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Astroglial IFITM3 Mediates Neuronal
Impairments Following Neonatal Immune
Challenge in Mice
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Interferon-induced transmembrane protein 3 (IFITM3) iplays a crucial role in the antiviral responses of Type | interferons (IFNs).
The role of IFITM3 in the central nervous system (CNS) is, however, largely unknown, despite the fact that its expression is
increased in the brains of patients with neurologic and neuropsychiatric diseases. Here, we show the role of IFITM3 in long-
lasting neuronal impairments in mice following polyriboinosinic-polyribocytidylic acid (polyl:C, a synthetic double-stranded RNA)-
induced immune challenge during the early stages of development. We found that the induction of IFITM3 expression in the
brain of mice treated with polyl:C was observed only in astrocytes. Cultured astrocytes were activated by polyl:C treatment,
leading to an increase in the mRNA levels of inflammatory cytokines as well as [fitm3. When cultured neurons were treated
with the conditioned medium of polyl:C-treated astrocytes (polyl:C-ACM), neurite development was impaired. These polyl:C-
ACM:-induced neurodevelopmental abnormalities were alleviated by ifitm3™~ astrocyte-conditioned medium. Furthermore,
decreases of MAP2 expression, spine den5|ty, and dendrite complexity in the frontal cortex as well as memory impairment
were evident in polyl:C-treated wild-type mice, but such neuronal impairments were not observed in ifitm3~~ mice. We also
found that IFITM3 proteins were localized to the early endosomes of astrocytes following polyl:C treatment and reduced
endocytic activity. These findings suggest that the induction of IFITM3 expression in astrocytes by the activation of the innate
immune system during the early stages of development has non-cell autonomous effects that affect subsequent
neurodevelopment, leading to neuropathological impairments and brain dysfunction, by impairing endocytosis in astrocytes.
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INTRODUCTION

Recent studies have demonstrated a crucial role of interferon-
induced transmembrane protein 3 (IFITM3) in the antiviral
responses of type I interferons (IFNs) 77 vitro and in vivo (Brass
et al., 2009; Everitt et al., 2012; Schoggins et al., 2011). Thus,
IFITM3 restricts the morbidity and mortality associated with
influenza (Everitt et al., 2012) and mediates cellular resistance to
influenza A HINT1 virus (Brass et al., 2009; Everitt et al., 2012;
Huang et al., 2011; Lu et al.,, 2011; Schoggins et al., 2011),
dengue virus (Brass et al., 2009), SARS coronavirus (Lu et al.,
2011), and human immunodeficiency virus 1 (Schoggins et al.,
2011; Yount et al.,, 2010). The role of IFITM3 in the central
nervous system (CNS) is largely unknown, although its increased
expression has been demonstrated in the brains of patients with
neurologic and neuropsychiatric diseases such as schizophrenia
(Arion et al., 2007), autism (Garbett et al., 2008), bipolar disor-
der (Iwamoto et al., 2004), and Alzheimer’s disease (Ricciarelli
et al., 2004). Conversely, we previously demonstrated that neo-
natal treatment of mice with polyriboinosinic-polyribocytidylic
acid (polyl:C, an inducer of innate immune responses via toll-
like receptor 3) caused a significant increase in IFITM3 mRNA
levels in the hippocampus, which resulted in long-lasting brain
dysfunction, including cognitive and emotional impairments as
well as a deficit in depolarization-evoked glutamate release in the
hippocampus in adulthood (Ibi et al., 2009).

In the present study, we investigated the role of IFITM3
in long-lasting neuronal impairments following polyl:C-
induced immune challenge during the early stages of develop-
ment. We demonstrated, for the first time, that the expression
of IFITM3 in the early endosomes of astrocytes following an
immune challenge impairs endocytic activity, leading to the
disruption of the neurotrophic effects of astrocytes and the
consequent neurodevelopmental and cognitive abnormalities in
mice. Accordingly, astroglial IFITTM3 may contribute to neuro-
nal impairments that could be induced by immune inflamma-
tory reactions in the immature brain (Hagberg et al., 2012;
Mwaniki et al., 2012), even though it mediates cellular resist-
ance to various viruses in the lungs and other peripheral organs
(Brass et al., 2009; Everitt et al., 2012; Huang et al., 2011; Lu
et al., 2011; Schoggins et al., 2011; Yount et al., 2010).

MATERIALS AND METHODS

Animals

ICR and C57BL/6] mice were obtained from Japan SLC Inc.
(Hamamatsu, Japan). Homozygous z'ﬁtmj’f/f mice were generated
and characterized as described previously (Lange et al., 2008). Litter-
mates (wild-type [wt, C57BL/6]] and ifizm3 "), which were gener-
ated by cross-breeding ifitm3™™
ments. IFITM3 expression was not observed in various organs of
iﬁtm37/7 mice (Brass et al., 2009; Everitt et al., 2012; Lange et al.,

mice, were used for the experi-
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2008) or in cultured astrocytes collected from ifimm3™'~ mice
(Fig. 4I). They were housed under a standard 12-h light/dark cycle
(lights on at 0900) at a constant temperature (23 * 1°C) with free
access to food and water throughout the experiments.

The animals were handled in accordance with the guidelines
established by the Institutional Animal Care and Use Committee of
Nagoya University, the Guiding Principles for the Care and Use of
Laboratory Animals approved by the Japanese Pharmacological Soci-
ety, and the National Institutes of Health Guide for the Care and
Use of Laboratory Animals.

Neonatal Polyl:C Treatment

For postnatal polyl:C-treatment, pregnant females were monitored for
the parturition date, which was taken as postnatal day (PD) 0. All
litters were randomly divided into two groups: vehicle- and polyl:C-
treated. The mice were treated with a daily subcutaneous injection of
either pyrogen-free saline or 5 mg/kg polyl:C (Sigma-Aldrich, St.
Louis, MO) between PD2 and PDG6. The animals were weaned at
PD21, and divided along gender lines at PD28 (Ibi et al., 2009).

Immunohistochemistry

Neonatal male and female mice were deeply anesthetized with
diethyl ether at 24 h after the final polyl:C treatment on PD7 and
perfused transcardially with saline, followed by 4% paraformalde-
hyde in 0.1 M phosphate-buffered saline (PBS, pH 7.4). Their
brains were removed, post-fixed in the same fixative, and then cryo-
protected. Ten micrometer-thick coronal brain sections were cut on
a cryostat and mounted on slides. The sections were denatured in a
microwave oven in 0.01 M citrate buffer (pH 6.0). After blocking
with 5% donkey and 5% goat serum/PBS for 60 min, mouse anti-
neuronal nuclei (NeuN, neuronal marker, 1:200; Millipore, Billerica,
MA), mouse anti-glial fibrillary acidic protein (GFAP, astroglial
marker, 1:1,000; Sigma-Aldrich), rat anti-CD11b (microglial marker,
1:100; Serotec, Oxford, UK), and rabbit anti-IFITM3 antibodies
(1:100; Abcam, Cambridge, UK) diluted in PBS containing 0.1%
Triton X-100 and 1% donkey and 1% goat serum were applied to
the sections, which were then incubated overnight at 4°C. After
washing in PBS, goat anti-mouse Alexa Fluor (AF) 568 and anti-rab-
bit AF488 antibodies (1:1,000; Invitrogen, Eugene, OR) were added
to the sections for 2 h at room temperature. The samples were
observed using a confocal-laser scanning microscope (LSM 510 Axio
Imager; Zeiss, Jene, Germany).

Western Blotting

Membranous fractions were isolated for western blotting of IFITM3.
The hippocampus was removed quickly after decapitation and
homogenized in ice-cold buffer A (20 mM Tris-HCI (pH 7.5), 2 mM
EDTA, 0.5 mM EGTA, and 0.32 M sucrose, and protease inhibitor
cocktail [Sigma-Aldrich]). The homogenate was centrifuged at 700g
for 10 min, and the supernatant was ultracentrifuged at 100,000¢ for
30 min at 4°C. The resulting supernatant was retained as the cytosolic
fraction. The pellets were washed with buffer B (buffer A without
sucrose) and homogenized in buffer B with 1% Triton X-100. After
incubation for 45 min, the soluble fractions were obtained by
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ultracentrifugation at 100,000g for 30 min and then retained as the
membranous fractions for western blotting of IFITM3.

For western blotting of microtubule-associated protein 2
(MAP2), brain samples and primary cultured neurons at a high den-
sity (1.75 x 10° cells/well in a 6-well plate) were homogenized at 4°C
in lysis buffer (20 mM Tris-HCI [pH 7.4], 150 mM NaCl, 50 mM
NaF, 2 mM EDTA, 1% Nonidet P-40, 1 mM sodium orthovanadate,
0.1% SDS, 1% sodium deoxycholate, and protease inhibitor cocktail
[Sigma-Aldrich]). The homogenate was centrifuged at 13,000g for 20
min and the resulting supernatant was retained for western blotting.

The protein concentration was determined using a DC Protein
Assay Kit (Bio-Rad Laboratories, Hercules, CA), and protein was
boiled in sample buffer (0.0625 M Tris-HCI [pH 6.8], 2% SDS, 5%
sucrose, 0.002% bromophenol blue, and 5% 2-mercaptoethanol),
applied to a SDS-polyacrylamide gel, and subsequently transferred to
a polyvinylidene difluoride membrane (Millipore). The membrane
was blocked with 3% bovine serum albumin (BSA) or skim milk in
Tris-buffered saline-Tween 20 (TBS-T: 10 mM Tris-HCI [pH 7.5],
100 mM NaCl, and 1% Tween-20), and incubated with rabbit anti-
IFITM3 (1:500; IMGENEX, San Diego, CA), rabbit anti-MAP2
(dendritic marker, 1:5,000; Millipore), mouse anti-Nat/K" ATPase
antibodies (membrane marker, 1:500; Millipore), rabbit anti-early
endosomal antigen 1 (EEA1) (1:1,000; GeneTex, Irvine, CA), and
goat anti-f-actin antibodies (1:1,000; Santa Cruz Biotechnology,
Santa Cruz, CA) at 4°C overnight. After incubation with a horserad-
ish peroxidase-conjugated anti-rabbit, goat or mouse IgG antibody
(1:1000; KPL, Gaithersburg, MD) for 2 h, the immune complex was
detected using ECL Plus western blotting detection reagents (GE
Healthcare, Chalfont St. Giles, Buckinghamshire, UK). The intensity
of the bands on the membranes was analyzed by densitometry (Atto
Instruments, Tokyo, Japan).

Astrocyte Culture and Polyl:C Treatment

Astrocytes were isolated from the cortices and hippocampi of PD1-2
mice (ICR or C57BL/6]) as previously reported (Fernandez et al.,
2007). Briefly, tissue was passed through a 70 pm pore nylon mesh
and dissociated with 3 mg/mL dispase (Roche Diagnostics GmbH,
Mannheim, Germany) and 4 pg/mL DNase (Roche Diagnostics
GmbH). Cells were cultured in Dulbecco's Modified Eagle’s Me-
dium (DMEM; Sigma-Aldrich) containing 10% (v/v) fetal bovine
serum (FBS) in 75 cm? tissue culture flasks, split once upon conflu-
ence, and plated in 6- or 24-well plastic tissue culture plates. The
secondary cultures were grown to confluence in all experiments.

The DMEM was replaced with Neurobasal Medium (Invitro-
gen) supplemented with B-27 (Invitrogen) at 4 days before treatment
with polyl:C (Sigma-Aldrich), IFN-f; (PBL InterferonSource, Piscat-
away, NJ), or vehicle, and then renewed with the same medium at
24 h before treatment. Astrocytes were cultured for an additional 24
h in the presence or absence of polyl:C (10 pg/mL) in Neurobasal
Medium supplemented with B-27, and then the medium was used
as astrocyte-conditioned medium (ACM). Polyl:C-ACM refers to
the ACM prepared from polyl:C-treated astrocytes. Control-ACM
refers to the ACM prepared from vehicle-treated astrocytes.

For astrocytes isolated from wt or iﬁtm37/7 mice, primary

astrocytes were used in all experiments, as described previously
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(Chou et al., 2008). More than 95% of these cells were GFAP-posi-
tive, and they were negative for tau/MAP2 and CD11b.

Primary Culture of Hippocampal Neurons and ACM
Treatment

Primary cultured hippocampal neurons were prepared from ICR or
C57BL/6] mice on gestational day 16, as described previously (Fath
et al., 2009). Briefly, embryo hippocampi were digested with 0.25%
trypsin and 0.01% DNase for 10 min at 37°C and mechanically dis-
sociated by gentle pipetting. Neurons were seeded on poly-D-lysine-
coated coverslips, and cultured in Neurobasal Medium with B-27
and 1 mM glutamine on DIVO. The Neurobasal Medium was
replaced with polyl:C-ACM or control-ACM on DIV2. The effects
of polyl:C-ACM or polyl:C on cell viability, dendrite (MAP2
immunoreactivity) and spine [postsynaptic density 95 (PSD95)
immunoreactivity] formation, total neurite length, and gene expres-
sion levels were assayed on DIV3 or 7. When the neurons were
cultured for 7 days, 1.0 M cytosine f-D-arabinofuranoside (Ara-C)
was added to the culture medium on DIV2. In the present study,
our preparations were >99% pure for neurons, as demonstrated by
anti-tau or MAP2 immunostaining.

Immunocytochemistry

The cells were fixed with 4% paraformaldehyde in 0.1 M PBS for
20 min and then permeabilized with 0.1% Triton X-100 for an
additional 10 min. After incubation in blocking solution (1% goat
and 1% donkey serum/PBS) for 30 min, mouse anti-GFAP (1:500;
Sigma-Aldrich), rabbit and-IFITM3 (1:100; Abcam), mouse anti-tau
(axonal marker, 1:500; Santa Cruz Biotechnology), rabbit anti-
MAP2 (1:1,000; Millipore), mouse anti-PSD95 (1:500; Thermo Sci-
entific, Rockford, IL), rat antilysosomal-associated membrane protein
1 (LAMP1) (lysosome marker, 1:200; Serotec), mouse anti-EEA1
(early endosome marker, 1:1,000; Abcam), rabbit antd-EEA1 (1:250;
GeneTex), mouse anti-mannose 6 phosphate receptor (M-6-PR) (late
endosome marker, 1:100; Abcam), and mouse anti-myc (1:2,000;
Cell Signaling Technology, Danvers, MA) antibodies diluted in
blocking solution were applied to the cells, which were then incu-
bated overnight at 4°C. After washing in PBS, secondary antibodies
were applied as described in Immunohistochemistry. Cultured cells
were observed under a microscope (Axio Imager; Zeiss, Jene, Ger-
many) and photographed using a digital camera (AxioCam MRc5;
Zeiss). Confocal images of cultured cells were obtained using a
Nikon confocal razor microscope (A1Rsi; Nikon, Tokyo, Japan).

Neurite Elongation and Dendritic

Development Assays

In the neurite elongation assay, the neurons were plated at a low
density (1.0 x 10% cells/well in a 24-well plate). Axons were identi-
fied by double immunostaining with anti-tau (axonal marker) and
anti-MAP2 (dendritic marker) antibodies according to a previous
study (Inagaki et al., 2001). Only MAP2-negative neurites that
showed typical axonal morphology were counted as axons. MAP2-
positive neurites were counted as dendrites. In all experiments, neu-
rons that clearly had tau- or MAP2-positive neurites were selected
randomly for images. All neurites were traced using Neurolucida
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Reverse

GCCTGGGCTCCAGTCACAT
TGAACTGCGTGATGTACCTTGAA
TGCTTTGCAATGCTTCTTTTGA
AGCGTCTCCAAGGACAGTGTAGT
GCCCTGTAGGTGAGGTTGATCT
TGGATGCCACAGGATTCCA

TABLE 1: Primers for Inmune Inflammation-Related Genes and Other Genes
Target gene Forward
IFITM3 GCCTATGCCTACTCCGTGAAGT
TLR3 TCATTTTCGTTATCACACACCATTT
MDA-5 ATGAAACCAGAGGAGTATGCACATAA
RIG-I GCGTGCTACACAGCTGACATTC
IFN-B AGCTCCAAGAAAGGACGAACAT
B-Actin CGATGCCCTGAGGCTCTTT
IFITM3, interferon-induced transmembrane protein 3; TLR3, toll-like receptor 3; MDA-5, melanoma differentiation associated protein-5;
RIG-], retinoic acid-inducible gene-I; IFN-f, interferon-f.

software (MicroBrightField, Williston, VT) and neurite length was
calculated using Neuroexplorer (MicroBrightField). Sholl analysis for
dendrite complexity (Ge et al., 2006) was carried out by counting
the number of dendrites that crossed a series of concentric circles at
10 pm intervals from the cell soma using Neuroexplorer.

PSD95-immunoreactive puncta along the dendrites in each
photomicrograph were counted manually and normalized by den-
drite length (Maezawa and Jin, 2010). For statistical analysis of the
number of PSD95-immunoreactive puncta, a dendritic shaft within
100 pm from the cell soma of the largest dendrite was analyzed.

ELISA

To determine the levels of secreted IFN-f in ACM, a commercial
ELISA kit was used according to the manufacturer’s instructions
(R&D Systems).

Knockdown of ifitm3 and eeal in Astrocytes by
Small Interfering RNA Treatment

Astrocytes isolated from ICR mice were plated onto 6-well plates and
cultured in DMEM with 10% FBS, which was replaced with Neuro-
basal Medium containing B-27 at 4 days before transfection with
siRNA for #fitm3 using Lipofectamine RNAIMAX Transfection Reagent
(Invitrogen) according to the manufacturer’s instructions. We obtained
the siRNA for SCr (sense: AACGCAAUAACCGAUUAACATAT,
antisense: GUUAAUCGGUUAUUGCGUUATAT) and #fitm3 (sense:
CCAAACUACGAAAGAAUCAATT, antisense: UGAUUCUUUCG
UAGUUUGGATAT) from KOKEN (Tokyo, Japan), and stealth
siRNA against eeal (#1 sense: CCACUGAAUUACAACAUCAGUU
AGA, #1 antisense: UCUAACUGAUGUUGUAAUUCAGUGG; #2
sense: GGAAGAGAAGCGGAAGGAAGAGUUU, #2 antisense: AA
ACUCUUCCUUCCGCUUCUCUUCC) and stealth RNAi negative
control (control siRNA) from Invitrogen. The silencing effect of siRNA
for ifitm3 or eeal was evaluated by RT-PCR or Western blotting at 3 or
2 days after transfection, respectively (Supp. Info. Figs. 3A and 4A).

MTT Assay

Cell viability was analyzed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT; Wako, Osaka, Japan) assay. The
cells were plated at a density of 3.0 x 107 cells/well in a 96-well
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plate. MTT solution (5 mg/mL) of a 10th of the medium was added
to each well followed by incubation for 3 h at 37°C. The formazan
crystals that formed were dissolved in DMSO and the absorbance was
measured on a Bio-Rad Model 680 microplate reader using a test
wavelength of 570 nm and a reference wavelength of 655 nm. The
reduction in MTT activity was expressed as a percentage of control.

Total RNA Isolation and Real-Time RT-PCR

Cultured cells were collected using trypsin/EDTA at the indicated
time points after polyl:C treatment in the presence or absence of a
neutralizing IFN-f antibody (PBL InterferonSource). Total RNA
was isolated using the RNeasy Mini Kit (Qiagen, Hilden, Germany)
and converted into complementary DNA (cDNA) using the Super-
Script III First-Strand Synthesis System for RT-PCR (Invitrogen).
mRNA expression levels were quantified using a 7300 Real-Time
PCR System (Applied Biosystems, Foster City, CA). Quantitative
real-time PCR was performed in a volume of 25 pL with 500 ng
¢DNA and 500 nM primers in Power SYBR Green Master Mix
(Applied Biosystems). The primers are described in Table 1, and
f-actin was used as an internal control.

Alternatively, 1.0 pg of total RNA was converted to cDNA
using the RT2 First Strand Kit (SABiosciences, Frederick, MD)
according to the manufacturer’s protocol. The cDNA was diluted
with distilled water to a volume of 100 pL. One microliter was used
for cach primer set in pathway-specific RT* Profiler PCR Arrays
(Qiagen) according to the manufacturer’s protocol. Mouse Common
Cytokine PCR Array (catalog number PAMM-021A) plates were
used for the analysis.

Golgi Staining

Golgi staining was performed using the FD Rapid Golgi Stain Kit
according to the manufacturer’s protocol (FD NeuroTechnologies, Elli-
cott City, MD) and a previous report (Uchida et al., 2011). The brains
were then sectioned using a cryostat at a thickness of 60 fm. Bright-field
microscopic (Keyence, Osaka, Japan) images (at 100 X magnification)
of pyramidal neurons located in layer II/III of the frontal cortex were
obtained. Only fully impregnated neurons displaying dendritic trees
without obvious truncations and isolated from neighboring impregnated

neurons were retained for analysis. Quantification of spine density was
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limited to dendrites at 50 to 200 um from the soma. Spine density is
expressed as the number of spines per 10 pum of dendrite length (Uchida
etal., 2011). To examine the dendritic complexity of pyramidal neurons
located in layer II/III of the frontal cortex, Sholl analysis was performed
as described in Dendritic development assays in vitro.

Novel Object Recognition Test

A novel object recognition test was carried out at 12 weeks, as described
previously (Ibi et al., 2009; Nagai et al., 2007). The male and female
mice were individually habituated to an open box (30 x 30 x 35 cm
high) for 3 days. During the training session, two novel objects were
placed in the open field and the animals were allowed to explore the
objects for 10 min under moderate light conditions (10 lux). The time
spent exploring each object was recorded. During the retention sessions,
the animals were placed in the same box at 24 h after the training ses-
sion, one of the familiar objects used during training was replaced by a
novel object, and the mice were allowed to explore freely for 5 min.
The preference index in the retention session, i.e., the ratio of the time
spent exploring the novel object over the total time spent exploring
both objects, was used to measure cognitive function. In the training
session, the preference index was calculated as the ratio of time spent
exploring the object that was replaced by a novel object in the retention
session to the total exploration time. The explorative behavior in both

sessions was recorded on video for subsequent blind scoring.

Plasmid and Transfection

The ¢cDNA for mouse [fitm3 was generated by PCR from cDNA
derived from mouse brain using specific primers (forward primer;
GGGATCCTATGAACCACACTTCTCAAGCCT, reverse primer;
GGAATTCTTATTAAGTGTGAAGGTTTTGAGCGT), and ligated
into the cloning site of the expression vector pCMV-Tag 3A (Agilent
Technologies, Santa Clara, CA). The HA-RalA expression vector was
a gift from Dr. Takaya Satoh.

Astrocytes isolated from #fim3 "~ mice were plated in 6-well plas-
tic culture plates and cultured as described in astrocyte culture. Each well
was transfected with 2 pg of DNA using the Lipofectamine ITX (Invi-
trogen) 24 h before exposure to polyl:C. Forty-eight hours after transfec-
tion, polyl:C-ACM was collected from ifizm3™'~ astrocytes transfected
with either mock or myc-IFITM3. COS7 cells were plated at 1.0 to 2.0
x 10° cells/well on glass coverslips in G-well plastic culture plates. The
following day, each well was transfected with 1 pg of DNA using the
FuGENEG transfection reagent (Roche Diagnostics GmbH) and Opti-
MEM (Invitrogen). Forty-eight hours after transfection, the cells were
fixed, stained, and imaged as described in mmunocytochemistry.

Measurement of Endocytosis and Recycling Activity
COS7 cells or astrocytes were preincubated for 80 min AF555-Tf or
120 min AF555-EGF in serum-free DMEM at 37°C and then incu-
bated with AF555-labeled probes (Invitrogen) for 10 min (AF555-TT,
50 pg/mL) or 15 min (AF555-EGE 50 ng/mL). External AF555-la-
beled probes were removed by washing with ice-cold PBS, whereas
bound AF555-labeled probes were removed by an acid wash in PBS
(pH 5.0) followed by a wash with PBS (pH 7.0) (Padron et al., 2006),
and then stained and observed. For the Tf recycling studies, the cells
were incubated with AF555-Tf (50 pg/mL) at 37°C for 60 min,
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washed with ice-cold PBS (pH 5.0), and washed with PBS (pH 7.0).
The cells were then incubated in serum-free DMEM containing holo-
transferrin (500 pg/mL, Sigma-Aldrich), deferoxamine (200 pg/mlL,
Sigma-Aldrich), and BSA (0.2%, Sigma-Aldrich) at 37°C for 30 min
or 60 min, and the remaining AF555 signals within the cells were
determined (Padron et al.,, 2006). To quantify the intensity of the
AF555 signals, the mean intensity of each individual cell was measured
with MetaMorph software (Molecular Devices, Sunnyvale, CA) and
then averaged across different cells as described previously (Abe et al.,
2008). The background signal in non-cell areas was subtracted. For
comparison, the fluorescent intensity of MOCK- and IFITM3-trans-
fected COS?7 cells was normalized to the control COS7 cells.

Immunoprecipitation

Coimmunoprecipitation experiments were performed using a Pierce
Crosslink Immunoprecipitation Kit (Pierce, Rockford, IL) according
to the manufacturer’s instructions. Briefly, COS7 cells were cotrans-
fected with HA-RalA and myc-IFITM3, and the cells were lysed
using the IP lysis/wash buffer provided in the kit. The brains were
collected from neonatal mice at 24 h after the final polyl:C treat-
ment on PD7 and homogenized with lysis buffer (40 mM Tris-HCI
[pH 7.4], 2 mM EDTA, 100 mM NaCl, and 0.5% Triton X-100,
and protease inhibitor cocktail [Sigma-Aldrich]). Lysate protein
(1000 mg) collected from COS7 cells and neonatal mouse brain was
added to Protein A/G Plus Agarose cross-linked to rabbit anti-HA
(Sigma-Aldrich), rabbit anti-ATP6VOB (Abgent, San Diego, CA),
mouse anti-kinesin heavy chain (Millipore), rabbit anti-visfatin
(Bethyl Laboratories, Montgomery, TX), normal rabbit IgG, or
normal mouse IgG (Santa Cruz Biotechnology), and incubated over-
night at 4°C. After elution, the samples were analyzed with western
blotting as described above.

Statistical Analysis

Data are expressed as the mean * SEM. Differences between two
groups were analyzed with the two-tailed Student’s #test. Multiple
group comparisons were made with one-way analysis of variance
(ANOVA) or two-way ANOVA, followed by Bonferroni’s test when
the F ratios were significant (P < 0.05).

RESULTS

Polyl:C Treatment Increases the Expression Levels
of IFITM3 in Astrocytes via IFN-f Signaling

IFITM3 protein levels in the hippocampus were significantly
increased, at least up to 72 h after the final polyl:C treatment
(Fig. 1A), but there was no significant difference in adulthood
(vehicle: 1.0 = 0.1, polyl:C: 1.2 % 0.1; P = 0.21). Double
immunostaining for IFITM3 with glial fibrillary acidic
protein (GFAD, astroglial marker; Fig. 1B), neuronal nuclei
(NeuN, mature neuronal marker; Fig. 1C), or CDI11b
(Fig. 1D) revealed that IFITM3 immunoreactivity colocalized
to GFAP-positive astrocytes, but not NeuN-positive neurons
or CDI11b-positive microglia, suggesting that astrocytes
express IFITM3 following polyl:C treatment.
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FIGURE 1: IFITM3 proteins are expressed predominantly in astro-
cytes, but not neurons and microglia, in vivo. (A) Hippocampal
IFITM3 protein levels at 24 h and 72 h after the final polyl:C treat-
ment in neonatal mice. An ovary sample was loaded as a positive
control. (B-D) Neonatal polyl:C treatment increases IFITM3-like im-
munoreactivity in astrocytes. Double immunostaining for IFITM3
(green in left panels: B-D), GFAP (red in middle panels: B), NeuN
(C), and CD11b (D), in the hippocampus at 24 h after the final
polyl:C treatment of neonatal mice. Scale bar: 20 um (inset, 10 um).

Next, we examined the effect of polyl:C (10 pg/mL)
treatment on the expression levels of /FITM3 mRNA in vitro
(Fig. 2A). Interestingly, the basal expression levels of IFITM3
mRNA in primary cultured neurons were 100-fold less than in
astrocytes, and the induction of /F/TM3 mRNA was observed
in cultured astrocytes, but not neurons (Fig. 2A). Similar
changes in basal and polyl:C-induced overexpression were
observed in the mRNA levels of roll-like receptor 3 (TLR3) and
other double-stranded RNA (dsRNA) sensors (Kawai and Akira
2010), e.g., retinoic acid-inducible gene-I (RIG-1) and melanoma
differentiation associated protein-5 (MDA-5) (Fig. 2A).
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FIGURE 2: Polyl:C treatment increases IFITM3 expression levels
in astrocytes via IFN-p signaling. (A) Polyl:C treatment (10 ng/mL)
increased the expression levels of IFITM3, TLR3, RIG-I, and MDA-5
mRNA in cultured astrocytes, but not in primary cultured neurons.
Values are the means = SEM (n = 4). IFITM3: polyl:C (F,10) =
8.52, P < 0.05), cell type (F(1,10) = 477.83, P < 0.0001), interaction
(F(1‘1o) = 4.26, P= 0.067)- TLR3: pOIyl:C (F(1‘1o) = 6.69, P < 0.001 ),
cell type (F(1,10) = 358.82, P < 0.0001), interaction (F(1,10) = 3.45,
P= 0093) RIG-I: pOlle (F(1,10) = 624, P< 005), cell type (F(1,1o)
= 348.17, P < 0.0001), interaction (F1,10) = 7.00, P < 0.05). MDA-
5: polyl:C (F(1,10) = 18.47, P < 0.01), cell type (F(1,10) = 493.17, P<
0.0001), interaction (F(1,10) = 14.32, P < 0.01). *P < 0.05 versus
corresponding vehicle-treated control astrocytes. (B, C) Time-
course changes in IFN-B (B) and IFITM3 (C) mRNA levels after
polyl:C treatment in cultured astrocytes. Values are the means =
SEM (n = 3-4). (B) IFN-p: polyl:C (F1,13y = 201.74, P < 0.001), time
(Fi2,13) = 2.85, P = 0.094), interaction (F(2,13 = 3.99, P < 0.05). (C)
’F’TM3; pOIyl:C (F(1’12) = 31.41, P< 0.001), time (F(2’12) = 10.54, P
< 0.01), interaction (F,12 = 5.38, P < 0.05). * P < 0.05 versus cor-
responding vehicle-treated control astrocytes. (D) Inhibition of
polyl:C-induced IFITM3 expression by treatment with a neutraliz-
ing IFN- antibody. Astrocytes were cotreated for 24 h with
polyl:C and a neutralizing IFN- antibody. Values are the means *
SEM (n = 3-4). IFITM3: F(3,10) = 57.55, P < 0.001. *P < 0.05 versus
vehicle-treated control astrocytes cotreated with control IgG. *P <
0.05 versus polyl:C-treated astrocytes cotreated with control IgG.
(E) Induction of IFITM3 mRNA by IFN- in cultured astrocytes.
Astrocytes were cultured for 24 h with IFN-B. Values are the
means = SEM (n = 3). IFITM3: F4,10y = 30.86, P < 0.001. *P < 0.05
versus vehicle-treated control astrocytes.

Volume 61, No. 5



Green: Tau
Red: MAP2
250 140
£ 1 120
= *
z 200 F 100} =
o ~
® > sof
o 150 @
E S 60t
E
5 100 = 40t
e T 20}
0 0
Control- Polyl:C- Control-  Polyl:C-
ACM ACM ACM ACM
D Green: Tau E
Red: MAP2
250
O Control-ACM
£ B Polyl:C-ACM
S 200t
£
E’ 150 F
a
5 100F
[
£
£ so0r
e
0

WT Ifitm 3"

FIGURE 3: Effect of polyl:C-ACM on cell viability or neurite elon-
gation of cultured neurons. (A) Immunocytochemical images of
primary neurons cultured for 24 h from DIV2 with control- or
polyl:C-ACM derived from ICR mice. Neurons were fixed and
stained with tau (green: axonal marker) and MAP2 (red: dendritic
marker) antibodies at 24 h after treatment with control- or
polyl:C-ACM. Scale bar: 200 um (inset, 75 um). (B) Total neurite
length of each neuron. Values are the means + SEM of three in-
dependent experiments (n = 72-75). *P < 0.05 versus control-
ACM. (C) Cell viability of primary cultured neurons was assayed
at 24 h after polyl:C-ACM treatment by MTT assays. Values are
the means = SEM (n = 5). (D) Immunocytochemical images of
neurons cultured with control- or polyl:C-ACM derived from wt
(C57BL/6J) or ifitm3~/~ astrocytes. Scale bar: 200 um (inset, 100
um). (E) Total neurite length of each neuron. Values are the
means = SEM of three independent experiments (n = 25)
[pOIyIZC-ACM (F(1'90) = 9.86, P < 0.001 ), genotype (F(1‘90) = 0.05,
P = 0.82), interaction (F(1,909) = 0.075, P = 0.78)]. *P < 0.05 ver-
sus wt/control-ACM, #P < 0.05 versus wt/polyl:C-ACM.

As polyl:C is known to induce IFNs in various systems
(Kawai and Akira, 2010), we measured IEN-f expression lev-
els in astrocytes after polyl:C treatment. /FN-ff mRNA levels
in cultured astrocytes were significantly increased to >30-fold
of control at 6 h after polyl:C treatment and then decreased
(Fig. 2B). In contrast, an increase in /F/7M3 mRNA was first
observed at 24 h after polyl:C treatment compared with vehi-
cle-treated astrocytes (Fig. 2C). Twenty-four hours after
polyl:C treatment, IFN-f protein levels in the culture me-
dium of astrocytes were significantly increased compared to
the control group (vehicle: no detection, polyl:C: 420.4 =*
78.0 pg/mL). When IFN-f was neutralized by an anti-IFN-f
antibody, the polyl:C-induced expression of /FITM3 mRNA
was completely abolished, while control IgG had no such
effect (Fig. 2D). Conversely, treatment with recombinant
IFN-f protein significantly increased /F/7M3 mRNA levels
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in cultured astrocytes in a dose-dependent manner (Fig. 2E).
These results suggest that IFN-f is involved in the induction
of IFITM3 following polyl:C treatment in astrocytes in an
autocrine and paracrine manner.

Role of IFITM3 in the Polyl:C-Induced Impairment
of Neurodevelopment of Cultured Neurons

To investigate the possible contribution of IFITM3 in polyl:C-
induced neuronal impairments, we first studied the effect of
polyl: C-ACM on neurodevelopment in wvitro. Polyl:C-ACM
significantly inhibited neurite elongation compared with con-
trol-ACM derived from vehicle-treated astrocytes (Fig. 3A,B)
without affecting viability (Fig. 3C). In contrast, the direct
addition of polyl:C (10 pg/mL) into the culture medium of
primary cultured neurons on days iz vitro 2 (DIV2) had no
effect on their neurite elongation (Supp. Info. Fig. 1A,B, vehi-
cle: 65.0 * 5.72 pm, polyl:C: 57.3 = 5.82 um; P = 0.35) or
viability (Supp. Info. Fig. 1C, 94.8 = 2.9% of vehicle-treated
control; P = 0.38).

To examine whether IFITM3 is involved in the polyl:C-
ACM-induced inhibition of neurite elongation, we prepared
polyl:C-ACM from astrocytes derived from 7fizm3-null mutant
(ifim3™"") or wild-type [wt, C57BL/6J] mice. Primary cul-
tured neurons on DIV2 from wt mice were cultured for 24 h
in polyl:C-ACM. The polyl:C-ACM-induced inhibition of
total neurite elongation was markedly attenuated when the
astrocytes were prepared from ifirm3 ' mice, although the
effect of control-ACM from ifitm3 ™'~ mice was indistinguish-
able from that of wt mice (Fig. 3D,E).

To analyze the effect of polyl: C-ACM on dendritic devel-
opment, the length and complexity of the MAP2-positive
dendrites of cultured neurons were measured at 5 days after
ACM treatment on DIV7. Dendrite length and MAP2 protein
levels of cultured neurons were significantly reduced when they
were cultured for 5 days in polyl: C-ACM (Fig. 4A-C). The in-
hibitory effects of polyl:C-ACM on dendrite length (Fig. 4A,B)
and complexity (Supp. Info. Fig. 2A) were dose-dependent. The
effects of control-ACM from ifirm3™"~ astrocytes on MAP2-
positive dendrite length and the complexity of cultured neurons
were indistinguishable from those of wt astrocytes; further, the
inhibitory effects of polyl:C-ACM on dendrite length (Fig.
4D,E) and complexity (Fig. 4F) were not evident when
polyl:C-ACM was prepared from ifizm3™'" astrocytes. We also
examined the effect of polyl:C-ACM on spine formation 7
vitro by measuring the number of PSD95-immunoreactive
puncta on MAP2-positive dendrites, which represents the post-
synaptic density of excitatory synapses. A significant decrease in
PSD95-immunoreactive puncta was observed when neurons
were cultured for 5 days in polyl: C-ACM. This inhibitory effect
of polyl:C-ACM on spine formation in vitro was abolished
when polyl:C-ACM was prepared from i3~ astrocytes.
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positive dendrite length. Values are the means = SEM (n = 27-31). *P < 0.05 versus control-ACM, *P < 0.05 versus 10% polyl:C-ACM.
(C) MAP2 protein levels in primary cultured neurons incubated with polyl:C-ACM at a dose of 100%. Values are the means = SEM of
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There was no significant difference in the number of PSD95-
positive puncta on neurons cultured in control-ACM derived
from wt and z'ﬁtmj"’f/f astrocytes (Fig. 4G,H). Furthermore, we
examined the effect of polyl:C-ACM from ifimm3 '~ astrocytes
that had previously transfected with myc-tagged IFITM3
(myc-IFITM3) on neurodevelopment in wvitro (Fig. 41-K).
Polyl:C-ACM  from ifirm3™/~ astrocytes expressing myc-
IFITM3 significantly reduced dendritic length (Fig. 4],K) and
complexity (Supp. Info. Fig. 2B) of cultured neurons compared
with that from z'ﬁtm37/7 astrocytes transfected with mock
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control. Alternatively, when /FITM3 gene expression in astro-
cytes was acutely knocked down in vitro using small interfering
RNA (siRNA) for #fitm3, the inhibitory effects of polyl: C-ACM
on neurodevelopment 7 vitro, i.c., the decrease in total neurite
elongation and dendrite length of cultured neurons, were signif-
icantly attenuated (Supp. Info. Fig. 3B-E).

These findings suggest that polyl: C-ACM contains hu-
moral factors derived from polyl:C-treated astrocytes that
impair the neurodevelopment of neurons 7z virro, in which

astroglial IFITM3 plays an indispensable role.
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Role of IFITM3 in the Neuropathological and
Behavioral Abnormalities of Polyl:C-Treated Mice
We then investigated the role of IFITM3 in the brain dys-
function of polyl:C-treated mice. The protein levels of MAP2
in the frontal cortex of wt C57BL6] mice treated with
polyl:C were significantly decreased on PD7 and PDI14 as
compared to the levels in vehicle-treated control mice (Fig.
5A), but these differences disappeared in adulthood (Fig. 5A).
The decrease of MAP2 levels on PD14 in the frontal cortex
induced by neonatal polyl:C treatment was completely atte-
nuated in ifirm3~"" mice, although there was no apparent
difference in MAP2 levels in the frontal cortex between vehi-
cle-treated wt and vehicle-treated iﬁtmj’f/f mice on PD14
(Fig. 5B).

To further analyze dendritic development 77 vivo, we con-
ducted Golgi staining and quantified spine density and dendrite
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complexity of pyramidal neurons located in layer II/IIT of the
frontal cortex of mice. Neonatal polyl:C treatment significantly
decreased the spine density of pyramidal neurons at both stages,
i.e., on PD14 and in adulthood (Fig. 5C,D). Dendrite complex-
ity of pyramidal neurons was also reduced by polyl:C treatment
(Fig. 5E,F). The reduction of spine density and dendrite com-
plexity induced by neonatal polyl:C treatment were attenuated
in ifitm3~"" mice, although there were no apparent differences
between vehicle-treated wt and iﬁtm37/7 mice (Fig. 5C-F).
Accordingly, although the change in MAP2 levels in the frontal
cortex was transient, neonatal immune activation by polyl:C
treatment in mice resulted in a persistent abnormality in the
morphology of cortical neurons. These neuropathological phe-
notypes in polyl:C-treated adult mice are consistent with those

observed in neurologic and neuropsychiatric diseases (Law et al.,
2004; Penzes et al., 2011).
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To investigate the role of IFITM3 in the behavioral
abnormalities of polyl:C-treated adult mice, we compared
object recognition memory between polyl:C-treated wt and
z'ﬁtm37/7 mice. In the retention session, which was carried
out at 24 h after the training session, a marked decrease in
the exploratory preference for novel objects was evident in
polyl:C-treated wt mice compared with vehicle-treated wt
mice. This impairment of object recognition memory was not
observed in polyl:C-treated ifitm3 ™"~
treated ifitm3 "

. . . . . . .
in the retention session, as did vehicle-treated #fitm3~"" mice

mice; thus, polyl:C-

mice exhibited a preference for novel objects

(Fig. 5G). There was no significant difference in the total
time taken to explore two objects during the retention ses-
sions among the four groups (Fig. 5H). These results suggest
that neonatal IFITM3 expression in astrocytes plays a crucial
role in polyl:C-induced neurodevelopmental and cognitive

impairments in adulthood.

Localized Expression of IFITM3 in the Early
Endosomes of Astrocytes

As an initial step to clarify the pathophysiological role of
IFITM3 in astrocytes, we investigated its subcellular localiza-
tion. IFITM3 in polyl:C-treated astrocytes (Fig. 6A) and
COS7 cells transfected with myc-IFITM3 (Fig. 6D,E) colo-
calized exclusively with early endosomal antigen 1 (EEAL, an
established early endosome marker) (Grant and Donaldson
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2009; Leonard et al., 2008; Sigismund et al., 2008). IFITM3
immunoreactivity in polyl:C-treated cultured astrocytes was
not observed in other organelles, e.g., late endosomes (Fig.
6B) and lysosomes (Fig. 6C).

Because of the selective localization of IFITM3 in the
early endosomes of astrocytes, we speculated that IFITM3
may modulate their function, i.e., endocytosis. Endocytosis
consists of two different systems, namely, clathrin-depend-
2008). Accordingly,
we analyzed the uptake of Alexa Fluor 555-labeled transfer-
rin (AF555-Tf) and Alexa Fluor 555-labeled epidermal
growth factor (AF555-EGF) as a measure of clathrin-de-
pendent and -independent endocytosis, respectively. Knock-

ent and -independent (Leonard et al.,

down of eeal, necessary for endosomal trafficking, in cul-
tured astrocytes markedly reduced the endocytic activity of
AF555-EGF (Supp. Info. Fig. 4B,C), which is consistent
with the effect of eeal knockdown in COS7 cells (Leonard
et al., 2008).

The uptake of AF555-Tf (Fig. 7A) and AF555-EGF
(Fig. 7B) in IFITM3-transfected COS7 cells was signifi-
cantly reduced compared with their uptake in control and
MOCK-transfected COS7 cells (Fig. 7C). In contrast,
IFITM3 overexpression in COS7 cells had no effect on
AF555-Tf recycling (Fig. 7D), which also agrees with the
effect of eeal knockdown in COS7 cells (Leonard et al.,
2008). To confirm the effect of IFITM3 on endocytosis in

Volume 61, No. 5
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83, AF555-EGF: n = 83-139). AF555-Tf (F2,121) = 13.65, P < 0.001) and AF555-EGF (Fp2,267) = 86.26, P < 0.0001). *P < 0.05 versus con-
trol COS7 cells, *P < 0.05 versus MOCK-transfected COS7 cells. (D) Time-course of AF555-Tf recycling in COS7 cells transfected with
IFITM3. Values are the means = SEM of two independent experiments (n = 50-82).
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FIGURE 8: Effect of IFITM3 expression on endocytic activity in cultured astrocytes. (A) WT or ifitm3™/~ astrocytes treated with polyl:C
were incubated with AF555-Tf for 10 min or AF555-EGF for 15 min in the presence or absence of CPM. Cultured astrocytes were
treated with CPM (Sigma-Aldrich, 10 ug/mL) for 60 min and then incubated with AF555-EGF. Scale bar: 100 um. (B) Quantitative analysis
of AF555-Tf and AF555-EGF uptake in wt and ifitm3™/~ astrocytes treated with polyl:C. Values are the means + SEM of 2-3 independ-
ent experiments (n = 40-120). AF555-Tf: polyl:C (F(1,416) = 256.07, P < 0.0001), genotype (F1.41¢) = 19.93, P < 0.0001), interaction
(F(1'416) = 378, P = 0053). AF555-EGF: pOlle (F(1,155) = 1121, P < 0.01), genotype (F(1,155) = 5272, P < 0.0001 ), interaction (F(1,155) =
14.8, P < 0.01). AF555-EGF with CPM: polyl:C (F 205y = 6.85, P < 0.01), genotype (F(1,205) = 73.99, P < 0.0001), interaction (F1 205y =
1.48, P = 0.23). *P < 0.05 versus vehicle-treated wt control astrocytes, #*P < 0.05 versus polyl:C-treated wt astrocytes, *P < 0.05 versus
vehicle-treated ifitm3~/~ astrocytes.

cultured astrocytes, AF555-Tf and AF555-EGF uptake was AF555-EGF uptake was completely abolished in ifizm3 ™"~
measured in polyl:C-treated wt and ifim3™"" astrocytes. astrocytes, while AF555-Tf uptake was partially reversed in
Polyl:C treatment markedly reduced AF555-Tf and AF555- ifitm3~"" astrocytes (Fig. 8A,B). The latter phenomena may
EGF uptake in wt astrocytes (Fig. 8A,B). The reduction of be explained by the observation that dsRNA suppresses
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FIGURE 9: Proposed model for neurodevelopmental impairments after polyl:C treatment. (A) The impairment of neuron-glia interac-
tions via the abnormalities of humoral factors caused by polyl:C-treated astrocytes. The expression levels of IFITM3 as well as various
inflammatory cytokines are increased in polyl:C-treated astrocytes. The abnormalities of humoral factors caused by polyl:C-treated
astrocytes impair neurite outgrowth and spine formation of neurons, in which IFITM3 plays an indispensable role. (B) Polyl:C induces
IFN-B expression in astrocytes; subsequently, the IFN-p released by polyl:C-treated astrocytes induces IFITM3 expression in an auto-
crine and/or paracrine manner. IFITM3 protein localizes to the early endosomes and reduces the endocytic activity of astrocytes, which
may change the composition of the extracellular humoral factors, resulting in the neurodevelopmental abnormalities observed in

polyl:C-treated mice.

clathrin-dependent endocytosis (DeWitte-Orr et al., 2010).
Finally, to ascertain whether AF555-EGF uptake is mediated
by clathrin-independent endocytosis under our experimental
conditions (Leonard et al., 2008; Sigismund et al., 2008),
we measured its uptake in the presence of chlorpromazine
(CPM), an inhibitor of clathrin-dependent endocytosis. The
reduction of AF555-EGF uptake in IFITM3-transfected
COS7 cells and polyl:C-treated astrocytes was not influ-
enced by CPM treatment (Fig. 8A,B).

DISCUSSION

IFITM proteins belong to a protein domain superfamily consisting
of over 30 proteins. They possess two transmembrane domains
and an intervening highly conserved intracellular loop
(pfam04505, CD225, interferon-induced transmembrane protein)
with both amino- and carboxy-domains being luminal (Brass
et al., 2009; Tanaka et al., 2005). A recent study, however, suggest
that both amino- and carboxy-domains of IFITM3 face the cyto-
plasm (Yount et al., 2012). IFITM1, 2, and 3 are expressed in a
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wide range of tissues, whereas IFITM5 expression appears to be
limited to bone (Moffatt et al., 2008). Mouse IFITM3, which is
expressed in primordial germ cells, had been implicated in germ
cell development, but Lange et al. (2008) demonstrated that the
deletion of [fitm3 had no detectable effects on the development
of germ line or on the generation, suggesting that [fizm3 is not
essential for germ cell development. Meanwhile, recent studies
demonstrated that IFITM3 contributed to antiviral responses of
the type I IFNs (Brass et al., 2009; Everitt et al., 2012; Schog-
gins et al., 2011).

Short and long dsRNAs are recognized selectively by
RIG-I and MDA-5, respectively (Kato et al., 2008; Wilkins
and Gale, 2010). Further, polyl:C is known to activate RIG-I
and MDAS5 signaling differently depending on its length (de
Rivero Vaccari et al., 2012; Kato et al., 2008; Wilkins and
Gale, 2010). A recent report demonstrated that both DIG-I
and MDAS levels were elevated in astrocytes exposed to long
dsRNA (more than approximately 2 kbp), but not short
dsRNAs (de Rivero Vaccari et al., 2012), which is consistent
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with the present study (Fig. 2A). These results suggest that
the polyl:C used in the present study may behave like a long
dsRNA under our experimental conditions.

In this study, we demonstrated that astroglial IFITM3
protein was localized to the early endosomes and disrupted
clathrin-dependent and -independent endocytic activity. To
clarify the molecular mechanism by which IFITM3 regulates
endosomal function, we examined the protein-protein interac-
tions of IFITM3 with reported partners, such as visfatin
(Zhang et al., 2008), and ATP6VOB (Wee et al., 2012), as
well as with other modulators of endocytic activity, such as
kinesin (Soldati and Schliwa, 2006), and the small GTPase
RalA (Feig, 2003), using an immunoprecipitation assay. The
apparent interactions of these molecules, however, were not
observed in brain extracts from polyl:C-treated neonatal mice
(Supp. Info. Fig. 5A-C) and in COS7 cells co-transfected
HA-tagged human RalA (HA-RalA) and myc-IFITM3 (Supp.
Info. Fig. 5D). Alternatively, as demonstrated by a recent
study, S-palmitoylation and ubiquitination of IFITM3 may
play a role in the regulation of endosomal function in astro-
cytes (Yount et al., 2010, 2012).

We conducted the PCR-array analysis to explore the
changes in expression levels of cytokines 24 h after polyl:C
treatment in cultured astrocytes. The results revealed that
among genes whose expression ratio in polyl:C-treated
astrocytes was significantly altered by more than fourfold
from the level in vehicle-treated control astrocytes, fourteen
genes were significantly increased and one gene was decreased
in polyl:C-treated astrocytes compared to those in vehicle-
treated astrocytes (Supp. Info. Fig. 6). Genes that showed an
increased expression by polyl:C treatment include interleukin-
12 (IL-12p), interleukin 1 family, member 6 (IL-1f6),
interleukin-1o: (IL-1a), colony stimulating factor 2 (CSF2),
interleukin-1 (IL-1p5), interleukin-27 (IL-27), interleukin-19
(IL-19), tumor necrosis factor (ligand) superfamily, member
10 (Tnfsf10), interferon-f1 (IFN-f1), tumor necrosis factor
(TNF), tumor necrosis factor (ligand) superfamily, member
11 (Tnfsf11), growth differentiation factor 5 (GDF5), tumor
necrosis factor (ligand) superfamily, member 8 (Tnfsf8) and
interleukin-21 (IL-21), whereas the decrease was observed in
interleukin-4 (IL-4). Inflammatory cytokines induced by
polyl:C treatment in astrocytes may be potential candidates
of the humoral factors derived from polyl:C-treated astro-
cytes; for instance, TNF-o, IL-1§ and IFN-f are known to
inhibit neurite outgrowth (Gilmore et al., 2004; Neumann
et al., 2002; Wellen et al., 2009), whereas IL-4 is reported to
have neurotrophic actions (Brodie et al., 1998); thus,
the decrease of IL-4 expression by polyl:C may lead to the
impaired maturation of cultured neurons. We confirmed the
increases in protein levels of TNF-¢, IL-1§ and IEN-f in
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polyl:C-ACM, but there were no significant differences in the
protein levels of these cytokines in polyl:C-ACM between wt
and ifitm3™"" astrocytes. It is unlikely, therefore, that these
cytokines including TNF-o, IL-1f and IEN-f play major
roles in polyl:C-induced IFITM3-mediated impairment of
neurite outgrowth and spine formation in vitro.

Alternatively, changes in neurotrophic factors, such as
brain-derived neurotrophic factor (BDNF), may participate in
the effect of humoral factors derived from polyl:C-treated
astrocytes (Deverman and Patterson, 2009; Farina et al.,
2007; Kranjac et al., 2012). Glutamate is another possible
candidate since it is reported that polyl:C treatment reduces
the expression of glutamate-aspartate transporter in astrocytes
(Scumpia et al., 2005), which may result in the increase of
extracellular glutamate levels, leading to the inhibition of neu-
rite outgrowth and spine formation (Maezawa and Jin, 2010).

Previous studies demonstrated that inhibitors of endo-
cytosis affected the levels of extracellular humoral factors 7n
vitro (De Filippi et al., 2007; Marina-Garcia et al., 2009;
Rozenova et al., 2010). Knockdown of caveolin-1 in astro-
cytes also reduces endocytosis, resulting in the disruption of
neuron-glia interactions (Bento-Abreu et al., 2009). Accord-
ingly, it is suggested that the reduction of endocytic activity
in astrocytes caused by IFITM3 overexpression after polyl:C
treatment may affect the composition of the extracellular
humoral factors of astrocytes, e.g., neurotrophic factors,
cytokines, and gliotransmitters, leading to neurodevelopmen-
tal abnormalities via the disruption of neuron-glia interac-
tions (Fig. 9). Secretome analysis of poly:C-ACM is
currently being performed in our laboratory to identify the
humoral factors that may be responsible for the neuronal
impairments.

The present findings, together with previous reports
(Brass et al., 2009; Everitt et al., 2012; Huang et al., 2011;
Lu et al,, 2011; Schoggins et al., 2011; Yount et al., 2010),
suggest that IFITM3 is something of a double-edged sword
that could impair brain function and development in the
immature brain, while it also mediates cellular resistance to
many pathogenic viruses in peripheral organs. The induction
of IFITM3 expression in astrocytes by the activation of the
innate immune system during the early stages of develop-
ment has noncell autonomous effects that affect subsequent
neurodevelopment, leading to neuropathological impairments
and brain dysfunction, by impairing endocytosis in
astrocytes.
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