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A B S T R A C T

Background: Maternal immune activation (MIA) is an independent risk factor for psychiatric disorders including
depression spectrum in the offsprings, but the molecular mechanism is unclear. Recent studies show that in-
terferon-stimulated gene-15 (ISG15) is involved in inflammation and neuronal dendrite development; here we
studied the role of ISG15 in MIA-induced depression and the underlying mechanisms.
Methods: By vena caudalis injecting polyinosinic: polycytidylic acid (poly I:C) into the pregnant rats to mimic
MIA, we used AAV or lentivirus to introduce or silence ISG15 expression. Synaptic plasticity was detected by
confocal microscope and Golgi staining. Cognitive performances of the offspring were measured by Open field,
Forced swimming and Sucrose preference test.
Results: We found that MIA induced depression-like behaviors with dendrite impairments in the offspring with
ISG15 level increased in the offsprings' brain. Overexpressing ISG15 in the prefrontal cortex of neonatal cubs
(P0) could mimic dendritic pathology and depressive like behaviors, while downregulating ISG15 rescued these
abnormalities in the offsprings. Further studies demonstrated that MIA-induced upregulation of inflammatory
cytokines promoted ISG15 expression in the offspring’ brain which suppressed Rap2A ubiquitination via NEDD4
and thus induced Rap2A accumulation, while upregulating NEDD4 abolished ISG15-induced dendrite impair-
ments.
Conclusions: These data reveal that MIA impedes offsprings' dendrite development and causes depressive like
behaviors by upregulating ISG15 and suppressing NEDD4/Rap2A signaling. The current findings suggest that
inhibiting ISG15 may be a promising intervention of MIA-induced psychiatric disorders in the offsprings.

1. Introduction

Epidemiological studies indicate that maternal bacterial or viral
infection during pregnancy increases the risk of developing several
psychiatric disorders in the offsprings, such as depression, schizo-
phrenia and autism spectrum disorder (ASD) [1–4]. Therefore, ma-
ternal immune activation (MIA) has been considered as a critical link
between prenatal maternal infection and postnatal behavioral deficits.
Neurochemical and behavioral abnormalities in the offspring caused by

MIA have also been proved by rodents (mice and rats) or nonhuman
primates (rhesus monkeys) exposed to lipopolysaccharide (LPS) or a
viral mimic synthetic double-stranded RNA (polyinosinic:polycytidylic
acid, poly I:C) during pregnancy [5–8]. However, the molecular me-
chanisms underlying MIA-induced neurodevelopmental disorders in the
offspring are not fully understood. Current studies have mainly focused
on investigating the effects of certain individual cytokine in MIA-in-
duced abnormalities. For instance, it has been shown that pregnant
dams injected with recombinant interleukin-6 (IL-6) alter fetal brain
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development with behavioral abnormalities [9]. Similarly, treatment
with interleukin-1 beta (IL-1β), tumor necrosis factor alpha (TNF-α) or
IL-6 inhibits dendrite development in primary cultured neurons
[10,11]. However, numerous pro-inflammatory and anti-inflammatory
cytokines are increased during MIA including IL-1β, IL-6, CXCL8, TNF
and IL-10, which may contribute to MIA-induced abnormalities in the
offspring. It remained to be elucidated where these cytokines share a
common signaling pathway?

Interferon-stimulated gene-15 (ISG15) is one of the first recognized
ISG proteins upregulated in the brain after systemic interferon (IFN)
exposure, viral infection, LPS, or retinoic acid administration [12–14].
As an antiviral protein, ISG15 is against influenza, sindbis, herpes and
human immunodeficiency virus type 1 [15–17]. It can covalently con-
jugate to proteins (termed ISGylation) by similar processes to that of
ubiquitin but exerts its biological effect by antagonizing ubiquitin-de-
pendent target proteins [18]. Expression of free ISG15 or the ISGylation
system (UbE1L and UbcH8) inhibits budding of Ebola virus VP40 VLPs
by downregulating NEDD4 activity and VP40 ubiquitination [19]. As an
E3 ubiquitin ligase, NEDD4 is abundantly expressed in the mammalian
neurons and a crucial modulator for axon and dendrite branching
[20,21]. Disrupting NEDD4 function severely inhibits axon branching
in Xenopus retinal ganglion cells, and knockout NEDD4 impairs den-
drite development in neurons [20,21].

Based on the above observations, we speculated that ISG15 might
play a role in MIA-induced impairment in neurodevelopment and psy-
chiatric disorders in the offsprings. To test this hypothesis, rats at ge-
station day 17 (GD17) received poly(I:C) injection through vena cau-
dalis to mimic the acute phase response to viral infection, a well-
established model of MIA [22–24]. Dendritic development and beha-
vioral changes were observed in the offsprings, and the potential roles
of ISG15 and NEDD4/Rap2A signaling were examined.

2. Methods and materials

2.1. Plasmids and virus

pCI-HA-NEDD4 plasmid was got from addgene (a gift donated by
Dr. Joan Massague, Sloan Kettering Cancer Center, the Howard Hughes
Institute for medicine), and then we constructed plasmid pCI-HA-
NEDD4-EGFP (EGFP sequence is not fused with NEDD4 sequence).
Adeno-associated virus AAV-EGFP-ISG15 and AAV-mCherry-ISG15
(EGFP or mCherry sequence is not fused with ISG15 sequence) were
purchased from OBio Biologic Technology Co., Ltd. (Shanghai, China),
and lentivirus lenti-shISG15-EGFP was purchased from Heyuan Biologic
Technology Co., Ltd. (Shanghai, China).

2.2. Antibodies and reagents

Mouse monoclonal antibody (mAb) anti-Rap2A, rabbit polyclonal
antibody(pAb)anti-GFP and anti-ISG15 were from Santa Cruz; mAb
anti-GFAP and anti-STAT1 (phospho Y701), pAb anti-Ubiquitin, anti-
NEDD4 and anti-PSD95 were from Abcam; mAb anti-α-tubulin (DM1A)
was from Sigma; mAb anti-NeuN was from Millipore, mAb SMI-312R
was from Convance; mAb anti-MAP2 and Synaphin I were from
Millipore, mAb anti-STAT1 was from Cell Signaling. The dilution of the
used antibodies is 1:1000 for Western Blotting or 1:300 for immuno-
fluorescent staining. Poly(I:C) (Polyinosinic-polycytidylic acid sodium
salt) and IFN-α Recombinant Rat Protein were purchased from Sigma.
Recombinant inflammatory cytokines (IL-1, IL-2, IL-6, IL-10, IL-14, IL-
17, TNF-α, INF-α, and IFN-β) were the gifts from Prof. Xiu-Fang Weng
and Prof. Xiang-Ping Yang (Department of Immunology, Tongji Medical
College, Huazhong University of Science and Technology). Human IFN-
α (Interferon Alpha), human IFN-β (Interferon Beta), human IL-1α
(Interleukin 1 Alpha) ELISA Kit, TNF-α (Tumor Necrosis Factor Alpha)
ELISA Kit, ISG15 (Interferon Stimulated Gene 15) ELISA Kit, and Rat
IFN-α (Interferon α), IL-1, IL-2, IL-6, IFN-β, TNF-α ELISA Kit were from

Elabscience Biotechnology Co., Ltd.

2.3. Animal model

Sprague-Dawley rats were bred in the Experimental Animal Central
of Tongji Medical College, Huazhong University of Science and
Technology. Rats were mated at the age of 3months and the first day
after copulation was defined as day 1 of pregnancy, at gestational day
(GD) 17, pregnant rats received a single injection of poly(I:C) or normal
saline via caudal vein under the mild physical constraint with no ap-
parent ill effects and body weight loss. Poly(I:C) was dissolved in saline
to obtain a desired dosage (10mg/kg, calculated based on the pure
form poly(I:C), the volume of injection was 5ml/kg). For IFN-α treat-
ment, the recombinant protein (Sigma-Aldrich) in saline or same vo-
lume of saline was injected into dams via caudal vein. The animals were
returned to the home cage after injection procedure. When experi-
mental animals were used, adequate measures were taken to minimize
pain or discomfort. All experiments were performed according to the
‘Policies on the Use of Animals and Humans in Neuroscience Research’
revised and approved by the Society for Neuroscience in 1995, and the
animal study was approved by the Ethics Committee of Tongji Medical
College, Huazhong University of Science and Technology.

2.4. Sample collection and cytokine measurements

At 12 h after poly(I:C) injection or P0d, 1ml peripheral blood was
collected from each pregnant dam, and then the blood was centrifuged
to obtain serum at 4 °C for 20min (12,000 g). The serums were stored at
80 °C until detection.

All samples (in duplicate) were assayed with ELISA kit
(Elabscience). Assays were performed according to the manufacturer's
instructions. Lyophilized cytokine standards were reconstituted first to
a master standard stock using 500 μl of diluents, nine concentrations of
the standards were made by eight, threefold serial dilutions of the
master standard stock in serum diluent. Serum samples were diluted 1:3
prior to assay and 100 μl dilutions were assayed for each well. The
plates were then read in the Bio-Rad 200 System and the data was
analyzed using Curve Exert1.3 software with 5-parameter logistic re-
gression (5PL) curve fitting to determine the standard curve and ex-
trapolate the sample concentrations from the standard curve.

2.5. Western blotting and co-immunoprecipitation

Western blotting was performed as the method established in our
lab [25]. Briefly, proteins extracted from cell lysis or brain tissues were
separated and transferred to nitrocellulose membranes. Then the
membranes were blocked and incubated with primary antibody at 4 °C
overnight. Finally, the membranes were incubated with anti-rabbit or
anti-mouse IgG conjugated to IRDye™ (800 CW) for 1 h and visualized
using the Odyssey Infrared Imaging System (Licor biosciences, Lincoln,
NE, USA). Gel-Pro Analyzer 4 (Toyobo, Osaka, Japan) software was
used to measure the optical densities of targeted protein bands.

For co-immunoprecipitation (co-IP), cells were harvested in IP
buffer, and the supernatants were obtained by centrifugation (17,500g,
15min, 4 °C). Soluble fractions were combined with 50 μl Protein G-
Dynabeads (100.04D, Invitrogen), pre-incubated with antibodies fol-
lowed by overnight rotation at 4 °C. Dynabeads complexes were washed
3 times with IP buffer, which supplemented with 500mM NaCl.
Immunoprecipitates were eluted by heating (95 °C, 5min) in sample
buffer containing 5% 2-mercaptoethanol before Western blotting.

2.6. Cortical neurons culture

Primary cultured cortical neurons from 17 days embryonic (E17) rat
cortex were isolated in HBSS (Invitrogen) containing 0.025% trypsin at
37 °C. Neurons were plated on poly-D-lysine and laminin (Bioscience)
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pre-coated glass coverslips in Neurobasal medium (Invitrogen), sup-
plemented with 2% B27/0.5 mM glutamine/25mM glutamate, the cell
density was controlled at 1–2×105 cell/well in 12-well plate and
1–2×106 cell/well in 6-well plate. Half the culture medium was
changed every 3 days, and plates were maintained in a humid 5% CO2

incubator at 37 °C. After transfection with virus or treatment with
drugs, cells were either fixed for immunofluorescence studies or lysed
for western blot analysis.

2.7. Virus injection in neonatal pups

The male neonatal pups (on the day of birth, designated as P0) were
individually cryoanesthetized by placed on ice (with a thin cushion) for
5min. After sterilized with 75% alcohol, 2 μl of virus were slowly in-
fused into each lateral ventricle with a specially designed 10-μl
Hamilton syringe with a 30-gauge/0.5-inch/hypodermic cemented
needle (Halmiton Syringe Co., Reno, NV, USA) [26]. The pups were
placed back to mother rats after warmed up at 37 °C.

2.8. Immunofluorescent staining

For brain sections, animals were sacrificed and perfused, brains
were removed and cryoprotected by overnight immersion in 30% su-
crose, then they were embedded in OCT compound. The frozen brain
was coronally sectioned at 25 μm with a cryostat (HM505E, Microm,
Germany). For primary neuron cultures, cells were fixed in 4% paraf-
ormaldehyde. Brain sections and cells were permeabilized in 1% Triton
X-100-PBS for 20min, then they were incubated with 5% BSA for 1 h to
block nonspecific sites and probed with primary antibodies at 4 °C
overnight. The immunoreactivity was detected by incubated with
Rhodamine Red-X- (Molecular Probes, R6393, Eugene) or Oregon
Green 488-conjugated secondary antibodies (Molecular Probes, O6383,
Eugene) at 37 °C for 1 h. All fluorescence images were captured with a
Zeiss LSM 710 laser-scanning confocal fluorescence microscope (Zeiss,
Jena, Germany) equipped with Zen software.

2.9. Neuronal morphometry

Neuronal morphometry was carried out as below. Briefly, dendritic
marker MAP2 and axonal marker SIM-312R were used to identify
dendrites and axons of neurons. For dendrites, three parameters were
measured: (i) the number of primary dendritic, where the primary
dendrites were defined as those MAP2-positive processes directly
emerging from the soma. (ii) the total length of dendrite, including the
length of all primary dendrites and dendritic branches, and (iii) the
dendritic branch tips number, which represents all dendritic branch
ends number. For axons, the length of the longest processes emerging
from soma with a SMI-312R-positive signal was measured. All images
were analyzed using Image-Pro Plus 6.0 software. Repeated experi-
ments were implemented for statistical analysis.

Animals were anaesthetized and transcardially perfused. Brain
tissue was dissected out and fixed in 4% PFA at 4 °C overnight, washed
three times, and sunk in 30% sucrose-PBS. 30% Agar-embedded 30 μm
coronal sections were cut on LEICACM1900 and coverslipped with
Immuno mount (Shandon). Confocal fluorescence images were ob-
tained using the ZEISS LSM confocal microscope.

2.10. Relative quantitative RT-PCR

Trizol reagent was used to extract RNA from primary cultured
neurons and prefrontal cortex of rat brain, and reverse transcription
was carried out according to manufacturer's instruction (TaKaRa,
Dalian, China). The PCR system contains MgCl2 (3 mM), forward and
reverse primers (0.5 μM), SYBR Green PCR master mixes (2 μl) and
cDNA (2 μl). The mix was assayed on a Rotor Gene 300 Real-time Cycler
(Corbett Research, Sydney, Australia). The interest gene expression

level was normalized by the housekeeping gene β-actin (PCR primers
were listed in Table S1).

2.11. Behavioral tests

Behavioral testing was commenced when male offsprings were
weaned at postnatal day 30 (P30). Each prenatal treatment group
consisted of subjects derived from multiple independent litters as pre-
viously reported.

2.11.1. Open field test
The open field was made of black acrylic (120× 120 cm) with 22-

cm-high walls. The floor was divided into 16 squares by computer, and
4 squares in the middle of the arena called the center zone. Rats were
placed individually in the center of open field and total distance (total
moving distance in the field), center duration (time stay in the center
zone) and center distance (moving distance in the center zone) were
recorded for 5min. The apparatus was thoroughly cleaned using 70%
ethanol after each animal finished the test.

2.11.2. Forced swimming test
Animals were individually placed in a Plexiglas cylinder (46 cm

tall × 20 cm in diameter) containing water (23–25 °C) with 30 cm deep,
and were videotaped for 6min. Active (swimming, climbing, strug-
gling) or passive (immobility) behaviors were scored using a time
sampling technique to rate the predominant behavior in each 5-s in-
terval. In contrast to protocols designed to detect reductions in im-
mobility (for example, scoring minutes 2–6 of testing, when immobility
is very high in controls, to detect antidepressant effects), the first 2 min
of the test was scored separately to better detect potential increases in
immobility. The latency to become immobile for the first time was also
measured. After the swim session, animals were dried and placed in a
cage surrounded by a heating pad. The water was changed between
each animal.

2.11.3. Sucrose preference test
For the sucrose preference test, animals were placed in separate

cages, and water was removed from the cages for 24 h, then two bottles
were given to rats for 2 h; one containing tap water and the other
containing a 2% sucrose solution. The bottles were counterbalanced to
avoid side preferences for 1 h. Percent sucrose preference was calcu-
lated as sucrose consumption (g)× 100%/sucrose consumption
(g)+water consumption (g).

2.12. Golgi staining

Golgi staining was performed by using a GD Rapid Golgi Stain Kit
(FD Neurotechnologies) [27]. Mice were deeply anaesthetized and
brains were dissected out and immersed in impregnation solution
(Golgi-Cox solution, including mercuric chloride, potassium dichromate
and potassium chromate). The brain samples were soaked in dark for
21 days at room temperature and replaced to a fresh impregnation so-
lution every 2 days. After 3 weeks, brain tissues were transferred to a
solution of 3% sucrose in PBS for 5 days. The brain was sectioned sa-
gittally (100 μm thick) using a Leica VT1000S vibratome and sections
were mounted on gelatin-coated slides. After drying, slides were rinsed
and then placed in ammonia hydroxide for 30min (in dark) and Kodak
black-and-white fixing solution for another 30min. The sections were
rinsed and dehydrated, placed into CXA solution for 15min, and
cleared in xylene two times. When sections were semidry, one drop of
mounting medium was added on the slide and slides were covered with
cover glass and sealed with Neutral gum.

2.13. Statistical analysis

All data were collected and analyzed in a blinded manner. Data
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were expressed as mean ± SD or mean ± SEM and statistical analysis
was performed using unpaired two-tailed student's t-test (two-group
comparison), or two-way ANOVA with Bonferroni tests. All analyses
were performed using SPSS 19 software, and significance was set at
p < .05.

3. Results

3.1. MIA induces depression and dendrite impairment in the offspring

Rats at gestation day 17 (GD17) were injected with poly(I:C)
(10mg/kg) via vena caudalis to mimic MIA, AAV-EGFP virus was in-
fused into the offsprings' lateral ventricle to label the neurons at post-
natal 0 day (P0), and dendritic complex and spine density in the pre-
frontal cortex neurons were analyzed in 1m-old offspring by Golgi
staining and direct fluorescence imaging. The results showed that total
basal dendrite length, basal or apical dendritic crossing, and spine
density decreased in the prefrontal cortex neurons of the MIA-offspring

as compared with the controls (Fig. 1a–e). Dendrite impairment has
been considered as the structural bases of depression and most of de-
pression patients show dendrite loss [28–30], therefore depression-like
behaviors in the offsprings were examined by forced swimming test and
sucrose preference test at P30. MIA offsprings showed an increased
mean immobility time and decreased percentages of sucrose con-
sumption compared to the controls (Fig. 1f, g). In open field test, the
MIA offsprings showed shorter total exploring distance and distance in
the center area, and stayed less time in the center area than the normal
saline controls (Fig. 1h-j) with no motor dysfunction as measure by
average speed (Fig. 1k). These data together demonstrated that MIA
induced depression-like behaviors and impeded dendrite development
in the offspring.

3.2. MIA augments ISG15 in maternal serum and the offsprings' brain

ISG15 is actively involved in inflammation and neural development
[15–17,20,21]. To explore the involvement of ISG15 in MIA-induced

Fig. 1. MIA induces offsprings' dendrite damage and depression behaviors.
The pregnant rats were injected through vena caudalis with poly(I:C) (10mg/kg) to mimic MIA or normal saline as control (Ctrl) at gestational day 17 (GD17), the
offsprings were infused into the each lateral ventricle with AAV-EGFP (9.77× 1012 V.G./ml, 2 μl) at P0 by cryoanesthetized on ice for 5 min, and the depression-like
behaviors were detected in 1m-old offsprings.
(a–c) The representative morphology of dendritic arbors in prefrontal cortex neurons imaged by Golgi staining (a), and the decreased basal and apical dendrite
numbers and length in poly(I:C) group were analyzed by Sholl analyses (b, c). At least 20 neurons from 4 rats per group were analyzed.
(d, e) The representative images of dendritic spines in the prefrontal cortex neurons and the quantitative analysis (n=40 from 4 rats).
(f) The increased mean immobility time in the poly(I:C) offsprings measured by forced swimming test (n=9 rats).
(g) The decreased sucrose consumption in the poly(I:C) offsprings measured by sucrose preference test (n=9 rats).
(h–k) The MIA offsprings show decreased total distances (h), center distance (i) and the center duration (j) with unchanged average speed (k) in open field test
(n=12 rats).
The Data were expressed as mean ± SD (b, c, e) or mean ± SEM (f-k). *, p < .05, **, p < .01, ***, p < .001 vs Ctrl or Healthy; unpaired two-tailed student's t-test.
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dendrite impairment, we first measured the expression pattern of
ISG15. The results showed that ISG15 was widely expressed in the
brain, kidney, lung, live, spleen and heart (Fig. 2a). In various brain
subsets, ISG15 levels were abundantly expressed in the cortex and the
brainstem with relatively low level in the hippocampus (Fig. 2b), and
was also detected in the rat brains from gestation day 15 (GD15) to
postnatal day 7 (P7) (Fig. 2c). At the cellular level, ISG15 was largely
expressed in neuronal soma and dendrite (Fig. 2d). These data provided
fundamental evidence for the possible involvement of ISG15 in neuro-
development.

Then, we measured serum level of ISG15 in the pregnant rats with
or without poly(I:C) exposure. The results showed that protein level of
ISG15 in matrix serum was significantly increased at 12 h and P0 after
poly(I:C) exposure (Fig. 3a). By collecting serum samples from healthy
and infected pregnant women at gestation 28–32 weeks, we also de-
tected significantly increased ISG15 in the infected group (Fig. 3b), in
which white blood cell counts were generally higher than 20×109/L.
We further studied whether the change of ISG15 was also occurred in
the offsprings' brain cortex after poly(I:C) exposure. Remarkably in-
creased ISG15 mRNA and protein were detected at 12 h and P0 in
offsprings' prefrontal cortex after poly(I:C) injection of the dams
(Fig. 3c, d). These human and rodents data demonstrated that MIA
upregulated ISG15 expression in both dams' serum and the offsprings'
brain.

3.3. ISG15 regulates dendrite development and overexpression of ISG15
induces dendrite impairments and behavior deficits

To explore the role of ISG15 in dendrite development, AAV-ISG15-
EGFP or lenti-shISG15-EGFP or the empty vectors was transfected into
the culture neurons at 1 div and dendrite developments were analyzed
at various stages. The efficiency of ISG15 overexpression (5-fold of the
normal level) or knockdown (0.11 of the control) was confirmed by
Western blotting (Fig. 4a). By using anti-MAP2 to stain dendrites at 5

div, we found that ISG15 overexpression decreased total dendrite length
and the number of branch tips without affecting primary branch
number compared with the controls (Fig. S1a-c), while downregulating
ISG15 increased total dendrite length with no significant effects on the
number of branch tips and primary branches (Fig. S1a–c). The influence
of ISG15 on dendrite development was more significant when measured
by using anti-MAP-2 co-staining at 7 div (Fig. S1d-g), while no sig-
nificant change on axon length was detected by using SMI-312R
staining (Fig. S2). Remarkably changed dendrite branches and spine
density were also shown by overexpressing or downregulating ISG15 at
17 div neurons (Fig. 4b–g). These data indicate that ISG15 negatively
regulates dendrite development in physiological condition.

To verify the role of ISG15 in MIA-induced dendritic impairment
and depression in vivo, AAV-ISG15-EGFP or empty vector were infused
into the lateral ventricle of the neonatal rats at P0, the results showed
that ISG15 protein level increased by 6.9-fold of the control level by
expressing AAV-ISG15-EGFP (Fig. 5a). Simultaneously, the dendritic
complexity and spine density in prefrontal cortex neurons were sig-
nificantly decreased in ISG15-overexpressing rats by direct fluorescence
imaging and Golgi staining (Fig. 5b–h). The rats manifested depression-
like behaviors showing decreased total exploring distance, less time
stayed in the center area and reduced distance in the center area, with
no motor dysfunction in open field test (Fig. 5i–l). Overexpressing
ISG15 also increased the mean immobility time in forced swimming test
and decreased the sucrose preference in sucrose preference test
(Fig. 5m, n). These data suggest that upregulation of ISG15 is sufficient
to induce depression and dendrite impairment, which mimic the effects
of MIA offspring.

3.4. Knockdown of ISG15 attenuates MIA-induced dendrite and behavioral
damages in offsprings

To investigate whether ISG15 knockdown ameliorates the off-
spring's abnormal behaviors induced by MIA, rats were injected with

Fig. 2. Expression pattern of ISG15 in different
periphery tissues and central nerves system.
(a, b) ISG15 was widely expressed in different
organs and different brain regions of rats mea-
sured by Western blotting (OB, olfactory bulb;
MD, midbrain; COR, cortex; HIP, hippocampus;
CER, cerebellum; BS, brainstem).
(c) ISG15 was detected in embryo (GD15) and
early postnatal days, while Synapsin 1 and
PSD95 (postsynaptic density) were not detected
at GD15. DM1A was used as loading control.
(d) Co-localization of ISG15 with NEUN and
MAP2 (neuronal markers) in adult rat cortex
slices and in 2 div primary cultured cortical
neurons.
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poly(I:C) through vena caudalis at GD17 and infused with lenti-
shISG15-EGFP into the offsprings' brain at P0. Dendritic plasticity and
depression-like behaviors were measured at 1m-old. Downregulation of
ISG15 in the offspring by 0.25 of the control (Fig. 6a, Fig. S3) amelio-
rated decreased dendritic complexity and spine density (Fig. 6b–h).
Meanwhile, MIA-induced depression was improved as shown by in-
creased total exploring distance, staying time and distance in the center
area (Fig. 6i–l), as well as decreased mean immobility time and in-
creased sucrose preference (Fig. 6m, n). These data suggest that ISG15
knockdown ameliorates dendritic impairments and cognitive deficits in
the offspring induced by MIA.

3.5. MIA-induced cytokines increase ISG15 protein level

Serum levels of inflammatory cytokines in MIA rats and the infected
pregnant women were also measured using ELISA. The results showed
that levels of IL-1, IL-2, IL-6, TNF-α, IFN-β and IFN-α were remarkably
increased in MIA rats and infected human (Fig. 7a–h, Fig. S4). To
confirm the effect of the elevated cytokines on ISG15 expression, cul-
tured neurons (1 div) were treated with various cytokines including IL-
1, IL-6, IFN-β, TNF-α, IL-17, IL-2, IL-14 and IL-10 for 48 h. We found
that all tested cytokines except IL-10, -14 and -17 could increase ISG15
protein level in the cultured neurons (Fig. 7i, j).

STAT1 is a recognized upstream regulatory gene of ISG15 [31],
therefore we also examined the levels of total STAT1 and the phos-
phorylated STAT1 (p-STAT1, the active form). The ratio of p-STAT1/
STAT1 in offsprings' brain cortex was significantly increased at 12 h and
P0 after MIA (Fig. S5), suggesting that STAT1 activation may also be
involved in MIA-induced ISG15 upregulation.

3.6. Downregulating ISG15 rescues inflammatory cytokine-induced
dendrite impairments and depression

The data so far strongly suggest that the elevation of inflammatory
cytokines during MIA induces ISG15 expression, and the latter in turn
inhibits dendrite development and causes depression-like behaviors. To
further verify the role of ISG15 in mediating cytokines' effects on
dendrite outgrowth, we treated the primary neurons at 1 div with dif-
ferent cytokines for 48 h and transfected the neurons with lenti-
shISG15-EGFP at 3 div, and then analyzed the dendritic complexity at 7
div. The results showed that ISG15 knockdown attenuated dendrite

impairments induced by IL-2, IL-6, IFN-α and IFN-β (Fig. 7k–n).
To further explore whether knockdown ISG15 could rescue the cy-

tokine-induced depression behaviors, we infused IFN-α into the preg-
nant rats at GD17 and infected the offsprings with lenti-shISG15-EGFP
through ventricular infusion at P0. Behavioral changes of the offsprings
were tested at 1m-old. The results showed that matrix injection of IFN-
α increased ISG15 level in offsprings' brain prefrontal cortex, while
downregulating ISG15 (Fig. 7o, p) improved IFN-α-induced depression-
like behaviors shown by the partially restored exploring behavior, mean
immobility time and sucrose preference (Fig. 7q).

3.7. ISG15 impedes dendrite development by inhibiting NEDD4

Finally, we investigated the molecular mechanisms underlying the
effects of ISG15 on dendrite development. ISG15 has domains similar to
ubiquitin, and it can inhibit the activity of ubiquitin-protein ligase [17].
NEDD4 is an important E3 ubiquitin-protein ligase and ISG15 can in-
teract with NEDD4 and thus inactivate the ligase [19,32]. Additionally,
ubiquitination of Rap2A by NEDD4 can regulate neurite outgrowth and
arborization in mammalian neurons [20,21]. Therefore, we studied
whether NEDD4/Rap2A pathway is involved in ISG15-modulated
dendrite development. We found that protein level of NEED4 rats was
decreased in offsprings' prefrontal cortex with maternal poly(I:C) ex-
posure (Fig. 8a, b). In primary cultured neurons, ISG15 overexpression
decreased NEDD4 mRNA and protein levels (Fig. 8c–e), which confirms
the inhibitory effect of ISG15 on NEDD4. By co-immunoprecipitation,
we found that upregulating ISG15 increased association of ISG15 with
NEDD4, which simultaneously decreased NEDD4 and Rap2A interac-
tion and led to reduced Rap2A ubiquitination (Fig. 8f, g). These data
suggest that MIA-induced ISG15 upregulation can suppress NEDD4
expression and thus decrease Rap2A ubiquitination, which may involve
a competitive binding of ISG15 to NEDD4.

To further verify the role of NEDD4 suppression, we studied whe-
ther upregulating NEDD4 could rescue ISG15-induced dendritic im-
pairment. By co-expressing AAV-ISG15-mCherry with pCI-HA-NEDD4-
EGFP in primary cultured neurons, we observed that NEDD4 over-
expression could rescue ISG15-induced dendrite impairments as shown
by restored total dendrite length and branch numbers measured at 7 div
(Fig. 8h–j). These data confirm the role of NEDD4 suppression in ISG15-
induced dendrite impairments.

Fig. 3. A remarkable augmentation of ISG15 in ma-
trix serum and the offsprings' brain induced by MIA.
(a) MIA increases ISG15 protein level in maternal
peripheral serum, measured respectively at 12 h and
the delivery day (P0) after poly(I:C) injection by
ELISA. At least 6 samples from 3 rats per group were
measured.
(b) MIA increases serum protein level of ISG15 in the
infected pregnant human measured at gestational
28–32 weeks by ELISA (n=12–14 cases per group).
(c, d) MIA increases mRNA and protein levels of
ISG15 in the offsprings' prefrontal cortex measured
at 12 h and P0 after poly(I:C) injection by qRT-PCR
and Western blotting, respectively. At least 6 samples
from 3 rats per group were measured.
The Data were expressed as mean ± SD. *, p < .05,
**, p < .01, ***, p < .001 vs Ctrl or Healthy; un-
paired two-tailed student's t-test.
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4. Discussion

Epidemiological and animal studies indicate that MIA remarkably
increases the risk for the offsprings to suffer from psychiatric disorders
including depression spectrum, autism, schizophrenia and so on [33],
but the molecular mechanisms are unclear. Based on the current
knowledge, it is indicated that maternal inflammation and the impeded
neuronal development play an important role in MIA-induced psy-
chiatric disorders in the offsprings. As ISG15 is actively involved in
inflammation and NEDD4 activity that plays a crucial role in neuronal
development [15–19,34], we investigated the role of ISG15 in MIA-
induced dendrite impairments and depression-like behaviors. We found
that MIA significantly increased ISG15 level in matrix rats, human
periphery blood, and the offsprings' brain. Furthermore, overexpression
of ISG15 in neonatal brain induced an impeded dendrite development
accompanied with depression-like behaviors, while ISG15 knockdown
in the fetal brain attenuated the behavioral and dendritic deficits in
MIA offspring rats. We also found that cytokines such as IL-1, IL-2, IL-6,
TNFa, IFNβ and IFNα induced by MIA increased ISG15 level and

inhibited dendrite development of the neurons. All these suggested that
ISG15 plays a vital role in MIA-induced neurite growth deficits and
abnormal behaviors in the offspring.

It is well known that dendrite branching and spine density are in-
dispensable for neurons to carry out specialized cognitive functions
[29,30,35,36], and loss of dendrite branching or spine density has been
widely observed in neurodevelopmental disorders, including depression
[29,35,37–39]. In agreement with our present finding that the off-
springs of pregnant dams treatment with poly(I:C) induced depression
behaviors and reduced dendrite branching and spine density, previous
studies showed that MIA could cause depression in the offsprings
[33,40], reduced dendrite branching and spine density in cortex and
hippocampus [41,42]. In the present study, we also found that similar
pathological and behavioral deficits of AAV-ISG15 virus injected off-
springs. Furthermore, ISG15 knockdown in the prefrontal cortex re-
versed the morphology deficits and ameliorated depression-like beha-
viors, indicating the importance of ISG15 in the MIA-induced abnormal
morphology of neurons and depressive-like behaviors. To our knowl-
edge, this is the first evidence revealing that ISG15 plays a key role in

Fig. 4. ISG15 negatively regulates dendrite devel-
opment in normal cultured neurons.
The primary cultured cortical neurons were infected
with AAV-EGFP-ISG15 (ISG15, 6.69×1012 V.G./
ml), or lenti-shISG15-EGFP (Sh-ISG15,
7.45×108 TU/ml), or the empty AAV-vector (Ctrl,
9.77×1012 V.G./ml), or the empty lenti-vector (Sh-
Ctrl, 7.83×108 TU/ml) at 1 div, and the dendrite
complexity was stained and analyzed using anti-
MAP2 at 5 div and 7 div (see Fig. S1) and 18 div,
respectively.
(a) Expressing AAV-ISG15 increases ISG15 protein
level to 5-fold of the normal level, while expressing
lenti-shIGF15 almost completely ablated ISG15 pro-
tein measured by Western blotting (n=3).
(b) The representative images show reduced dendrite
complexity and spine densities by overexpressing
ISG15, and downregulating ISG15 enhances dendrite
development and spine generation recorded in cul-
tured cortex neurons at 18 div.
(c-f) Sholl analyses show the changed numbers of
dendrite crossings and the length by overexpressing
or knockdown of ISG15 in cultured cortex neurons at
18 div. At least 20 neurons were analyzed.
(g) Quantitative analyses show changed spine den-
sity at 18 div. At least 20 neurons per group were
analyzed.
The Data were expressed as mean ± SD. *, p < .05,
**, p < .01, ***, p < .001 vs Ctrl or Sh-Ctrl; un-
paired two-tailed student's t-test.
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MIA-induced dendrite damages and depression-like behavior in the
offsprings.

Then, the mechanisms of the elevated ISG15 impeding dendrite
development in MIA are investigated. We demonstrated that ISG15
elevation can suppress NEDD4 activity with a significantly reduced
ubiquitination of Rap2A, and the mechanism involves an increased
association of ISG15 with NEDD4, which can competitively decrease
NEDD4-Rap2A interaction. It is well known that protein ubiquitination
plays a critical role in establishing neural polarity, neurogenesis and
synapse formation [43,44], and ubiquitination deficit can cause neu-
rodevelopmental disorders [45,46]. NEDD4, an E3 ubiquitin ligase, can
ubiquitinate and thus inhibit Rap2A activity, resulting in dendrite
outgrowth and arborization [21], and ISG15 can inhibit NEDD4 [32].
This was further supported by our results that NEDD4 upregulation
efficiently rescues ISG15-induced dendrite impairment. These findings
reveal that ISG15 impedes dendrite development through inhibiting
NEDD4 signaling. Interestingly, a previous study shows that NEDD4 can
regulate axon outgrowth and arborization in Xenopuslaevis retinal
ganglion cells by promoting phosphatidylinositol 3-kinase (PI3K)-in-
duced cytoskeletal rearrangements [20], however, we have not

detected significant axon change in the current study. This discrepancy
may be partially explained by the different experimental objects used in
the studies, i.e. Xenopuslaevis retinal ganglion cells versus mouse cortex
neurons.

To investigate the underlying mechanisms via that maternal MIA
augments the expression of ISG15 in the offsprings brain; we first
measured the serum level of the inflammatory cytokines. Our results
showed that the levels of IL-1, IL-2, IL-6, TNF-α, and IFN-α were re-
markably increased in MIA-matrix rats and the infected pregnant
human. Previous results also showed the elevation of the inflammatory
cytokines in the maternal serum of MIA, and a single inflammatory
cytokine injection, such as IL-6, IL-8 or IL-2, was sufficient to induce
autism- or schizophrenia-like behaviors in the offsprings [9,11,47–51].
Therefore, we further investigated the role of inflammatory cytokines in
ISG15 expression. Our results demonstrated that treating the primary
neurons with inflammatory cytokines including IL-1, IL-2, IL-6, TNF-α,
and IFN-β, but not IL-10, IL14, and IL-17, or injecting IFN-α into the
pregnant dams remarkably stimulated ISG15 expression in cortex
neurons of the fetal brain, whereas ISG15 knockdown attenuated cy-
tokine-induced dendrite abnormality and behavior deficits. These data

Fig. 5. Overexpressing ISG15 in newborn rats
mimics MIA-effects on dendrite and behavioral
deficits.
AAV-EGFP-ISG15 (2 μl, 6.69× 1012 V.G./ml) or
the empty vector (9.77×1012 V.G./ml) was in-
fused into the each lateral ventricle at P0 by
cryoanesthetized on ice for 5min, and the den-
drite morphology and depression behaviors
were detected at 1 m-old.
(a) Overexpression of ISG15 protein was con-
firmed by Western blotting (n= 3 rats).
(b–f) Overexpressing ISG15 in newborn rats
impedes dendrite development in the prefrontal
cortex neurons measured by Golgi staining (b)
and the Sholl analyses (c-f) (At least 22 neurons
from 4 rats per group were analyzed).
(g, h) Overexpressing ISG15 in newborn rats
impedes spine generation in the prefrontal
cortex neurons measured by direct fluorescence
imaging (AAV-Ctrl, n=46; AAV-ISG15,
n=45).
(i–l) Overexpressing ISG15 in newborn rats in-
duces depression-like behaviors shown by the
decreased total distance (i), the center distance
(j) and center duration (k) with unchanged
average speed (l) measured by open field test
(n=10–12 rats).
(m) In forced swimming test, the increased
mean immobility time ratio was shown (n=9
rats).
(n) In sucrose preference test, the decreased
percentage of sucrose consumption was shown
(n=9 rats).
The data were expressed as mean ± SD (a, c–f,
h) or mean ± SEM (i-n). *, p < .05, **,
p < .01, ***, p < .001 vs AAV-Ctrl; unpaired
two-tailed student's t-test.
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reveal that MIA-augmented inflammatory cytokines are required for
ISG15 elevation and its detrimental effects on neurodevelopment and
behavioral function. Although overexpressing IL-10 in macrophages
could partially prevent the detrimental effects of MIA in the offsprings
[11,33], we did not see significant influence of IL-10 on ISG15 ex-
pression or dendrite development in vitro. These data suggest a complex
role of the cytokines during MIA. STAT1 is a recognized upstream
regulator of ISG15 [31]. Our data also show that STAT1 activation may
also contribute to the MIA-induced ISG15 upregulation in the brain
cortex of the offsprings.

During MIA, the stimulated inflammation or the increased cytokines
play roles as a ‘double-edged sword’. On one hand, increased in-
flammatory cytokines in the fetal brain can lead to abnormal brain
development and long-term behavioral deficits. On the other hand,
increased cytokines prevent further damages to the mothers and protect
fetus from harms caused by viruses and bacteria. For instance, it is a
good proof that no virus has been detected in fetal brain of the influenza
model, and virus transmission does not occur in cases where IFN-α
presents in the placenta and simultaneously in the maternal and fetal
circulations [52]. These conflicts bring difficulties for the application of

anti-inflammatory treatments to the matrix. As ISG15-deficient human
individuals exhibit no overt susceptibility to viral diseases [53],
downregulating ISG15 level may serve as a promising strategy for
preventing or treating the MIA-induced psychiatric disorders in the
offsprings. Additionally, previous studies show that MIA induced by
poly(I:C), or LPS, or a single immune factor injection could result in
adult (2–3m-old) offsprings' depressive behaviors [9,33,40]. In the
present study, we demonstrated that depression-like behaviors were
already significant in the 1m-old offsprings. These findings suggest that
early intervention is important for preserving offsprings' neurodeve-
lopment during or after MIA.

In summary, we found in the present study that MIA remarkably
increased expression of ISG15 in the fetal brain, which impeded neu-
rodevelopment and induced depression-like behaviors in 1m-old off-
springs with the molecular mechanism involving disruption of NEDD4/
Rap2A pathway by the elevated ISG15 (Fig. 9). Knockdown of ISG15
ameliorated MIA-induced pathological and behavioral abnormalities in
the pups, which suggests that inhibiting ISG15 may be a promising
intervention of MIA-induced psychiatric disorders in the offsprings.

Fig. 6. Knockdown of ISG15 attenuates MIA-induced dendrite and behavioral damages in offsprings.
The pregnant rats were received poly(I:C) injection at GD17, and the offsprings were infused at P0 through bilateral ventricle with 2 μl lenti-shISG15-EGFP
(7.45× 108 TU/ml) or its empty vector (7.83× 108 TU/ml), and the depression behaviors in the offspring were tested at 1 m-old.
(a) Brain infusion of lenti-shRNA in pups efficiently reduced ISG15 level in MIA-pup's prefrontal cortex measured at 1-m by Western blotting (n= 3 rats).
(b–f) Downregulating ISG15 attenuates MIA-induced dendrite impairment in prefrontal cortex neurons measured by Golgi staining (b) and the Sholl analyses (c–f). At
least 22 neurons from 4 rats per group were analyzed.
(g, h) ISG15 knockdown restores MIA-induced reduction of spine density. At least 41 neurons from 4 rats per group were analyzed.
(i–l) Downregulating ISG15 attenuates MIA-induced depression-like behaviors shown by the increased total distances (i), the center distance (j) and center duration
(k) with unchanged average speed (l) in open field test (n=10–12 rats).
(m) In forced swimming test, the reduced mean immobility time ratio was shown (n= 9 rats).
(n) In sucrose preference test, the increased percentage of sucrose consumption was shown (n= 9 rats).
The data were expressed as mean ± SD (c-f, h) or mean ± SEM (i–n). *, p < .05, **, p < .01, ***, p < .001 vs Poly+Sh-Ctrl; unpaired two-tailed student's t-test.
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Fig. 7. MIA-augmented inflammation is required for offsprings' ISG15 upregulation and its toxic effects on dendrite development.
(a–d) MIA increases the inflammatory cytokines in maternal serum of rats. The pregnant rats were injected with poly(I:C) (10mg/kg) or normal saline (Ctrl) at GD17,
and the peripheral blood serum were collected respectively at 12 h and at the day of delivery (P0) for measurement of the inflammatory cytokines by ELISA (n=6
rats).
(e–h) MIA increases the inflammatory cytokines in maternal human serum. Peripheral blood serum from healthy and infected pregnant mothers (gestation
28–32 weeks) were collected for measurement of the inflammatory cytokines by ELISA (n=12–14 cases per group).
(i, j) The MIA-augmented inflammatory cytokines promote ISG15 expression. The primary cultured neurons in prefrontal cortex at 1 div were treated with the
inflammatory cytokines as labeled (100 UI/ml) for 48 h, and the neurons were harvested at 7 div for measurement of ISG15 expression by Western blotting (n=5).
(k–n) Representative images and the quantitative analyses show in vitro rescue of dendrite morphologies by ISG15 knockdown. Primary cortex neurons at 1 div were
treated with 100 UI/ml cytokines for 48 h; then lenti-shISG15-EGFP (7.45× 108 TU/ml) or its empty vector (7.83× 108 TU/ml) was transfected and the neurons
were fixed at 7 div for measurement of dendrite complexity (At least 25 neurons per group were analyzed).
(o, p) The pregnant rats were injected through vena caudalis with IFN-α (2000 UI/kg) or normal saline (Ctrl) at GD17, then lenti-shISG15-EGFP or its empty vector
was injected into the offsprings brain via lateral ventricle at P0. Downregulation of ISG15 was confirmed by Western blotting in the brain of 1m-old offsprings (n=4
rats).
(q) Downregulation of ISG15 rescues IFN-α-induced depression-like behaviors shown by the increased total distance and center distance in open field test, the
increased percentage of sucrose consumption in sucrose preference test, and decreased mean immobility time ratio in forced swimming test (n=15 rats).
The data were expressed as mean ± SD (a–h, j, l–n, unpaired two-tailed student's t-test; p, two-way ANOVA with Bonferroni tests) or mean ± SEM (q, two-way
ANOVA with Bonferroni tests). *, p < .05, **, p < .01, ***, p < .001 vs Ctrl or Healthy or or Sh-Ctrl or Ctrl+Sh-Ctrl; #, p < .05, ##, p < .01 vs IFN-α+Sh-Ctrl.
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