 and Sox11 synergize 

and trans-activate each other [5, 6]. 

Compared with the amphibians and fish BRN-1/POU3F3, mammalian 

BRN-1/POU3F3 has a remarkable feature that there are eight homopolymeric 

amino acid repeats (sequences without interruptions in the run of a single amino 

acid residue). In contrast, only two of these repeats are present in Brn-1/Pou3f3 

orthologues of amphibians and fishes. This remarkable feature is well conserved 

in both positions and numbers of the repeats among mammals, showing these 

repeats were acquired specifically in the mammalian lineage [7]. And each of 
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these repeats consists of alanine, glycine, histidine, and proline amino acid 

residues. In human genome, approximately 650 genes contain one or more 

homopolymeric amino acid repeats. Some types of homopolymeric amino acid 

repeats modulate protein–protein interactions and/or transcriptional regulation. 

For example, HAP-1 [8], HIP-1 [9], GAPDH [10], LANP [11] and PQBP-1 [12] 

interact with poly-glutamine repeats. EVH-1 can interact with poly-proline 

repeats [13]. Homopolymeric amino acid repeats are known to contribute to 

up-/down-regulation of transcription. Yeast transcriptional factor GAL4 

artificially fused with glutamine repeats of 10 to 30 residues or proline repeats of 

10 residues increase transcriptional activation [14], while alanine repeats 

suppress its transcriptional activity [15]. Homopolymeric amino acid repeats are 

considered to form intrinsically disordered protein regions. Disordered regions 

can be highly conserved between species and often function as a target in 

numerous biological processes, protein-protein interaction and molecular 

recognition by kinases, transcription factors and translation inhibitors [16, 17]. 

Furthermore, intrinsic disordered regions can contribute to serve as a structural 

basis for hub protein promiscuity, to bind to a structured hub protein, and to 

provide flexible linkers between functional domains [18]. 

In addition to these observations, both mouse and Xenopus 

Brn-1/Pou3f3 genes are intron-less, and their amino acid sequences of the 

DNA-binding domain called POU domain are completely identical. Then, to 

address the biological implications of homopolymeric amino acid repeats in 

mammalian evolution, I generated non-mammalized mice (xPou3f3 knock-in 
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mice) in which the entire coding region of the murine Pou3f3 gene was replaced 

with that of the amphibian (Xenopus tropicalis) orthologue, and compared their 

physiological, behavioral and morphological phenotypes with those of wild-type 

mice. 
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2. MATERIALS AND METHODS 
 

2-1. Multiple alignments 
 

POU3F3 amino acid sequences were obtained from Ensembl 

(http://asia.ensembl.org/index.html) and NCBI (http://www.ncbi.nlm.nih.gov) 

(Table. 1). Full-length amino acid sequences were chosen and all partial 

sequences were manually removed. To determine the amphibian Pou3f3 sequence, 

X. tropicalis genomic DNA was extracted from a piece of liver tissue of male 

individual. The Pou3f3 orthologous region in X. tropicalis was amplified by 

polymerase chain reaction (PCR) using KOD-Plus- DNA polymerase (TOYOBO 

Co., Ltd., Japan) and specially designed primers. The primer sequences were  

Forward: 5’-GAAGTGATGGCCACGGCTGCC-3’,  

Reverse: 5’-CACTCCAGTCATTGCACACTAGTCTGC-3’.  

In amplification process, the thermal cycler settings were: 94°C for 2 min; 30 

cycles of 94°C for 15 sec, 59°C for 30 sec and 68°C for 90 sec; 72°C for 10 min. TA 

cloning was performed on the amplified PCR products with the addition of dA 

using Target CloneTM-Plus- (TOYOBO Co., Ltd.). The X. tropicalis orthologous 

sequence was determined by fluorescent labeling of BigDye terminator ver.3.1 

using ABI PRISM® 3100 Genetic Analyzer (Applied Biosystems, USA). 

28 vertebrate POU3F3 amino acid sequences were automatically aligned 

by MUSCLE algorithm [19] and manually arranged according to repetitive 

sequences on MEGA 6.06 [20]. Alignment results were displayed with conserved 
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score and base information using ClustalX 2.1 [21]. The POU3F3 phylogenic trees 

were reconstructed by the NJ/BioNJ method using 1000 bootstrap replicates. 

Other settings were as follows:  

Model; Jones-Taylor Thornton (JTT) model,  

Rates among sites; Uniform rates,  

Gaps/Missing Data Treatment; Complete deletion,  

Blanch Swap Filter; very strong, 

Number of Threads=1.  

 

 

2-2. Gene targeting 
 

  To generate Pou3f3 specific non-mammlaized knock-in mice, Pou3f3 in 

X. tropicalis (xPou3f3) was chosen with less of homopolymeric amino acid repeats 

and 100% homology in entire region of POU domains. The isolated xPou3f3 in 

section 3-1 was cloned using TOPO TA Cloning Kit (Invitrogen, USA). The 

targeting strategy is shown in Fig. 2. According to this, a targeting vector (TV) 

was constructed including a xPou3f3 open reading frame (ORF) wedged between 

8681bp upstream and 3814bp downstream coincident with M. Musculus. As a 

positive selection marker, the LoxP franked neomycin resistance gene (Neor) was 

inserted downstream the Pou3f3 ORF. Diphtheria toxin A (DT-A) was arranged 

into the upstream of mouse consensus Pou3f3 as a negative selection marker.  

32 µg of TV was linearized by a restriction enzyme, ClaI (New England 



 6 

BioLabs Inc., USA), and well mixed into E14.1 embryonic stem (ES) cells at a cell 

density of 1.0 × 107 cells. This mixture set into the 0.4 cm cuvette and 

electroporated with 500 µF and 230 V using Gene Pulser II (Bio-Rad Laboratories, 

Inc., USA). In the 1st screening, electroporated cells were isolated by pipetting 

and exposed to antibacterial agent G418, a neomycin, on dish. Some of the 

electroporated cells had incorporated the TV into cell body and M. musculus 

Pou3f3 locus was replaced with targeted allele including xPou3f3 and Neor. From 

these the cell masses capable of surviving under the medium condition containing 

G418 were retrieved. The TV replacement was identified accurately by Southern 

blot hybridization using two different probes designing to 3’ and 5’ region (using 

NEO probe in Neor as supplements, data not shown). Genomic DNA were 

digested by Eco81I (Takara Bio Inc., Japan) with 5’ probe and BamHI (New 

England BioLabs Inc.) with 3’ probe and the buffer compositions were as follows;  

Eco81I   50 mM NaCl 

10 µg/ml Tris-HCl (pH7.5) 

10 mM MgCl2 

1 mM Dithiothreitol 

BamHI  100 mM NaCl 

50 mM Tris-HCl 

10 mM MgCl2 

100 µg/ml BSA 
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Two distinct lineages of ES cells including targeted allele and Neor were 

cultured at a cell density of 1.0 × 107 cells. To remove Neor, purified 26µg of 

pIC-Cre vector were well mixed into each ES cells. These mixtures were 

electroporated independently and cultured with and without G418 separately. 

The neomycin-sensitive clones were retrieved and checked removal of a 

LoxP-flanked Neor cassette by Southern blot hybridization under Eco81I and 

BamHI restriction (2nd screening). 

Two independent clones lost Neor by pIC-Cre recombinase and were 

injected into blastocysts of a C57BL/6J background to generate two lines of 

chimeric male mice. The chimeric male mice mated with C57BL/6J female (CLEA 

Japan, Inc.) and produced F1, which have xPou3f3 expression throughout their 

entire body. Their genotypes were checked by PCR amplification as described in 

section 2-3.   

Next, the sequencing amplification primers were constructed with an 

expected size of amplification of 1,657 bp. PCR was performed in a 20µl volume 

containing 0.5 µM of each primers, 1mM MgSO4, 0.2mM dNTPs, 5% dimethyl 

sulfoxide (DMSO), 1 unit of KOD-plus- DNA polymerase and 20ng of genomic 

DNA as a template. The cycling PCR conditions were at 94°C for 4 min; 31 cycles 

of 94°C for 15 sec, 66°C for 30 sec and 68°C for 90 sec; 68°C for 10 min. 

Amplification primer sequences were as follows: 

Forward primer: 5’-GGCTGCTGCTGACCGAGGCTAG-3’, 

Reverse primer: 5’-GAGGAGGAGGCGGCGGAGAAGG-3’. 

After PCR amplification, the position of 1,657 bp band was excised from agarose 
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gel and the PCR products were purified using Nucleospin® Extract 

(MACHEREY-NAGEL GmbH & Co. KG, Germany). Fragment containing gel 

slice was dissolved in buffer NT and loaded on a Nucleospin® Extract II Column. 

After DNA binding step, silica membranes were washed two times and dried by 

the centrifuge for 2 min at 11,000g. Purified PCR products were dissolved out 

with elution buffer NE and acquired by the centrifuge for 1 min at 11,000g. Cycle 

sequencing was performed using BigDye® Terminator v3.1 under the following 

conditions: 96°C for 3 min; 25 cycles of 96°C for 30 sec, 50°C for 15 sec and 60°C 

for 4 min; 60°C for 5 min. The PCR products were dried and dissolved with 

formamide. The replaced sequences in xPou3f3 knock-in mice were determined by 

ABI prism 3100 genetic Analyzer and sequencing primers used were as follows: 

Forward primers: 5’-GGCTGCTGCTGACCGAGGCTAG-3’, 

5’-GAGGAGGAGGCGGCGGAGAAGG-3’ 

5’-CATGGCCACGGCTGCCTCTAACC-3’ 

5’-ATGGCCACGGCTGCCTCTAACCCC-3’ 

5’-ACGGCGGCTTCTAACCCCTACCT-3’ 

5’-CAGAGCGACTTCATGCAGGGGGC-3’ 

5’-CAGAGCGACTTCATGCAGGGGGC-3’ 

5’-ATCAAGGGCATCCAGGAGGCTGGG-3’ 

5’-GGACTCAACAGCCACGACC-3’ 

5’-CGCCGGGCCCGGTGGCGCGCTCA-3’ 

5’-TTCAAGAACATGTGCAAGCTC-3’ 

5’-CGGCGCCAAAAGGAGAAG-3’ 
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Reverse primers: 5’- GGCTGCTGCTGACCGAGGCTAG-3’ 

5’-CACTCCAGTCATTGCACACTAGTCTGC-3’ 

5’-GCGTGGTGCGGGTGCGGCGGGTGAG-3’ 

5’-GAACTGCTCCAGGTCGTCAGA-3’ 

5’-GTCCGAGTGAGGGTCGTGGCTGT-3’ 

5’-GCTGCTGCTGCTGCTGGTGA-3’ 

5’-GCGCCGCTGCTTGAACTG-3’ 

5’-GCCCCCTGCATGAAGTCGCTCTG-3’ 

5’-GACAGAGGACGGGTCCCCCCGGTAG-3’ 

5’-CGGCGGCGCTGCCCGGCTGCA-3’ 

 

 

2-3. Genotyping 
 

Genotyping was performed when the pups were 4 weeks old. Mice ears 

were punched for the individual discrimination and pieces of tissue were collected. 

Ear tips were dissolved in lysis buffer (5M NaCl, 1M Tris-HCl pH8.0 and 0.5M 

EDTA pH8.0) with 1% sodium dodecyl sulfate (SDS), 1 µg/µL pronase E and 0.1 

µg/µL proteinase K at 55°C overnight. The next day, the tissue lysates were 

treated and purified with phenol, phenol-chloroform isoamyl alcohol (PCIAA) and 

chloroform. Then the mouse genomic DNA for genotyping was acquired after 

isopropanol precipitation. 

Two positions of repeats were chosen as PCR polymorphism marker: 
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poly-G product contained consecutive 20 glycine and poly-PAG contained 

consecutive each repeat of proline, alanine and glycine in mice Pou3f3. Expected 

sizes of amplification were; poly-G: 233 bp (mice) / 176 bp (X. tropicalis), 

poly-PAG: 714 bp (mice) / 624 bp (X. tropicalis). The poly-G genotyping was 

performed in 20µl volume containing 0.5µM of each primer, 0.2mM dNTPs, 1 unit 

of KOD FX DNA polymerase (TOYOBO Co., Ltd.) and 20ng of genomic DNA as a 

template. The poly-PAG genotyping was performed in 20µl volume containing 

0.5µM of each primer, 1mM MgSO4, 0.2mM dNTPs, 5% dimethyl sulfoxide 

(DMSO), 1 unit of KOD-plus- DNA polymerase and 20ng of genomic DNA as a 

template. The both cycling PCR conditions were at 94°C for 4 min; 31 cycles of 

94°C for 15 sec, 65°C for 30 sec and 68°C for 60 sec; 68°C for 10 min. Primer 

sequences were as follows: 

G-forward primer: 5’-ACGGCGGCTTCTAACCCCTACCT-3’, 

G-reverse primer: 5’-GCCCCCTGCATGAAGTCGCTCTG-3’, 

PAG-forward primer: 5’-CAGAGCGACTTCATGCAGGGGGC-3’, 

PAG-reverse primer: 5’-GTCCGAGTGAGGGTCGTGGCTGT-3’. 

 

 

2-4. Mice 
 

 All living modified organisms (LMO) and experimental animals were 

approved by The University of Tokyo, and conducted in accordance with the 

guidelines on animal experimentation and laboratory animals. 
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All mice were bred in constant temperature (22-24°C) and constant 

humidity (30-70%) under the 12-12 hours light-dark cycle (light on at 08:00 hour 

and off at 20:00 hour). Food and water were provided ad libitum. Weaned mice, 

which reached 4 weeks of age, were transferred with 2-4 littermates in small cage 

(210W × 165D × 120H mm) or with 5-6 littermates in medium cages (280W × 

200D × 130H mm) (CLEA Japan, Inc.). Tested mice were used at 10-13 weeks of 

age, the so-called young-adult period. All mice had C57BL/6J strain background 

and experienced more than 7 times backcross with C57BL/6J female or male 

(CLEA Japan, Inc.). 

  

 

2-5. Tissue preparation for immunohistochemistry 
 

Mice at 10 weeks of age were anesthetized deeply with 100 mg/kg 

pentobarbital, and perfused through the heart with 15-20 ml of ice-cold 

phosphate-buffered saline (PBS, pH 7.4), and immediately followed by 50 ml of 

fixative containing 4% paraformaldehyde and 0.2% glutaraldehyde in PBS. The 

animals were kept on crushed ice throughout the procedure. After perfusion, 

whole brain was removed from the skull and postfixed with the same fixative 

solution at 4°C for 2 hours, then placed in 10% buffered sucrose at 4°C for 

overnight. Each brain block was embedded in Tissue-Tek® O.C.T.™ Compound 

(Sakura Finetek Europe B.V., Netherlands) and frozen in liquid nitrogen. Frozen 

tissue blocks were sectioned serially at 20 µm in thickness in Microm HM 505 E 
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Cryostat (Thermo Fisher Scientific Inc., USA) and sliced sections were mounted 

on 0.5% gelatin-coated slide glasses. Coronal brain slices located in 

approximately 4.30 mm and 1.98 mm rostral from the interaural line were chosen 

for Pou3f3 immunohistochemistry. Sagittal brain slices located in approximately 

1.20 mm lateral from longitudinal fissure of cerebrum were chosen for 

hematoxylin and eosin (HE) stain. 

The immunohistochemical staining procedure was performed in 

accordance with the methods and conditions in previous report [22]. Since a 

polyclonal antibody to POU3F3 (GTX88112, GeneTex, Inc. USA) can recognize 

the shared amino acid sequence, C-HMLSHAHQWVTAL-N, between POU3F3 

and xPOU3F3, GTX88112 was used as the primary antibody. Slices were rinsed 

with PBS four times for a total of 60 min. The primary antibody was diluted to 

1:200 with PBS and reacted for 12 hours at 4°C. After the reaction stage, these 

slices were rinsed four times with PBS for a total of 60 min. Next, DyLight®488 

rabbit anti-goat IgG H&L preadsorbed (ab96915; abcam, UK) was selected as the 

secondary antibody. To label POU3F3 locations, the secondary antibody was 

diluted to 1:100 with PBS and reacted at 24°C for 3 hours. After this second 

reaction stage, these slices were rinsed four times with PBS for a total of 150 min 

and finally embedded in 10% glycerin PBS. Throughout all the staining processes, 

we humidified slices in a dark box and calibrated them to their horizontal surface. 

For fluorescent observation, Pou3f3-positive cells were identified using confocal 

laser scanning biological microscope, FLUOVIEW and FV1000 (OLYMPUS, 

Japan). 
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In the immunohistochemistry for TH and TPH2, a polyclonal antibody to 

TH (AB152, EMD Millipore Co., USA) and TPH2 (ABN60, EMD Millipore Co.) 

were used as primary antibody. Fluorescein isothiocyanate-labeled goat 

anti-rabbit IgG (65-6111, Invitrogen) was used as secondary antibody. The TH 

and TPH2 on brain section were recognized by the same operating procedure in 

the staining of POU3F3. The quantitative analysis of TH or TPH2 examined 

using a microphotometry system, MapAnalyzer (Yamato Scientific Co., Ltd, 

Japan) [23, 24]. Approximately 130,000 -200,000 data points were obtained in 

whole brain section and measured at 20 µm intervals. The operating conditions 

were as follows: excitation range, 465 -495 nm; photomultiplier voltage, 800 V; 

objective, 20×/0.50 (magnification/numerical aperture); field diaphragm, 10 µm 

diameter; and photometry diaphragm, 40 µm diameter. The standard value of 

fluorescence intensity was calibrated using 1 mM quinine sulfate in 0.05 M 

sulfuric acid (100 mm in depth), which is proportional to a fluorescence intensity 

of 100 [23]. As quantitative analysis, 10 regions for TH (located in approximately 

0.74 mm rostral from bregma) and 10 regions for TPH2 (located in approximately 

4.60 mm caudal from bregma) were chosen. The individual numbers were seven 

to ten mice per genotype and averaged their fluorescent intensities on both sides 

of two to four slices. Fluorescence intensity of TH was calculated as a ratio to the 

mean intensity of four control regions (primary motor cortex (P1), primary 

sensory cortex (S1), dysgranular insular cortex (DI), and piriform cortex (Pir)) 

and that of TPH2 was calculated as a ratio to the mean intensity of five control 

regions (external cortex of the inferior colliculus (ECIC), mesencephalic reticular 
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formation (mRt), lateral lemniscus (LL), decussation of the superior cerebellar 

peduncle (xscp), and reticulotegmental nucleus of the pons (RtTg)).  

 

 

2-6. Locomotor activity 
  

Animal locomotion reflects the self-propulsion endogenously originated 

in each individual. Increasing and decreasing of locomotor activity deeply reflects 

mood disorders [25], and the amount of brain monoamines [26]. 

All of measurements were started at 14:00 and were carried out 

following the analysis schedule for 120 hours, including light periods of total 60 

hours and dark periods of total 60 hours. Mice at 10 weeks of age were put into 

290W × 180D × 130H mm specialized cage with a CCD camera placed directly 

above and ‘24 hour home cage and social behavior monitoring’ test (Time-HC, 

O’HARA & CO., LTD, Japan) was performed. Each CCD camera captured a 

mouse movement images at 2 frame/sec. Each image frame was converted into a 

binary image and total migration distance was calculated by tracking the 

elliptical subject particle. Other parameters are set as; bin duration: 1800 sec, 

frame size: 250W × 150H mm, subject size: 300 to 3000 pixels, moving criterion: 3 

cm/sec, number of erode: 1, number of dilate: 2, and luminance: 0 (Min) to 55 

(Max). Lighting was turned off at 20:00 and turned on at 8:00 automatically. The 

test schedule was divided into six light periods (L1 ~ L6) and five dark periods 

(D1 ~ D5) in consideration of nocturnality. The room temperature, humidity and 
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light-dark cycle follow the condition of the animal breeding room.  

  In the analysis, 23 of wild type (+/+) male mice and 22 of homozygous 

(tro/tro) male mice were used. The transitions of activities in 120 hours were 

calculated in every period. The activities in light or dark periods were averaged 

each migration distance in 6 light periods or 5 dark periods, respectively. The 

0-90 min activity from start of measurement was regarded as novel-seeking 

activity, which is considered one of the temperament dimensions of personality 

including heritable factor (excitability, anxiety, impulsiveness and mood 

disorders). Because the high performance of novel-seeking activity decreased with 

time, the activities in three different time-windows (-30 min, -60 min and -90 

min) were calculated. 

 

 

2-7. Prepulse inhibition 
 

 Mice at 10-12 weeks of age were tested for their sensorimotor gating 

function using ‘Startle response & prepulse inhibition’ test (O’HARA & CO., LTD, 

Japan). Prepulse inhibition (PPI) is a common biological response in which a 

weak stimulus (prepulse) inhibits the response to a subsequent strong startling 

stimulus (pulse) [27]. PPI is utilized as a neurobehavioral test for many test 

species, from rodents to human [28]. Test subjects were put into a cylindrical 

chamber and secured to acceleration sensor. Measurement setup was as follows; 

trial numbers: 10, repeat numbers: 8, intertrial interval (ITI): 10-30 sec, sampling 
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time: 400 msec, pulse duration: 40 msec. Six different pulse intensities were set to 

70 dB, 80 dB, 90 dB, 100 dB, 110 dB and 120 dB. From 70 dB to 90 dB pulse test, 

mice were measured simply for their startle response without prepulse. From 100 

dB to 120 dB pulse test, mice were exposed to 3 different prepulse intensity 

conditions, 0 dB (no prepulse), 75 dB, and 80 dB, respectively, before 100 msec of 

pulse. 10 trials and ITIs were presented in pseudorandom order corresponding to 

each trial type. White noise (70 dB) was constantly presented as background. 

Startle intensity was measured as peak-to-peak values of waveform quantified by 

the acceleration sensor. PPI rate was calculated as how much the startle response 

intensity was suppressed by the prepulse. 

 

 

2-8. Depressive-tendency tests 
  

 Before the assay, the mice aged 10-12 weeks were moved to the test room 

and kept there for at least 1 week under certain conditions. These tests require 

the time spent holding immobility posture as an index of depressive mental 

condition. The mice would retain posture without moving in the context of 

‘behavioral despair’ based on the supposition that animals have ‘give up hope of 

escaping’ by Porsolt et al. (1978) [29]. Immobility time was measured, arising 

from their disappointment in both behavioral tests, manually by two different 

observers. 

 In tail suspension test (TST) mice were suspended by their tails with 
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clipping above the board. Their tails penetrated the board through a small hole 

preventing from tail-climbing problem. Mice were suspended at the height of 

approximately 20 cm above the ground and recorded by video camera for 10 min. 

Immobility was defined as a posture lacking their limb motion and body 

swinging. 

 In forced swimming test (FST), a cylindrical container (13 cm in 

diameter, 20 cm deep) was filled with 30°C water to a depth of half the bulk. Mice 

were placed into this cylinder and their activity was recorded for 10 min. In this 

trial, the sidewall of the cylinder was too high to overcome and the tip of the tail 

also was kept away from bottom. Test mice showed either as struggling to escape 

or in a no motion state including a feeling of powerlessness. Immobility was 

regarded as absence of any movement other than that necessary to float and keep 

the head and nose above the surface of water. 

 

 

2-9. Modified unpredictable chronic stress test 
 

 Mice after the measurement of locomotor activity were returned their 

home cage and stimulated with various continued chronic stresses unpredictably 

and pseudo-randomly. This stress-loading procedure were based on previous 

studies [30-33], and revised to be able to observe the reaction to stronger stress 

and immobilization stress. This modified unpredictable chronic stress (modified 

UCS) procedure consists of combination of multiple stressors for six consecutive 
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days. Mice were exposed to 3 long-period mild stressors (decline stress, wet 

bedding and shake stress) and 4 short-period strong stressors (auditory 

startle/restraint stress, forced swimming stress, tail suspension stress and heat 

stress). Stress-loading schedule are shown in Fig. 10A. In decline stress, cages 

put at a 30-degree angle for 3 hours. In wet bedding stress, clean wood chips were 

wetted by approximately 100 ml clean water for 3 hours. In shaking stress, cages 

were reciprocated at 100 round per minute for 3 hours. In auditory 

startle/restraint stress, mice were immobilized in cylindrical chambers, and 

exposed to startle pulses presented semi-randomly for an hour. The forced 

swimming and tail suspension stresses were carried out following the same 

protocol as described in section 2-8. In heat stress, mice were placed on hot-plate 

temperature to 55°C and covered by a glass beaker for 10 min. 

After all stress-loading processes, behavioral quantification was 

performed to evaluate the internal stressful state through the light-dark 

transition test. This behavioral test is a one of most widely used tests for 

anxiety-like behavior based on a conflict between the natural aversion of an 

illuminated area and the novelty-seeking attribute. Generally, stress-loads make 

mice stay for a longer duration in dark box (in contrast, shorter in light box). So, 

stress-loaded mice were checked their anxiety condition through the 

measurement of 10 min Light-dark transition test. Test apparatus was 220W × 

150D × 160H mm of light and dark boxes with an opening door (80W × 25H mm).  
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2-10. Preparation of serum, brain and bone 
 

 To examine the effects of chronic stress against each genotype, various 

biological specimens were extracted and prepared. Non-stress-loaded mice had 

these procedures undertaken after the measuring their locomotor activities, and 

those of the stress-loaded groups were undertaken shortly after the last of the 

restraint stress step. 

 Mice at 10-12 weeks of age were anesthetized deeply with 100 mg/kg 

pentobarbital. 0.6~1.0 ml blood sample was obtained from heart and separated by 

30 min centrifuge at 1,500 rpm. For RNA extraction, the left hemisphere of their 

brains was immediately frozen by liquid nitrogen. The frozen brains were 

homogenized with two types of beads (5 mm in diameter and 10 mm in diameter) 

using a Mixer Mill MM 300 (Retsch GmbH & Co. KG, Germany) for 2 min at 

25Hz. For preparation of bone, the muscular structure surrounding the 

eviscerated right femur was removed using wipers. Both ends of the femur were 

cut and their bone marrow was flushed with PBS. Bone tissues were wrapped in 

aluminum foil and frozen by liquid nitrogen. Frozen bones were put into the cell 

part of a cool mill (TOYOBO Co., Ltd.) and cooled in liquid nitrogen once again. 

Next, the well-cooled cell parts were banged on a rubber plate 200-300 times. 

Shattered bone samples were scraped using well-cooled medicine spoon and 

retrieved by the addition of ISOGEN (NIPPON GENE CO., LTD., Japan). Then, 

these crashed tissues were dissolved in ISOGEN before proceeding to the step of 

RNA extraction. Bone tissues for morphological analysis were eviscerated from 
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the mouse's right leg and dissected into their separate femur and tibia/fibula 

components. The femur and tibia/fibula were soaked in 70% ethanol overnight. 

After removing muscular structure, femur samples were dried out overnight and 

used for µCT imaging and bone morphological analysis in section 2-14. 

 

 

2-11. Gene expression analysis 
 

2-11-1. RNA extraction 

 

ISOGEN solutions in which sample tissues were well-dissolved were 

stored for 5 min at room temperature. After this incubation, 200 µl of 

chloroform was added and the solutions were shaken for 15 sec vigorously, and 

placed in a centrifuge set to 12,000g for 15 min at 4°C. The aqueous phase was 

retrieved and mixed 0.8 volume of isopropanol well. After 5-10 min incubation, 

RNA was precipitated by 12,000g centrifuge for 15 min at 4 °C and rinsed by 

70% ethanol. Briefly air-dried RNA precipitation was dissolved into RNase-free 

water. RNA quality was measured using two devices, a spectrophotometer 

(NanoDrop 1000, Thermo Fisher Scientific Inc.) and a microchip type 

electrophoresis device (2100 BioAnalyser, Agilent Technologies, Inc., USA). 

The extracted samples were divided into 4 groups, no-stress (+/+ and tro/tro) 

and stress (+/+ and tro/tro). To reduce the effect of biological variations and 

experimental error, each RNA sample was pooled two - four individuals. 
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2-11-2. cDNA synthesis 

 

The Illumina® TruSeq® Stranded mRNA Sample Preparation kit 

(Illumina, Inc. USA) was used for cDNA synthesis. Detailed handling 

operations were carried out according to the ‘TruSeq Stranded mRNA Sample 

Preparation Guide’. A brief sample preparation workflow is as follows: 1) 

purification and fragmentation of mRNA, 2) first strand cDNA synthesis, 3) 

second strand cDNA synthesis, 4) 3’ ends adenylation, 5) adaptors ligation, 6) 

PCR amplification, 7) library validation and 8) normalization and pooled 

library. 

In the step of 1) Purification and fragmentation of mRNA, total RNA 

solutions in section 2-11-1 were diluted 50 µl final volume with 4 µg total RNA. 

In the step of 5) adaptor ligation, eight RNA adaptor indices were added to 

distinguish each group and those sequences were as follows: 

AR002:  CGATGT(A) 

AR004:  TGACCA(A) 

AR013:  AGTCAA(C) 

AR014:  AGTTCC(G) 

AR015:  ATGTCA(G) 

AR016:  CCGTCC(C) 

AR018:  GTCCGC(A) 

AR019: GTGAAA(C) 

 



 22 

2-11-3. Quantification of cDNA library 

 

 cDNA quantities were determined by real-time (RT) PCR using KAPA 

Library Quantification Kit – Illumina / ABI Prism® (KK4835; KAPA 

BIOSYSTEMS, USA). This kit is ideally suited for the quantification of 

libraries for Illumina next-generation sequencing platform. It is constructed 

with Illumina adaptors containing the following qPCR primer sequences: 

Primer P1: 5’-AAT GAT ACG GCG ACC ACC GA-3’, 

Primer P2:  5’-CAA GCA GAA GAC GGC ATA CGA-3’, 

 In preliminary adjustment, all libraries were diluted to 5 ng/µl. These 

libraries were diluted to 1:1000, 1:2000, 1:4000 and 1:8000. According to the 

protocol, KAPA SYBR FAST qPCR Master Mix and each diluted template were 

mixed together well. The qPCR program was run using StepOnePlusTM 

(Real-Time PCR System, Applied Biosystems) with the settings: 95°C for 5 

min; 35 cycles of 95°C for 30 sec and 60°C for 45 sec. Each reaction was 

duplicated. 

 Second cDNA quantification was performed using a 2100 BioAnalyzer 

according to the appropriate protocols. The measurement was performed using 

an Agilent DNA 1000 assay kit (Agilent Technologies, Inc.). 1 µl of resuspended 

constructs were loaded on the DNA-specific chip and confirmed their peaks in 

266-281 bp (The final product should be a band at approximately 260 bp).  

2-11-4. RNA-seq 
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RNA-seq was performed using a next-generation sequencer Miseq and 

Miseq v2 reagent kit (Illumina, Inc.). All samples were diluted to 4 nM each 

and denatured with freshly prepared 0.2N NaOH. Denatured cDNA libraries 

were mixed into these diluted samples and diluted once more to a final 

concentration of 10 pM. The libraries were sequenced on Miseq and sequence 

data was collected automatically with respect to sequence tags. 

To analyze and map the sequenced reads on Fastq files, we used the CLC 

Genomics Workbench ver.7.5.1 (CLCbio, Denmark) along with mouse sequence 

reference MGI_4.2. With this software, GeneOntology (GO) functional 

annotations were added based on MGI 5.21 annotation reference file.  

 

 

2-12. ELISA 
 

 The urinary samples excreted when retained mice were retrieved at 

10~13 weeks age. The concentration of urinary 8-OHdG was measured using New 

8-OHdG Check ELISA (Japan Institute for the Control of Aging, NIKKEN SEIL 

Co., Ltd, Japan). The experiment procedures were followed accompanying 

protocol. All urinary samples and standards were assayed in duplicate and 

dispensed to each well. The primary antibody solution was dispensed and reacted 

for 1 hour at 37°C. After this incubation, each well was rinsed with wash buffer 

for three times. The secondary antibody solution was reacted in each well for 1 

hour at 37°C. room temperature. After same wash session, each well was 
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developed for 15 min at room temperature. Stop solution was added after exactly 

15min and the plate was assayed absorbance at a wavelength of 450nm using the 

SpectraMax® Paradigm® Multi-Mode reader (MOLECULAR DEVICES, USA). 

  

 

2-13. Measuremenr of blood components 
 

 The concentrations of calcium (Ca), inorganic phosphorus (IP), alkaline 

phosphatase (ALP), uric acid (UA) and blood urea nitrogen (BUN) in blood were 

determined using a FUJIFILM DRI-CHEM 3500 system (FUJIFILM, Japan). 

Before each measurement, a QC card was swiped through the card reader to 

perform a calibration. The measurement slide was then set into a slide cartridge 

and a 10 µl drop of sample serum was placed on the reaction surface. A 

DRI-CHEM 3500 system incubated slides for several minutes at 37°C and 

automatically measured the concentration of target blood component. 

 

 

2-14. Bone µCT analysis 
 

 Bone structural estimation was done using µCT for detailed 3D 

tomographic images, and X-ray absorption rate for density data. This density 

data allows accurate identification of various bone parameters, detailed 3D 

structure and biological internal morphology in vivo.  
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The images of the mice bone 3D-structure in each genotype were 

acquired with an in vivo micro X-ray CT system R_mCT2 (Rigaku Co., Japan). 

Scanning conditions were as follows: Voltage, 90 kV; Current, 80 µA (CT mode) 

and 60 µA (X-ray live mode); and field of view (FOV), 5 (φ5 mm × H5 mm). 

Acquisition time was set to FINE mode (3 min). The imaging data were exported 

as multi-TIFF files including 500 slices. 

Tomographic TIFF images were reconstructed using 3DBone (RATOC 

SYSTEM ENGINEERING Co. Ltd., Japan). The R_mCT2 Viewer Package 

software analyzed using the 3-dimensional ordered subsets-expectation 

maximum algorithm with 3 iterations. 

 

 

2-15. Statistical analysis 
 

In all behavioral tests and physiological assay, each data were shown 

using calculation of means and SEMs. I denoted the number of mice in each 

method. To compare two paired values in behavioral test and physiological 

analysis, the differences were detected using the 2-tailed Student’s t-test. P 

values less than 0.05 were considered as statistically significant and 3 stepwise 

significance were indicated as *P<0.05, **P<0.01 and ***P<0.001 in the figure.  

In RNA-seq analysis, ‘CLC Genomics Workbench ver.7.5.1’ was 

employed for the analysis of massive data in RNA-seq. In stress related 

phenotypic analysis, the gene expression changes were identified in comparison 
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of between stress-loaded groups (+/+ (stress+) vs. tro/tro (stress+)). First, 

statistical significance were detected using Kal’s Z-test and indicated as †P<0.05, 

††P<0.01 and †††P<0.001 in ‘WS vs. HS’ column. Next, the distribution analysis 

of GeneOntology (GO) and Hypergenometric (HyperG) test on annotations was 

conducted to search bias among the significantly changed gene clusters. The 

candidate genes were compared using Baggerley's test between stress-loaded 

groups (+/+ (stress-) vs. +/+ (stress+) or tro/tro (stress-) vs. tro/tro (stress+)) and 

statistical significances were indicated as *P<0.05, **P<0.01 and ***P<0.001 

(shown in ‘P ’ column in +/+ or tro/tro, respectively) (Fig.11). 
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3. RESULTS 

 

3-1. Multiple alignments 
 

 To examine species variations of POU3F3 amino acid sequences through 

the process of evolution, sequence comparisons were performed using multiple 

POU3F3 sequences obtained from database. 28 POU3F3 full-length sequences 

were acquired from the database along with their species names, accession 

numbers and amino acid length (summarized in Table 1). 

Xenopus tropicalis Pou3f3 (xPou3f3) sequence was not decided at the 

onset. So the first, xPou3f3 gene and protein sequences were determined using 

PCR and TA cloning. After this sequencing, this POU3F3 sequence was 

confirmed on Xenbase (http://www.xenbase.org/entry/) (XP_002941201). While 

some primate Pou3f3 sequences were found to exist in database, all were found to 

be partial sequences and therefore too short for further analysis. Teleost Pou3f3 

generally had two different forms, pou12 (also known as brn1) and pou23. As a 

result, the multiple alignments were performed using 28 POU3F3 transcripts 

(including six mammals, an bird, two reptiles, two amphibians, and seventeen 

fishes) (Fig. 1A). The neighbor-joining phylogenic tree was created based on these 

sequences (Fig. 1B). The POU-specific domain and POU-homeo domain were 

highly conserved between vertebrates with the obvious exception that both type 

of Xiphophorus maculatus POU3F3 had largely deletions of 32 amino acids in 

POU-specific domain. Furthermore, in database, teleost Pou3f3 accompanied 
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information on some splicing variants because of the short intron insertions.  

Since the teleost Pou3f3 were diverged, multiple alignments and 

phylogenic tree analysis were re-examined based on 10 tetrapods POU3F3 amino 

acid sequences (Fig. 1C, D). Through the detailed comparison, it became clear 

that the conservation scores were comparatively high over the whole area, 

especially in C-terminal regions containing POU domain. On the other hand, the 

N-terminal regions were diverged and several species-specific insertions of 

homopolymeric amino acid repeats were revealed. Mammalian POU3F3 

possessed seven or eight homopolymeric amino acid repeats; poly-G, poly-A, 

poly-P, poly-P, poly-A, poly-G, poly-H and poly-G in order from N-terminus. Since 

the eighth poly-G specifically-existed in Homo sapiens. In other vertebrates, bird 

and reptile shared three and amphibian shared two homopolymeric amino acid 

repeats with mammalian POU3F3.  

Whereas, to examine whether this tendency of ease to insert of 

homopolymeric amino acid repeats is specific in Pou3f3, M. musculus POU3F1, 

POU3F2, POU3F3 and POU3F4 were aligned and compared those sequences 

(Fig.1E). The POU3F2 had three distinct insertions of quite long two 

homopolymeric amino acid repeats (poly-G and poly-Q) and comparatively short 

poly-P repeats. The POU3F1 had four insertions in N-terminal (poly-A and three 

poly-G) and two short insertions of homopolymeric amino acid repeats in 

C-terminal (poly-P and poly-H). The POU3F4 did not show any insertions of 

homopolymeric amino acid repeats. 
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3-2. Generation of xPou3f3 knock-in mice 
 

 To examine a functional role of the mammalian specific sequences 

containing homopolymeric amino acid repeats in Pou3f3, I generated knock-in 

mice carrying a non-mammalized Pou3f3. As a non-mammalized and ancestral 

sequence, I chose xPou3f3, which contains only two homopolymeric amino acid 

repeats as opposed to eight repeats in mouse, yetand 100% homology in the entire 

region of POU domains (Fig. 2A). Fish Pou3f3 sequences were not adopted in 

consideration of their specific diversification by an event of the third round of 

whole genome duplication. 

 Targeting vector (TV) with xPou3f3 was constructed as described in the 

section 2-2 (Fig. 2B). I knocked-in a xPou3f3 allele into E14-1 stain of mouse ES 

cells and selected two rounds of screening (G418 treatment and Southern blot 

hybridization). In the 1st screening, 205 clones were retrieved and checked for the 

recombination with TV by Southern blot hybridization. Two clones (#14 and #25) 

showed double bands with expected size of the targeted allele (15,513 bp in 

Eco81I or 5.844 bp in BamHI restriction, Fig. 2C). Next, to eliminate the Neor in 

the targeted allele, these clones were electroporated with pIC-Cre recombinase. 

In the 2nd screening, 244 clones were retrieved and cultured with or without G418. 

Finally in two distinct clones (#100 and #84 derived from #14 and #25, 

respectively), the pIC-Cre induced deletions of Neor were confirmed by Southern 

blot hybridization (13,533 bp in Eco81I or 3.915 bp in BamHI restriction, Fig. 2D). 

These clones were injected into C57BL/6J blastocysts to generate chimeric mice. 
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Surrogate mother mice delivered chimeric pups with germ-line cells derived from 

injected knock-in blastocysts. Chimeric mice were backcrossed more than 7 times, 

and I tried to uncover the phenotypes in this non-mammalized (xPou3f3) knock-in 

mouse.  

 

 

3-3. Morphological characteristics 
 

xPou3f3 heterozygous (+/tro) and homozygous (tro/tro) knock-in mice 

were born normally at first glance. Physical abnormalities, irrational behavior 

and visible diseases were not observed in these mice (Fig. 3A) and their body 

weights had no difference between wild type (+/+) and tro/tro (Fig. 3B). Their face 

conditions were checked as the indices of sociality, emotion and intracranial 

changes [34, 35], but visible facial barbering, alopecia, enlarging circumference of 

head characteristic of hydrocephalus and eye abnormalities were not observed in 

+/tro and tro/tro at 10 weeks age (Fig. 3C). Jeong et al. reported that Pou3f3 

knock-out mice were largely missing the squamosal bone (SQ) and jugal bone 

(JG) [36]. To examine this morphological phenotype, I performed alcian blue / 

alizarin red staining in E16.5. However, +/tro and tro/tro mice did not have the 

abnormal cranial bone or costral bone (Fig. 3D). 

Furthermore, since Pou3f3 knock-out mice showed brain structural 

abnormalities [37, 38], I analyzed brain slices by HE staining. In brain, whole or 

regional atrophy and formation of ectopic layer were not observed (Fig. 4A-C). 
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Next, I examined whether the xPou3f3 was expressed in appropriate locations. 

The immunohistochemical fluorescent staining identified the signals of POU3F3 

of both +/+ and tro/tro mice with indistinguishable patterns in the neocortex (Fig. 

4D), neostriatum (Fig. 4E), nucleus accumbens (Fig. 4F) and hypothalamus (Fig. 

4G). This suggests that the distributions of the xPOU3F3 signals were roughly 

matched to POU3F3. 

 

 

3-4. The comparative analysis between non-mammalized 

Pou3f2 and Pou3f3 knock-in mice 
 

   3-4-1. Weaning ratio and reproductive performance 

 

Ahead of this research, our projects generated 2 distinct types of 

non-mammalized Pou3f2 knock-in mice. Although Mus musculus POU3F2 

had three quite extended homopolymeric amino acid repeats (also shown in 

section 3-1 and Fig. 1E), definitely loss of these insertions in other vertebrates 

were revealed. To examine the role of homopolymeric amino acid repeats in 

Pou3f2, generation of Pou3f2 ΔGQP knock-in mice with complete deletion of 

the three homopolymeric amino acid repeats and xPou3f2 knock-in mice in 

which the entire coding region of the Pou3f2 was replaced with that of X. 

tropicalis Pou3f2 orthologue, were conducted. It was suggested that female 

maternal behaviors in previous reports [39], I analyzed the differences in 
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sexual behaviors and pups weaning ratio between non-mammalized Pou3f2 

and Pou3f3 knock-in mice. 

First, basic reproductive alterations were checked. But their fertility and 

litter sizes didn’t differ from the wild type. The genotypic ratio of the pups 

obeyed Mendel’s law in both Pou3f2 ΔGQP knock-in mice (Fig. 5A) and 

xPou3f3 knock-in mice (Fig. 5B).  

Second, as one of the index of sexual behaviors and fetal development, 

the latency from mating to delivery was measured. Although the latency until 

delivery in Pou3f2 ΔGQP homozygous mating pairs (Δ/Δ vs. Δ/Δ) showed more 

extensive tendency than wild type (+/+ vs. +/+) (Fig. 5C), that in xPou3f3 

homozygous mating pairs (tro/tro vs. tro/tro) showed no differences (Fig. 5D).  

Third, to investigate the differences in weaning ratio and pups surviving 

by the replacement with non-mammalized form, the numbers of weaned pups 

were counted through the various combinations of parent genotypes. In 

Pou3f2 ΔGQP knock-in mice, the genotypes of dams affected pups weaning 

ratio and this nurturing performance of Δ/Δ dams was reduced two-thirds 

that of +/+ (Fig. 5E). Because this tendency was independent of sires and 

pups genotypes, it indicated that the genotypes of dams were crucial factor. 

Whereas, weaning ratio was not differed in both combinations of mating in 

xPou3f3 knock-in mice (+/+ vs. +/+ and tro/tro vs. tro/tro) (Fig. 5F). 
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   3-4-2. Quantification of brain monoamine expression 

 

To make sure of the cause of reduced weaning ratio, brain monoamines 

were measured because various studies pointed to the relationship between 

maternal behaviors and dopamine (DA) [40-42] / serotonin (5-HT) [43-46]. 

Since Pou3f2 ΔGQP and xPou3f3 knock-in mice showed reduction of the pups 

viability in common, the quantitative analysis was performed using 

fluorescence microphotometry system, MapAnalyzer (Yamato Scientific Co., 

Ltd) [22]. Both TH and TPH2, rate-limiting enzymes of DA and 5-HT 

synthesis respectively, were quantified at the levels of the nucleus. 

The immunohistochemical distributions of TH and TP are shown in Fig. 

6A-D and Fig. 6E-H, respectively. The extremely high expression of TH was 

observed in neostriatum (STlat and STmed), nucleus accumbens (AcbS and 

AcbC) and olfactory tubercle (Tu). The extremely high expression of TPH2 

was observed in dorsal and median raphe nucleus (DRD, DRV, DRL, MnR 

and PMnR). As a result, both of brain monoamines were significantly 

decreased in most regions (Fig. 6C and 6G).  

A reduction rates in 3 different types of knock-in mice were summarized 

(Fig. 6I-L). Xenopus form of Pou3f2 homozygous mice (tro/tro) displayed more 

prominent decreasing manner in TH (69.7%, Fig. 6I) and TPH2 (67.9 %, Fig. 

6K). However, Pou3f2 ΔGQP homozygous mice (Δ/Δ) also showed significantly 

decreased TH (78.6%) and TPH2 (83.9%). Although measurement procedure 

was not the same, xPou3f3 knock-in mice showed the same directional 
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monoamine expression changes in the results of RNA-seq (Fig. 6J, L). In 

xPou3f3 (tro/tro), TH expression was slightly decreased (83.1%, not 

significant) (Fig. 6J) and TPH2 expression significantly decreased (43.3%, 

P<0.01) (Fig. 6L). Interestingly, xPou3f3 (tro/tro) displayed more remarkable 

changes in TPH2 in contrast to non-mammalized Pou3f2 knock-in mice (Δ/Δ 

and tro/tro). It is therefore intriguingly to examine behavioral analysis 

related to brain serotonin (5-HT), for example locomotor [47, 48], depression 

[49-51] and anxiety [52, 53].  

 

 

3-5. Locomotor activity 
 

The measurement of mice locomotor activity is useful as a screening test 

for inherent background, physical abnormality or changes of neurological 

condition. The animal locomotion reflects the physical vitality and daily 

neurological activity in spite of no phenotypes at first glance. Especially Pou3f3 is 

highly expressed in the brain, it is important to investigate innate biological 

behavioral manner.  

In tro/tro mice, the average amount of activities were significantly 

increased in some light periods; L4 (P<0.05) and L6 (P<0.05), and in some dark 

periods; D4 (P<0.05), D5 (P<0.05) and D6 (P<0.05) (Fig. 7A). Especially, the 

activity in all dark periods showed consistently increasing tendency (D1, 

1.14-fold; D2, 1.10-fold; D3, 1.19-fold; D4, 1.18-fold; D5, 1.25-fold). These 
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differences became more remarkable as time advanced through the experiment 

time. Despite increasing activity were observed in some light periods, L2 activity 

was significantly reduced at 0.86-fold (P<0.05). Although the average activity in 

light period showed not significant (Fig. 7B), that in dark period showed 

significantly increased (1.16-fold, P<0.05) (Fig. 7C). Whereas, all of novel seeking 

activity (30-, 60- and 90-min) represented high performance value in comparison 

with the activity in any other periods. But no significant differences were 

observed between any time scale windows (Fig. 7D). Additionary, female tro/tro 

mice acted with more significant increasing tendency and their recorded data 

were shown in Supplementary Fig. 2. 

 

 

3-6. Psychiatric behavioral assessments 
 

 Prepulse inhibition (PPI) is known as a kind of neurological phenomenon, 

sensorimotor gating, and the abnormalities in this response are considered as a 

biological marker for some mental disorders, especially in schizophrenia [28]. At 

first, the 6 levels of pulse intensities (from 70 dB to 120 dB) were presented to 

check the capacity of hearing using stepwise sounds. Despite a startle response to 

110 dB pulse was significantly increased (P<0.05), no significant differences were 

observed between genotypes in most of pulse intensities (Fig. 8A). Next, with 

respect to PPI, I measured startle responses by the presentation of 2 pulse 

intensities (110 dB and 120 dB) against 2 prepulse (75 dB and 80 dB). In this 
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result, higher prepulse caused higher inhibition rate. The tro/tro male mice 

showed significant reduction of prepulse inhibition rate in an experimental set of 

75 dB prepulse and 120 dB pulse (P<0.05) (Fig. 8B). Likewise, the combination of 

80 dB prepulse and 120 dB pulse also showed reduction tendency of prepulse 

inhibition rate. No significant reductions were observed in both of 110 dB pulse 

trials.  

 The tail suspension test (TST) and forced swimming test (FST) have 

been recognized as useful behavioral paradigms to assess the antidepressant 

effect and measure depressive-like behavior [28, 55, 56]. In these tests, mice are 

subjected to inescapable affliction with no end in sight and their feelings of giving 

up, hopelessness and impotence shorten the escaping movement. In TST, most 

1-min time windows demonstrated significantly increased inactive time in tro/tro 

(Fig. 9A). Accordingly, total inactive time was significantly increased by 123% on 

average (P<0.001), tro/tro displayed shorter periods of struggle (Fig. 9B). In FST, 

same directional tendency was also caused. A half of 1-min time windows also 

demonstrated significantly increased inactive time in tro/tro (Fig. 9C). Total 

inactive floating time was also significantly increased by 149% in tro/tro mice  

(P<0.001) (Fig. 9D). 

 However, anxiety behavior was not changed. Light-dark transition test 

is based on natural aversion of mice to visit illuminated area (light-box), widely 

used to assay the effect of anti-anxiety agents and mental conditions. Generally, 

mice tend to visit in the light-box dominantly when they are searching novel 

environment, but conversely visiting time in the dark-box increase dependent on 
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anxiety and fearfulness. Though there was no significant difference in visiting 

time in dark-box between +/+ and tro/tro (Fig. 10B). 

 

 

3-7. Biological response to chronic stress-loading 
 

What kind of advantage came from evolving from Xenopus type to 

mammalian type Pou3f3 in organisms? The forced swimming and tail suspension 

are considered as strong stressors, therefore, their resistant reactions might be 

inhibited significantly in tro/tro (Fig. 9). These behavioral results evoked a 

hypothesis that tro/tro possess vulnerable properties against stressful condition 

and it caused changes in behavioral aspects.  

To examine whether xPou3f3 knock-in mice are able to express normally 

stress responses, stress response activities were validated through the modified 

UCS loading schedule (Fig.10A). Prolonged chronic stress cause the various 

characteristic internal reactions; alteration in neural activity, anti-oxidative 

response, immune response and psychopathological syndromes [57]. Since rapid 

stress response strongly contribute to the survival rate and the continued 

existence of the species, internal and external adequate reactions are highly 

conserved. 
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   3-7-1. Stress-induced anxious behaviors 

 

With regard to behavioral aspects, mice in stressful situation display 

inborn fight/flight reactions to impending danger, pain and threat and elevate 

fear and anxious psychiatric state [58]. After 1-week exposure to the 

sustained modified stress schedule, light-dark transition test was performed 

to confirm whether mice sense fearfulness and anxiety normally. 

Stress-loaded individuals showed longer visiting time in dark box in both +/+ 

and tro/tro (+/+ (stress-) vs. +/+ (stress+), P<0.001; tro/tro (stress-) vs. tro/tro 

(stress+), P<0.001) (Fig. 10B). No significant changes were shown in 

comparison between genotypes. 

 

   3-7-2. Stress-induced gene expression changes 

 

Next, I performed gene expression analysis to detect any differences of 

stress response between genotypes. RNA-seq, which is a powerful tool for 

whole-transcriptomic analysis through whole-genome shotgun sequences, 

was conducted on 4 groups, no-stress (+/+ and tro/tro) and stress (+/+ and 

tro/tro). Obtained read data were automatically mapped to MGI reference 

(ver.4.2). In the mapping results, the average number of mapped all 

sequences in pair was 2,692,192 reads and the number of those mapped to 

gene was 1,346,096 reads. Outstanding abnormal biases were not found in 

these samples because the coefficients of variation (CV) indicated 16.0% and 
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16.4%, respectively. 

I explored characteristic changes accompanying with stress loading and 

genotypes through the comparison between stress-loaded groups (+/+ 

(stress+) and tro/tro (stress+)). First, up-regulated and down-regulated genes 

(P<0.01) were picked up and analyzed their significance in the bias of 

significance in GO terms by HyperG test. 15 of 98 GO terms related to 

synaptic transmission and cognitive function, and 12 of 98 GO terms related 

to ion transport were listed in up-regulated genes in tro/tro (Fig. 11A and all 

GO terms were listed in Supplementary Table 1A). On another front, 3 of 98 

GO terms related to oxidative response and 10 of 98 GO terms related to ATP 

biosynthesis process were listed in down-regulated genes in tro/tro (Fig. 11B 

and all GO terms were listed in Supplementary Table 1B).  

 From the screening of GO functional analysis, further analysis about 

the genes displayed discrepancy in stress-related expression changes was 

performed. First, the expression level of pro-opiomelanocortin (Pomc) was 

increased by stress condition in both genotypes. POMC is a precursor 

polypeptide for synthesis of ACTH, which is major protein released from 

anterior pituitary gland and constitute capital factor of HPA-axis. The 

expression value of Pomc was significantly increased in +/+ (7.53-fold, 

P<0.001) and tro/tro (4.04-fold, P<0.05) under modified UCS condition (Fig. 

11C). Since lower stress sensitiveness was observed in tro/tro, the magnitude 

of stress response might be affected in various brain components. 
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Second, because the 15 of 73 GO terms responsible to neural activity and 

cognitive function were listed, some neural receptors were analyzed in depth. 

As shown in Fig. 11D-G, the large number of neurotransmitter-associated 

genes was inhibited during modified UCS in +/+, but not promoted in tro/tro. 

Indeed, remarkable suppression of pattern was indicated in glutamate 

receptors. The stress-induced expression changes were shown widely in 3 

types of glutamate receptors, AMPA, kainate and NMDA. Although all AMPA 

(Gria1, P<0.001; Gria2, P<0.001; Gria3, P<0.001; Gria4, P<0.001), 2 of the 5 

kainate (Grik2, P<0.01; Grik3, P<0.001) and 3 of the 9 NMDA (Grin2a, 

P<0.001; Grin2b, P<0.001; Grin3a, P<0.05) receptors were significantly 

decreased, only 2 genes were decreased in tro/tro (Fig. 11D and 

Supplementary Table 2A). In addition, gaseous neurotransmitter, nitric oxide 

(NO), is synthesized by nitric oxide synthase (NOS) in downstream of the 

AMPA and NMDA signaling pathway. The NO signal works as a spatial 

signaling module and has been implicated in the contribution to spatial 

lerning and memory [59]. Neural NO synthetic enzyme, NOS1 and NOS1 

adaptor proteins, were also decreased significantly in +/+ (Nos1, P<0.01 and 

Nos1ap, P<0.05, respectively), but not in tro/tro (Fig. 11E).  

Third, as far as GABA, inhibitory interneuron have a crucial role in 

controlling the neural excitation in hippocampus [60], and a benzodiazepine 

and adinazolam, which enhance the effect of GABAA receptor signaling, act on 

blockade of dendritic atrophy in stress [57, 61]. GABAA receptors were 

consistently suppressed in 5 of the 16 genes (Gabra4, P<0.01; Gabra6, P<0.01; 
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Gabrb2, P<0.001; Gabrb3, P<0.01; Gabrg2, P<0.05), and this declining 

tendency was widely present throughout the GABAA receptor family in +/+ 

(Fig. 11F and Supplementary Table 2B). In tro/tro, however, GABAA 

receptors displayed the same level of expression except Gabra3 (P<0.05) and 

Gabrd (P<0.001) in spite of similarity strong stress loaded conditions to +/+ 

(Fig. 11F). In some opioid signaling are related to the antidepressant effect, 

analgesic action and euphoric mood. Opiate signaling mediate stress-induced 

impairment of LTP because an opiate antagonist is able to block this [62]. As 

a result, 4 opioid receptors were consistently suppressed by stress in +/+ only, 

in particular Oprk1 and Oprm1 were significantly down-regulated (P<0.05 

each) (Fig. 11G). A weak similar pattern was observed in brain serotonin 

(5-HT) receptors and acetylcholine (ACh) receptors with less number of genes 

than those mentioned above (data not shown). On the other hand, these 

trends were not shown in following receptors, such as dopaminergic, 

adrenergic and histamine receptors.  

Finally, neurotrophic factors were also changed. Eph family receptors 

are subunits of receptor tyrosine kinase (RTK) regulating axon guidance, 

synapse formation and cell migration [63]. The expressions of Eph receptors 

were most influenced by stress and displayed two directional changes. 

Although Eph receptor A family showed negative and Eph receptor B family 

showed positive alterations in +/+ mice by stress-loading, tro/tro mice showed 

insensitive pattern in neurotrophic factors (Fig. 11H). Especially, Epha4 

(P<0.001), Epha5 (P<0.001), Epha6 (P<0.01) and Ephb1 (P<0.05) were 
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significantly changed only in +/+ mice. These facts indicated opposite 

regulation in Eph receptors by stress-loading. Whereas, expression changes 

in most of ligands (e.g. ephrins and BDNFs) and other neurotrophic receptors 

were not altered. 

 

 

   3-7-3. Oxidative stress response 

 

It has been shown that neurodegeneration caused by stress may be 

involved in an elevation of reactive oxygen species (ROS) [64-66]. Internal 

ROS (e.g. superoxide anion (O2-�), hydrogen peroxide (H2O2) hydroperoxide, 

hydroxyl (OH) and peroxyl (ROO)), can directly injure cellular proteins, DNA 

and lipids from peroxidation reactions [67]. Therefore, to neutralize ROS, 

organism widely employ anti-oxidant enzymes: copper, zinc-superoxide 

dismutase (Cu,Zn-SOD, Sod1); catalase (Cat); and selenium-dependent 

glutathione peroxidase (Se-GSH-Px, Gpx). Cu,Zn-SOD converts O2-� to O2 

and H2O2, while CAT and Se-GSH-Px remove H2O2 [68].  

From the screening of GO functional analysis between stress-loaded 

group (+/+ (stress+) vs. tro/tro (stress+)) (Fig.11B), the genes, which displayed 

the less expression in stress-loaded tro/tro, were analyzed in detail. Three GO 

terms, response to oxidative stress (GO:0006979), regulation of 

stress-activated MAPK cascade (GO:0032872), and hydrogen peroxide 

catabolic process (GO:0042744), were listed (P<0.001). Actually, in 
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GO:0006979 response to oxidative stress, 22 of the 111 genes were 

significantly increased in +/+, but only 4 of 111 genes showed an increasing 

manner in tro/tro (threshold of the significance was P<0.05) (Fig. 11I and all 

of 111 anti-oxidant genes data were in Supplementary Table 2C and 

Supplementary Fig. 4A). Interestingly, +/+ mice brain up-regulated the 

transcription of major anti-oxidant genes, containing Sod1, Gpx1, Gpx4, 

Prdx1, Prdx2 and Prdx4, by stress-loading to protect the brain from ROS 

injury. But many genes related to oxidative stress response are insensitive in 

spite of stressful conditions in tro/tro mice. 

 

To validate the internal oxidative stress conditions, I measured the 

concentration of urinary 8-hydroxy-2'-deoxyguanosine (8-OHdG) using the 

enzyme-linked immunosorbent assay (ELISA). The 8-OHdG is eliminated 

from the body through the metabolism of ROS-induced oxidative lesions, and 

has therefore been widely assayed as a biological marker of oxidative stress 

[69]. It is also reported the correlation between higher serum SOD activity 

and lower circulating levels of 8-OHdG [70]. Despite small sampling number 

(N=5~6), more increasing tendency by modified UCS-loading was 

demonstrated in tro/tro (190%) than +/+ (87%) (Fig. 11J). 
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3-8. The changes in blood components 
 

 The replacement of xPou3f3 gave rise to insensitive brain neural 

signaling regulation and delayed response to oxidative stress. Since such rapid 

response deeply linked to maintenance of internal environment, I assessed the 

amplitude of the effect from the aspect of blood components. 

I used a FUJI DRI-CHEM 3500 system to measure multiple 

concentrations of Ca, IP, ALP, UA and BUN in blood. These were examined in the 

4 groups; +/+ (stress-), +/+ (stress+), tro/tro (stress-) and tro/tro (stress+). The 

stress-induced alterations were classified into 3 distinct patterns. First, some 

blood components decreased independently to genotypes. Significant reductions 

by modified UCS loading were observed in BUN (+/+, 79.7%, P<0.001; tro/tro, 

85.8%, P<0.01) and Ca (+/+, 95.6%, P<0.01; tro/tro, 95.7%, P<0.01) (Fig. 12A). 

Second, there was a remarkable elevation in the tro/tro genotype-specific. 

Although the IP concentration was significantly elevated by modified UCS 

loading in tro/tro mice (122.8%, P<0.001), it was not significantly changed in +/+ 

(105.8%) (Fig.12B). Finally, the contents significantly decreased in +/+ only, but 

not in tro/tro. This tendency suggests a low sensitiveness to stressful conditions 

in tro/tro and it evoked the result of gene expression analysis in RNA-seq. ALP 

was remarkably reduced in stress-loaded +/+ (81.3%, P<0.001), whereas this 

reduction was suppressed in tro/tro (92.0%, not significant) (Fig. 12C). As for UA, 

the concentrations of UA were not changed significantly in each combination of 

genotypes. 
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3-9. Measurement of the bone parameters 
 

 Blood concentration of ALP is deeply related to bone metabolisms. 

Normal bones are constantly undergoing bone remodeling in order to maintain a 

well-balanced relationship between bone formation and resorption. Bone ALP is 

designed when reflect the biosynthetic activity of these bone-forming cells, called 

osteoblast [71]. Some previous studies had reported the reduction of bone 

metabolism in stressful environment [72]. micro-CT (µCT) imaging were 

performed to investigate the alterations in multiple bone parameters using 

femurs. In +/+ mice, the bone mass was remarkably reduced by stress-loading in 

the section of femur (Fig. 12D). The bone volume/total volume (BV/TV), which is a 

commonly used indicator as amount of bone mass, was significantly decreased in 

stress-loaded +/+ (84.3%, P<0.05) (Fig. 12D). Furthermore, other bone 

parameters, bone surface (BS) and bone mineral contents (BMC), were also 

decreased (85.8%, P<0.05; and 78.9%, P=0.07 respectively) (Fig. 12D). However, 

tro/tro mice didn’t show this decreasing tendency by stress-loading. These trends 

were concordant with blood ALP pattern, and this characteristic patterns might 

be reflect the internal insensitiveness against environmental stress. 
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4. DISCUSSION 
  

The xPou3f3 knock-in mice grew to adulthood, and no distinguishable 

abnormalities were observed. There were no changes in appearance, body weight, 

growth, or fertility. Brain weight per body weight did not differ between the 

wild-type (+/+) and the homozygous xPou3f3 (tro/tro) mice. Further, no 

histologically abnormal changes were detected within the brain, and blood 

components did not show any symptoms of renal failure. The knock-in mice of 

Brn-2/Pou3f2 gene, a paralogue of Brn-1/Pou3f3, showed a reduction of pup 

weaning ratio caused by abnormal retrieving behavior, in which the transcription 

factor Brn-2/Pou3f2 was replaced with the Xenopus tropicalis orthologue lacking 

all of the homopolymeric amino acid repeats of mammalian POU3F2 or all of the 

homopolymeric amino acid repeats of mammalian POU3F2 were removed. Most 

of the pups born to these non-mammalized mice died within days after birth, 

depending on the dam genotype alone. Quantitative immunohistochemical 

analysis revealed significant decreases of tyrosine hydroxylase (TH) and 

tryptophan hydroxylase 2 (TPH2) in various brain structures (Fig. 6). TH and 

TPH2 are the rate-limiting enzymes of dopamine and serotonin synthesis, 

respectively. On the contrary, there was no deterioration of maternal behavior 

observed in xPou3f3 knock-in mice, and the pups delivered from homozygous 

parents showed normal weaning ratios. But RNA-Seq data using whole brain 

showed decrease of TH and TPH2 also in the xPou3f3 knock-in mice: 0.86-fold 

(p>0.05) and 0.43-fold (p<0.01) for TH and THP2, respectively (Fig. 6). Serotonin 



 47 

are important for the regulation of various psychological and physiological 

functions, such as pleasant feelings, anxiety, fear, mood control, motivation, 

cognition, reward, and movement. Pre-pulse inhibition was significantly stronger 

in the xPou3f3 knock-in mice than in wild-type mice, suggesting 

schizophrenia-like abnormalities. 

Significantly longer immobility time in the xPou3f3 knock-in mice was 

observed in both tail suspension test and forced swimming test than those in 

wild-type mice. Tail suspension test and forced swimming test are used for 

examining the effects of anti-depressant agents [54-56]. This means that the 

xPou3f3 knock-in mice tend to be depressive. The hypothalamic-pituitary-adrenal 

axis (HPA axis) is a major part of the neuroendocrine system that controls 

reactions to stress, and is involved in mood disorders including depressive 

disorder [73, 74]. In addition, dopamine and serotonin are important in 

regulating the HPA axis [62]. The chronic stress including immobilization stress 

raises expression of precursor polypeptide of an adreno-corticotropic hormone 

released by pituitary gland, but the degree of the rise was significantly lower in 

the xPou3f3 knock-in mice than in wild-type mice. In contrast, the chronic stress 

causes decrease of gene expression in various types of glutamate and GABA 

receptors in wild-type mice, whereas only few receptors showed decrease of gene 

expression in the xPou3f3 knock-in mice. Furthermore, the immobilization stress 

is known to cause induction of various anti-oxidant enzymes [66, 75]. Among 111 

anti-oxidant genes, 22 genes were up-regulated by the chronic stress in the 

wild-type mice, but only 4 genes were in the xPou3f3 knock-in mice. 
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The present findings clearly indicate that the xPou3f3 knock-in mice 

reduce their response against stress, showing the schizophrenia-like response 

and the depressed tendency. According to Hans Selye [76], "stress" is defined as 

the non-specific response of the body to any demand for change. The sympathetic 

nervous system becomes primarily active during a stress response, regulating 

many of the body’s physiological functions in ways that ought to make an 

organism more adaptive to its environment. Compared with the wild-type mice, 

response level against stress was low in the xPou3f3 knock-in mice. Two causes 

can be considered. One possibility is that disturbance of the biological 

balance/homeostasis caused by stressors is less in the non-mammalized mice. 

Another possibility is that the biological balance/homeostasis can be maintained 

with low responsiveness in the non-mammalized mice. In the former case, it can 

be considered that mammals have received higher influence from stressors of the 

same strength. The latter case means that mammals have acquired higher 

responsiveness against stressor of the same strength. Even in any case, there 

would be no doubt that response system to stressor has been drastically changed 

during mammalian evolution. 
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5. CONCLUSION 
 

I generated non-mammalized mice (xPou3f3 knock-in mice) in which the 

entire coding region of the murine Pou3f3 gene was replaced with that of the 

amphibian (Xenopus tropicalis) orthologue. Both mouse and Xenopus 

Brn-1/Pou3f3 genes are intron-less, and their amino acid sequences of the 

DNA-binding domain called POU domain are completely identical. Mammalian 

BRN-1/POU3F3 has eight homopolymeric amino acid repeats, each of which 

consists of alanine, glycine, histidine, and proline amino acid residues. In 

contrast, only two of these repeats are present in Brn-1/Pou3f3 orthologues of 

amphibians and fishes. This remarkable feature is well conserved in both 

positions and numbers of the repeats among mammals, showing these repeats 

were acquired specifically in the mammalian lineage. Some types of 

homopolymeric amino acid repeats are known to modulate protein–protein 

interactions and/or transcriptional regulation. 

Both homozygous and heterozygous xPou3f3 knock-in mice grew to 

adulthood and appeared normal. There were no changes in appearance, body 

weight, growth, or fertility. Both the expression pattern and the expression level 

of the xPou3f3 (tro) allele were similar to those of the wild-type (+) allele. Brain 

weight per body weight did not differ between +/+ and tro/tro mice. Further, no 

histologically abnormal changes were detected within the brain. In xPou3f3 

knock-in mice, there was no deterioration of maternal behavior observed in 

xPou3f2 knock-in mice, in which transcription factor Brn-2/Pou3f2, a paralogue of 
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Brn-1/Pou3f3, was replaced with the Xenopus tropicalis orthologue. However, 

pre-pulse inhibition of the xPou3f3 knock-in mice was significantly stronger than 

that of wild-type mice, showing schizophrenia-like abnormalities. In addition, the 

xPou3f3 knock-in mice showed significantly longer immobility time in both tail 

suspension test and forced swimming test than wild-type mice. This means that 

the xPou3f3 knock-in mice tend to be depressive. Then, I exposed the mice to 

various kinds of chronic stress including immobilization stress, and performed 

measurement of various molecular indexes about the stress and comprehensive 

transcriptome analysis. The chronic stress raises expression of precursor 

polypeptide of an adrenocorticotropic hormone released by pituitary gland. In the 

xPou3f3 knock-in mice, the degree of the rise was significantly lower than 

wild-type mice. In contrast, the chronic stress causes decrease of gene expression 

in various types of glutamate and GABA receptors. However, only few receptors 

showed decrease of gene expression in the xPou3f3 knock-in mice. The 

immobilization stress is known to cause induction of various anti-oxidant 

enzymes. Among 111 anti-oxidant genes, 22 genes were up-regulated by the 

chronic stress in the wild-type mice, whereas only 4 genes were in the xPou3f3 

knock-in mice. 8-OHdG concentration of urine, an oxidative stress marker, 

increased by stress in the xPou3f3 knock-in mice. This suggests that quick 

response against oxidative stress was not occurred. In addition, blood alkaline 

phosphatase and bone density decreased by chronic stress in the wild-type mice, 

but there were no changes in the xPou3f3 mice. I clarified that the following 

influences were induced by replacing transcription factor Brn-1/Pou3f3 of the 
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mouse with its orthologue of Xenopus tropicalis: (1) schizophrenia-like response 

and the depressed tendency, and (2) decreased response against stress. 
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8. TABLE AND FIGURES 
 
 
Table.1. List of vertebrate POU3F3 amino acids 
 

POU3F3 amino acid sequences were acquired from the web database, 

Ensembl and NCBI. 28 POU3F3 transcripts were chosen and used for the 

multiple alignments. This table consists of the sequences in six mammals 

(orange), a bird (yellow), two reptiles (purple), two amphibians (green) and 

nine fishes (blue). Teleost POU3F3 were duplicated by the event of the whole 

genome duplication. The species names, accession gene names, accession 

numbers and amino acid length were described above. 
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Species  Accession name Accession No. Length 
Homo sapiens POU3F3 ENST00000361360 500aa 

Mus musculus  Pou3f3 ENSMUST00000054883 497aa 

Rattus norvegicus Pou3f3 NP_620192.1 497aa 

Heterocephalus glaber Pou3f3 XP_004844534.1 491aa 

Odobenus rosmarus divergens POU3F3 XP_004416018.1 499aa 

Monodelphis domestica POU3F3 XP_007501474.1 515aa 

Pseudopodoces humilis POU3F3 XP_005516615.1 439aa 

Anolis carolinensis POU3F3 ENSACAT00000008913 454aa 

Chrysemys picta bellii POU3F3 XP_005307059.2 440aa 

Xenopus tropicalis POU3f3-like XP_002941201 448aa 

Ambystoma mexicanum POU domain 
transcription factor brn-1� AAL27274 403aa 

Latimeria chalumnae POU3F3 ENSLACT00000017081 428aa 

Danio rerio pou1/zp23 ENSDART00000149202 425aa 

�� pou12/zp12 ENSDART00000133178 429aa 

Gadus morhua pou12 ENSGMOT00000017210 385aa 

�� pou23 ENSGMOT00000013837 391aa 

Xiphophorus maculatus brn1 ENSXMAT00000016283 388aa 

�� pou23 ENSXMAT00000011624 357aa 

Poecilia formosa brn1 ENSPFOT00000013732 435aa 

�� pou23 ENSPFOT00000015392 381aa 

Gasterosteus aculeatus pou12 ENSGACT00000018144 401aa 

�� pou23 ENSGACT00000003930 390aa 

Oreochromis niloticus brn1 ENSONIT00000016936 442aa 

�� pou23 ENSONIT00000025755 416aa 

Tetraodon nigroviridis brn1 ENSTNIT00000006199 397aa 

�� pou23 ENSTNIT00000002312 391aa 

Takifugu rubripes brn1 ENSTRUT00000026821 438aa 

Brn23 ENSTRUT00000026822 306aa 
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Fig.1 Comparative analysis of the alignment and phylogenic 
tree 

 
A. Multiple alignment between 28 POU3F3 amino acid sequences. The six 

mammalian, an avian, two reptilian, two amphibian and seventeen fish 

POU3F3 amino acid sequences are displayed. The purple boxes indicated 

highly conserved POU-specific and POU-homeo domains. The conservation 

scores are represented as three characters (* > : > .) above each amino acid 

residue.  

B. Neighbour-joining phylogenic tree based on 28 vertebrate POU3F3. Each 

species is indicated using color markers, mammal: red circle, bird: yellow 

inverted triangle, reptile: purple triangle, amphibian: green diamond and 

fish: blue square (filled and unfilled). Numbers at each node are the 

percentage of the 1000 bootstrap replicates. 

C. Multiple alignment between 10 POU3F3 amino acid sequences in tetrapods. 

The black boxes indicated mammalian homopolymeric amino acid repeats. 

The purple boxes indicated POU-specific and POU-homeo domains. The 

conservation scores are represented as three characters (* > : > .) above each 

amino acid residue.  

D.  Neighbour-joining phylogenic tree based on 10 tetrapods POU3F3. Each 

species was indicated using color markers, mammal: red circle, bird: yellow 

inverted triangle, reptile: purple triangle, and amphibian: green diamond. 

Numbers at each node are the percentage of the 1000 bootstrap replicates. 

E. Multiple alignment among POU class III genes, POU3F1, POU3F2, 

POU3F3 and POU3F4. POU3F1 have six (red), POU3F2 have three (blue) 

and POU3F3 have seven (black) HPAA repeats. In contrast, POU3F4 have 

no HPAA repeats. The purple boxes indicated POU-specific and POU-homeo 

domains.  
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Fig.2 Generation of xPou3f3 knock-in mice 
 

A. Schematic drawing of Pou3f3 genomic regions in Mus musculus and 

Xenopus tropicalis. Orange and light blue cylindrical boxes represent Mus 

musculus Pou3f3 and Xenopus tropicalis Pou3f3 respectively. Purple 

cylindrical boxes shows POU-specific and POU-homeo domains linked by 17 

amino acids in the linker region. N-terminal regions contain variable 

homopolymeric amino acid repeats (red). In comparison of repetitive 

structures, the 8 homopolymeric amino acid repeats in H. sapiens (top), 7 in 

M. musculus (middle), and only 2 in X. tropicalis (bottom) exist in each 

POU3F3 orthologue. 

B. Targeting vector (TV) construction and knock-in strategy. xPou3f3 TV 

contains negative (diphtheria toxin A; DT-A) and positive (neomycin 

resistance gene; Neor) selection markers. Blue characters and bars indicate 

expected fragment size recognized by 5’ or 3’ probe in the digestion of each 

restriction enzyme (Eco81I and BamHI). 

C. 1st screening by Southern blot hybridization. Expected fragment sizes using 

5’probe altered to 15,656 bp from 10,119 bp (Eco81I) (left). Expected 

fragment sizes using 3’probe altered to 5,844 bp from 10,858 bp (BamHI) 

(right). Two ES clones (#14 and #25) were displayed double bands located in 

the positions of wild-type and targeted allele. 

D. 2nd screening by Southern blot hybridization. Expected fragment sizes using 

5’probe altered to 13,533 bp from 15,656 bp (Eco81I) (left). Expected 

fragment sizes using 3’probe altered to 3,915 bp from 5,844 bp (BamHI) 

(right). #100 and #84 of pIC-Cre-electroporated ES clones derived from #14 

and #25, respectively, were displayed double bands located in the positions 

of wild-type and xPou3f3 knock-in allele. 
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Fig.3. Morphological characters of xPou3f3 knock-in mice 
 

A. The comparison of body size at the age of 4 weeks age. +/+ (left), +/tro 

(middle) and tro/tro (right) do not show obvious abnormalities. 

B. Body weights. No significant differences in body weight between the three 

genotypes in 10 weeks of age.  

C. Phenotype checking around facial area. At 10 weeks of age, no facial 

barbering, alopecia, eye abnormality and hydrocephalus were not observed. 

D. Head skeleton in developmental day of E16.5 +/+ and tro/tro mice stained 

with Alcian Blue (cartilage) and Alizarin Red (bone). Any retardation of 

ossification, bone loss and abnormal bone development were not observed. 

Figures show bone positional relationship about cranial bone (upper) and 

costal bone (lower). Each structure is shown with abbreviations: SQ, 

squamosal bone; LO, lamina obturans; PA, Parietal bone; FN, frontal bone; 

DE, dentary.  
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Fig.4. The typical brain sectional analysis 
 

A -C. HE staining of brain section in +/+ (A), +/tro (B) and tro/tro (C).  

Remarkable brain atrophy (reported in Pou3f2/Pou3f3 double knock-out 

mouse [37]) and ectopic layer formation (reported in Pou3f3 knock-out 

mouse [38]) were not observed. Abbreviations: Cer, cerebellum; Cor, 

Cortex; Hip, Hippocampus; Ol, Olfactory bulb; Str, Neostriatum; Tha, 

Thalamus.   

D -F. Confocal images of immuno-histochemical fluorescent staining using 

Pou3f3 antibody in the neocortex (D), neostriatum (E), nucleus 

accumbens (F) and hypothalamus (G). The left figures showed 

immunohistochemical staining in +/+ and the right figures showed that in 

tro/tro mice. 
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Fig. 5. Sexual and maternal behaviors in ΔGQP Pou3f2 and 
xPou3f3 knock-in mice 

 
A. Genotype ratio of pups from +/Δ parents. Sampling numbers of pups were 

311 pups. Each color represents pups genotypes; +/+ (orange), +/Δ (checker 

red), and Δ/Δ (red). 

B. Genotype ratio of pups from +/tro parents. Sampling numbers of pups were 

204 pups. Each color represents pups genotypes; +/+ (orange), +/tro (checker 

blue), and tro/tro (blue). 

C. The latency of delivery after mating in ΔGQP Pou3f2 knock-in mice. Values 

shown on graphs represent the mean � SEM. Sampling numbers were 30 

pairs (+/+ vs. +/+, orange) and 16 pairs (Δ/Δ vs. Δ/Δ, red). *P<0.05 (Student’s 

t-test) 

D. The latency of delivery after mating in xPou3f3 knock-in mice. Values shown 

on graphs represent the mean ± SEM. Sampling numbers were 10 pairs (+/+ 

vs. +/+, orange) and 19 pairs (tro/tro vs. tro/tro, blue). 

E. Pups viability in ΔGQP Pou3f2 knock-in mice. 4 types of dams vs. sires 

combinations; +/+ vs. +/+, +/+ vs. Δ/Δ, Δ/Δ vs. +/+ and Δ/Δ vs. Δ/Δ. The orange, 

checker red, and red bar represent +/+, +/Δ, and Δ/Δ genotypes in pups, 

respectively. **P<0.01 (Student’s t-test) 

F. Pups viability in xPou3f3 knock-in mice. 2 types of dams vs. sires 

combinations; +/+ vs. +/+ and tro/tro vs. tro/tro. The genotypes of both 

parents and pups did not affect pups weaning ratio. The orange and blue 

bars represent +/+ and tro/tro genotypes in pups, respectively. 



 80   

0%#

25%#

50%#

75%#

100%#

Pups%
genotypes�

Δ/Δ#
+/Δ#
+/+#

0%#

25%#

50%#

75%#

100%#

Pups%
genotypes�

tro/tro%
+/tro%
+/+%

0%# 25%# 50%# 75%# 100%#

Pups%viability%(%)�

Parental%effect%

Dams#
#
#

#+/+#
#
#
#
#
#
#

#Δ/Δ�

#
#
×#
#
#
#
#
#
#
×�

Pups#
#

+/+#
#
#
#

+/Δ#
#
#
#
#
#

+/Δ#
#
#
#

Δ/Δ�

#
#
=#
#
#
#

=#
#
#
#

#
=#
#
#
#

=#

Sires#
#

+/+#
#
#
#

Δ/Δ#
#
#
#
#
#

+/+#
#
#
#

Δ/Δ�

Genotypes#
combina?on#

#

0"

10"

20"

30"

40"

50"

1" 1~4"

(Day)�

Parity�

Delivery-latency-

+/+##+##+/+#
tro/tro#+#tro/tro#

0"

10"

20"

30"

40"

50"

1" 1~4"

(Day)�

Parity�

Delivery-latency-

+/+##+##+/+#
Δ/Δ#+#Δ/Δ#

**�

*�

A.� E.�C.�

0%# 25%# 50%# 75%# 100%#

Pups%viability%(%)�

Parental%effect%

##Dams#
####+/+#
#
#
#
#
#
#

#tro/tro�

#
#
×#

#
#
#
#
×�

#Pups#
#

###+/+#
#
#
#
#
tro/tro�

###Sires#
#
#

###+/+#
#
#
#
#
#
tro/tro#

#
##
=#
#
#
#
=�

Genotypes#
combina<on#

#

n.s.�

F.�B.� D.�



 81 

Fig. 6. Monoamine levels in non-mammalized Pou3f2 and 
xPou3f3 knock-in mice 

 
(A -D) Quantitative immunohistochemistry for tyrosine hydroxylase (TH)  

A. Sectional information of TH quantification. The coronal section located in 

0.74 mm rostral from bregma was used. The measurement regions and 

abbreviations (Franklin and Paxinos 2008): STlat, lateral part of the 

neostriatum; STmed, medial part of the neostriatum; AcbS, shell of the 

nucleus accumbens; AcbC, core of the nucleus accumbens; Tu, olfactory 

tubercle; M1, primary motor cortex; S1, primary sensory cortex; DI, 

dysgranular insular cortex; Pir, piriform cortex; sepN, septal area. 

B. Overview image of quantitative distribution containing the striatum. Each 

color shows the values of fluorescent intensities (color bar, below). 

C. Quantitative analysis of the expression of TH in five positive and five control 

regions. Values shown on graph represent the mean � SEM. *P<0.05; 

**P<0.01. 

D. The ventral striatum region was enlarged. TH expression in Δ/Δ was 

significantly reduced in comparison with +/+ mice. 

 

(E -H) Quantitative immunohistochemistry for tryptophan hydroxylase 2 (TPH2) 
E. Sectional information of TPH2 quantification. The coronal section located in 

4.60 mm caudal from bregma was used. The measurement regions and 

abbreviations (Franklin and Paxinos 2008): DRD, dorsal part of the dorsal 

raphe nucleus; DRV, ventral part of the dorsal raphe nucleus; DRL, lateral 

part of the dorsal raphe nucleus; MnR, median raphe nucleus; PMnR, 

paramedian raphe nucleus; ECIC, external cortex of the inferior colliculus; 

mRt, mesencephalic reticular formation; LL, lateral lemniscus; xscp, 

decussation of the superior cerebellar peduncle; RtTg, reticulotegmental 
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nucleus of the pons. 

F. Overview image of quantitative distribution containing the raphe nucleus. 

Each color shows the values of fluorescent intensities (color bar, below).  

G. Quantitative analysis of the expression of TPH2 in five positive and five 

control regions. Values shown on graph represent the mean ± SEM. *P<0.05; 

**P<0.01.  

H. Region of the dorsal raphe nucleus was enlarged. TPH2 expression in Δ/Δ 

was significantly reduced in comparison with +/+ mice. 

 

(I -L)  Comparative analysis between non-mammalized Pou3f2 and pou3f3 

knock-in mice in the tyrosine hydroxylase (TH) and tryptophan hydroxylase 2 

(TPH2) 

 The changes of brain monoamines in xPou3f2 and Pou3f2 ΔGQP knock-in 

mice were calculated using the expression values measured by MapAnalyzer. The 

TH reduction rates were averaged in five regions (STlat, STmed, AcbS, AcbC and 

Tu) and the TPH2 reduction rates were averaged in five regions (DRD, DRV, DRL, 

MnR and PMnR) (I and J). Whereas, the changes of brain monoamines in xPou3f3 

knock-in mice were calculated using RNA-seq results. The reduction rates were 

defined as the ratio of the expression values in tro/tro mice to that in +/+ mice (K 

and L).  

I. The reduction rate of TH in xPou3f2 knock-in mice (tro/tro, blue) and Pou3f2 

ΔGQP knock-in mice (Δ/Δ, red). 

J. The reduction rate of TH in xPou3f3 knock-in mice (tro/tro).  

K. The reduction rate of TPH2 in xPou3f2 knock-in mice (tro/tro, blue) and 

Pou3f2 ΔGQP knock-in mice (Δ/Δ, blue).  

L. The reduction rate of TPH2 in xPou3f3 knock-in mice (tro/tro). 
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Fig. 7. Locomotor activity in male  
 

A. Transition of locomotor activity over 5 continuous days (120 hours). The 

measurement session includes 6 light (L1-L6) and 5 dark (D1-D5) periods 

alternately.  

B. The averaged locomotor activity among 6 light periods. 

C. The averaged locomotor activity among 5 dark periods. 

D. The total of novel seeking activity from start to 30 min.  

 

Values shown on graphs represent the mean � SEM. Sampling numbers 

were 23 of +/+ males (orange) and 22 of tro/tro males (blue). The statistical 

significance are shown as *P<0.05. 

xPou3f3 knock-in male mice showed elevated activities in dark periods 

significantly elevated to 1.16-fold. But novel seeking activities were not 

changed.
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Fig. 8. Prepulse inhibition test   
 

A. Intensities of acoustic startle response. Apparatus presented 6 stepwise 

volumes, 60-120 dB, and recorded the power of press on acceleration sensor. 

The difference of the reactions against various pulse intensities were 

compared between genotypes 

B. Inhibition rate of the startle response. Two-staged prepulses, 75 and 80 dB, 

were presented before main pulse, 110 and 120dB. Generally, the 

presentation of prepulse inhibits startle response by subsequent startle 

pulse. Values represent the mean � SEM. Sampling numbers were 29 in 

+/+ males (orange) and 30 tro/tro males (blue). Statistical significances were 

determined by Student t-test (*P<0.05).  
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Fig. 9. Depressive-like behavior test 
 

A -B. Forced swimming test. (A) Transitions of immobility over 10 min test 

time. (B) Average of immobility time in FST. Sampling numbers were 

13 of +/+ males (orange) and 20 of tro/tro males (blue). Values 

represent the mean ± SEM. Statistical significances were determined 

by Student t-test (*P<0.05; **P<0.01; and ***P<0.001) 

 

C -D. Tail-suspension test. (C) Transitions of the duration time escaping 

motion over 10 min test time. (D) Average of immobility time in TST. 

Sampling numbers were 9 of +/+ males (orange) and 9 of tro/tro males 

(blue). Values represent the mean ± SEM. Statistical significances 

were determined by Student t-test (*P<0.05; **P<0.01; and 

***P<0.001) 
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Fig. 9. Depressive-like behavior test    
 

A -B. Forced swimming test. (A) Transitions of immobility over 10 min test time. 

(B) Average of immobility time in FST. Sampling numbers were 13 of +/+ 

males (orange) and 20 of tro/tro males (blue). Values represent the mean ± 

SEM. Statistical significances were determined by Student t-test 

(*P<0.05; **P<0.01; and ***P<0.001) 

C -D. Tail-suspension test. (C) Transitions of the duration time escaping motion 

over 10 min test time. (D) Average of immobility time in TST. Sampling 

numbers were 9 of +/+ males (orange) and 9 of tro/tro males (blue). Values 

represent the mean � SEM. Statistical significances were determined 

by Student t-test (*P<0.05; **P<0.01; and ***P<0.001) 
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Fig. 10. Chronic stress loading test 
 

A. Modified unpredictable chronic stress (modified UCS) loading schedule. 

Stress-loading protocol was based on [30-33]. Various stressors were 

presented 6 continuous days pseudo-randomly. Mice were exposed to three 

long-period mild stressors (decline stress, wet bedding and shake stress) and 

four short-period strong stressors (auditory startle/restraint stress, heat 

stress, forced swimming stress and tail suspension stress). Stressful 

conditions in mice were quantified by the operation of light-dark transition 

test (Day 5). In the end of the schedule, mice were sacrificed and brain, blood, 

urine, and bones were isolated (Day 6). 

B. Total visiting time in a dark box. Light-dark transition test was used for 

quantification of anxiety behaviors. The total visiting times in dark box were 

significantly elevated by modified UCS in both +/+ mice (***P<0.001) and 

tro/tro mice (***P<0.001). There were no significant changes in total visiting 

time in dark box between stress-loaded +/+ and tro/tro mice. The tested 

numbers were N=16 (+/+) and N=16 (tro/tro).   
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Fig. 11. Gene expression analysis    
 

A. GO functional analysis for highly expressed genes in stress-loaded tro/tro 

mice. 71 functional GO terms were listed (P<0.001). 

B. GO functional analysis for lowly expressed genes in stress-loaded tro/tro 

mice. 38 functional GO terms were listed (P<0.001). 

C. The gene expression values of Pomc. POMC is a precursor polypeptide for 

ACTH, α-MSH and β-endorphin, and ACTH has a crucial role in the 

HPA-axis. Each expression value was defined as total gene reads acquired 

by RNA-seq.  

 

(D -I) Heat-map analysis are displayed using logarithmic (base 10) gene 

expression values and compared between +/+ (stress- vs. stress+), tro/tro (stress- 

vs. stress+) (*P<0.05;, **P<0.01; ***P<0.001), and +/+ (stress+) vs. tro/tro 

(stress+) (WS vs. HS, †P<0.05;, ††P<0.01; †††P<0.001).  

D. Gene expression changes in glutamate receptor subunits. All AMPA, 2 

of 5 kainate and 3 of 6 NMDA subunits were significantly reduced in 

+/+ mice by stress-loading.  

E. Gene expression changes in nitric oxide synthase. The neural types 

(Nos1 and Nos1ap) were significantly reduced in +/+ mice by stress.  

F. Gene expression changes in GABAA receptor subunits. The 4 of 16 in 

+/+ and 1 of 16 in tro/tro were significantly reduced by stress-loading.  

G. Gene expression changes in opioid receptor subunits. In +/+ mice, two 

opioid receptor subunits were significantly reduced.  

H. Gene expression analysis of neurortrophic factor signaling. In Eph 

receptor family, Eph receptors A showed negative and Eph receptors B 

showed positive alteration in +/+ by stress-loading. 

I. Gene expression analysis in GO:0006979 (Response to oxidative stress). 
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21 genes in +/+ and 4 genes in tro/tro were significantly changed. 

 

J. 8-OHdG concentrations in urine. Values are represented as mean ± SEM. 

Sampling numbers were N=5 (+/+ stress-), N=6 (+/+ stress+), N=5 (tro/tro 

stress-) and N=6 (tro/tro stress+) 
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Fig. 12. Blood components and bone parameters    
 

A. The decreased blood components in both genotypes. The concentrations of 

blood urea nitrogen (BUN, left) and calcium (Ca, right) in serum showed 

significant reduction by stress-loading.  

B. The increased blood components specifically in tro/tro (stress+). Inorganic 

phosphate (IP) in serum was not changed in +/+ (105.8%), but significantly 

increased in tro/tro (122.8%) by stress-loading.  

C. The decreased blood components only in +/+ (stress+). Alkaline phosphatase 

(ALP) in serum was not changed in tro/tro (92.0%, not significant), but 

significantly decreased to 81.3% in +/+ by stress-loading.  

D. The bone morphological measurements. The femur µCT images were located 

in the 1000 mm distance from the growth plate. The thickness of all sections 

were 500 mm. Bone parameters were reduced in bone volume / total volume 

(BV/TV, left below), bone surface (BS, middle below) and bone mineral 

contents (BMC, left below) in +/+ mice by stress-loading in accordance with 

the changes in blood ALP concentrations. 

 

All values of data showed mean ± SEM. The statistical significances were 

determined by Student t-test (*P<0.05; **P<0.01; ***P<0.001). The number of 

serum samples were N=43 (+/+ (stress-)), N=22 (+/+ (stress+)), N=48 (tro/tro 

(stress-)) and N=22 (tro/tro (stress+)). The number of bone samples were N=36 

(+/+ (stress-)), N=22 (+/+ (stress+)), N=40 (tro/tro (stress-)) and N=22 (tro/tro 

(stress+))  
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9. SUPPLEMENTARY TABLES AND FIGURES  
 
 
Supplementary Table 1. Hypergenometric annotation test 
 
A. The significant high expression in tro/tro stress against +/+ stress as a 

reference. These GO terms were suppressed by stress-loaded in +/+. There 

were 71 GO terms with high significance (P<0.001). This list contains some 

remarkable altered contents of GO terms related to synaptic transmission 

(blue) and ion transport (green). 

B. The significant low expression in tro/tro stress against +/+ stress as a 

reference. These GO terms were accelerated by stress-loaded in +/+. There 

were 38 GO terms with high significance (P<0.001). This list contains some 

remarkable altered contents of GO terms related to oxidative stress 

response (red) and ATP biosynthesis process (orange). 

  



 102  

A.  +/+_stress expression < tro/tro_stress expression 
��0!#+.5 �!/�.%,0%+* �1((�/!0 �*�/1�/!0 �4,!�0! ��/!.2! ,�2�(1!

���� *!.2+1/�/5/0!)� !2!(+,)!*0� ��
 	� �
 �
 �������


����� ,$+/,$+.5(�0%+*� �
� �	 �� �� ��	
���


���
 /5*�,0%��0.�*/)%//%+*� ��� �� � �� ��
����


�
��
 %+*+0.+,%��#(10�)�0!�.!�!,0+.�/%#*�(%*#�,�0$3�5� �
 �� � � 
��
���


�
�	� /5*�,0%��0.�*/)%//%+*��#(10�)�0!.#%�� �
 �� � �� �������


�
�� %+*�0.�*/,+.0� ��� 

 �� �
 
�

����

	
�		 ,+/%0%2!�.!#1(�0%+*�+"�0.�*/�.%,0%+*�".+)�����,+(5)!.�/!����,.+)+0!.� 
�� �� �� �� ��������

�	�� �4+*+#!*!/%/� �� �� 	 �� 
�������

�
�� 0.�*/,+.0� ���
 ��	 
� 	� ���	����

�	��
 .!#1(�0%+*�+"�%+*�0.�*/)!)�.�*!�0.�*/,+.0� ��� �	 
 �� ��������

���� (+*#�0!.)�)!)+.5� �� � � 
 �������

��

 .!#1(�0%+*�+"�0.�*/�.%,0%+*������ !,!* !*0� ���
 ��� 
� 	� ��
�����

������� ��(�%1)�%+*�!4,+.0� 	 	 � 	 	��
����

��


 ��(�%1)�%+*�0.�*/)!)�.�*!�0.�*/,+.0� ��� �
 
 �� 	�
	����

	�
�	 *!#�0%2!�.!#1(�0%+*�+"�*!1.+*��,+,0+0%��,.+�!//� �	� �� � �	 
�������

��
� 0.�*/�.%,0%+*������ !,!* !*0� ���	 ��� 
� �� 
��
����

��
�
 ,+0�//%1)�%+*�0.�*/)!)�.�*!�0.�*/,+.0� ��� �
 
 �� 
�������

��
�
 �$.+)�0%*�)+ %"%��0%+*� ��� �� �� �� ��������

����
 .!#1(�0%+*�+"�,.+0!%*�'%*�/!���/%#*�(%*#���/�� !� 
 
 � 
 ��������

�
�� ��(�%1)�%+*�0.�*/,+.0� ��
 �� � �� �������


	
��� .!#1(�0%+*�+"�/5*�,0%��,(�/0%�%05� �	 � � � ��	����


�


� %*0.��!((1(�.�/%#*�(�0.�*/ 1�0%+*� �
� �
 �� �� ��
����


	

��  !* .%0!�)+.,$+#!*!/%/� �
 � � � ��

���


�
�	 �!((1(�.���(�%1)�%+*�$+)!+/0�/%/� 
	 �	 	 �� ���	���


����
 *!1.+*�,.+&!�0%+*� !2!(+,)!*0� ��� �� 
 �� ��	����


�	�
 ,.+0!%*�,$+/,$+.5(�0%+*� 

� 	
 �� �� 	�	����


��
	� .!0%*��(�5!.�"+.)�0%+*� �� � � 
 	�

���


����� 0.�*/)%//%+*�+"�*!.2!�%),1(/!� �� � � 
 	�

���


�
��
 ,!,0% 5(�/!.%*!�,$+/,$+.5(�0%+*� �� �� 	 � 
������


���
 � 1(0�3�('%*#��!$�2%+.� 	� � � � 
�

���


	
��
 ,$+/,$�0% 5(%*+/%0+(�)! %�0! �/%#*�(%*#� �	 � � � ���	���



���	 .!#1(�0%+*�+"���(�%1)�%+*�0.�*/,+.0� �� 
 � � 
�
����


����� .!#1(�0%+*�+"���,�����/!���0%2%05� � � � � �������


	���� .!#1(�0%+*�+"�)!)�.�*!�,+0!*0%�(� 
	 �� 	 � ���
���


����� ,+/%0%2!�.!#1(�0%+*�+"�*!1.+*�,.+&!�0%+*� !2!(+,)!*0� 

 �� 	 � ��������


�	
� .! 1�0%+*�+"��50+/+(%����(�%1)�%+*��+*�!*0.�0%+*� �� 
 � 	 ��������

	

�� .$50$)%��,.+�!//� 
� �� 	 � �������	

��
� $+)+,$%(%���!((�� $!/%+*� �
 �� � � �������


�	�� �4+*�#1% �*�!� ��	 �� � �� ������


���� (!�.*%*#�+.�)!)+.5� 	
 � � � ������



���� )����/,(%�!�/%0!�/!(!�0%+*� �� 
 � 	 ��������

����� �!.!�!((�.��1.'%*&!��!((� %""!.!*0%�0%+*� �� 
 � 	 ��������


�


 *!1.+)1/�1(�.�,.+�!//��+*0.+((%*#���(�*�!� 
� �� � � ������
�

����	 .!#1(�0%+*�+"��!((�)%#.�0%+*� 
� �� � � ��������

�
�� ,+0�//%1)�%+*�0.�*/,+.0� ��
 �� � �� ��������

����� /!*/+.5�,!.�!,0%+*�+"�,�%*� �
 �� � 
 ��������

��

 �!((�� $!/%+*� 	�� 	� �� �
 ������	�

��
�� ,.+0!%*�1�%-1%0%*�0%+*� ��
 �� � �� �������

��
�� ,+/%0%2!�.!#1(�0%+*�+"�,!,0% 5(�0$.!+*%*!�,$+/,$+.5(�0%+*� �	 
 � 	 ��������

���� .!/,+*/!�0+�0+4%��/1�/0�*�!� 	� � � � �������



���
 ,+/%0%2!�.!#1(�0%+*�+"� !* .%0!�)+.,$+#!*!/%/� �� � � 
 ��������

	
��
 �4+*�!40!*/%+*� �� � � 
 ��������

���	 *!1.+*�)%#.�0%+*� ��
 �	 
 � ��������

���
 /!*/+.5�,!.�!,0%+*�+"�/+1* � ��� �
 
 �� �������

���� ��,.+0!%*��+1,(! �#(10�)�0!�.!�!,0+.�/%#*�(%*#�,�0$3�5� � 	 � 	 �����	�


���	 /0�.0(!�.!/,+*/!� �� 
 � 	 �����
��

���
 )%�.+01�1(!���/! �)+2!)!*0� �	 �� � � �����

�

�

� !4+�50+/%/� 

 �� 	 
 �����




����� (+*#�0!.)�/5*�,0%��,+0!*0%�0%+*� �	 � � 
 �������



�	�� .!#1(�0%+*�+"��50+/'!(!0+*�+.#�*%6�0%+*� �� 	 � 	 ������

���� )%�.+01�1(!� !,+(5)!.%6�0%+*� �� 	 � 	 ������


��
� $%/0+*!�����	�0.%)!0$5(�0%+*� �� 	 � 	 ������

�����
� ,+/%0%2!�.!#1(�0%+*�+"�*1�(!�.�0.�*/�.%�! �)������0��+(%��,.+�!//�� !� !*5(�0%+*� !,!* !*0� !��5� �� 	 � 	 ������

	�
�� ,+/%0%2!�.!#1(�0%+*�+"���/�,.+0!%*�/%#*�(�0.�*/ 1�0%+*� �� 
 � 	 ��������

�	��� %+*�0.�*/)!)�.�*!�0.�*/,+.0� ��� �	 
 � ������
�

���� 0.�*/)!)�.�*!�.!�!,0+.�,.+0!%*�05.+/%*!�'%*�/!�/%#*�(%*#�,�0$3�5� �� �� � � �����
�

	

�� ,+/%0%2!�.!#1(�0%+*�+"�0.�*/�.%,0%+*������ !,!* !*0� 
�� 	� �	 �� �����
	�

���
� /5*�,0%��2!/%�(!�,.%)%*#� 
 � � � �����
�

	
��� ,+/%0%2!�.!#1(�0%+*�+"�)!(�*+�50!� %""!.!*0%�0%+*� 
 � � � �����
�

��	
� $%/0+*!��������)!0$5(�0%+*� 
 � � � �����
�

����	 .!#1(�0%+*�+"��!((�)+.,$+#!*!/%/� �
 
 � 	 ��������

Other&
&46&terms�

15�

12�



 103  

B.  +/+_stress expression > tro/tro_stress expression 
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Supplementary Table 2. Gene Ontology 
 

The comparison table of gene expression data among 4 groups (+/+ 

(stress-), +/+ (stress+), tro/tro (stress-) vs. tro/tro (stress+). Kal’s Z test was 

performed between stress-loaded groups (+/+ (stress+) vs. tro/tro (stress+)) and 

all genes were listed along with this statistical significance values. Red boxes 

represent the genes, whose expressions were changed significantly (P<0.05). 

Between each genotype, Barggerley’s test was performed for the comparison of 

no-stress group (stress-) and stress-loaded group (stress+). 

On the top, the results of HyperG annotation test are represented. 

‘Description’ shows GO functional terms. ‘Full set’ means total number of the 

genes belonging to the term. ‘In subset’ means observed numbers of genes 

highly expressed (A, B) and lowly expressed (C, D) in tro/tro by stress-loading 

significantly (P<0.01). 

 
A. 45 genes related to gutamatergic signaling pathway. Genes are belonging to 

GO:0035235 ionotropic glutamate receptor signaling pathway or 

GO:0035249 synaptic transmission, glutamatergic.  

B. 23 genes related to GABA signaling pathway. Genes are belonging to 

GO:0007214 gamma-aminobutyric acid signaling pathway. 

C. 113 genes related to oxidative stress response. Genes are belonging to 

GO:0006979 response to oxidative stress, GO:0032872 regulation of 

stress-activated MAPK cascade and GO:0043744 hydrogen peroxide 

catabolic process. 

D. 69 genes related to ATP synthesis and metabolic process belonging to 

GO:0006754 ATP biosynthetic process, GO:0015986 ATP synthesis coupled 

proton transport, GO:0046034 ATP metabolic process and GO:0015991 ATP 

hydrolysis coupled proton transport.  
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A.  Glutamatergic signaling pathway 
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B.  Gamma-aminobutyric acid (GABA) signaling pathway 
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C.   Anti-oxidant genes _ oxidative stress response  
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D.   ATP synthesis and proton transport 
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Supplementary Fig. 1. Multiple alignment of POU3F3 
 

The multiple alignment of POU3F3 amino acid sequences between 3 

species (Homo sapiens, Mus musculus and Xenopus tropicalis). The black 

boxes indicate the positions of mammalian homopolymeric amino acid repeats. 

The purple boxes indicate POU-specific and POU-homeo domains. 
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Supplementary Fig. 2. Locomotor activity in female 
 
A. Transition of locomotor activity over 5 continuous days (120 hours). The 

measurement session includes 6 light (L1-L6) and 5 dark (D1-D5) periods 

alternately.  

B. The averaged locomotor activity among 6 light periods. 

C. The averaged locomotor activity among 5 dark periods. 

D. The total of novel seeking activity from start to 30 min.  

 

Values shown on graphs represent the mean � SEM of 14 of +/+ females 

(orange) and 11 of tro/tro females (blue). Statistical significance are shown as 

*P<0.05 and **P<0.01. 

xPou3f3 knock-in female mice showed more apparent elevation of 

locomotor activities. The activities in both light and dark periods were 

significantly elevated to 1.28-fold in light and 1.30-fold in dark period. But 

novel seeking activities were not changed in the same way of male individuals.  
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Supplementary Fig 3. Volcano plot (+/+ (stress+) vs. tro/tro 
(stress+)) 
 

In statistics, a volcano plot analysis based on Log2 fold-changes 

(proportions) and Log10 P-values. Blue circle indicators show the magnitude 

and significance of one or more genes expression changes between 

stress-loaded +/+ and tro/tro. The x-axis shows Log2 fold change (proportions) 

and y-axis shows Log10 P value calculated by Kal’s Z test. 
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Supplementary Fig. 4. Stress-related expression analysis 
 
A. Heat-map images display the gene expression belonging to the category of 

GO:0006979 response to oxidative stress. 111 genes were listed and 

analyzed their expression changes.  

B. Heat-map images display the genes expression belonging to the category of 

GO:0006754 ATP biosynthetic process, GO:0015986 ATP synthesis coupled 

proton transport, GO:0046034 ATP metabolic process, and GO:0015991 ATP 

hydrolysis coupled proton transport. The increasing tendency of these terms 

only in +/+ were indicated in Supplementary Table 1B and 2D. 

C. All significantly changed genes with significant P-values in Kal’s Z-test 

(P<0.05) in Supplementary Fig. 4B were picked up and shown as heat-map 

images.  

 

Heat-map analyses are displayed using logarithmic (base 10) gene 

expression values. The statistical significances are indicated as *P<0.05, 

**P<0.01 and ***P<0.001 in comparison between same genotypes (+/+ or 

tro/tro) and †P<0.05, ††P<0.01 and †††P<0.001 in comparison between 

stress-loaded individuals.  
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