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Abstract  

 

     Myelinated axons segregate the axonal membrane into four defined regions: the 

node of Ranvier, paranode, juxtaparanode and internode. The paranodal junction 

consists of their specific component proteins, such as neurofascin155 (NF155) on the 

glial side, and Caspr and contactin on the axonal side. Although myelin internodes are 

thought to have crucial roles in cognition and motor functions, the role of paranodal 

junction in neuronal responses remains unclear.  

     In the previous study, Plp-CreERT recombinase-induced ablation of NF155 in 

oligodendrocytes (Plp-CreERT;NF155Flox/Flox mouse) led to disorganization of 

paranodal junctions. In this study, to determine whether site-directed loss of paranodal 

junctions affect the latency in vivo, I injected adeno-associated virus type5 (AAV5) 

harboring EGFP-2A-Cre into the internal capsule of NF155Flox/Flox mice, which led to 

disruption of paranodal junctions in a portion of pyramidal tract. I observed 

electromyogram and measured latency in response to electric stimulation of the motor 

cortex. Electrophysiological analysis showed that the latency was significantly delayed 

in NF155Flox/Flox mice injected with AAV5-EGFP-2A-Cre, compared to the control mice. 

These results demonstrate that the motor system outputs were affected by focal ablation 

of the paranodal junctions. 

     To further examine whether disruption of paranodal junctions affect neuronal 

gene expression, I prepared total RNA from the retina of Plp-CreERT;NF155Flox/Flox 

mice and control mice, and proceeded to microarray analysis. I found that expression 
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level of various neuronal genes dramatically changed in response to the ablation of 

paranodal junctions. Interestingly, the expression of some of the genes were 

significantly higher than that of control in Plp-CreERT;NF155Flox/Flox mice, but not in 

the cerebroside sulfotransferase knockout (CST-KO) mice, whose paranode has not been 

originally formed throughout their development. These results suggest that some 

neuronal genes are sensitive to an early change in the myelin-axon interaction during 

demyelination, such as paranodal opening. 

     Copy number variant (CNV) have been associated with susceptibility to 

schizophrenia. Since the disruption of paranodal junctions has been implicated in 

behavioral abnormalities related to schizophrenia, I examined whether there were 

consistency between the candidate genes identified with microarray analysis and CNV 

data of schizophrenia. I found that rare duplications of aquaporin3, whose expression 

was also influenced by paranodal opening, were observed in schizophrenia patients.  

     This study provides a new insight into the physiological function of paranodes. 
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Introduction  

 

     Oligodendrocytes are glial cells that myelinate neuronal axons in the central 

nervous system (CNS). Myelin insulates axons to increase conduction velocity of 

neuronal action potentials (Waxman et al., 2005). Myelin is also important for neuronal 

maintenance because oligodendrocytes metabolically support axons through transport of 

lactate or pyruvate (Nave, 2010; Lee et al., 2012). Recently, Yamazaki et al. (2010) 

showed that depolarization of oligodendrocyte modulates conduction velocity of the 

axons it myelinates. Therefore, it is possible that oligodendrocytes/myelin actively 

communicate with axons, and thus might modulate various properties of neurons.  

     Myelinating process induces a dynamic change in axonal membrane protein 

localization, and segregates the axonal surface into four distinct segments: the node of 

Ranvier, the paranode, the juxtaparanode, and the internode (Peles et al., 2000). The 

paranodal region is unique in its ultrastructural characteristics and specific axo-glial 

junction (Einheber et al., 1997; Pedraza et al., 2001). These junctions are composed of 

three major paranodal proteins: 155-kD isoform of neurofascin (NF155; Volkmer et al., 

1992; Charles et al., 2002) on the glial side, and Caspr (Einheber et al., 1997; Bhat et al., 

2001) and a GPI-anchored neural cell adhesion molecule contactin (Berglund et al., 

1999) on the axonal side. Paranodal junctions are thought to execute several functions: 

maintenance of conduction velocity propagation (Rasband et al., 1999), segregation of 

the axonal surface proteins (Rios et al., 2003), and signal transduction between axon 

and glia (Michailov et al., 2004). 
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     Loss of central myelin is a major causative factor for neuronal dysfunctions and 

neurodegeneration in demyelinating diseases, including multiple sclerosis (MS; Dutta et 

al., 2011; Liu et al., 2012). MS patients frequently display cognitive impairments and 

psychiatric symptoms (Calabrese et al., 2009; Rahn et al., 2012). Paranodal opening 

occurs during the early phase of MS (Howell et al., 2006). Importantly, a previous study 

reported from our laboratory showed that the disruption of paranodal junctions led to 

abnormal behavior in the mouse related to schizophrenia (Tanaka et al., 2009). 

Magnetic resonance imaging (MRI) is a valuable tool to study region-specific 

alterations in psychiatric patient brain (Giedd et al., 2010). Previous MRI data showed 

that local and restricted structural changes within the white matter were observed in 

schizophrenia patient (Federspiel et al., 2006; Bai et al., 2009), suggesting that the focal 

abnormalities might also influence brain function. Pyramidal tract, a major motor 

pathway, has long-range connections through two synapses towards the peripheral 

nervous system (Jang, 2014). I hypothesized that the focal disruption of paranodal 

junctions eventually influences motor system outputs. Therefore, I investigated whether 

focal loss of paranodal junctions in the pyramidal tract affects the electrophysiological 

properties of motor system in vivo. I performed adeno-associated virus (AAV)-mediated 

site-specific ablation of the paranodal junctions in the tract. I observed electromyogram 

(EMG) and measured latency in response to electric stimulation of the motor cortex. 

Electrophysiological measurements revealed that focal disruption of paranodal junctions 

affected the latency of the entire system.  

     Interestingly, conduction velocity deficits influenced the expression of 
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oligodendroglial and neuronal genes (Roussos et al., 2012). This study may further 

suggest that the disruption of oligodendroglial paranodal junctions influences its 

counterpart axon, eventually affecting neuronal gene expression. To address this issue, I 

took advantage of conditional ablation of NF155 in myelinating oligodendrocytes 

(Plp-CreERT;NF155Flox/Flox mouse, Doerflinger et al., 2003; Pillai et al., 2009). The 

mouse displays a gradual loss of paranodal junctions and a concomitant disorganization 

of axonal domains (Pillai et al., 2009). To determine whether the expression of neuronal 

genes is altered in response to the loss of paranodal junctions, I prepared total RNA 

from Plp-CreERT;NF155Flox/Flox mice and performed microarray analysis. I found that 

expression level of various neuronal genes changed in response to the ablation of 

paranodal junctions. Copy number variant (CNV), a major source of genetic variation in 

the human genome, contributes to the identification of the susceptibility genes for 

schizophrenia (Stewart et al. 2011). Next, I examined the relationship between the 

candidate genes identified with microarray analysis and CNV genes found in 

schizophrenia patients. Coincident genes between my microarray analysis and 

schizophrenic CNVs may play important roles in the pathogenesis of schizophrenia. 

Thus, this study provides a new insight into therapeutic approaches to neurological and 

psychiatric disorders by protecting neuronal dysfunction caused by paranodal 

abnormality. 
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Materials and Methods 

 

Animals 

 

     C57BL/6J mice were obtained from Japan SLC Inc. (Hamamatsu, Japan). 

Transgenic mice used in this study were generated and genotyped as described 

previously: Plp-CreERT;NF155Flox/Flox (Doerflinger et al., 2003; Pillai et al., 2009); 

cerebroside sulfotransferase knockout (CST-KO, Ishibashi et al., 2002; Honke et al., 

2002). Plp-CreERT;NF155Flox/Flox mice and the tissues obtained from CST-KO mice 

were kindly provided by Dr. Manzoor A. Bhat (University of Texas Health Science 

Center) and Dr. Hiroko Baba (Tokyo University of Pharmacy and Life Sciences), 

respectively. All procedures were conducted in accordance with the guidelines 

described by National Institutes of Health Guide for the Care and Use of Laboratory 

Animals, and the National Institute for Physiological Sciences Animal care and Use 

Committee. 

 

Tamoxifen treatment 

 

     Tamoxifen administration experiments were carried out according to the previous 

report (Doerflinger et al. 2003). In brief, Tamoxifen (Wako, Osaka, Japan) was 

dissolved at 10 mg/ml in sunflower oil by sonicating at 36°C for 30 minutes. 

Plp-CreERT;NF155+/Flox or Plp-CreERT;NF155Flox/Flox mice were intraperitoneally 
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injected with 10 mg/ml tamoxifen for 10 consecutive days beginning at P23. I refer to 

them as Plp-NF155Flox/Flox and the Plp-NF155+/Flox mice, respectively. The animals were 

then sacrificed at various time points as described in the RESULTS section. 

 

Mouse tissue preparation 

 

     Mice were anesthetized and perfused transcardially with 4% paraformaldehyde in 

0.1M phosphate buffer (pH. 7.4). Brains were post-fixed in 4% paraformaldehyde 

overnight at 4℃. The optic nerves were post-fixed in 4% paraformaldehyde for 1 min at 

room temperature. The post-fixed tissues were cryoprotected in PBS containing 20% 

sucrose overnight, embedded in OCT compound (Sakura Finetechnical Co., Tokyo, 

Japan), and cut into 20 µm (brains) or 10 µm (optic nerves) slices by cryostat (Leica 

CM3050, Wetzlar, Germany) for in situ hybridization and immunohistochemistry. 

 

In situ hybridization 

 

     Digoxigenin (DIG)-labeled single stranded riboprobes for Pttg1 (GenBank 

Accession Number, BC023324), Aqp3 (GenBank Accession Number, NM_016689), 

NM_013917.2), and Plp1 (Kagawa et al., 1994) were synthesized using T7 RNA 

polymerase and DIG RNA labeling mix (Roche, Mannheim, Germany). The protocol 

for in situ hybridization was previously described (Ma et al., 2006). Briefly, the sections 

were treated with proteinase K (40 µg/ml for 30 min at room temperature) and 
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hybridized overnight at 60°C with DIG-labeled antisense riboprobes in a hybridization 

solution consisting of 40% formamide, 20mM Tris-HCl (pH 7.5), 600mM NaCl, 1mM 

EDTA, 10% dextran sulfate, 200 µg/ml yeast tRNA, 1x Denhardt’s solution, and 0.25% 

SDS. The sections were washed three times in 1x SSC (150 mM NaCl and 15 mM 

trisodium citrate) containing 50% formamide at 60°C, followed by 0.1 M maleic buffer 

(pH 7.5) containing 0.1% Tween 20 and 0.15M NaCl. The bound DIG-labeled probe 

was detected by overnight incubation of the sections with anti-DIG antibody conjugated 

to alkaline phosphatase (Roche), and the color was developed in the solution containing 

4-nitro-blue tetrazolium chloride (NBT, Roche) and 5-bromo-4-chloro-3-indolyl 

phosphate (BCIP, Roche) in the dark at room temperature. 

 

Immunohistochemistry 

 

     Cryosections were immunostained with mouse anti-pan Na+ channel antibody 

(Sigma, St. Louis, USA), and rabbit anti-NF155 antibody (a gift from Dr. Hiroko Baba, 

Tokyo University of Pharmacy and Life Sciences, Japan) or rabbit anti-Caspr antibody 

(a gift from Dr. Elior Peles, Weizmann Institute of Science, Israel). Sections were 

irradiated in a microwave for 5 min in 10 mM citrate buffer, pH 6.0, heated to >90℃. 

After washing with PBS containing 0.1% Triton-X (PBST), sections were blocked with 

10% normal goat serum in PBST for 1 h, then incubated with mouse anti-pan Na+ 

channel antibody (1:500), and rabbit anti-NF155 antibody (1:500), or rabbit anti-Caspr 

antibody (1:1000) in PBST at 4℃ overnight. After washing with PBST, the sections 
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were incubated with the secondary antibodies (1:2000, Alexa488-conjugated goat 

anti-rabbit IgG and Alexa568-conjugated goat anti-mouse IgG; Molecular Probes, 

Eugene, USA) and Hoechst 33342 (0.1 µg/ml; Sigma) for 3 h at room temperature. 

Sections were mounted and covered by glass coverslips after rinsing with PBST.  

Sections used for in situ hybridization were also used for immunohistochemical analysis 

using 3,3’-diaminobenzidine (DAB) staining. The sections were blocked with 10% 

normal goat serum in PBST for 30 min and incubated with mouse anti-NeuN antibody 

(1:1000; Millipore, Billerica, USA) or rabbit anti-GFP antibody (1:500; Invitrogen, 

Eugene, USA) at 4℃ overnight, followed by incubation with secondary antibodies 

(1:400, biotinylated goat anti-mouse IgG or biotinylated goat anti-rabbit IgG; Vector 

Laboratories, CA, USA) for 1 h at room temperature. After washing with PBST, 

sections were incubated with Avidin/Biotin Complex (ABC) solution (horseradish 

peroxidase-streptavidin-biotin complex, Vectastain ABC kit; Vector Laboratories) for 

30 min at room temperature. The HRP signals were detected by DAB solution with 

0.03% H2O2.  

 

RT-PCR and qRT-PCR 

 

     Total RNA was isolated using a Sepasol G kit (Nakarai, Kyoto, Japan) according 

to the manufacturer’s instruction. The first-strand cDNA was synthesized using 

ReverTra Ace (Toyobo, Osaka, Japan). PCR was performed using KAPA Taq Extra 

PCR kit (Kapa Biosystems, Wilmington, USA). For the quantitative PCR, SYBR 
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Master Mix Reagent (Takara, Otsu, Japan) was used and then subjected to real time 

PCR quantification using the ABI7300 (Applied Biosystems, Waltham, USA). 

Quantitative PCR analysis was performed using a StepOne analyzer (Life Technologies, 

Carlsbad, USA). The PCR reaction program consists of 40 cycles of denaturation at 

95 °C for 15 s, annealing at 60 °C for 30 s, and elongation at 72 °C for 1 min. To 

discriminate specific amplification from non-specific amplification, melting curve 

analysis was performed after each PCR reaction. To determine the starting cDNA 

amount, each purified PCR product with known concentrations was serially diluted and 

used as standards. β-actin was used as a housekeeping gene to normalize each PCR 

datum. All PCR primer sequences were described in Table 1. 

 

Microarray analysis 

 

     Total RNA prepared from mouse retina was isolated using NucleoSpin RNA kit 

(Takara) according to the manufacturer’s instructions. The total RNA concentration was 

measured by NanoDrop spectrophotometrically. The quality of purified total RNA was 

verified by an Agilent 2100 bioanalyzer (Agilent technologies, Santa Clara, USA). 

Isolated total RNA was amplified and labeled as described in the One-Color 

Microarray-Based Gene Expression Microarrays Analysis Protocol (Agilent 

technologies). Briefly, total RNA (100 ng) was converted into cDNA using the Low 

Input Quick Amp Labeling Kit (Agilent technologies), followed by in vitro transcription 

and incorporation of Cyanine 3-CTP into cRNA. Cyanine 3-labeled cRNA was purified 
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using a RNeasy Mini kit (Qiagen, Hilden, Germany). After fragmentation, labelled 

cRNA was hybridized to SurePrint G3 Mouse Gene Expression 8x60K Microarray 

(Agilent Technologies) for 17 h at 65°C. The microarray was scanned by an Agilent 

Scanner, and the scan image data was analyzed with Feature Extraction software 

(Agilent Technologies). After background signal subtraction, the data for two 

microarray samples was managed and analyzed using the GeneSpring GX software 

(Agilent Technologies). There were a total of 55,821 probes used during the analysis for 

this technology. Raw intensity values were normalized to the 50 percentile shift and 

then submitted to a Bayesian correction based on the median of the control samples. 

Altered transcripts were identified using comparative method on the log2 normalized 

intensity values between control and sample probes.  

 

Preparation of AAV vectors  

 

     EGFP-2A peptide-Cre cDNA was kindly provided by Dr. Akihiro Yamanaka 

(Nagoya University) and used as described previously (Inutsuka et al., 2014). All 

adeno-associated virus (AAV) vectors were produced and purified by Dr. Kenta 

Kobayashi according to the previously published methods (Matsushita et al., 1998, 

Okada et al., 2005). In brief, HEK293 cell (3×10 6 cells in 10 cm tissue culture dish) 

were cotransfected with pAAV vector plasmid harboring a gene of interest, pAAV-RC2, 

and pHelper (Cell Biolabs, Inc, San Diego, USA). The crude viral lysate was purified 

with 2 rounds of cesium chloride ultracentrifugation. The titer of the viral stock was 



 17 

determined against plasmid standards by real-time PCR with primers 

5’-CCGTTGTCAGGCAACGTG-3’ and 5’-AGCTGACAGGTGGTGGCAAT-3’; 

subsequently, the stock was dissolved in HN buffer (50 mM HEPES [pH7.4] and 0.15 

M NaCl) before infection. 

 

AAV injection into the mouse brain 

 

     Surgeries for AAV injections were conducted under ketamine/xylazine (100 and 

5 mg/kg, respectively, i.p.) anesthesia using a stereotaxic instrument (Narishige, Tokyo, 

Japan). To check infection efficiency among AAVs, AAV1, 5, 6, or DJ-GFP were 

stereotaxically injected into a forebrain region in close proximity to the corpus callosum 

of adult (8-weeks-old) male C57BL6 mice. For electrophysiological experiments, 

AAV5-EGFP-2A-Cre was unilaterally injected into the internal capsule of 8-week-old 

NF155Flox/Flox mice. Injection sites were as follows: 1.0 mm posterior and 0.8 mm lateral 

to the bregma, at a depth of 1.0 mm, for AAV1, 5, 6, and DJ-GFP; 1.0 mm posterior 

and 2.1 mm lateral to the bregma, at a depth of 2.7 mm, for AAV5-EGFP-2A-Cre. After 

opening the skull around the injection site, 0.3 - 0.5 µl of viral solution (1.0 - 3.0×109 

viral genome (vg)) was injected through pulled glass pipettes (outer diameter 50 - 70 

µm) using air pressure. 

 

Electrophysiology 
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     Seven-week-old NF155Flox/Flox mice were used for electrophysiological 

experiments. To painlessly fix the heads of awake mouse to a stereotaxic apparatus, 

mice received first surgical operation to install (or attach) prosthesis as described 

previously (Chiken et al., 2008). Briefly, each mouse was anesthetized with isoflurane 

(4%, 1 L/min with room air) and fixed in the stereotaxic apparatus. The skull was 

widely exposed and the periosteum and blood on the skull were completely removed. 

The exposed skull was completely covered with bone-adhesive resin (Bistite II; 

Tokuyama Dental, Tokyo, Japan) and acrylic resin (Unifast II; GC, Tokyo, Japan). A 

small polyacetal U-frame head holder for head fixation was mounted and fixed with 

acrylic resin on the head of the mouse. After recovery from the first surgery (2 or 3 d 

later), the mouse was positioned in the stereotaxic apparatus with its head restrained 

using the U-frame head holder under light anesthesia with isoflurane (2 %, 1 L/min with 

room air). A part of the skull in one hemisphere was removed to access the motor cortex. 

A bipolar stimulating electrode made of 50-µm-diameter Teflon-coated tungsten wires 

(intertip distance, 300 - 400 µm) was chronically implanted into the forearm 

representation area of the motor cortex, which was identified by intracortical 

microstimulation method (less than 50 µA, 200 µs duration at 333 Hz, 10 pulses). Then, 

a pair of electromyogram (EMG) recording electrode made of 50-µm-diameter 

Teflon-coated stranded stainless steel wires was surgically placed in the triceps of 

forelimb under general anesthesia by isoflurane (2 %, 1 L/min with room air). The wires 

were passed subcutaneously and connected to connectors attached to the U-frame. After 

full recovery, the evoked EMG responses to the cortical stimulation were recorded 
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every week from seven to twenty week-old. The awake mouse was positioned in a 

stereotaxic apparatus using the U-frame head holder. Electrical stimulation was applied 

through the bipolar electrode implanted into motor cortex (0.6 mA, 100 µs duration, 

single pulse, 1400 ms interval). The induced EMG signals were amplified (x5000), 

filtered (bandpass; 15-1000 Hz), rectified and stored on computer. The mean of EMG 

activity during the 0.5-s period preceding onset of the cortical stimulation was 

calculated, and the latency of responses was defined as the time which the cortically 

evoked activity exceeded the level of the mean + 2SD. 

 

Extraction of genes affected by CNV 

 

     In this study, I first obtained list of the copy number variant (CNV) identified in 

schizophrenia cases. CNV data was kindly provided by Prof. Norio Ozaki (Nagoya 

University) (Ikeda et al., 2010; Aleksic et al. 2013).  

 

Data analyses 

 

     All statistical analyses were performed and all figures produced with Prism 6 

(GraphPad Software, Inc., San Diego, USA). Significant differences in comparisons of 

two groups were evaluated using Student’s t-test. Multiple group comparisons were 

performed by one-way analysis of variance followed by Tukey’s post hoc tests. The 

criterion for significant difference was p < 0.05 in all statistical evaluations. All data are 
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presented as means ± SEM. 
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Results 

 

Any serotype of AAV was applicable for labeling oligodendrocytes in vivo 

 

     Several studies indicated focal structural abnormalities in the white matter, linked 

to cognitive dysfunctions in schizophrenia patients (Lang et al., 2014). Therefore, it is 

possible that the focal disruption of paranodal junctions influence the outputs of its 

entire pathway. To address this issue, I employed an AAV-mediated focal ablation of 

NF155 gene using the Cre-loxP system. Internal capsule is a part of the pyramidal tract 

and the most important motor pathway (Jang, 2014). Thus, I examined whether focal 

disruption of paranodal junction induced by site-directed NF155 gene ablation in 

oligodendrocytes of internal capsule, affects motor system outputs in vivo. Stereotaxic 

injection of AAV harboring Cre recombinase (AAV-Cre) into the internal capsule was 

chosen to knock out the NF155 gene because of its high titer and stability. AAV vectors 

have been widely used to transduce genes of interest into various kinds of tissues 

including CNS (McCown et al., 1996). However, there are no reports showing that 

AAV is capable for gene transfer into oligodendrocytes, in which NF155 is expressed, 

in the adult mouse brain. Thus, I first determined which serotype of AAVs is able to 

infect oligodendrocytes in the forebrain. AAV-1, -5, -6, and -DJ harboring the GFP 

gene were injected into a forebrain region in close proximity to the corpus callosum 

(Fig. 1A). Three weeks after AAV injection, the mice were perfused. GFP expression 
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visualized showed that the stereotactic viral injections and subsequent gene transfer into 

the corpus callosum occurred properly (Fig. 1B). To determine whether 

oligodendrocytes were infected with AAV, sections applied with each serotype were 

double-labeled by in situ hybridization for oligodendrocyte marker PLP mRNA and 

immunostaining for GFP (Fig. 1C). The percentage of PLP+ oligodendrocytes 

expressing GFP in the corpus callosum was shown in Figure 1D. AAV-DJ showed the 

highest average rate of 51.6 ± 12.5%, followed by AAV-6 and AAV-5 at 51.0 ± 

9.1% and 44.0 ±  3.8%, respectively. These results demonstrate that all AAV 

serotypes could label oligodendrocytes efficiently. Since AAV-5 requires 

platelet-derived growth factor receptorα (PDGFR-α, which is specifically expressed 

in oligodendrocyte progenitor cells in the CNS (Pringle et al., 1992)) for its binding and 

gene transfer into the target cells (Kaludov et al., 2001), I used AAV-5 in the following 

experiments. 

 

Reduction of latency in NF155Flox/Flox mice injected with AAV-Cre, analyzed by 

electrophysiology 

 

     To examine whether the focal abnormality of paranodal junctions influences the 

electrophysiological property of motor system, I measured electromyogram (EMG) in 

response to electric stimulation of the motor cortex. I injected AAV5-EGFP-2A-Cre 

into the internal capsule of NF155Flox/Flox mice to focally eliminate paranodal junctions. 

Stimulating and recording electrodes were inserted into the motor cortex and forelimb 
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of 7-week-old NF155Flox/Flox mice, respectively (Fig. 2A). One week later, 

AAV5-EGFP-2A-Cre was injected into the internal capsule of the mice (Fig. 2B). 

Wild-type mice were also treated in the same way, as a control. A typical response 

pattern of EMG evoked by the stimulation of motor cortex was shown in Figure 2C. I 

first confirmed whether AAV5-EGFP-2A-Cre injection into the internal capsule 

actually disrupted paranodal junctions (Fig. 3A). The sections were histologically 

examined 12 weeks after the AAV5-EGFP-2A-Cre injection. Double-labeling with in 

situ hybridization for PLP mRNA and immunostaining for GFP showed 89.3 ± 4.5% 

co-localization of GFP expression with PLP+ oligodendrocytes (Fig. 3B). To confirm 

loss of the paranodal junctions in the internal capsule, I also performed double 

immunofluorescence for Na+ channels and Caspr. In the control mice, Na+ channels 

were concentrated at the nodes of Ranvier, and Caspr were localized in the paranodal 

region (Fig. 3C). On the other hand, although Na+ channel clusters were preserved at the 

nodes of Ranvier in the NF155Flox/Flox mice, the length of Capsr clusters was 

significantly shorter than that in the control mice (Fig. 3C, D). This result demonstrated 

that the AAV5-EGFP-2A-Cre injection into the NF155Flox/Flox mice efficiently induced 

an ablation of the paranodal junctions. To investigate whether focal disruption of 

paranodal junctions in the pyramidal tract affect latency in response to electric 

stimulation of the motor cortex, EMG was measured every week until 20-week-old. 

Figure 4 summarized latencies of both NF155Flox/Flox and the control mice. As the 

control mice aged, the latency became progressively shorter. In contrast, latency in the 

NF155Flox/Flox mice injected with AAV5-EGFP-2A-Cre was significantly prolonged, 
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compared to the control mice. These data indicate that the motor system outputs were 

influenced by the focal loss of paranodal junctions. 

 

Disorganization of paranodal junctions in the optic nerve of NF155 mutant mice  

 

     Since the ablation of paranodal junctions influenced electrophysiological 

properties of the axon, it is possible that disruption of paranodal junctions affects gene 

expression in neuronal cells. To address this issue, I took advantage of a tamoxifen 

inducible-Cre line; Cre is specifically expressed in proteolipid protein (PLP)-positive 

mature oligodendrocytes (Plp-CreERT), leading to ablation of NF155 gene during 

postnatal development in mature oligodendrocytes (Plp-CreERT;NF155Flox/Flox mouse, 

Doerflinger et al., 2003; Pillai et al., 2009). Plp-CreERT;NF155Flox/Flox and age-matched 

Plp-CreERT;NF155+/Flox mice were intraperitoneally injected with tamoxifen for the 10 

consecutive days, from P23 to P33. I refer to them as Plp-NF155Flox/Flox and the 

Plp-NF155+/Flox mice, respectively (see Materials and Methods). To investigate 

neuronal gene expression in response to the loss of paranodal junctions, I applied 

Agilent GeneChip analysis for retinal tissue. The mouse retina contains neuronal cell 

bodies of optic nerve axons. In addition, myelin is absent in the retina because the 

astrocytes form a honeycomb-like structure that has been called lamina cribrosa 

adjacent to the retinal area. Therefore, it was useful to identify only the neuronal genes 

affected by the disruption of paranodal junctions. To confirm the loss of paranodal 

junctions in the optic nerves of Plp-NF155Flox/Flox mice, immunostaining for NF155 and 
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Caspr was performed in the optic nerves (Fig. 5A). In the Plp-NF155Flox/Flox mice 60 

days after tamoxifen administration, the number and length of NF155 clusters were 

significantly reduced compared with the Plp-NF155+/Flox mice (Fig. 5B). I also observed 

apparent decrease of Caspr-positive paranodes in the optic nerves of Plp-NF155Flox/Flox 

mice 60 days after tamoxifen administration (Fig. 5C). These results are consistent with 

the previous studies showing that NF155 mutants induce disruption of paranodal 

junctions in the peripheral nervous system (Pillai et al., 2009).  

 

Expression profiles of neuronal genes in response to NF155 ablation  

 

     To examine gene expression profiles in the retina of Plp-NF155Flox/Flox mice, 

microarray analysis was performed with total retinal RNA isolated from 

Plp-NF155+/Flox or Plp-NF155Flox/Flox mice (n = 2 per group) 60 days after tamoxifen 

administration. Interestingly, microarray analysis revealed that expression level of 

various neuronal genes dramatically changed in response to the ablation of paranodal 

junctions (Fig. 6A). Expression levels of 433 genes showed more than two fold 

difference between the Plp-NF155Flox/Flox group and the Plp-NF155+/Flox group. Among 

the 433 genes, 228 genes were up-regulated and the remainders were down-regulated.  

     To validate the results obtained by microarray analysis, total RNA was extracted 

from the retina of Plp-NF155Flox/Flox mice and used for quantitative RT-PCR 

(qRT-PCR). Among the identified genes, I focused on six genes that could influence 

neuronal function and survival. These focused genes were indicated in Fig. 6A; decorin 
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(Dcn); myosin heavy polypeptide 11 (Myh11); pituitary tumor-transforming gene 1 

(Pttg1); dopachrome tautomerase (Dct); TELO2 interacting protein 2 (Tti2) and 

aquaporin 3 (Aqp3). Among aforementioned genes, Dcn and Myh11 are survival factors 

for neurons through TGF-β and IGF-1 signaling (Iozzo et al., 2011; Renard et al., 2013), 

respectively. Pttg1 and Dct are involved in tumor development (Lee et al., 1999; Pak et 

al., 2004), whereas Tti2 is a regulator of DNA damage response (Hurov et al., 2010), 

and Apq3 functions to homeostatically maintain water molecule within the cell (Preston 

et al., 1992). The primers used for PCR amplification were listed in Table 1. Either 

up-regulation or down-regulation of these gene expression levels detected by qRT-PCR 

was comparable to those obtained with the microarray analysis, indicating that the 

microarray expression data were reliable (Fig. 6B, C). Together, these findings suggest 

that neuronal function is affected by altered gene expression caused by the collapse of 

paranodal junctions. 

 

Comparison of the identified gene expression in the retina between 

Plp-NF155Flox/Flox and CST-KO mice  

 

     The microarray analysis indicated that the gradual loss of paranodal junctions 

induced altered gene expression. I next examined whether expression levels of the 

selected genes were also changed in another mutant mouse line whose paranodes have 

never been formed. A cerebroside sulfotransferase (CST) enzyme synthesizes sulfatide, 

a major lipid component of the myelin sheath (Eckhardt et al., 2007). Ishibashi et al. 
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(2002) reported that CST mutant mice do not form paranodal junctions throughout their 

development. The expression levels of the selected genes in the retina of 4- or 

6-week-old CST-KO mice were compared to those of Plp-NF155Flox/Flox mice 40 or 60 

days after tamoxifen administration. Similar to the results obtained in the 

Plp-NF155Flox/Flox mice, Dcn and Myh11 expressions were also induced in the CST-KO 

mice (Fig. 7A-D). Interestingly, some genes responded in a distinct manner between 

Plp-NF155Flox/Flox and CST-KO mice. Pttg1 and Aqp3 expression was significantly 

altered only in the Plp-NF155Flox/Flox mice (Fig. 7E, G) but not in the CST-KO mice (Fig. 

7F, H). Therefore, both consistent and inconsistent expression patterns of the selected 

genes were observed between these two different mouse models. These data also 

suggest that some genes immediately respond to the paranodal disruption only after the 

junction is formed. 

 

Pttg1 expression was changed in the Plp-NF155Flox/Flox cerebral cortex, but not in 

the CST-KO 

 

     Among the several genes validated by qRT-PCR, Pttg1 was one of the highly 

up-regulated genes in the Plp-NF155Flox/Flox mouse retina. Therefore, I examined 

whether Pttg1 expression was also induced in the cerebral cortex of Plp-NF155Flox/Flox 

or CST-KO mice. qRT-PCR analysis revealed over 4-fold up-regulation of Pttg1 

expression in the cortex of Plp-NF155Flox/Flox mice (Fig. 8A). On the other hand, the 

Pttg1 mRNA levels did not increase in the CST-KO mice (Fig. 8B). Next, to examine 
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the cell types that express Pttg1 in cerebral cortex, I performed immunostaining with 

cell lineage specific markers following Pttg1 in situ hybridization (Fig. 8C). About 70% 

of Pttg1+ cells were positive for neuron marker NeuN, indicating that it was primarily 

expressed in neurons (Fig. 8D). These results demonstrate that neuronal gene expression 

is affected by the disruption of paranodal junctions in the cerebral cortex as well. 

 

CNV screening exhibited deletion/duplication genes associated with schizophrenia 

 

     Our previous findings demonstrated the schizophrenia-related behaviors 

accompanied by abnormal paranodal regions (Tanaka et al., 2009). CNV, a major 

source of genetic variation in the human genome, of some genes are linked to the risk 

for schizophrenia (Stewart et al. 2011). To further determine whether the genes 

identified by microarray analysis were linked to schizophrenia, I examined whether 

some of the genes identified in this study are present in the list of genes with CNV in 

the schizophrenic patients. Intriguingly, I found that some of the identified genes were 

also found in the rare CNV associated with schizophrenia. Among those genes, the 

locus encoding Aqp3 displayed a characteristic CNV pattern. I found that chromosomal 

duplications of the Aqp3 locus were frequently detected in schizophrenia patients 

(n=1699; Fig. 9A). To analyze Aqp3 expression in the CNS, I examined the mRNA 

levels in the cerebral cortex. In the Plp-NF155Flox/Flox mice, qRT-PCR analysis showed 

significantly reduced expression of Aqp3 (Fig. 9B). Furthermore, I found that some 

Aqp3+ cells in the cerebral cortex were also positive for neuron marker NeuN (Fig. 9C). 
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About 53% of the Aqp3+ cells were NeuN+ neurons, detected by NeuN immunolabeling 

following Aqp3 in situ hybridization (Fig. 9D). Although it remains unclear whether the 

loss of paranodal junctions contribute to the risk of schizophrenia, these results suggest 

that insufficient reduction of Aqp3 gene expression accompanying the disorganization 

may play important roles in pathogenesis of schizophrenia. 
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Discussion 

 

     In this study, I found that focal disruption of paranodal junctions in the internal 

capsule caused a delay in the forelimb muscle response against stimulus of the motor 

cortex (Fig. 4), which contains two synaptic connections. My results further suggest that 

focal loss of paranodal junctions in other white matter area affects the 

electrophysiological properties of other systems as well. Action potential from different 

neural circuits is required to reach a target neuron simultaneously (Takahashi et al., 

2011). If the conduction velocities of various axons are reduced to a different extent, 

synchronized input might be hardly achieved (Federspiel et al., 2006). Interestingly, 

genetic studies have demonstrated that abnormal expression of neuronal genes was 

associated with the disruption of the node of Ranvier (Katsel et al., 2004; Roussos et al., 

2012). Therefore, the delayed latency caused by the focal disruption of paranodal 

junctions may affect neuronal gene expression. 

     Thus, I applied microarray analysis and qRT-PCR to explore neuronal genes that 

respond to the collapse of paranodal junctions in the mouse retina. The results revealed 

that over 400 genes were differentially up-regulated or down-regulated more than two 

fold from the control level (Fig. 6A). The retinal tissue was useful to identify neuronal 

genes affected by the disruption of paranodal junctions because myelin is absent in this 

tissue. MS is a demyelinating diseases characterized by both myelin loss and neuronal 

degeneration (Coman et al., 2006). Although the paranodal junctions are thought to be 

the initial damaged site in MS patients, influence of paranodal junction disruption on 
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neurons has yet to be elucidated (Howell et al., 2006). Importantly, paranodal junctions 

act as a seal between the myelin sheath and axon to separate from the extracellular 

environments (Bhat et al., 2001). Previous studies suggested that the structural 

abnormality of paranodes might allow reactive oxygen species (ROS) and proteases to 

invade into the internodal space (Gonsette, 2008; Rosenbluth et al., 2013). Oxidative 

stress is commonly implicated in the development of neurological pathology, and ROS 

contribute to several aspects of MS pathogenesis (Tezel, 2006; Ortiz et al., 2013). The 

accumulation of oxidative stress in the acute inflammatory lesions of MS leads to 

mitochondrial dysfunction (Trapp et al., 1998; Su et al., 2009; Takihara et al., 2015), 

which induces axonal injury and disrupted axonal transport (Rintoul et al., 2006; Su et 

al., 2009). Disruption of paranodal junctions in Plp-NF155Flox/Flox mice revealed 

cytoskeletal swellings along the axons (Pillai et al., 2009). In addition, organelle 

accumulation was found in the paranodal region flanked by the swelling lesions, a sign 

of disrupted axonal transport that eventually leads to axonal degeneration 

(Garcia-Fresco et al., 2006). Although the exact molecular mechanisms remain to be 

elucidated, these reports suggest that the disruption of paranodal junctions cause axonal 

transport deficits and induce cytotoxic stresses. 

     Consistent with these previous reports, there were differences in the expression 

profiles of many genes between Plp-NF155Flox/Flox and CST-KO mice. For example, the 

expression levels of Pttg1 and Aqp3 were altered in the Plp-NF155Flox/Flox, but remained 

unchanged in the CST-KO mice (Fig. 7E-H). These results suggest that some genes are 

sensitive to the paranodal disruption only after the junction was formed. It is unclear 
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how the gradual loss of paranodal junctions after its formation can be different from 

their loss throughout the development that results in the altered the gene expression 

responses. Microarray analysis of CST-KO mice in comparison with Plp-NF155Flox/Flox 

data might be helpful for us to identify molecular mechanisms underlying these 

different gene expressions. 

     I speculated that the expression of these identified genes do not change only in 

the retina but also in the brain in response to the ablation of paranodal junctions. I found 

that the expression of Pttg1 in the cerebral cortex was significantly increased in 

Plp-NF155Flox/Flox mice compared with the Plp-NF155+/Flox mice (Fig. 8A). Furthermore, 

in situ hybridization analysis revealed that Pttg1-positive signal was mostly colocalized 

with NeuN-positive neurons (Fig. 8C, D). These results suggest that the expression 

profiles obtained from retinal sample could be applied to other regions in the CNS. 

What is the functional role of Pttg1 in the brain? The function of Pttg1 in the CNS is 

still unknown. Pttg1 is transcriptionally regulated by various growth factors and highly 

expressed in various kinds of tumors and tumor cell lines, thus defined as an oncogene 

(Panguluri et al., 2008). Pttg1 is thought to play a role in cell proliferation (Zou et al., 

1999), DNA damage/ repair (Romero et al., 2001), and cell transformation processes 

(Wang et al., 2003). Although the pathophysiological significance of Pttg1 expression 

increase is unclear at present, Pttg1 can serve as a good neuronal marker for the onset of 

paranodal opening. Further studies of the Pttg1 functions in the Plp-NF155Flox/Flox mice 

will provide important insights on the roles of the gene regulation during the disruption 

of paranodal junctions. 
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     Importantly, overexpression of proteolipid protein 1 (PLP), a major component of 

myelin sheath, causes an overall abnormality of CNS oligodendrocytes, including 

abnormal paranodal junctions (Tanaka et al., 2009). Our previous studies have reported 

that the PLP overexpressing mouse displayed various behavioral abnormalities in 

relation to cognitive dysfunction, which is one of the characteristic features of 

schizophrenia-like behaviors (Tanaka et al., 2009). Growing number of recent reports 

demonstrated the involvement of CNV in schizophrenia (McClellan et al., 2007). As 

one of the major sources of genetic variation, CNV provide versatile tools to identify 

promising candidate genes for schizophrenia (Luo et al., 2014). In this study, by 

comparing the microarray data to the list of genes with CNV, I was able to propose 

some of the susceptibility gene associated with schizophrenia have connections with the 

paranodal opening. Eight of the 1699 schizophrenia patients display rare duplications in 

the 9p13.3 region encompassing the Aqp3 gene (Fig. 9A). Furthermore, my microarray 

data demonstrated that the disruption of paranodal junctions decreased Aqp3 expression 

(Fig. 9B). In situ hybridization analysis further revealed that Aqp3 gene was mainly 

expressed in neurons (Fig. 9C, D), consistent with the previous study (Yamamoto et al., 

2001). Aqp3 is a water-selective channel that increases plasma membrane water 

permeability of the cells (Preston et al., 1992). Interestingly, Aqp3 facilitated cell 

proliferation by the mechanism involving ATP production (Verkman et al., 2008; 

Galán-Cobo et al., 2015). In addition, proliferation abnormalities of hippocampal 

neurons were observed in schizophrenia patients (Allen et al., 2015). These studies may 

suggest that functional abnormalities of the Aqp3 gene are involved in schizophrenia 
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pathophysiology. I have no direct evidence showing that the paranodal junction defects 

were implicated in the onset of schizophrenia in this study. However, the identification 

of the promising candidate gene might open a new path towards future studies on 

schizophrenia-related genes. Further approaches for Aqp3 gene function may provide 

new insights into the etiology of schizophrenia and potential therapeutic targets.  

     In conclusion, my present results revealed that focal ablation of paranodal 

junctions could result in a delay in the forelimb muscle response against stimulus of the 

motor cortex, indicating that focal abnormality in myelin-axon interaction can affect the 

electrophysiological property of entire system. In addition, I found that the gradual loss 

of paranodal junctions in Plp-NF155Flox/Flox mice induced altered neuronal gene 

expression. Interestingly, expression of some of the identidied genes was unchanged in 

CST-KO mice, whose paranodes have never been formed throughout their development. 

These results suggest that the candidate genes identified in this study might help us to 

investigate neuronal functions affected by the disruption of paranodal junctions. 

According to the relation between the candidate genes identified with microarray 

analysis and CNV data of schizophrenia, Aqp3 is a highly potential candidate gene that 

showed rare duplications in schizophrenia patients. These data may provide a new 

insight into the paranodal physiological function as a therapeutic target for psychiatric 

disorders.  
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Figure legends 

 

 

Fig. 1. Efficiency of AAV-1, 5, 6, or DJ infection to oligodendrocytes in the corpus 

callosum. 

 

(A) Schematic drawing of AAV injection site. AAV-1, 5, 6, or DJ harboring the GFP 

gene were injected into a forebrain region in close proximity to the corpus callosum of 

10-week-old C57BL/6 mice. (B) The representative coronal brain section showing 

AAV-mediated GFP expression (green) at 3 weeks after AAV injection. Scale bar; 200 

μm. (C) To check whether oligodendrocytes were infected with each AAV serotype, 

double staining with in situ hybridization for PLP mRNA (blue color) and 

immunostaining with anti-GFP antibody (brown color) was performed in the corpus 

callosum at 3 weeks after AAV injection. Arrowheads indicate double positive cells for 

PLP mRNA and GFP. The insets are magnified view of the cells indicated by arrows. 

Scale bar; 50 μm. (D) The percentage of PLP mRNA+ GFP+ double-positive cells / 

total GFP+ cells in the corpus callosum for each respective serotype (n = 2-3 each). 

 

 

Fig. 2. Measurement of latency in response to electric stimulation of the motor 

cortex. 
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(A, B) Schematic drawing and time course of the experiment. To examine whether 

site-directed loss of paranodal junction causes a delay in the forelimb muscle response 

against stimulus of the motor cortex, an electrode was inserted into the motor cortex of 

7-week-old NF155Flox/Flox mouse, and then AAV5-EGFP-2A-Cre was injected into the 

internal capsule of the mice one week after the electrode insertion. Recording electrode 

was placed in triceps of forelimb. EMG was measured in response to electric 

stimulation of the motor cortex every week until 20-weeks of age. (C) Representative 

data of EMG in response to electric stimulation of the motor cortex. The onset latency 

was defined as the time between the stimulus (arrow) and the initiation of the first wave 

(arrowhead). 

 

 

Fig. 3. AAV-Cre-induced loss of paranodal junctions in the internal capsule. 

 

(A) Schematic drawing of AAV5-EGFP-2A-Cre injection site (green). (B) To check 

whether oligodendrocytes in the internal capsule were infected with AAV, double 

staining with in situ hybridization for PLP mRNA (blue color) and immunostaining 

with anti-GFP antibody (brown color) was performed in the internal capsule 12 weeks 

after AAV injection. Arrowheads indicate double positive cells for PLP mRNA and 

GFP. The inset is a magnified view of the cell indicated by an arrow. Scale bar; 50 μm. 

(C) Immunofluorescence staining with anti-Na+ channel (red) and anti-Caspr (green) 
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antibodies of the sections containing internal capsule region of the control (left panel) or 

NF155Flox/Flox (right panel) mice at 12 weeks after the injection of AAV5-EGFP-2A-Cre. 

Scale bar; 20 μm. (D) Quantification of the length of Caspr-positive paranodes in the 

control (left panel) and NF155Flox/Flox (right panel) mice injected with AAV-Cre (n = 3 

each). Significant levels; *p<0.01 vs. control mice (Student’s t-test, p = 0.0060, t = 

5.319, df = 4). 

 

 

Fig. 4. Electrophysiological analyses of EMG in NF155Flox/Flox mice injected with 

AAV5-EGFP-2A-Cre. 

 

Latency was measured in response to electric stimulation of the motor cortex every 

week until 20-weeks of age. Significant levels; *p<0.05 vs. control mice (Tukey’s test, 

17w: p = 0.0253, 18w: p = 0.0235). 

 

 

Fig. 5. Paranodal junctions were disrupted in the optic nerves of Plp-NF155Flox/Flox 

mice. 

 

(A) Optic nerve sections prepared from Plp-NF155+/Flox and Plp-NF155Flox/Flox mice 60 

days after tamoxifen administration were immunostained with anti-NF155 (upper panel) 

and anti-Caspr (lower panel) antibodies. The inset is a magnified view of the 
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immunolabeling indicated by arrows. Scale bar; 20 μm. (B, C) Quantification of the 

number and length of paranodes immunolabeled by anti-NF155 (B) or anti-Caspr (C) 

antibodies in Plp-NF155+/Flox and Plp-NF155Flox/Flox mice (n = 3 each). Significant 

levels; *p<0.05, **p<0.01, **p<0.001 vs. Plp-NF155+/Flox mice (Student’s t-test, 

number of NF155: p = 0.0006, t = 10.00, df = 4; length of NF155: p = 0.0437, t = 2.682, 

df = 5; number of Caspr: p = 0.0070, t = 5.091, df = 4; length of Caspr: p = 0.0026, t = 

6.719, df = 4). 

 

 

Fig. 6. Microarray analysis with total RNA prepared from the retina of 

Plp-NF155+/Flox or the Plp-NF155Flox/Flox mice. 

 

To investigate neuronal gene expression responding to paranodal opening, total RNA 

was isolated from the retina of Plp-NF155+/Flox and Plp-NF155Flox/Flox mice (n = 2 per 

group) 60 days after tamoxifen administration and proceeded to microarray analysis. 

(A) A scatter plot of gene expression levels in response to the ablation of NF155. The 

normalized intensity values were represented by log2. The identified genes focused in 

this study were indicated by red (up-regulation) and blue (down-regulation) dots. The 

green line represents a 2-fold change. (B, C) The identified gene expression levels in the 

Plp-NF155+/Flox and Plp-NF155Flox/Flox mice 60 days after tamoxifen administration 

were confirmed by qRT-PCR (n = 4-5 each). Significant levels; *p<0.05, **p<0.01 vs. 

Plp-NF155+/Flox mice (Student’s t-test, Dcn: p = 0.0270, t = 2.702, df = 8; Myh11: p = 
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0.0277, t = 2.769, df = 7; Pttg1: p = 0.0063, t = 3.670, df = 8; Dct: p = 0.0137, t =3.145, 

df = 8; Tti2: p = 0.0276, t = 2.772, df = 7; Aqp3: p = 0.0127, t = 3.324, df = 7). 

 

 

Fig. 7. qRT-PCR analysis of the selected gene expression in the retina of 

Plp-NF155Flox/Flox and CST-KO mice. 

 

The expression level of selected genes in the retina of 4- or 6-week-old CST-KO mice (n 

= 4-5 each) or Plp-NF155Flox/Flox mice (n = 4-5 each) 40 or 60 days after tamoxifen 

administration was compared to that of the Plp-NF155+/Flox. (A, C, E, G) The 

expression levels of Dcn (A), Myh11 (C), Pttg1 (E), and Aqp3 (G) in Plp-NF155Flox/Flox 

mice were determined by qRT-PCR. Significant levels; *p<0.05, **p<0.01 vs. 

Plp-NF155+/Flox mice [Student’s t-test, Dcn (6w): p = 0.0270, t = 2.702, df = 8; Myh11 

(6w): p = 0.0277, t = 2.769, df = 7; Pttg1 (6w): p = 0.0063, t = 3.670, df = 8; Aqp3 

(6w): p = 0.0127, t = 3.324, df = 7]. (B, D, F, H) The expression level of Dcn (B), 

Myh11 (D), Pttg1 (F), and Aqp3 (H) in CST-KO mice was also examined by qRT-PCR. 

Significant levels; *p<0.05, **p<0.01 vs. wild-type mice [Student’s t-test, Dcn (4w): p 

= 0.0003, t = 6.123, df = 8; Dcn (6w): p = 0.0314, t = 2.605, df = 8; Myh11 (6w): p = 

0.0454, t = 2.368, df = 8]. 

 

 

Fig. 8. Pttg1 was also up-regulated in the cerebral cortex by the collapse of 
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paranodal junctions. 

 

(A, B) To examine whether the Pttg1 expression was changed in the cerebral cortex as 

well, qRT-PCR was performed in the Plp-NF155Flox/Flox (A, n = 4-5 each) and CST-KO 

mice (B, n = 4-5 each). Significant levels; *p<0.05 vs. Plp-NF155+/Flox mice [Student’s 

t-test, Plp-NF155Flox/Flox (60 days after tamoxifen treatment): p = 0.0183, t = 2.954, df = 

8]. ns; Not significant. (C) Double labeling with in situ hybridization for Pttg1 mRNA 

(blue color) and immunostaining with anti-NeuN antibody (brown color) was performed 

in the cerebral cortex of 10-week-old C57BL/6 mice.  Higher magnification view of 

the boxed area in the upper panel is shown in the under panel. Scale bar; 100 μm. (D) 

The percentage of Pttg1 mRNA+ or – cells/ NeuN+ cells were quantified in the cerebral 

cortex (n = 3).  

 

 

Fig. 9. CNV of the Aqp3 gene was found in the schizophrenic patients, whose 

expression was altered in the Plp-NF155Flox/Flox mice. 

 

(A) Schematic drawing of the CNV positions in the Apq3 locus. Duplications were 

shown as blue bars (n = 1699). (B) To examine whether the Aqp3 expression was 

changed in the cerebral cortex of Plp-NF155Flox/Flox mice (n = 4-5 each), qRT-PCR was 

performed in the mice 40 or 60 days after tamoxifen administration. Significant levels; 

*p<0.05 vs. Plp-NF155+/Flox mice (Student’s t-test, p = 0.0133, t = 3.288, df = 7). (C) 
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Double labeling with in situ hybridization for Aqp3 mRNA (blue color) and 

immunostaining with anti-NeuN antibody (brown color) was performed in the cerebral 

cortex of 10-week-old C57BL/6 mice. The inset shows magnified view of the cell 

indicated by an arrow. Scale bar; 50 μm. (D) The percentage of Aqp3 mRNA+ or – 

cells/ NeuN+ cells were quantified in the cerebral cortex (n = 3). 

 

 

  

 

 

 



Accession No.!Gene symbol ! primer! sequences (5’ to 3’)�

Dcn�

Myh11�

Pttg1�

Dct�

Tti2�

Aqp3�

NM_001190451.2�

NM_001161775�

NM_013917.2 �

NM_010024�

NM_001199988.1�

NM_016689�

β-actin� NM_007393�

Forward !
Reverse  !
Forward !
Reverse  !
Forward !
Reverse  !
Forward !
Reverse  !
Forward !
Reverse  !
Forward !
Reverse  !
Forward !
Reverse  !

GATTTTCCACCCGACACAAC !
ATGAGGAACATTGGCCAGAC !
GTGACCTGCTTTTGGAGAGC !
GCCTGTTCTTTGGTCTGAGC !

TGGCTTCTAAGGATGGGTTG !
GTGGCAATTCAACATCCAGA !
TGTGCAAGATTGCCTGTCTC !
GTTGCTCTGCGGTTAGGAAG !
TCACCTGTACATGCCTGAGC !
CAGGGTTTCCAGGATCTTCA !

ATTCTGGCTATGCCGTCAAC !
AAACTTGGTCCCTTGCCTTT !
TGACAGGATGCAGAAGGAGA !
GCTGGAAGGTGGACAGTGAG !

Table 1. Primer sequences used for RT-PCR and qRT-PCR. !
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populations before and during the switch in polarization. Thus, we 
conclude that both peripherally derived macrophages and resident 
microglia contribute to the switch from M1 to M2 phenotypes that 
we observed at the initiation of remyelination.

M2 microglia promote oligodendrocyte differentiation
The switch from M1 to M2 polarization at 10 dpl led us to hypothesize 
that the two polarization states may have distinct roles in regulat-
ing the oligodendrocyte differentiation essential for the initiation of 

remyelination that occurs at this time. To test 
this, we first assessed the responses of OPCs 
to application of M1 and M2 cell conditioned 
media in vitro. We used microglia rather than 
peripherally derived macrophages, as the 
former are always a component of the innate 
immune response regardless of changes to the 
blood-brain barrier and we had confirmed 
above that microglia alone can undergo the 
switch in polarization in vivo. Microglia 
were polarized to M1 or one of two M2 sub-
types (M2a (anti-inflammatory) and M2c 
(immuno-regulatory)) by exposure to inter-
feron (IFN)-  and lipopolysaccharide (LPS), 
interleukin (IL)-13, and IL-10, respectively 
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Figure 3 M2 cell conditioned  
media promotes oligodendrocyte  
differentiation. (a) OPCs treated  
with unconditioned (control) or  
M1, M2a or M2c cell conditioned  
media stained for NG2 (green)  
and MBP (red). Scale bar  
represents 50 m. (b) Percentage  
of MBP+ cells ± s.e.m. following  
treatment with microglia  
conditioned media or polarizing  
factors alone as a control.  
***P < 0.001, Kruskal-Wallis test and Dunn’s multiple comparison post-test (n = 3 separate experiments). (c) Number of MOG+ cells per field  s.e.m. 
following treatment with microglia conditioned media. **P < 0.01, Kruskal-Wallis test and Dunn’s multiple comparison post-test (n = 3 separate experiments). 
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onset of demyelination (0 dpl) before the peak 
in M1 polarization at 3 dpl. (b) Representative 
images of control or GdCl3-injected lesions at 
3 dpl stained for iNOS (green), Arg-1 (red) and 
CD68 (white). Scale bar represents 25 m. 
(c) Numbers of iNOS+ M1, Arg-1+ M2 or 
unpolarized (iNOS−, Arg-1−) cells per field  
s.e.m. in control and GdCl3-injected lesions  
at 3 dpl. **P < 0.01, one-way ANOVA and 
Newman-Keuls post hoc test (n = 5 mice, df = 29).  
(d) Density of PCNA+ Nkx2.2+ proliferating 
OPCs per mm2 in control and GdCl3-injected 
lesions  s.e.m. at 3 dpl (P = 0.0496,  
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【遺伝子発現の全体図 (Scatter Plot)】 

今回使用しましたDNAマイクロアレイの解析対象Probe数は 55821 です。これらの Raw 値をX軸：

Sample C、Y軸：Sample D にプロットした図が以下になります。 

 

Sample C vs Sample D 

 
 

各 Probe の具体的な数値につきましては、「No_1581 解析結果」フォルダの中の 

「No_1581 Probe List(s)」 に入っている 

Excelファイル「Sample C vs Sample D.xlsx」の Sheet[ All ] をご参照ください。 

Plp$NF155+/Flox�

Pl
p$
NF

15
5F

lo
x/
Fl
ox
�

Dct�Dcn�
Pttg1�

Myh11�

Tti2�

Aqp3�

A

0

10

20

30

F
ol

d 
in

du
ct

io
n 

(r
el

at
iv

e 
to

 P
lp
-N
F
15
5+
/F
lo
x )

Dcn Myh11

Plp-NF155+/Flox

Plp-NF155Flox/Flox

**

Pttg1 Dct

* *
*

B

C

0.0

0.5

1.0

1.5

2.0

F
ol

d 
in

du
ct

io
n 

(r
el

at
iv

e 
to

 P
lp

-N
F

15
5+/

Fl
ox

)

Tti2 Aqp3

Plp-NF155+/Flox

Plp-NF155Flox/Flox 
* *

Fig. 6
62



Fig. 7

0

2

4

6

8

10
D
cn

 / 
β-
ac
tin

 
(r

el
at

iv
e 

to
 P
lp
-N
F
15
5+
/F
lo
x )

40 60

Plp-NF155+/Flox

Plp-NF155Flox/Flox

days after tamoxifen treatment

*

0

2

4

6

8

10

M
yh

11
 / 
β-

ac
tin

 
(r

el
at

iv
e 

to
 P

lp
-N

F
15

5+/
Fl

ox
)

40 60

Plp-NF155+/Flox

Plp-NF155Flox/Flox

days after tamoxifen treatment

*

0

10

20

30

P
ttg

1 
/ β

-a
ct

in
 

(r
el

at
iv

e 
to

 P
lp

-N
F

15
5+/

Fl
ox

)

40 60

Plp-NF155+/Flox

Plp-NF155Flox/Flox

days after tamoxifen treatment

**

0.0

0.5

1.0

1.5

2.0

A
qp

3 
/ β

-a
ct

in
 

(r
el

at
iv

e 
to

 P
lp

-N
F

15
5+/

Fl
ox

)

40 60

Plp-NF155+/Flox

Plp-NF155Flox/Flox

days after tamoxifen treatment

*

B

D

F

H

A

C

E

G

0

2

4

6

8

10

D
cn

 / 
β-

ac
tin

 
(r

el
at

iv
e 

to
 W

T
)

4w 6w

WT
CST-KO

Age

**
*

0

2

4

6

8

10

M
yh

11
 / 
β-

ac
tin

 
(r

el
at

iv
e 

to
 W

T
)

4w 6w

WT
CST-KO

Age

*

0

10

20

30

Pt
tg

1 
/ β

-a
ct

in
 

(r
el

at
iv

e 
to

 W
T

)

4w 6w

WT
CST-KO

Age

0.0

0.5

1.0

1.5

2.0

Aq
p3

 / 
β-

ac
tin

 
(r

el
at

iv
e 

to
 W

T
)

4w 6w

WT
CST-KO

Age

63



Pttg1 / NeuN�

A B

C

D

Fig. 8

0
10
20
30
40
50
60
70
80
90

100

R
at

io
 to

 N
eu

N
(+

) c
el

ls
 (%

)

Pttg1(+) Pttg1(-)

0

2

4

6

P
ttg

1 
/ β

-a
ct

in
 

(r
el

at
iv

e 
to

 P
lp

-N
F

15
5+/

Fl
ox

)

40 60

Plp-NF155+/Flox

Plp-NF155Flox/Flox

days after tamoxifen treatment

*

0

2

4

6

Pt
tg

1 
/ β

-a
ct

in
 

(r
el

at
iv

e 
to

 W
T

)

4w 6w

WT
CST-KO

n.s

Age

64



Aqp3 / NeuN�

A

C D

Fig. 9

0
10
20
30
40
50
60
70
80
90

100

R
at

io
 to

 N
eu

N
(+

) c
el

ls
 (%

)

Aqp3(+) Aqp3(-)

0.0

0.5

1.0

1.5

2.0

A
qp

3 
/ β

-a
ct

in
 

(r
el

at
iv

e 
to

 P
lp

-N
F

15
5+/

Fl
ox

)

Plp-NF155+/Flox

Plp-NF155Flox/Flox
*

60
days after tamoxifen 

treatment

B

65


	國澤 博士論文最終.pdf
	Fig全図.pdf

