
UCLA
UCLA Previously Published Works

Title
Reversing neural circuit and behavior deficit in mice exposed to maternal inflammation 
by Zika virus

Permalink
https://escholarship.org/uc/item/9591b6c7

Journal
EMBO Reports, 22(8)

ISSN
1469-221X

Authors
Ma, Li
Wang, Jing
Ge, Jianlong
et al.

Publication Date
2021-08-04

DOI
10.15252/embr.202051978
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9591b6c7
https://escholarship.org/uc/item/9591b6c7#author
https://escholarship.org
http://www.cdlib.org/


Article

Reversing neural circuit and behavior deficit in
mice exposed to maternal inflammation by
Zika virus
Li Ma1,†, Jing Wang2,†, Jianlong Ge1,3, Yuan Wang1,4 , Wei Zhang1, Yuanning Du1, Jun Luo1,5,

Yangping Li6, Feng Wang6, Guoping Fan2 , Rong Chen7, Bing Yao6, Zhen Zhao8, Ming-Lei Guo9,

Woong-Ki Kim10 , Yang Chai1 & Jian-Fu Chen1,*

Abstract

Zika virus (ZIKV) infection during pregnancy is linked to various
developmental brain disorders. Infants who are asymptomatic at
birth might have postnatal neurocognitive complications. However,
animal models recapitulating these neurocognitive phenotypes are
lacking, and the circuit mechanism underlying behavioral abnor-
malities is unknown. Here, we show that ZIKV infection during
mouse pregnancy induces maternal immune activation (MIA) and
leads to autistic-like behaviors including repetitive self-grooming
and impaired social memory in offspring. In the medial prefrontal
cortex (mPFC), ZIKV-affected offspring mice exhibit excitation and
inhibition imbalance and increased cortical activity. This could be
explained by dysregulation of inhibitory neurons and synapses, and
elevated neural activity input from mPFC-projecting ventral
hippocampus (vHIP) neurons. We find structure alterations in the
synaptic connections and pattern of vHIP innervation of mPFC
neurons, leading to hyperconnectivity of the vHIP-mPFC pathway.
Decreasing the activity of mPFC-projecting vHIP neurons with a
chemogenetic strategy rescues social memory deficits in ZIKV
offspring mice. Our studies reveal a hyperconnectivity of vHIP to
mPFC projection driving social memory deficits in mice exposed to
maternal inflammation by ZIKV.
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Introduction

Clinical and animal model studies have established that Zika virus

(ZIKV) infection during pregnancy leads to congenital Zika

syndrome (CZS), which comprises a wide range of abnormalities

including microcephaly, intracranial calcification, fetal growth

restriction, stillbirth, ocular disorders, craniofacial disproportion,

and among others (Brasil et al, 2016; Li et al, 2016; Ming et al,

2016; Shao et al, 2016; Honein et al, 2017; Martinot et al, 2018).

Related structural defects in the brain such as microcephaly have

been relatively well characterized in cellular and animal models (Li

et al, 2016; Miner et al, 2016; Ming et al, 2016; Shao et al, 2016).

The majority (> 90%) of fetuses from maternal ZIKV exposure have

normal brain size and morphology (Shapiro-Mendoza et al, 2017;

Hoen et al, 2018). Despite being asymptomatic at birth, these chil-

dren have increased risk of developmental delay, abnormal hearing,

vision deficiency, impaired neurosensory functions, and cognitive

dysfunctions including autism spectrum disorder (ASD; Einspieler

et al, 2019; Nielsen-Saines et al, 2019; Cranston et al, 2020; Mulkey

et al, 2020; Peçanha et al, 2020; Soriano-Arandes et al, 2020;

Wheeler et al, 2020). Emerging evidence suggests that infants who

are asymptomatic at birth might have higher-order neurocognitive

complications that compromise quality of life later on (Adams

Waldorf et al, 2018). Animal models are required to predict and

recapitulate these neurocognitive dysregulations in offspring

exposed to maternal ZIKV infection.
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Viral infection during pregnancy is a risk factor for lifelong

neuropathology and altered behaviors in offspring (Knuesel et al,

2014; Estes & McAllister, 2016). Among these neuropsychiatric

abnormalities is ASD, which are characterized by deficits in social

interactions and repetitive behaviors. These behavioral abnormali-

ties are often attributed to the dys-connection within and between

different brain regions (Geschwind & Levitt, 2007), including the

medial prefrontal cortex (mPFC; Amodio & Frith, 2006). Altered

excitation and inhibition (E/I) balance in mouse mPFC is sufficient

to recapitulate cognitive and emotional behaviors altered in ASD

patients (Yizhar et al, 2011). Restoring E/I balance in ASD animal

models improves social interactions (Selimbeyoglu et al, 2017).

Overall, E/I imbalance in the cerebral cortex has been proposed to

explain behavioral abnormalities in various neuropsychiatric disor-

ders, including ASD and schizophrenia. The mPFC is responsible for

integrating various sensory information during higher-order cogni-

tive behaviors (Amodio & Frith, 2006; Euston et al, 2012). As an

integrator, the mPFC contains a complex network of highly inter-

connected neurons resulting in a reverberating circuit which is

highly sensitive to the changes of its afferent inputs. One of the most

potent inputs to the mPFC is from the ventral hippocampus (vHIP).

Pyramidal neurons in the vHIP send axonal projections to the

mPFC, where they form mono-excitatory glutamatergic synapses

with both excitatory and inhibitory neurons in the deep layers of

mPFC (Thierry et al, 2000; Gabbott et al, 2002; Liu & Carter, 2018;

Phillips et al, 2019). The importance of vHIP-mPFC circuit is broadly

appreciated and its disruption is implicated in various neuropsychi-

atric disorders, including Rett syndrome (Phillips et al, 2019),

schizophrenia (Sigurdsson et al, 2010), anxiety (Padilla-Coreano

et al, 2016), and depression (Carreno et al, 2016). Therefore, cortical

function in the mPFC and the neural connectivity between vHIP and

mPFC represent reasonable entry points to investigate the circuit

defect underlying behavioral abnormalities in offspring exposed to

maternal ZIKV infection.

Here, we established a mouse model of maternal ZIKV infection

and found that offspring mice exhibited autism-like cognitive behav-

iors, including impaired social memory and repetitive self-

grooming. These behavioral deficits are consistent with disrupted E/

I balance leading to cortical hyperactivity, which can be explained

by dysregulation of interneurons and inhibitory synapses. Further-

more, our optogenetic studies revealed increased neural connectiv-

ity in the vHIP-mPFC pathway, which could further exacerbate the

cortical hyperactivity. Importantly, chemogenetic modulation of the

activity of mPFC-projecting vHIP neurons, using design receptor

exclusively activated by designer drugs (DREADDs), restored social

memory deficits in offspring mice exposed to maternal ZIKV infec-

tion. Our studies provide a new mouse model of neurocognitive

behavioral abnormalities in ZIKV-affected offspring and revealed

novel circuit mechanisms underlying these higher-order neurocogni-

tive dysregulations.

Results

ZIKV infection induces maternal immune activation (MIA)

To mimic the natural transmission from mosquitoes to humans, we

administered ZIKV (~100 ll of 1.2 × 106 PFU/ml ZIKV virus,

Mexican isolate MEX1-44) or vehicle (PBS) as mock by intravenous

injection to pregnant female wild-type mice on embryonic day 12.5

(E12.5). At E14.5, there were no obvious morphological changes in

the placentas (Fig EV1A–C); ZIKV was not detected in the placentas

or embryonic brains (Fig EV1D and E). To determine whether ZIKV

infection induces maternal inflammation, we examined cytokine

interleukin-17a (IL-17a), a MIA marker (Choi et al, 2016). Pregnant

mothers infected by ZIKV at E12.5 resulted in a strong induction of

serum IL-17a level compared with mock controls at E14.5 (Fig 1A).

We also detected mRNA upregulation of the IL-17a receptor subunit

A (IL-17Ra) in the fetal brain after maternal ZIKV infection (Fig 1B).

MIA leads to an inflammatory response in the developing embryo,

which is reflected by the accumulation of choroid plexus (ChP)

macrophages (Cui et al, 2020). Meninges are sensitive to viral

inflammation and meningeal dural sinuses serve as a neuroimmune

interface (Kohil et al, 2021; Rustenhoven et al, 2021). Therefore, we

examined macrophages in meninges and choroid plexus of the fetal

brain. There was a significantly increased number of macrophages,

labeled by Iba1, at meninges in the fetal brain exposed to maternal

ZIKV infection (Fig 1E and F). Macrophage activation is reflected by

the morphology transition from thin to round shape as well as the

expression of CD68, a marker of inflammation associated with

macrophages (Fig 1C and D). In ZIKV-affected fetal brains, we

detected an increase in the Iba1-positive macrophage numbers in the

ChP (Fig 1G and H), in the percentage of macrophages migrated to

the ChP surface facing to the cerebrospinal fluid (CSF) (Fig 1G and I),

and in the percentages of round-shape macrophages (Fig 1G and J).

The CD68-positive macrophages were also significantly increased in

the fetal ChP after maternal ZIKV infection (Fig 1K and L). Together,

these results suggested that ZIKV infection during pregnancy-

induced MIA and the inflammatory response of fetal brains.

Autism-like behaviors in offspring mice exposed to maternal
ZIKV infection

We performed behavioral testing, which were not significantly dif-

ferent between male and female offspring mice (Fig EV2D–F); there-

fore, we focused on combined males and females for the behavioral

analysis. In the three-chamber test (Fig 2A), ZIKV-affected offspring

mice exhibited normal sociability compared with the mock group.

This was reflected by mice from both groups spending more time in

the chamber with the stranger mouse (Fig 2B and C) as well as

more time sniffing the stranger mouse (Fig 2D), indicating strong

preference for the stranger mouse (stranger 1) over an empty wire

cup (Fig 2E). In the social memory session, a novel stranger mouse

(stranger 2) was placed in the previously empty cup. Mock group

mice spent more time interacting with the stranger 2 mouse, as

expected. In contrast, ZIKV-affected offspring spent comparable time

in these two chambers (Fig 2F and G) and in sniffing (Fig 2H)

stranger 1 and stranger 2. There was a significantly decreased

discrimination index of stranger 2 versus stranger 1 in ZIKV

compared with mock offspring mice (Fig 2I), indicating a social

memory deficit. Mice of both groups covered similar distance during

the three-chamber test (Fig EV2A), indicating that the reduced inter-

action with the novel stranger mouse was likely not caused by

impaired locomotion. To further validate the social memory deficit,

we performed a five-trial social memory test (Fig 2J) to assess social

habituation and discrimination abilities. Mice from both groups
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gradually habituated to stranger 1 within the first five trials, before

a novel stranger mouse was introduced in the sixth trial. Mock but

not ZIKV offspring mice spent dramatically increased interaction

time with the novel stranger mouse, which indicated failed discrimi-

nation of the novel stimulus in ZIKV offspring mice (Fig 2K and L).

We next performed novel object test. Both groups showed

comparable preference for the novel object, suggesting that ZIKV

offspring mice had normal novel object recognition ability (Fig

EV2B and C). These results suggest that the social memory deficit of

ZIKV offspring mice is likely not due to the disruption of novel

object recognition. Repetitive behavior is a typical core symptom in

ASD patients (Silverman et al, 2010; Rothwell et al, 2014). There-

fore, we performed self-grooming analysis (Fig 2M). ZIKV-affected

offspring mice spent significantly more time self-grooming than the

mock group (Fig 2N), indicating repetitive behaviors. We did not

detect significant differences between male and female mice in these

behavioral tests, including three-chamber, five-trial social memory,

and self-grooming tests (Fig EV2D–F).

There were no significant differences between ZIKV and control

groups in looming spot test (Fig EV3A–H), in the odor

discrimination and habituation test (Fig EV3I and J), and in grip

strength (Fig EV3K) and rotarod assays (Fig EV3L and M). These

negative results suggested that social memory abnormalities in

ZIKV-affected offspring mice are likely not due to vision, odor, or

locomotion deficits. Interestingly, correlation analyses showed that

the social memory deficit in the three-chamber test is positively

correlated with performance in the 5-trial social memory test

(Fig EV2G) but not with self-grooming behavior (Fig EV2H). These

results suggested that the social memory performance of individual

mouse affected by ZIKV exposure is relatively consistent in different

social behavioral assays and is not predictive for the severity of self-

grooming repetitive behavior deficit. We further analyzed the result

by dividing the ZIKV-affected offspring into subtle and severe

groups based on the severity of social memory deficit (Fig EV2I).

However, such difference in three-chamber test is not reflected in

the five-trial social memory test as well as in self-grooming test (Fig

EV2J and K). Therefore, our models likely could not recapitulate the

phenotypical variability in CZS. Taken together, these results

suggest that ZIKV-affected offspring mice exhibit autistic-like behav-

iors including impaired social memory and repetitive self-grooming.

A

G H I J K L

D

B C E F

Figure 1. ZIKV infection during pregnancy induces MIA and inflammatory responses in fetal brains.

A ELISA measurement of serum concentrations of maternal IL-17a at E14.5. Mock n = 8; ZIKV n = 6 mice.
B RT–PCR analysis of IL-17Ra mRNA levels in the embryonic brains at E14.5. Mock n = 7; ZIKV n = 8 embryos.
C Schematic of the E14.5 brain. LV ChP, lateral ventricular choroid plexus.
D Schematic of morphological states of quiescent and activated Iba1+ macrophages.
E The representative images of IF-IHC staining of E14.5 embryonic brains with antibodies against Iba1 (green) and DAPI (blue). Scale bar, 200 lm.
F Quantification of numbers of Iba1+ cells on the meningeal regions. Mock n = 5; ZIKV n = 7 embryos.
G The representative images of IF-IHC staining of choroid plexus of E14.5 embryonic brains with antibodies against Iba1 (green) and DAPI (blue). Scale bar, 50 lm.
H Quantification of total number of Iba1+ cells per ChP area.
I Percentage of Iba1+ cells on the surface of ChP.
J Percentage of round-shaped Iba1+ cells.
K The representative images of IF-IHC staining of choroid plexus of E14.5 embryonic brains with antibodies against Iba1 (green), CD68 (red), and DAPI (blue). Scale bar,

50 lm.
L Percentage of CD68+; Iba1+ cells out of total Iba1+ cells.

Data information: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, two-tailed unpaired t-test. All data are presented as mean � SEM. Mock n = 5; ZIKV n = 6
biological replicates in (H–J).
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E/I imbalance and increased cortical activity in ZIKV-affected
offspring mice

To investigate circuit mechanisms underlying impaired social

memory, we focused on the mPFC, which controls social and

emotional behaviors altered in ASD (Amodio & Frith, 2006; Forbes &

Grafman, 2010). E/I imbalance in wild-type (WT)mouse mPFC is suf-

ficient to cause social behavioral deficits (Yizhar et al, 2011), and

restoring E/I balance in ASD mouse models improves their social

interactions (Selimbeyoglu et al, 2017). To investigate E/I balance and

synaptic transmission, we performed the whole-cell voltage-clamp

recording in layer 5 (L5) pyramidal neurons of mPFC acute slices. In

the postnatal day 14 (P14) ZIKV offspring mPFC, pyramidal neurons

had higher spontaneous excitatory postsynaptic current (sEPSC)

frequency (Fig 3A and B) and lower spontaneous inhibitory postsy-

naptic current (sIPSC) frequency (Fig 3D and E), suggesting potential

changes in synapse numbers or presynaptic vesicle release probabil-

ity. In contrast, there were no significant differences detected in the

amplitude of sEPSC or sIPSC (Fig 3C and F). These results suggested

that the balance between cortical excitation and inhibition is shifted to

favor excitation over inhibition in ZIKV-affected offspringmice.

Next, we measured the responses of L5 pyramidal neurons to

current injection (Fig 3G). A series of depolarizing currents were

injected to elicit action potentials, and the resulting firing rates were

A

B C D E

F

J K L M N

G H I

Figure 2.
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plotted as a function of increasing current amplitude (F–I curves).

The F–I curve analysis showed that L5 pyramidal neurons from ZIKV

offspring mice exhibited hyperexcitability (Fig 3H). L5 pyramidal

neurons can be divided into two subpopulations based on their

projections either subcortically to the pons [corticopontine (CPn)] or

to the contralateral cortex [commissural (COM)] (Fig 3I and K;

Dembrow et al, 2010). Further analyses showed that the changes in

neuronal excitabilities of L5 pyramidal neurons were not

subpopulation-specific, since both CPn and COM neurons in ZIKV

offspring mice exhibited increased action potential frequencies when

given over 400 pA current injections (Fig 3J and L). To determine the

causes of this hyperexcitability, we examined a series of intrinsic

properties of the recorded neurons. The resting membrane potential

was not significantly changed between the two groups (Fig EV4A);

the action potential (AP) threshold for triggering the first spike during

the depolarizing step was similar under the two conditions

(Fig EV4B); and the input resistance (Rin) in each cell throughout the

duration of the recording was not significantly different between

mock and ZIKV offspring mice (Fig EV4C). In addition, ZIKV and

mock groups exhibited no significant differences in AP amplitude

(Fig EV4D), AP duration (Fig EV4E), afterhyperpolarization (AHP)

amplitude (Fig EV4F), or frequency accommodation (Fig EV4G).

These results suggest that intrinsic electrophysiological properties of

mPFC pyramidal neurons are normal in ZIKV offspring mice.

To confirm the increased cortical activity in ZIKV-affected

offspring mice, we used c-Fos to monitor neural activity. The subject

mice were co-housed with their littermates for 2 weeks, then

allowed to interact with a novel stranger mouse or a co-housed

littermate as a baseline for 20 min. Two hours after social exposure,

brain samples were collected for immunofluorescence (IF) staining

using antibodies against c-Fos (Fig EV5A and D). The c-Fos-positive

neurons were significantly increased in the prelimbic (PL) mPFC

regions in ZIKV-affected offspring mice compared with mock

controls in both experimental paradigms (Fig EV5B, C, E, and F),

whereas they were increased in infralimbic (IL) mPFC regions of

ZIKV offspring mice in response to the co-housed littermate but not

the novel stranger mouse (Fig EV5C and F). Together, these results

revealed an E/I imbalance and cortical hyperactivity in ZIKV-

affected offspring mice.

Dysregulation of inhibitory neurons and synapses in
ZIKV-affected offspring mice

To investigate the neural substrate of increased circuit excitability,

we determined whether pyramidal neuron hyperexcitability in the

mPFC is caused by the dysregulation of local inhibitory neurons or

synaptic changes in the mPFC of ZIKV-affected offspring. We

performed IF staining using antibodies against three main interneu-

ron markers, parvalbumin (PV), somatostatin (SST), and calretinin

(CAL) (Kepecs & Fishell, 2014). There was a significantly decreased

number of PV+ neurons in both PL and IL cortices of the ZIKV group

compared with mock control (Fig 4A and B). CAL+ neurons were

decreased in the PL but not IL cortex (Fig 4A and F), while SST+

neurons were similar in both PL and IL cortices in ZIKV-affected

offspring mice compared with mock controls (Fig 4A and D). In addi-

tion, the numbers of PV+ neurons in both PL and IL cortices were

positively correlated with social preference for the novel stranger

mouse in the social memory session of the three-chamber test

(Fig 4C), whereas SST+ and CAL+ neurons were not correlated with

the social preference result (Fig 4E and G). Consistent with this

interneuron dysregulation, the density of inhibitory vesicular GABA

transporter (vGAT) puncta was reduced in the mPFC of ZIKV-

affected offspring mice (Fig 4J and K). In contrast, we did not find

significant changes in the number of excitatory synaptic puncta posi-

tive for the vesicular glutamate transporter 1 (vGLUT1) (Fig 4H and

I). Together, these results suggest that the dysregulation of inhibitory

neurons and synapses might contribute to the pyramidal neuron

hyperexcitability in the mPFC of ZIKV-affected offspring mice.

Hyperconnectivity of vHIP to mPFC projections in ZIKV-affected
offspring mice

In addition to the inhibitory synaptic drive dysregulation described

above, the increased cortical activity in the mPFC of ZIKV offspring

◀ Figure 2. Autism-like behaviors in ZIKV-affected offspring mice.

A Schematic of three-chamber test.
B Representative animal tracks in the sociability test.
C Percentage of time the subject mice spent in each chamber in the sociability session of three-chamber test. Mock (n = 11) stranger 1 (S1) chamber vs. empty (E)

chamber; ZIKV (n = 16) stranger 1 chamber vs. empty chamber; one-way ANOVA with Bonferroni post hoc test.
D Quantification of time spent investigating the stranger mouse and empty cage during sociability session. Mock (n = 11) sniffing time at stranger 1 mouse vs. empty

cup, ZIKV (n = 16) sniffing time at stranger 1 mouse vs. empty cup.
E Preference indices in sociability. Mock (n = 11) vs. ZIKV (n = 16).
F Representative animal tracks in the social memory test.
G Percentage of time the subject mice spent in each in the social memory session. Mock (n = 11) stranger 1 (S1) chamber vs. stranger 2 (S2) chamber, P < 0.0001; ZIKV

(n = 16) stranger 1 chamber vs. stranger 2 chamber; one-way ANOVA with Bonferroni post hoc test.
H Quantification of time spent investigating the familiar mouse and novel stranger mouse during social memory session. Mock (n = 11) sniffing time at stranger 1 vs.

stranger 2 mouse; ZIKV (n = 16) sniffing time at stranger 1 vs. stranger 2 mouse.
I Preference indices in the social memory session of the three-chamber test. Mock (n = 11) vs. ZIKV (n = 16).
J Schematics of five-trial social memory test.
K Sniffing time in each trial of the five-trial social memory test. Mock (n = 11) trial 5 vs. trial 6; ZIKV (n = 16) trial 5 vs. trial 6.
L Normalized sniffing time in each trial of the five-trial social memory test. Mock (n = 11) trial 5 vs. trial 6; ZIKV (n = 16) trial 5 vs. trial 6.
M Schematics of the self-grooming test.
N Time spent grooming in the self-grooming test. Mock (n = 11) vs. ZIKV (n = 16).

Data information: All data were presented as mean � SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, two-tailed unpaired t-test unless described otherwise; n
represent biological replicates.
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mice could be due to increased excitatory inputs. As one of the most

potent inputs to the mPFC, pyramidal neurons in the vHIP send

axonal projections to form mono-excitatory glutamatergic synapses

with neurons in the deep layers of mPFC (Thierry et al, 2000;

Gabbott et al, 2002; Phillips et al, 2019). We also observed the

significantly increased number of c-Fos+ neurons in the vHIP of

ZIKV-affected offspring (Fig EV5G). Therefore, we hypothesized

that the vHIP-mPFC circuit is altered in ZIKV-affected offspring

mice, contributing to their social memory deficit. To test this

hypothesis, we examined neural activity in mPFC-projecting vHIP

neurons. To mark them, we injected an AAV vector carrying the

reporter mCherry (AAV-DIO-mCherry), expressed in a Cre-

dependent manner, into vHIP CA1 regions. Meanwhile, a

retrograde-transporting AAVretro-Cre virus was injected into the

A G H

I J

K L

B

D

E F

C

Figure 3.
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mPFC (Fig 5A). After 4–6 weeks, we performed IF staining with

antibodies against c-Fos (Fig 5B). The percentage of c-Fos+;

mCherry+ double-positive cells out of the total mCherry+ cells was

significantly increased in the ZIKV offspring mice compared with

mock controls (Fig 5B and C), indicating that mPFC-projecting vHIP

neurons were aberrantly activated in ZIKV offspring mice. To deter-

mine how the activation of mPFC-projecting vHIP neurons function-

ally affects mPFC activity, we examined the vHIP-mPFC

connectivity strength using optogenetic approaches (Fig 5D). AAV-

hChR2-mCherry was injected into vHIP CA1 regions, and after three

weeks to allow its anterograde transfer and expression, we con-

firmed mPFC-projecting presynaptic terminals from vHIP as visual-

ized by mCherry expression (Fig 5E). We applied a blue light

(365 nm) to evoke excitatory postsynaptic currents (EPSCs) in the

mPFC. The amplitude of evoked EPSCs of pyramidal neurons was

significantly larger in the ZIKV group than in the mock controls

(Fig 5F and G). Together, these results revealed a hyperactive vHIP-

mPFC connection in ZIKV-affected offspring mice.

To investigate the structural basis underlying this hyperactive

vHIP-mPFC pathway, we examined the synaptic connection and

vHIP innervation pattern of mPFC neurons. We sparsely visualized

the vHIP afferent axon terminals in the mPFC by highly diluted

AAV-eGFP injection into the vHIP and analyzed the number and

size of the synaptic boutons in the mPFC (Fig 6A and B). There was

a significant increase in the bouton density in ZIKV-affected

offspring mice compared with mock controls, whereas no obvious

difference in bouton size was observed between the two groups

(Fig 6C and D). Next, we examined the distribution patterns of

mPFC neuronal types innervated by vHIP neurons. AAV1-Cre as an

anterograde tracer was injected into vHIP regions of Ai14 mice to

mark the mPFC neurons post-synaptically innervated by vHIP affer-

ents (Fig 6E). Subtypes of postsynaptic neurons were characterized

by co-labeling with different neuronal type markers, including

CaMKIIa+ excitatory neurons, PV+, SST+, and CAL+ inhibitory

neurons. There was a significant decrease in the PV+ neurons inner-

vated by vHIP afferents in ZIKV-affected offspring mice compared

with mock controls (Fig 6F–H). To determine whether reduced PV

neuron innervation was due to decreased mPFC-projecting vHIP

neurons, we examined vHIP afferent numbers. The retrograde dye

CTB was injected into the mPFC of vGLUT1-Cre::Ai14 mice (Fig 6I),

in which all the vGLUT1+ excitatory neurons were labeled with

tdTomato. The percentages of CTB+; tdTomato+ neurons were

comparable in the vHIP regions between ZIKV and mock groups

(Fig 6J and K). These results showed that approximately 90% of

mPFC-projecting vHIP cells were excitatory neurons, and their

numbers were similar between the two groups. Together, these

results revealed increased synaptic bouton densities and decreased

PV+ neuron innervations in the mPFC, which could serve as the

neural structural substrate responsible for the hyperactive vHIP-

mPFC pathway in ZIKV-affected offspring mice.

Social memory deficits were rescued by inhibition of the activity
of mPFC-projecting vHIP neurons

We hypothesized that the hyperactive vHIP-mPFC circuit drives

social memory deficits in ZIKV-affected offspring mice. To test this

hypothesis and determine the functional significance of this circuit’s

hyperactivity, we used a virus-based chemogenetic approach known

as designer-receptor-exclusively-activated-by-designer-drugs (DREADD;

Sternson & Roth, 2014) to selectively reduce the activity of mPFC-

projecting vHIP neurons followed by social memory behavioral stud-

ies. We injected AAVretro-Cre into the mPFC (AP + 1.7 mm, ML

� 0.3 mm, DV �1.8 mm). After 2–7 days, a second injection of

AAV2-hSyn-DIO-hM4Di-mCherry or AAV2-hSyn-DIO-mCherry (neg-

ative control) was applied into the vHIP (AP �3.3 mm, ML

� 3.5 mm, DV �3 mm) (Fig 7A). IF staining confirmed the success-

ful labeling of mPFC-projecting vHIP neurons (Fig 7B). About 4–

6 weeks after the second injection, clozapine n-oxide (CNO) was

injected to inhibit the activity of mPFC-projecting vHIP neurons one

hour before behavioral tests. The social memory deficit was reversed

in the CNO-treated hM4Di-expressing ZIKV offspring mice, whereas

it was not restored in ZIKV offspring mice expressing mCherry alone

(Fig 7C and D). Meanwhile, the inhibition of mPFC-projecting vHIP

neuronal activity failed to rescue the increased self-grooming behav-

ior (Fig EV5H) and did not affect the locomotion of ZIKV offspring

mice (Fig EV5I). To confirm the inhibition of mPFC-projecting

vHIP neuronal activity in CNO-treated hM4Di mice, we measured

the percentage of c-Fos+ mPFC-projecting vHIP neurons two hours

after the three-chamber test. The percentage of c-Fos+ mPFC-

projecting vHIP neurons was significantly reduced in CNO-injected

◀ Figure 3. Increased excitatory and inhibition (E–I) ratio and excitability in ZIKV-affected offspring brains.

A Representative recordings of sEPSCs from pyramidal neurons in mPFC.
B Quantitation of sEPSC frequency mPFC from pyramidal neurons in mPFC.
C Quantitation of sEPSC amplitude of mPFC pyramidal neurons. Mock, n = 14 neurons from 4 mice; ZIKV, n = 15 neurons from 5 mice in B and C.
D Representative recordings of sIPSCs from pyramidal neurons in mPFC.
E Quantifications of sIPSC frequency from pyramidal neurons in mPFC.
F Quantifications of sIPSC amplitude of mPFC pyramidal neurons. Mock, n = 14 neurons from 5 mice; ZIKV, n = 18 neurons from 6 mice in E and F.
G Sample traces evoked by a depolarizing current stimulation of 400 pA.
H Frequency-current (F–I) plots. mock (n = 20 neurons, 5 mice) vs. ZIKV (n = 22 neurons, 6 mice), P = 0.0140.
I Representative traces from CPn neurons in response to a hyperpolarizing current.
J Action potential frequencies of CPn neurons evoked by accelerating current injection. 200 pA: mock n = 18; ZIKV n = 21 neurons, P = 0.1003; 400 pA: mock n = 18;

ZIKV n = 21 neurons, P = 0.0085; 600 pA: mock n = 12; ZIKV n = 18 neurons, P = 0.0169.
K Representative traces from COM neurons in response to a hyperpolarizing current.
L Action potential frequencies of COM neurons evoked by accelerating current injection. 200 pA: mock n = 20; ZIKV n = 20 neurons, P = 0.2705; 400 pA: mock n = 15;

ZIKV n = 15 neurons, P = 0.0345; 600 pA: mock n = 12; ZIKV n = 14 neurons, P = 0.0160. Mock n = 7; ZIKV n = 8 mice in J and L.

Data information: Data were collected from PL and IL regions of mPFC, and were presented as mean � SEM. *P < 0.05, **P < 0.01. Two-tailed unpaired t-test unless
described otherwise.
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Figure 4. Dysregulation of inhibitory neurons and synapses in ZIKV-affected offspring mice.

A Representative images of PV+, SST+, and CAL+ cells in the prelimbic (PL, upper panel) and infralimbic (IL, lower panel) cortex. Scale bars: 200 lm.
B Quantification of PV+ cells in the PL and IL cortex.
C PV+ interneuron numbers plotted against social preference.
D Quantification of SST+ cells in the PL and IL cortex.
E SST+ interneuron numbers plotted against social preference.
F Quantification of CAL+ cells in the PL and IL cortex. Mock, n = 4 mice; ZIKV, n = 4 mice in B, D, and F. P = 0.0490 (PL in B), 0.0253 (IL in B), 0.0113 (PL in F).
G CAL+ interneuron numbers plotted against social preference. Black solid lines represent regression line; gray lines indicate 95% confidence intervals in C, E, and G.

Mock (black circles), n = 4 mice; ZIKV (red circles), n = 4 mice. P = 0.0054 (PL in C), 0.0226 (IL in C), 0.1765 (PL in E), 0.5840 (IL in E), 0.2983 (PL in G), 0.2109 (IL in G);
linear regression.

H IF staining of mPFC stained with antibodies against vGLUT1. Scale bars, 5 lm.
I Quantification of vGLUT1+ puncta numbers out of 100 lm2 region. Mock, n = 4 mice; ZIKV, n = 4 mice.
J IF staining of mPFC stained with antibodies against vGAT. Scale bars, 5 lm.
K Quantification of vGAT+ puncta numbers out of 100 lm2 region. Mock, n = 4 mice; ZIKV, n = 4 mice.

Data information: All data are presented as mean � SEM. *P < 0.05, **P < 0.01. Two-tailed unpaired t-test unless described otherwise.
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mCherry-expressing ZIKV offspring compared with the control

group (Fig 7E and F). Together, these results suggested that hyperac-

tivity of the vHIP-mPFC circuit causes social memory deficits in

ZIKV-affected offspring mice.

Discussion

We developed a new mouse model of neurocognitive behavioral

abnormalities in offspring exposed to maternal ZIKV infection,

which induced MIA and inflammatory responses in fetal brains. Our

neuropathological studies revealed an impaired E/I balance and

cortical hyperactivity coupled with interneuron dysregulation. We

identified hyperconnectivity of vHIP to mPFC projections that drive

the social memory deficits in ZIKV-affected offspring mice.

Impaired social memory and increased self-grooming in ZIKV-

affected offspring mice represent social interaction deficits and

repetitive behaviors, which are frequently seen in ASD patients (Sil-

verman et al, 2010; Sahin & Sur, 2015; de la Torre-Ubieta et al,

2016). Although infants with maternal ZIKV exposure are likely too

young to be conclusively assessed neuropsychiatric disorders,

available evidences suggest that those children are at increased risk

of higher-order cognitive and motor dysfunctions that might

compromise the quality of their life later on (Einspieler et al, 2019;

Nielsen-Saines et al, 2019; Cranston et al, 2020; Mulkey et al, 2020;

Peçanha et al, 2020; Soriano-Arandes et al, 2020; Wheeler et al,

2020). Emerging consensus is that long-term monitoring and inter-

vention need to be implemented to identify and address higher-

order neurocognitive deficits in children with congenital ZIKV infec-

tion or exposure (Adams Waldorf et al, 2018; Pessoa et al, 2018).

Therefore, our animal model has prognostic value and provides a

foundation for downstream mechanistic and therapeutic studies. In

addition to animal models of ZIKV-associated microcephaly (Ming

et al, 2016), various animal models have been generated to model

postnatal brain defects associated with ZIKV infection. It has been

reported that intrauterine ZIKV infection results in paralysis in

adulthood in mice (Cui et al, 2017; Shi et al, 2018); congenital ZIKV

infection leads to visual and motor deficits in adult mice (Cui et al,

2017); and prenatal ZIKV infection in immunocompetent mice

causes postnatal growth deficits and spatial learning deficits(Paul

et al, 2018; Stanelle-Bertram et al, 2018). All these studies intro-

duced the ZIKV pathogen directly into the developing mouse brains.

A B C

D E F G

Figure 5. Hyperconnectivity of vHIP-mPFC circuit in mice exposed to maternal ZIKV infection.

A Schematic of mPFC-projecting ventral hippocampus (vHIP) neurons. AAVretro-Cre represents a retrograde-transporting AAV virus expressing Cre; DIO-mCherry is a
Cre-dependent mCherry reporter.

B Representative confocal images of the vHIP stained with mCherry (red) and c-Fos (green).
C Quantification of mCherry and c-Fos double-positive cells out of total mCherry-positive cells in the vHIP CA1 regions. Scale bar, 50 lm. Mock (n = 5 mice) vs. ZIKV

(n = 5 mice), P = 0.0013.
D Slice recording paradigm. AAV-CaMKII-hChR2-mCherry was injected into vHIP CA1 region and LED (365 nm) was applied to the mPFC.
E Top, mCherry expression at the injection site. Bottom, mCherry-labeled axons in the mPFC. Scale bars, 200 lm and 10 lm in the zoomed areas.
F Representative EPSC traces of the pyramidal neurons in the mPFC. Blue boxes indicate the 470 nm light stimulation.
G Quantification of EPSC amplitude of the pyramidal neurons in the mPFC (PL and IL). Mock (n = 17 neurons from 5 mice) vs. ZIKV (n = 19 neurons from 5 mice),

P = 0.0122.

Data information: Data were presented as mean � SEM. *P < 0.05, **P < 0.01, Two-tailed unpaired t-test unless described otherwise.
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Our studies differ from those previous reports since our mouse

model better mimics maternal–fetal transmission and recapitulates

neurocognitive dysregulation without actual ZIKV infection in the

offspring mice. Our results further suggest that these behavioral

abnormalities are likely caused by MIA, which is consistent with

poly-functional immune activation detection in amniotic fluid from

A E G

H

K

B F

C

I J

D

Figure 6. Synaptic connection and pattern of vHIP innervation of mPFC neurons.

A Schematic tracing of presynaptic boutons from vHIP neurons using AAV-DIO-GFP virus.
B Representative examples of GFP-labeled presynaptic boutons. Scale bars: 2.5 lm.
C Quantification of presynaptic bouton density and weighted size in the mPFC (PL and IL). Mock: n = 57 axons from 6 mice; ZIKV: n = 63 axons from 7 mice.
D Quantification of presynaptic bouton weighted size in the mPFC (PL and IL). Mock: n = 2974 boutons from 6 mice; ZIKV: n = 3486 boutons from 7 mice.
E Trans-synaptic tracing of vHIP-derived neurons in the mPFC. AAV1-hSyn-Cre injection in the ventral hippocampus (vHIP) of Ai14 mouse followed by examination of

neuronal types in the mPFC.
F Representative confocal images of co-labeled tdTomato and neuronal markers including CaMKII, PV, CAL, and SST in the mPFC. Scale bar, 50 lm.
G Quantification of the percentages of mPFC neuron subtypes innervated by vHIP afferent axons.
H Comparisons of percentages of vHIP-innervated mPFC (PL and IL) neuron subtypes. Mock, n = 4 mice; ZIKV, n = 7 mice. P = 0.5343 in CaMKIIa, 0.0117 in PV, 0.7491 in

CAL, 0.4484 in SST, 0.1519 in other uncharacterized neuron subtypes.
I Schematic tracing of a retrograde dye CTB488-labeled vHIP neurons projecting toward mPFC. CTB488 was injected into the mPFC of vGLUT1-Cre::Ai14 mice followed

by IF staining in vHIP.
J Representative confocal images of CTB488-labeled tdTomato-positive neurons in the vHIP. White arrowheads indicate CTB488 single positive neurons. Scale bars:

200 lm.
K Quantification of the percentage of tdTomato;CTB488 double-positive cells out of total CTB488-positive cells. Mock, n = 7 mice; ZIKV, n = 7 mice.

Data information: All data were presented as mean � SEM. *P < 0.05, **P < 0.01, Two-tailed unpaired t-test unless described otherwise.
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ZIKV-infected patients (Ornelas et al, 2017). Future studies should

compare our ZIKV model with other MIA animal models to study

the common pathogenesis underlying maternal infection-associated

risks of neuropsychiatric disorders.

Our electrophysiological analysis revealed E/I imbalance and

cortical hyperactivity as the neural substrate underlying behavioral

abnormalities in ZIKV-affected offspring mice. The balance between

excitatory synapses and inhibitory synapses is a key factor control-

ling neural circuit functions and can be disrupted by various genetic

and environmental risk factors associated with ASD (Yizhar et al,

2011; Bateup et al, 2013; Selimbeyoglu et al, 2017). However, the E/

I imbalance in ASD needs to be interpreted in specific brain regions,

cell types, and synaptic connections relevant to defined behavioral

outcomes (Rothwell et al, 2014; Golden et al, 2018; Sohal & Ruben-

stein, 2019). ZIKV-affected offspring mice exhibited decreased

expression of parvalbumin (PV) and calretinin (CAL), which label

different subtypes of interneurons (Kepecs & Fishell, 2014). Inhibi-

tory synapses labeled by vGAT were correspondingly reduced. This

A B

C

E F

D

Figure 7. Reducing vHIP-mPFC circuit activity rescued social memory deficit in ZIKV-affected offspring mice.

A Schematic of AAVretro-Cre and AAV-DIO-hM4Di-mCherry or AAV-DIO-mCherry injections.
B mCherry-labeled axons in the vHIP. Scale bars, 200 lm (left panel), and 50 lm (right panel).
C Representative animal tracks in three-chamber test.
D Discrimination indices of the social memory session of three-chamber test. mCherry mock, n = 8 mice; mCherry ZIKV, n = 10 mice; hM4Di ZIKV n = 10 mice, mCherry

mock vs. mCherry ZIKV P = 0.0041; mCherry ZIKV vs. hM4Di ZIKV P = 0.0115; and mCherry mock vs. hM4Di ZIKV P = 0.7076.
E Representative confocal images of mCherry (red) and c-Fos (green) double-labeled cells in the vHIP CA1 regions. Scale bars, 50 lm.
F Quantification of the percentage of c-fos; mCherry double-positive cells out of total mCherry cells. mCherry mock, n = 6 mice; mCherry ZIKV, n = 4 mice; hM4Di ZIKV

n = 6 mice.

Data information: All data are presented as mean � SEM. *P < 0.05, **P < 0.01, ****P < 0.0001, one-way ANOVA with Tukey post hoc test.
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reduction in PV and CAL immunoreactivity in ZIKV-affected

offspring mice is consistent with poly(I:C) MIA mouse models (Shin

Yim et al, 2017) and could reflect a reduction in interneuron

numbers or their expression. Loss of PV+ neurons and/or decreased

PV expression have been documented in ASD patients (Zikopoulos

& Barbas, 2013; Stoner et al, 2014). Interneuron dysfunction and PV

expression reduction have been observed in various mouse models

of ASD, and PV expression downregulation in mice is sufficient to

cause behavioral abnormalities related to all human ASD core symp-

toms (Wöhr et al, 2015; Canetta et al, 2016; Filice et al, 2016).

Together, our studies suggest that ZIKV infection during pregnancy

disrupts interneurons and leads to cortical hyperactivity, which in

turn contributes to cognitive behavioral abnormalities.

We found that the vHIP hyperactivity contributes to autistic-like

behaviors via modulating mPFC functions in ZIKV-affected offspring

mice. Despite documentation of vHIP hyperactivity in other cogni-

tive dysfunctions (Sigurdsson et al, 2010; Carreno et al, 2016;

Padilla-Coreano et al, 2016; Phillips et al, 2019), our finding repre-

sents the first discovery of a hyperactive vHIP-mPFC circuit driving

social behaviors in a maternal infection-associated neuropsychiatric

disorder. Our optogenetic excitation of vHIP fibers resulted in larger

EPSC amplitude in their monosynaptically connected pyramidal

neurons in the mPFC of ZIKV-affected offspring brains, suggesting

enhanced vHIP-mPFC functional connectivity. To identify the neural

substrate of this hyperactive vHIP-mPFC pathway, we examined

synaptic and cellular targets of mPFC-projecting vHIP axons. Our

trans-synaptic tracing results showed that > 85% of labeled vHIP

projections innervated cells are excitatory neurons. There is an

increased neuronal activity in the layer 5 neurons of the mPFC of

ZIKV affected offspring, which is consistent with vHIP inputs’ pref-

erential engagement with layer 5 IL neurons (Liu & Carter, 2018).

We also identified PV neurons as the interneuron subtype mostly

innervated by vHIP axons (Fig 6H), which is reminiscent of previous

vHIP-driven feedforward inhibition in the IL (Marek et al, 2018;

Phillips et al, 2019). In the mPFC of ZIKV-affected offspring brains,

we found a decrease in vHIP-innervated PV-positive interneurons.

The densities of individual vHIP-derived axonal presynaptic boutons

were significantly increased, whereas the sizes of vHIP boutons

remained unchanged. These results suggest a redistribution of vHIP

inputs to different cell types, an altered wiring pattern, and

increased vHIP-mPFC connectivity in ZIKV-affected offspring brains,

providing insights into neural substrates underlying this hyperactive

vHIP-mPFC circuit. Finally, our chemogenetic studies demonstrated

the functional importance of this vHIP-mPFC pathway in driving

social memory deficits in ZIKV-affected offspring mice. It has been

reported that nucleus accumbens (NAc)-projecting vHIP neurons

are both necessary and sufficient for social memory (Okuyama et al,

2016). Future studies should determine whether there are anatomi-

cally and molecularly distinct populations of vHIP neurons project-

ing to mPFC and NAc, and if so, what are their respective roles in

mediating social memory.

In summary, we established and characterized a new mouse

model of neurocognitive dysfunctions in children with maternal

ZIKV exposure. We identified novel neural substrates and hypercon-

nectivity of vHIP to mPFC projections responsible for social deficits

in ZIKV-affected offspring mice. These findings have prognostic

value and implications for network dysregulation in other neuropsy-

chiatric disorders.

Materials and Methods

Animals

All animal experiments were conducted in accordance with the

guidelines of the Institutional Animal Care and Use Committee,

University of Southern California. C57BL/6 wild-type mice were

ordered from Taconic laboratory. Vglut2-ires-Cre (stock No.:

016963) and Ai14 (stock No.: 007914) mice aged 8–16 weeks were

obtained from the Jackson Laboratory. Mice were housed in a regu-

lar light cycle (7:00 a.m. to 7:00 p.m.) and provided with food and

water ad libitum.

ZIKA virus

ZIKV MEX1-44 was isolated in Chiapas, Mexico, in January of 2016

from an infected Aedes aegypti mosquito and was passaged by the

World Reference Center for Emerging Viruses and Arboviruses

(WRCEVA) in Vero cells. We obtained this virus with permission

through the University of Texas Medical Branch at Galveston

(UTMB). As described in previous studies (Shao et al, 2016, 2017;

Herrlinger et al, 2018), we titrated virus using Vero cells (African

green monkey kidney epithelial cells) obtained from American Type

Culture Collection (ATCC). ZIKV stocks were generated by infecting

Vero cells at a multiplicity of infection (MOI) of 0.01 and harvesting

supernatants at 96 h and 120 h post-infection. Viral titers were

determined by plaque assays as PFU/ml. High titer viral stocks were

stored as single use-aliquots and stored at �80°C.

Maternal ZIKV infection
Timed pregnant female mice were obtained by mating with males,

and the presence of seminal plugs was considered as embryonic day

(E0.5). At E12.5, pregnant female mice received an intravenous

injection of either 1.2 × 106 PFU/ml of ZIKV suspended in 200 ll
DPBS or 200 ll DPBS as vehicle. Dams were returned to their home

cages and monitored for parturition.

Stereotaxic surgeries

Mice were anesthetized with isoflurane (induction 2.5%, mainte-

nance 1.5%) and aligned in a stereotactic frame (KOPF instruments,

Tujunga, CA). The skull was exposed under antiseptic conditions,

and a small craniotomy was made with a thin drill. Virus or neural

tracer was delivered through a 10 ll syringe (Hamilton Company,

Reno, NV) at a rate of 50 nl/min. For anterograde transneuronal

labeling, AAV1-hSyn-Cre (Addgene #105553, 1.8 × 1013 GC/ml) was

injected into vHIP (300 nl total volume; AP �3.3 mm. ML

� 3.5 mm, DV�3 mm) of Ai14 mice. Mice were euthanized 4 weeks

after injection for examination. For axon tracing of vHIP to mPFC

projections, AAV9-CAG-eGFP (Upenn Vector Core, 1.1 × 1014 GC/

ml) was diluted to 1% with sterile PBS and injected into vHIP (100 nl

total volume; AP �3.3 mm. ML � 3.5 mm, DV �3 mm). Mice were

euthanized 4 weeks after injection. 150 lm-thick coronal sections

were collected to image vHIP axon terminals in mPFC. To measure

the output connectivity of vHIP to mPFC, AAV5-CaMKIIa-hChR2-

Cherry (UNC Vector Core, 4.5 × 1012 GC/ml) was injected into vHIP

(300 nl total volume; AP �3.3 mm. ML � 3.5 mm, DV �3 mm).

Mice were euthanized 3–4 weeks after injection. 300 lm-thick
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coronal sections in mPFC were collected for slice recording. For

chemogenetic manipulation with DREADD and CNO, AAVretro-Cre

(UNC Vector Core, 2.8 × 1012 GC/ml) was injected into mPFC (300

nL total volume; AP +1.7 mm. � ML 0.3 mm, DV �1.8 mm). After

2–7 days, a second injection of AAV2-hSyn-DIO-hM4Di-mCherry

(Addgene #44363, 1.4 × 1013 GC/ml) or AAV2-hSyn-DIO-mCherry

(Addgene #50459, 4.9 × 1012 GC/ml) was injected into vHIP (300 nl

total volume; AP�3.3 mm. ML� 3.5 mm, DV�3 mm).

Serum collection and ELISA

Mice were anesthetized with isoflurane (induction 2.5%, mainte-

nance 1.5%), and blood samples were collected from orbital sinus

into the Eppendorf tubes. We allow the blood to clot by leaving it

undisturbed at room temperature for 60 min and remove the clot by

centrifuging at 2,500 g for 15 min at 4°C. The supernatant serum

was used for IL-17a ELISA measurement according to the manufac-

turer’s protocol (BioLegend).

Real-time PCR

Total RNA was extracted from the cerebral cortex of E14.5 embry-

onic brain. 2 lg RNA was reverse transcribed into cDNA using

SuperScript III first-strand synthesis for RT–PCR (Invitrogen). The

mRNA levels of Il17ra and Gapdh genes were quantified with a

Real-Time PCR System. RT–PCR was conducted under the following

cycling conditions: 95°C for 10 min for pre-denaturation, followed

by 40 cycles of 95°C for 15 s and 60°C for 1 min. The last step was

conducted at 95°C for 15 s, 60°C for 15 s, and 95°C for 15 s for a

melting curve of the PCR products to confirm the specificity of

amplification. The relative mRNA abundances were analyzed utiliz-

ing the 2�DDCt method with Gapdh as a reference and plotted as fold

changes compared with the mock-treated samples. The detailed

nucleotide sequences are shown as follows:

Il17ra 5’-AGATGCCAGCATCCTGTACC-3’ and 5’-CACAGTCACA

GCGTGTCTCA- 3’; Gapdh 5’- GACTTCAACAGCCTCCCACTCTTCC-3’

and 5’-TGGGTGGTCCAGGTTTCTTACTCCTT-3’.

Immunofluorescence

Animals were deeply anesthetized and transcardially perfused with

phosphate-buffered saline (PBS) followed by 4% paraformaldehyde.

Brains were post-fixed at 4°C overnight in 4% paraformaldehyde,

then incubated in 30% sucrose/PBS solution for 2 days and embed-

ded in Tissue-Tek OCT compound (Sakura). Coronal sections were

sliced at 40 lm using a cryostat (Leica CM1950). Sections were

washed in PBS three times (5 min each time) and then incubated

with blocking solution (5% normal goat serum, 1% BSA, 0.3%

Triton X-100 in PBS) for 2 h at room temperature. Sections were then

incubated with mouse anti-Flavivirus group antigens (1:200,

GTX57154, GeneTex), rabbit anti-Iba1 (1:400, 019-19741, Wako), rat

anti-CD68 (1:200, MCA1957, Bio-Rad), rabbit anti-c-fos (1:400; 2250,

CST), rabbit anti-Parvalbumin (1:400; PV27, Swant), rat anti-

Somatostatin (1:200; MAB354, Millipore), mouse anti-Calretinin

(1:400; MAB1568, Millipore), guinea pig anti-vGLUT1 (1:200;

AB5905, Millipore), and rabbit anti-vGAT (1:200; 131002, Synaptic

Systems) in blocking solution overnight at 4°C. After washing in PBS

three times (5 min each time), sections were incubated with species-

specific fluorescently conjugated secondary antibodies (1:200, Invit-

rogen) and DAPI (1:1,000) in blocking solution for 2 h at room

temperature. After washing in PBS three times for 5 min each time,

sections were mounted on glass slides with mounting medium and

coverslipped. Images of stained sections were acquired using a

confocal microscope with 10×, 20×, or 60× objective lens. All images

were taken using identical laser power, gain, and offset values.

Imaging and quantification of presynaptic terminals

Mice were perfused 4 weeks after virus injection, and 150 lm-thick

coronal sections were collected to image vHIP axon terminals in the

mPFC. All images were acquired with setting as z-series (stacks as

1 lm depth interval) using a 63× (1.4 NA) Leica oil immersion

objective with identical parameters (laser power, gain, and offset).

Axons were semi-manually traced using NCTracer, and bouton

density and size were quantified using Bouton Analyzer running in

MATLAB (MathWorks, Natick, MA).

Behavioral testing

Mice were acclimated to the behavioral testing room at least 60 min

before the behavioral tests. Three-chamber social interaction test

was performed in a Plexiglas box containing three compartments

connected by small openings that allowed mice free access to each

compartment. Subject mouse was first placed in the middle chamber

with side doors open to allow it to freely explore the three empty

chambers. After 10 min of habituation, the mouse was gently

guided to the middle chamber and side doors were closed. A

stranger mouse was placed in the inverted wire cup in one side

chamber, and an empty wire cup was placed in the other side cham-

ber. Then, the side doors were opened and the subject mouse was

allowed to freely explore the chambers for 10 min. After this period,

the subject mouse was again guided into the middle chamber and

side doors were closed. A second stranger mouse was placed in the

previous empty wire cup. The side doors were opened, and the

subject mouse was allowed to freely explore for another 10 min.

The amount of time that the subject mouse spent sniffing each wire

cup was quantified and the preference index was calculated as

(Ts1 � Te)/Ts1 + Te)*100% and (Ts2 – Ts1)/Ts2 + Ts1)*100%.

Here, Te, Ts1, and Ts2 represent the time spent exploring empty,

stranger 1, and stranger 2 wire cup, respectively. The apparatus and

wire cups were thoroughly cleaned with 75% ethanol to remove the

olfactory cues between tests for each mouse. For hM4Di-mediated

inhibition experiment, the three-chamber social interaction test was

performed 4–6 weeks after virus injection. Mice were given i.p.

injections of CNO (3 mg/kg body weight) one hour before the

behavioral test. Mice were perfused two hours after behavioral test-

ing and brains were collected for c-fos immunostaining.

The five-trial social interaction test was performed as described

previously (Hitti & Siegelbaum, 2014). Briefly, subject mice were

singly housed for three days. On the day of testing, the subject mice

were placed in the clean cage and presented with a caged stranger

mouse for five consecutive 1-minute trials with an inter-trial interval

of 1 min. A novel stranger mouse was presented on the sixth trial.

The sniffing time was manually recorded. The percent baseline of

trials 2–6 was calculated by dividing sniffing time in each trial by

that of trial 1.
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Novel object test was performed as described previously with

minor modifications (Leger et al, 2013). Briefly, this test consists of

habituation, familiarization, and test phases. In the habituation

phase, subject mice were placed in the center of a clean mouse cage

and allowed to explore freely for 5 min. After 24 h, the familiariza-

tion phase was performed. Two identical objects were taped to floor

along the long axis, 10 cm away from the south and north walls.

The mouse was placed in the center of the cage facing the east or

west wall and allowed to explore for 10 min. The test phase was

performed 24 h after the familiarization phase. One of the identical

objects was replaced with a novel object with a different shape but

similar size. The mouse was placed in the center of the cage facing

the east or west wall and allowed to explore for 10 min. The appara-

tus and objects were thoroughly cleaned with 75% ethanol to

remove the olfactory cues between each trial. The entire test phase

was videotaped, and the travel of the subject mouse was manually

documented. The preference index was calculated as (Tn � Tf)/

(Tn + Tf) × 100%, where Tn and Tf represent the time spent

exploring novel and familiar objects, respectively.

Self-grooming test was performed in the clean, empty mouse

cage. Each mouse was allowed to freely explore the mouse cage for

20 min continuously. The first 10 min period was habituation, and

only the second 10 min period was recorded for scoring of cumula-

tive self-grooming time.

Odor discrimination and habituation test was performed as

described previously (Yu et al, 2021). Each mouse was habituated

for one hour to a clean new cage before test. Then, the animal was

presented five odors in a row delivered on cotton swabs in the

following order: water, almond flavor, banana flavor, social odor 1,

and social odor 2. The almond and banana odors were prepared by

diluting almond and citrus extracts (McCormick) in distilled water

(1:100). Each social odor was prepared by wiping a cotton swab for

15 s in a zigzag fashion across the bottom of dirty cage which was

used to keep mice of the same sex as the test subject. Each odor was

presented three times in a row for 2 min each time with approxi-

mately 1 min inter-trial interval. For every non-social odor expo-

sure, the cotton swab was freshly prepared by applying 50 ll of

diluted odorant. The cumulative time spent sniffing the odor (the

animal’s nose was oriented toward the cotton tip at a distance less

than 2 cm) was manually recorded.

Looming spot test was performed in an open-top box with dimen-

sion of 40cm x 40cm x 40cm. An opaque shelter was placed in the

corner of the chamber with an entrance facing the center of the

arena. Each subject mouse was placed in the center of the apparatus

with the white monitor screen above and given at least 10 min for

acclimation. The visual stimulus was programmed and displayed

using the Psychtoolbox module for MATLAB. A spherical, black

looming stimulus was initiated on a white background once the

subject mouse was away from the shelter. The stimulus expanded

from 2 degrees of visual angle to 55 degrees in 200 ms and persisted

for 300 ms and then restarted the sequence with a 500ms delay for a

total number of 10 repeats. The fear response was considered posi-

tive if the subject mouse either froze or fled into the cup within 5 s

of the stimulus initiation. The fear response was considered negative

if the subject did not demonstrate any flight or freezing behavior.

Forelimb grip strength test: The grip strength meter (Bioseb, BIO-

GS3) was used to measure the forelimb grip strength. The gauge

was reset and stabilized to 0 g before testing each mouse. A mouse

was allowed to grasp the bar mounted on the force gauge and the

mouse’s tail was slowly pulled back. The peak pull force in grams

was recorded on a digital force transducer.

Rotarod test: The rotarod test consists of training and test phases.

Mice were first trained by placing them on a rotating rod (Panlab,

Harvard Apparatus) at a constant speed of 4 rpm until they were

able to stay on the rotating rod for 20 s. The test phase was

performed 24 h after the training phase. The rotarod apparatus was

set to accelerate from 4 to 40 rpm in 300 s, and subject mice were

placed on the rod initially rotating at 4 rpm. The latency (time) to

falling off the rod was determined. Each mouse was tested three

times a day at 15-min intervals for three consecutive days.

Slice preparation and recording

Mice were deeply anesthetized with Ketamine/Xylazine (100/

10 mg/Kg, i.p.) and then decapitated. Coronal slices (thickness,

300 lm) were cut using a vibratome (10111N, Ted Pella) in the ice-

cold dissection buffer (composition: 60 mM NaCl, 3 mM KCl,

1.25 mM NaH2PO4, 25 mM NaHCO3, 115 mM sucrose, 10 mM

glucose, 7 mM MgCl2, 0.5 mM CaCl2; saturated with 5% CO2

balanced O2; pH = 7.4). Slices were recovered for 30 min in a

submersion chamber filled with 35 °C artificial cerebrospinal fluid

(aCSF) (composition:119 mM NaCl, 26.2 mM NaHCO3, 11 mM

glucose, 2.5 mM KCl, 2 mM CaCl2, 2 mM MgCl2, and 1.2 mM

NaH2PO4, 2 mM Sodium Pyruvate, 0.5 mM Vitamin C) and then

kept at room temperature for > 40 min until use. Cells were visual-

ized using Olympus BX51 WI equipped with a 60× water immersion

lens. Pyramidal neurons from layer V in mPFC were identified by

the morphology and intrinsic membrane properties. Patch pipettes

were pulled from borosilicate glass (TW150-1, World Precision

Instruments), and the tip resistance was between 4-6 MΩ in aCSF.

Whole-cell recordings were performed using a patch-clamp ampli-

fier (Multiclamp 700B, Molecular Devices), and data were acquired

and analyzed using pClamp 10 software (Molecular Devices) and

Igor pro 6 (WaveMetrics), respectively.

Spontaneous excitatory and inhibitory postsynaptic currents were

recorded under voltage-clamp mode at a holding voltage of –70 mV

at 10 kHz and low-pass filtered at 2 kHz. For sEPSC recording, inter-

nal solution contained: 125 mM cesium gluconate, 2 mM KCl,

10 mM HEPES, 10 mM EGTA, 4 mM ATP, 0.3 mM GTP, and 8 mM

phosphocreatine; pH = 7.25; 290–300 mOsm. sEPSC was recorded

with aCSF containing 50 lM 2-Amino-5-phosphonopentanoic acid

(APV) and 10 lM NBQX. For sIPSC recording, internal solution

contained: 125 mM cesium chlorine, 2 mM KCl, 10 mM HEPES,

10 mM EGTA, 4 mM ATP, 0.3 mM GTP, and 8 mM phosphocre-

atine; pH = 7.25; 290–300 mOsm. sIPSC was recorded with aCSF

containing 50 lM APV and 20 lM bicuculine.

Intrinsic excitation of Layer V pyramidal neurons was assessed

under current-clamp mode by measuring the firing rate in response

to a series of depolarizing pulses while perfusing with aCSF contain-

ing 50 lM 2-Amino-5-phosphonopentanoic acid (APV), 10 lM
NBQX, and 20 lM bicuculine. Potassium-based internal solution

(125 mM potassium gluconate, 2 mM KCl, 10 mM HEPES, 10 mM

EGTA, 4 mM ATP, 0.3 mM GTP, and 8 mM phosphocreatine;

pH = 7.25; 290–300 mOsm) was used for current-clamp recording.

For the evoked EPSC recording by photostimulation of ChR2 in

the mPFC, mice injected with AAV5-CaMKIIa-hChR2-Cherry in vHIP
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were used for slice recording. Synaptic responses were induced by

delivering the light (excitation wavelength: 470 nm, 5 ms pulse,

5 mW power) to the mPFC via a 40× objective lens. Signals were

recorded under voltage-clamp mode at a holding voltage of –70 mV.

Cesium-based internal solution (described as above) was used for

eEPSC recording.

Data availability

This study includes no data deposited in public database.

Expanded View for this article is available online.
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