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Exposure of the developing fetus to Zika virus (ZIKV) results in a set of brain abnormalities described as the congenital Zika syndrome.
Although microcephaly is the most obvious outcome, neuropathologies, such as intracranial calcifications and polymicrogyria, can occur
in the absence of microcephaly. Moreover, the full impact of exposure on motor, social, and cognitive skills during development remains
uncharacterized. We examined the long-term neurobehavioral consequences of neonatal ZIKV exposure in four genetically divergent
inbred mouse strains (C57BL/6J, 129S1/SvImJ, FVB/NJ, and DBA/2J). Male and female mice were infected on postnatal day 1, considered
comparable with exposure late in the second trimester of humans. We demonstrate strain differences in early susceptibility to the virus
and the time course of glial reaction in the brain. These changes were associated with strain- and sex-dependent differences in long-term
behavioral abnormalities that include hyperactivity, impulsiveness, and motor incoordination. In addition, the adult brains of suscep-
tible mice exhibited widespread calcifications that may underlie the behavioral deficits observed. Characterization of the neuropatho-
logical sequelae of developmental exposure to the Zika virus in different immunocompetent mouse strains provides a foundation for
identifying genetic and immune factors that contribute to long-term neurobehavioral consequences in susceptible individuals.
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Introduction
With the discovery of congenital abnormalities resulting from pre-
natal exposure to the Zika virus (ZIKV), ZIKV can now be added to
the list of traditional TORCH pathogens that, when present during
pregnancy, can result in severe teratogenic effects (Coyne and

Lazear, 2016). Recent studies have led to the realization that the
“congenital Zika syndrome” includes neuropathologies that occur
independent of microcephaly (Melo et al., 2016; Aragao et al., 2017;
Chimelli et al., 2017; Honein et al., 2017). For example, intracranial
calcifications (ICCs), polymicrogyria, and ventricular enlargement
have been reported in nonmicrocephalic infants (Aragao et al., 2017;
Chimelli et al., 2017). This has led to concerns that a large number of
ZIKV-exposed infants may present with neurobehavioral deficits
that are not immediately apparent in the neonatal period (Kapogi-
annis et al., 2017). Moreover, ZIKV exposure beyond the first tri-
mester may result in more subtle brain abnormalities that escape
detection by conventional imaging modalities. Thus, broader ani-
mal models of developmental ZIKV infection, both in terms of tim-
ing and genetic background, are necessary to reveal the full spectrum
of neurobehavioral deficits possible, and to begin to identify factors
that determine susceptibility.
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Significance Statement

Developmental Zika virus (ZIKV) infection is now known to cause brain abnormalities in infants that do not display microcephaly
at birth, and the full impact of these more subtle neuropathologies has yet to be determined. We demonstrate in a mouse model
that long-lasting behavioral aberrations occur after developmental ZIKV exposure. We compare four divergent mouse strains and
find that the effects of Zika infection differ greatly between strains, in terms of behavioral changes, sex differences, and the
intracranial calcifications that develop in the brains of susceptible mice. These findings provide a foundation for identifying
susceptibility factors that lead to the development of abnormal behaviors secondary to ZIKV infection early in life.
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Because of the initial scare regarding the microcephaly ob-
served in ZIKV-exposed infants, the first rodent models used
early gestational exposure (comparable with first trimester) to
target cortical neurogenesis and reproduce the microcephaly (Li
et al., 2016; Miner et al., 2016). However, exposure later during
brain development has the potential to interfere with the devel-
opment of brain connectivity that underlies more complex
behaviors. The first postnatal week in mice is considered compa-
rable with the third trimester in humans in terms of brain devel-
opment, and recent studies have highlighted the susceptibility of
postnatal mice to ZIKV infection (Manangeeswaran et al., 2016;
Fernandes et al., 2017; van den Pol et al., 2017). However, these
studies did not include a comprehensive analysis of behavioral
deficits later in life. Because neonatal mice cannot mount the
same interferon-based immune response to the virus, the post-
natal approach circumvents the use of interferon receptor KO
mice that have become the standard for adult ZIKV exposure
(Lazear et al., 2016; Rossi et al., 2016). Here, we examined the
neurobehavioral consequences of neonatal ZIKV exposure in
four genetically divergent inbred mouse strains (C57BL/6J,
129S1/SvImJ, FVB/NJ, and DBA/2J). These four mouse strains
are from different branches of the mouse family tree and differ in
their susceptibility to viral, bacterial, and fungal infection, with
many of the genetic differences that underlie their divergent im-
mune responses already identified (Petkov et al., 2004; Sellers et
al., 2012). We report strain- and sex-dependent differences in
long-term behavioral abnormalities related to early susceptibility
to ZIKV, the time course of glial reaction, and the development of
neuropathologies, such as calcifications.

Materials and Methods
Animals
All mice used in these studies were the offspring of C57BL/6J (B6), 129S1/
SvImJ (129S1), FVB/NJ (FVB), and DBA/2J (DBA) mice obtained from
The Jackson Laboratory. Breeder pairs were housed in clear microisolater
cages (38 � 19 � 14 cm) and maintained on a 12:12 h light/dark cycle
(lights on 7:00 A.M.) in a temperature (68°F-72°F) and humidity (50%–
55%) controlled room in the Wadsworth Center facility. Food (LabDiet
5P76 Irradiated RMH3000) and water were available ad libitum. A total
of 9 B6 litters (average litter size, 7.4 pups), 14 129S1 litters (average litter
size, 6.6 pups), 7 FVB litters (average litter size, 11 pups), and 4 DBA
litters (average litter size, 5.5 pups) were used. After weaning on postnatal
day (P) 28, littermates were housed in same strain and sex groups of 2– 4
per cage. Behavioral testing was conducted during the light phase of the
light/dark cycle, using adult animals (P60-P90). Both sexes were included
in neuroanatomical and behavioral tests. All procedures had prior ap-
proval by the Wadsworth Center Institutional Animal Care and Use
Committee.

Postnatal ZIKV injections. On P1, mice of both sexes received a single
subcutaneous injection of ZIKV strain PRVABC59 (GenBank
KU501215.1) at the nape of the neck via 27 g/0.5 ml syringe (10e3 PFU in
0.05 ml). PRVABC59 is a well-characterized ZIKV strain that was iso-
lated during the current outbreak in the Americas (Puerto Rico), and is
used at low passage. Virus stock was prepared in Vero cell culture and
frozen in 1.0 ml aliquots in BA-1 diluent with 20% FBS. For each litter to
be injected, virus is thawed and diluted 1:10 in vehicle (PBS with 1% FBS)
to obtain the 10e3 concentration (in 0.05 ml). This dose was chosen to
produce a short symptomatic period, followed by recovery and maximal
survival (Manangeeswaran et al., 2016). Controls were littermates in-
jected subcutaneously with the vehicle and given toe-clips to differentiate
them from their ZIKV-injected littermates. Mice were weighed weekly
(on P1, P7, P14, P21, P28, P35) and observed daily (twice per day during
the symptomatic period). Except for DBA mice, 2–7 infected pups and 1
or 2 control littermates per inbred strain were killed at 7 d intervals to
determine the time course of virus expression and distribution within the
brain. Due to the infrequent litters and small litter size of DBA mice, these

were primarily saved for later behavioral analyses. At each time point,
half of each brain was fixed in 4% PFA for neuroanatomical analysis, and
the other half-brain, as well as spleen, liver, and kidneys, were homoge-
nized and frozen at �80°C until processing for qRT-PCR to measure
viral burden.

Behavioral tests
Three behavioral tests (open field, elevated zero maze, rotarod) were
selected to measure exploratory behavior, anxiety-like behavior, and mo-
tor incoordination. Beginning at P60, behavioral experiments were con-
ducted in order from least (open field) to most (rotarod) aversive,
separated by 1 week, at approximately the same time of day (afternoon).
Uninjected mice were added to control groups as needed to maintain
sample size, and were not different from vehicle-injected littermate con-
trols in these tests.

Open field. For evaluation of exploratory activity in the open field, each
mouse was placed in the center of a completely dark open field chamber
(42 cm � 42 cm � 30 cm) and allowed to move freely for 15 min. Data
from the session were acquired using Digiscan 16-beam automated ac-
tivity monitors (AccuScan Instruments).

Elevated zero maze. The elevated zero maze is a circular maze consist-
ing of two open and two closed sections (TSE Systems), designed to
measure anxiety-related behavior (Shepherd et al., 1994). Each mouse is
placed in the middle of one of the closed sections and allowed to explore
for 5 min. The time spent in open and closed sections and the latency to
fully traverse an open section to enter the other closed portion were
recorded.

Rotarod. A rotarod apparatus (AccuScan Instruments) was used to
measure motor coordination and balance, using a constant-acceleration
protocol (4 – 40 rpm for a max of 180 s). The mice were tested on 3
consecutive days, with 3 trials/d with an intertrial interval of 20 –30 min.
A final score for each mouse was calculated as the average of the two
longest times they were able to stay on the beam.

Brain analyses
Immunostaining. Immersion-fixed (4% PFA) half-brains of ZIKV-
infected mice killed during the first month after infection were left in 4%
PFA for 48 h, followed by permeation in 15% sucrose (�8 h). Brains were
then embedded in egg yolk hardened by exposure to formalin (4 h), and
returned to sucrose before sectioning frozen on a sliding microtome in
the sagittal plane (40 �m). The brains of adult mice were fixed by intra-
cardiac perfusion of 4% PFA, followed by postfixation (20 h), perme-
ation in 15% sucrose, and sectioning in the coronal plane (35 �m).
Immunostaining was done free-floating using the ABC-peroxidase pro-
cedure (Vector Labs). After rinsing in PBS, and blocking with 5% normal
goat serum (NGS) in 0.2% Triton in PBS, sections were incubated in
rabbit anti-ZIKV antibodies (Absolute Antibody; 1:500 in 0.1% Tri-
ton/2% NGS/PBS) overnight at 4°C. After rinsing, sections were incu-
bated for 1 h in biotinylated anti-rabbit antibodies (Vector Labs; 1:200 in
0.2% Triton/2% NGS/PBS), rinsed again, and then incubated for 1.5 h in
ABC peroxidase solution. After rinsing, sections were reacted in 0.05%
DAB/0.25% nickel ammonium sulfate/0.0015% H2O2 for 2 min, rinsed,
and mounted onto chrom-alum gelatin-coated slides. After dehydration
and light counterstaining with cresyl violet, coverslips were applied using
Micromount (Surgipath). Other antibodies used were calcium-binding
adapter molecule 1 (Iba-1; 1:1250; Wako Chemicals), GFAP protein (1:
100; Incstar), and cleaved caspase-3 (CC3; 1:500; Cell Signaling Technol-
ogy), using the same immunostaining protocol. Immunostained sections
were viewed on an Olympus BX60 microscope, and images of cortex,
hippocampus, and cerebellum collected using National Institutes of
Health ImageJ software. Quantification of Iba-1 immunostaining was
done on four nonoverlapping 1200 �m � 1600 �m cortical fields taken
from at least two sections per mouse. Images were thresholded and the
area occupied by staining obtained in ImageJ, then averaged to obtain a
final score.

Fluoro-Jade (FJ) staining. Sections were mounted and dried onto
chrom-alum-coated slides, and stained according to the protocol of
Schmued and Hopkins (2000) using a 30 min incubation in 0.0004%
FJ-B. Sections were viewed under epifluorescence and images of two
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nonoverlapping 600 �m � 800 �m cortical fields collected per mouse.
Images were converted to 32-bit, inverted, and thresholded to obtain a
count of FJ � cells in each field, then averaged.

PCR. Viral burden in the mouse brain, spleen, liver, and kidneys was
assessed by qRT-PCR (Lanciotti et al., 2008). Basically, mouse organs
were homogenized in diluent containing 20% FBS, 50 �g of streptomy-
cin per milliliter, 50 U of penicillin, and 2.5 �g of amphotericin B per
milliliters in PBS in a Retsch Mixer Mill set to 24 cycles/s for 3 min. The
tubes were then centrifuged for 3 min at 12,000 rpm and the supernatant
removed. Sample RNA was extracted with Magmax Viral isolation kit
(Ambion) on a MagMax Express 96 Magnetic particle processor accord-
ing to the manufacturer’s protocol. For MagMax extraction, a total of 50
�l of homogenized sample RNA was extracted by the robotic workstation
according to the manufacturer’s instructions. The extracted RNA was
eluted in a total volume of 50 �l of elution buffer for direct use in the
multiplex assay. To quantitate ZIKV in these organs, Vero cells with
known ZIKV titer were diluted in a 10-fold serial dilution to be used as
standards in the assay. All work was performed in a BSL-3 facility, all
samples were maintained in biosafety cabinets, and sealed rotors were
used to prevent exposure to potential aerosols.

The qRT-PCR was set up following the protocol of the qScript XLT
One-Step qRT-PCR Toughmix kit (Quanta Biosciences). The cycling
conditions were as follows: 5 min at 50°C followed by 30 s at 95°C, then 40
cycles of alternating 95°C for 10 s and 60°C for 1 min. All analysis was
performed using the SDS software version 2.0.6 (Applied Biosystems).
The limits of detection are 250 PFU/g for brain and 500 PFU/g for all
other tissues (Lanciotti et al., 2008).

Nonsuppressive silver staining and quantifica-
tion of calcifications. Every 12th section was
mounted on chrom-alum-coated slides and
stained with H&E for survey of the regional
distribution of calcifications. Thereafter, fiber
staining of selected sections was accomplished
using a technique developed by Lund and
Westrum (1966), which modified the original
Nauta-Gygax procedure by omitting the pre-
treatment steps that suppress staining of intact
fibers. Briefly, sections previously mounted
onto slides were incubated in 1.5% silver ni-
trate for 45 min, followed by 1 min incubations
in ammoniacal silver and in Nauta-Gygax re-
ducer. After dehydration and application of
coverslips, sections were viewed on a BX60 mi-
croscope (Olympus), and images collected us-
ing NIH ImageJ software.

A semiquantitative analysis of the ICCs was
performed on H&E-stained sections (every
12th section through the brain). Each of 12
brain regions (rostral cortex, caudal cortex,
striatum, septum, hippocampus, thalamus,
fasciculus retroflexus, midbrain, pons, cerebel-
lum, corpus callosum, and anterior commis-
sure) was examined where present, and
assigned a score of 0.5, 1, 2, or 3 based on the
number and size of ICCs observed. A score of
0.5 reflected a few scattered ICCs, 1 for larger or
more numerous ICCs, and 2 when ICCs occu-
pied a large part (up to 50%) of that region in
any section. A score of 3 was only given when
the region was nearly full with ICCs; this only
occurred in the cerebellum. The total score for
each mouse was then compared with the total
distance traveled in the open field test.

Statistical analyses
Open field, elevated zero maze, and rotarod
data were analyzed separately for each inbred
strain by two-way ANOVA with treatment
(ZIKV or control) and sex (male or female) as
the two independent variables. No more than 3

males and 3 females were used from any one litter. In the case of body
weight, due to attrition, each day was analyzed separately by two-way
ANOVA with treatment and sex as the two independent variables. To
further examine treatment differences, Tukey’s Honest Significant Dif-
ference post hoc tests were used. Spearman correlations were used to
determine the relationship between behavioral measures and the amount
of ICCs. Viral load, microglia, and FJ-B staining in 129S1 ZIKV-infected
mice were analyzed by two-way ANOVA with sex (male or female) and
age (P7, P14, P21, or P28) as the two independent variables. Sex differ-
ences in FJ-B staining in 129S1-infected mice were then analyzed by t
tests at each age. The level of significance was set for p � 0.05. All statis-
tical procedures were completed using StatView 5.0 software (SAS
Institute).

Results
Weight loss and symptoms occur 2 weeks after infection and
vary by strain
Following subcutaneous ZIKV (PRVABC59 strain) infection on
P1, all neonates were accepted by the dams, and no early mortal-
ity occurred. For the first 10 d, ZIKV-treated mice of all four
strains gained weight and appeared normal (Fig. 1). Body weights
analyzed by two-way ANOVA revealed a significant main effect
of treatment beginning at P7 in B6 mice (P7, F(1,59) � 17.995, p �
0.0001; P14, F(1,57) � 33.709, p � 0.0001; P21, F(1,52) � 32.374,
p � 0.0001; P28, F(1,52) � 24.555, p � 0.0001; P35, F(1,47) � 15.62,

Figure 1. Body weights at weekly intervals for the first 5 weeks, for each strain. Black represents males. Gray represents
females. Dotted lines indicate ZIKV-treated. Data were analyzed for each strain separately, using a two-way ANOVA (treatment �
sex), followed by Tukey post hoc tests. A, B6 mice displayed a significant main effect of treatment beginning at P7 (P7: F(1,59) �
17.995, p � 0.0001; P14: F(1,57) � 33.709, p � 0.0001; P21: F(1,52) � 32.374, p � 0.0001; P28: F(1,52) � 24.555, p � 0.0001;
P35: F(1,47) � 15.62, p � 0.0003). B, Among 129S1 mice, only females exhibited weight loss beginning on P14 (P14: F(1,41) �
5.683, p � 0.0218; P21: F(1,41) � 16.898, p � 0.0002; P28: F(1,37) � 11.046, p � 0.002; P35: F(1,28) � 4.925, p � 0.0347). p
values comparing ZIKV-treated and control FVB (C) and DBA (D) mice at the age they were most divergent (P28) were 0.07 (FVB)
and 0.642 (DBA). **p �0.05, for both sexes of ZIKV-treated B6 mice compared with controls of the same strain, age, and sex. *p �
0.05, for ZIKV-treated 129S1 females compared with controls of the same strain, age, and sex. N values: B6 males (10 C, 22 ZIKV),
B6 females (12 C, 19 ZIKV), 129S1 males (11 C, 10 ZIKV), 129S1 females (10 C, 16 ZIKV), FVB males (13 C, 10 ZIKV), FVB females (8
C, 26 ZIKV), DBA males (8 C, 10 ZIKV), DBA females (6 C, 6 ZIKV). N values were slightly reduced by the end of 5 weeks due to
attrition. C, Controls.
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p � 0.0003). Among 129S1 mice, only females exhibited weight
loss beginning on P14 (P14, F(1,41) � 5.683, p � 0.0218; P21,
F(1,41) � 16.898, p � 0.0002; P28, F(1,37) � 11.046, p � 0.002; P35,
F(1,28) � 4.925, p � 0.0347). Symptoms were not observed until
after P12 and were noticeably different between strains. ZIKV-
treated mice of the 129S1 and B6 strains began to show motor
symptoms, such as loss of balance and ataxia on or after P12. The
most affected mice were observed to fall to the side and occasion-
ally have seizures, and a few progressed to full hindlimb paralysis
that required euthanasia. DBA mice exhibited few motor symp-
toms, although one was observed to have a seizure. Notably,
ZIKV-treated FVB mice did not exhibit symptoms at any age, and
only a few exhibited slower weight gain. Although the most se-
verely affected ZIKV-treated mice had to be killed, �85% of each
strain recovered and continued to gain weight. At the time of
behavioral testing (P60), ZIKV-treated B6 and 129S1 mice often
remained smaller than their control littermates, with the most
affected as low as 68% of control body weight. At no time did the
vehicle-injected mice exhibit any of the symptoms displayed by
ZIKV-treated mice.

Brain ZIKV infection and microglial activation vary
between strains
Brains of mice were examined at weekly intervals after injection
with ZIKV on P1. Infection of neurons was evident at P7, the
earliest time point analyzed (Fig. 2). ZIKV immunoreactivity was
considerable in the cerebral cortex of B6 and 129S1 mice (Fig.
2A,B), often localized more to the caudal than rostral cortex.
ZIKV-immunoreactive neurons were also present in the hip-
pocampus (Fig. 2C) and cerebellum (Fig. 2D), and scattered
infected cells were present elsewhere in the brain. ZIKV-
immunoreactive neurons were present in FVB and DBA brains at
P7, but were nearly absent by P14. In contrast, in B6 and 129S1
brains, ZIKV infection increased between P7 and P14 but was
reduced at P21 and nearly undetectable at P28 (data not shown).
Control brains were negative for ZIKV immunostaining (Fig. 2B,
last column). ZIKV presence in ZIKV-treated mice was con-
firmed by real-time qRT-PCR in the other half of the same brains.
Fig. 2E illustrates the increase in ZIKV RNA from P7 to P14 in B6
and 129S1 brains, and the lower levels obtained in FVB and DBA
brains. Although too few mice were killed at these early ages to
reliably examine sex differences in all strains, individual males
and females are plotted. Peripheral organs (liver, spleen, kidney)
had lower ZIKV levels than did brain (Fig. 2-1, available at
https://doi.org/10.1523/JNEUROSCI.2666-18.2019.f2-1). ZIKV
RNA in littermate controls (n � 12 examined distributed be-
tween strains, sexes, and time points) was at or below the limit of
detection.

Strain-dependent differences in glial activation after ZIKV in-
fection were evidenced by increased immunostaining for Iba-1
(microglia) and GFAP (astrocytes) (Fig. 3). Increased Iba-1 im-
munostaining was present at P7 in ZIKV-infected B6 and FVB
(Fig. 3A) brains compared with controls (Fig. 3A, last column).
Microglial activation, defined as Iba-1-immunoreactive cells
having amoeboid rather than ramified morphology (see insets in
P14 images), was intense at P14 in 129S1 and B6 mice. In con-
trast, in P14 FVB brains microglia had already returned to a rest-
ing (ramified) morphology characteristic of controls, and
minimal activation was observed in DBA brains. At P21 and P28,
microglial activation was still strong in B6 and 129S1 mice, but
only small nodules of activated microglia were present in FVB
mice. Moreover, in B6 and 129S1 mice, microglial activation at
P14 and P21 extended throughout the brains, despite the fact that

ZIKV-infected neurons were found primarily in cortex, hip-
pocampus, and cerebellum. Increased GFAP immunostaining
(Fig. 3B) was observed in ZIKV-treated mice of all strains at P14,
compared with controls (Fig. 3B, insets). ZIKV-exposed B6 and
129S1 mice, but not FVB and DBA, also exhibited an increase in
immunoreactivity for CC3, peaking at P14 (Fig. 3C) compared
with controls (Fig. 3C, insets), indicating apoptosis in regions
(cortex, hippocampus, cerebellum) that contained numerous
ZIKV-positive cells.

The differences in weight gain between male and female
ZIKV-treated mice of the 129S1 strain led us to probe sex differ-
ences in neuronal and glial reaction to the virus. As seen in Figure
2E, no obvious differences in the viral load were detected between
males and females of this strain (ANOVA, F � 0.488, p � 0.4895).
Examination of microglial activation at each developmental time
point also revealed no differences (Fig. 4A), confirmed by quan-
tification of the density of Iba-1 immunoreactivity in the cortex
of these mice (Fig. 4B; ANOVA, F � 1.66 � 10�6, p � 0.999). FJ
staining to identify dying cells revealed numerous FJ� cells at P14
and P21, particularly in cortex (Fig. 4C). Quantification of the
numbers of FJ� cells revealed a significant increase in female
brains (main effect of sex, ANOVA, F � 8.402, p � 0.0079). This
effect was largely due to an increase at P14 (Fig. 4D; t � 4.653, p �
0.0035), at which age all of the mice analyzed had comparably
high levels (�10e6) of ZIKV RNA.

Behavioral testing
Beginning at 2 months of age (P60), mice were tested behavior-
ally, starting with open field activity. Both male and female ZIKV-
infected B6 mice exhibited hyperactivity in the open field
compared with same-sex B6 controls (ANOVA main effect of
treatment, F(1,48) � 24.596, p � 0.0001; Fig. 5). For the 129S1
strain, there were significant effects of treatment (F(1,34) � 7.509,
p � 0.0097) and sex (F(1,34) � 5.561, p � 0.0243), as well as a
significant treatment � sex interaction (F(1,34) � 6.723, p �
0.0139), indicating that females were more hyperactive after neo-
natal ZIKV infection. No statistically significant differences be-
tween control and ZIKV-infected FVB and DBA mice were
observed.

When tested in the elevated zero maze, generally considered a
test for anxiety (Shepherd et al., 1994), both male and female
ZIKV-infected B6 mice exhibited increased time in the open por-
tions relative to same strain and sex controls (ANOVA main
effect of treatment, F(1,48) � 40.039, p � 0.0001; Fig. 6). Only
female 129S1 mice were significantly different from same-sex
controls on this test (ANOVA main effect of sex, F(1,34) � 6.44,
p � 0.0159; treatment � sex interaction, F(1,34) � 4.896, p �
0.0337). Indeed, none of the control 129S1 mice and none of the
male ZIKV-treated 129S1 mice left the closed portion of the maze
in which they were initially placed, whereas 40% of the ZIKV-
treated 129S1 females traversed the open portion to enter the
other enclosed portion of the maze. Fully 100% of ZIKV-treated
male B6 mice crossed to the other side, compared with 57% of
control males, whereas for females no difference was observed
(87% of ZIKV-treated crossed compared with 73% of controls).
FVB and DBA mice exhibited no differences in behavior in the
elevated zero maze due to ZIKV exposure. Thus, neonatal ZIKV
exposure reduced anxiety in the elevated zero maze in a strain-
and sex-dependent manner.

In the rotarod test for motor coordination, both male and
female ZIKV-treated B6 mice exhibited significant reductions in
performance compared with same strain and sex controls
(ANOVA main effect of treatment, F(1,48) � 12.415, p � 0.0009;
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Fig. 7). For the 129S1 strain, there was a significant main effect of
sex (F(1,32) � 5.435, p � 0.0262), but treatment did not have an
effect on performance (p � 0.3018). Although some of the hy-
peractive ZIKV-treated 129S1 females were severely affected,
others performed as well as controls, resulting in no overall dif-
ference. For FVB mice, there was a significant main effect of sex
(F(1,40) � 7.031, p � 0.0114), but treatment had no effect on
performance (p � 0.5053). For the DBA strain, there was a sig-
nificant main effect of treatment (F(1,27) � 17.453, p � 0.0003)
and a significant interaction between treatment � sex (F(1,27) �
13.115, p � 0.0012), indicating that ZIKV-treated DBA females
fell from the rod faster than control DBA females. Interestingly,

whereas mice that exhibited elevated open field activity tended to
be those that also spent more time in the open portions of the zero
maze, performance on the rotarod appeared unrelated to the
other two behaviors.

Neuropathological analyses of adult mice
Examination of the brains of ZIKV-infected mice after the com-
pletion of behavioral testing (�P90) revealed numerous calcified
foci. These were occasionally apparent as white patches on the
surface of the cortex after removal of the brains (Fig. 8A). Com-
plete sectioning of each brain, followed by H&E or H&E plus
silver staining, revealed calcifications up to 1 mm 2 in size that

Figure 2. ZIKV in the brain. Immunostaining for ZIKV, in representative brain sections from mice of different strains at P7, P14, and P21. A, Low-magnification images of sagittal sections from all
4 strains; images that follow in each row are from the same strain. B, Images from cortex at the 3 ages, with control mice (P14) of the 4 strains shown in the last column. Cortex images span
approximately two-thirds of cortical thickness (pial surface at top), taken from caudal cortex. ZIKV immunoreactivity also shown in P14 hippocampus (C) and cerebellum (D). Some sections were
lightly counterstained with cresyl violet. Images shown are from female mice. Except for DBAs, images shown are representative of at least 2 males and 2 females per strain. Scale bars, 200 �m. E,
ZIKV levels in brain measured by PCR (n � 4 –17 per bar, except for DBAs, for which n � 1 or 2 at each age). Bars indicate the means. Squares represent individual male mice. Circles represent
individual female mice. For ZIKV levels in peripheral tissues, see Figure 2-1 (available at https://doi.org/10.1523/JNEUROSCI.2666-18.2019.f2-1).
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were intensely stained with hematoxylin. These “ICCs” were
found in many brain regions but were largest and most numerous
in the thalamus, hippocampus, and cerebellum (Fig. 8B–E). Cal-
cifications were rare in rostral cortex and striatum (Fig. 8F), but
often extensive in caudal cortex (Fig. 8A,G). Scattered small cal-
cifications were present in the brainstem of some B6 and 129S1
mice (Fig. 8H). Considerable variation was encountered between
strains; ICCs were small and infrequent in FVB and DBA mice,
and widespread in B6 mice of both sexes. ZIKV-treated female
mice of the 129S1 strain had the greatest load of ICCs, whereas
males had significantly less. Although the vast majority of ICCs
were located in gray matter, occasional calcification of white mat-
ter tracts was observed. Notably, all ZIKV-treated 129S1 females
had bilateral calcifications of the fasciculus retroflexus (Fig. 8C�
arrow), which was also observed in some B6 mice. However, none
of these mice had calcified habenulae. One 129S1 female also had
a calcification in the anterior commissure (Fig. 8I), and another
had two small ICCs in the corpus callosum (Fig. 8J, arrow). The
use of a nonsuppressive silver stain to reveal axons (Lund and
Westrum, 1966) showed that the ICCs disrupted the normal con-
nectivity in many brain regions. Immunostaining for GFAP re-
vealed extensive astrocytic reaction around the calcifications
(Fig. 8K,L) but the absence of glial activation (both astocytes and

microglia) elsewhere in the brain. Calcifications were never ob-
served in control mice.

We compared the occurrence of behavioral deficits in adult-
hood with the number and size of ICCs in the brains of the two
most affected strains (B6 and 129S1). A semiquantitative analysis
of ICCs in these two strains revealed a significant correlation
between total ICC burden and open field activity (Spearman cor-
relations; B6 mice, � � 0.824, n � 20, Z � 3.590, p � 0.0003; for
129S1 mice, � � 0.625, n � 17, Z � 2.500, p � 0.0124; Fig. 8P).
ICC burden also correlated with the time spent in the open area of
the elevated zero maze (for B6 mice, � � 0.615, n � 19, Z � 2.608,
p � 0.0091; for 129S1 mice, � � 0.541, n � 15, Z � 2.026, p �
0.0428). Interestingly, not all of the most hyperactive ZIKV-
treated mice were impaired on the rotarod, and the amount of
calcifications in the cerebellum appeared to differentiate those
performing poorly (Fig. 8M–O). We therefore examined the re-
lationship between rotarod performance and the ICC score spe-
cifically in the cerebellum (Fig. 8Q) and found a significant
negative correlation (� � �0.721, n � 20, Z � �4.325, p �
0.0001). Because control males of the 129S1 strain performed
poorly on the rotarod, males were excluded from this analysis. In
general, male 129S1 mice had very few ICCs, consistent with their
relative lack of behavioral deficits.

Figure 3. Glial reactivity and apoptosis in the cortex of ZIKV-exposed mice. Immunostaining for Iba-1, GFAP, and CC3 in representative brain sections from mice of different strains. A, Iba-1
immunostaining for microglia illustrates intense microglial activation at P14 in B6 and 129S1 brains, which persists at least until P21. Early activation occurs in FVB brains, reduced by P14. Iba-1
images from cortex of control mice of the 4 strains are shown in the last column. Insets in P14 images represent high-magnification views of Iba-1 microglia to illustrate morphology. B, GFAP
immunostaining in cortex of the 4 strains at P14. Images at bottom right corner of each are from corresponding controls (same magnification). C, Immunostaining for CC3 in cortex of the 4 strains
at P14. Images at bottom right corner of each are from corresponding controls (same magnification). Images are taken from the same regions as in Figure 2. Images shown are from female mice.
Except for DBAs, images shown are representative of at least 2 males and 2 females per strain (for total N values killed at these time points, see Fig. 2E). For male-female comparison in 129S1 mice,
see Figure 4. Scale bar, 200 �m, for all except high-magnification insets depicting single cells.
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Discussion
Since the Zika outbreak of 2016, research has focused on repro-
ducing microcephaly in animal models (Morrison and Diamond,
2017). This work, primarily done in immunocompromised mice
that lack the interferon-� receptor, demonstrated that early ges-
tational infection (up to embryonic day [E] 10) was most likely to
result in microcephaly (Miner et al., 2016). However, ZIKV in-
fection later in pregnancy, when the brain is undergoing a mas-
sive increase in neurite outgrowth and synaptogenesis, may be
more relevant to neurobehavioral disorders linked to brain con-
nectivity defects, such as attention deficit hyperactivity disorder,
autism spectrum disorder, and schizophrenia. The neonatal pe-
riod in rodents corresponds to the third trimester in humans, and
infection during this time would be expected to target later-
developing brain regions. Moreover, because of the immaturity
of the immune system at birth, newborn mice cannot clear the

virus, thus avoiding the necessity of using mice with targeted
mutations of the interferon-� receptor. Studies demonstrating
that neonatal mice are sensitive to ZIKV infection (Manan-
geeswaran et al., 2016; van den Pol et al., 2017) have introduced
the possibility of evaluating strain-dependent differences in sus-
ceptibility in immunocompetent mice. A recent study compared
ZIKV pathogenesis in four diverse mouse strains after neonatal
injection but used a viral dose that resulted in 100% mortality by
15 d after infection (Li et al., 2018). Here we report on the effects
of neonatal ZIKV infection with a moderate dose that produces
transient symptoms during the first few weeks after injection, to
begin to correlate early susceptibility, persistent anatomical pa-
thologies, and behavioral deficits in adulthood, in four strains of
mice at different arms of the mouse family tree.

Although ZIKV infection could be demonstrated in all four
strains in our study, the extent to which the virus propagated

Figure 4. Sex differences in microglial activation and cell death in ZIKV-treated 129S1 mice. A, Immunostaining for Iba-1 in representative brain sections from male and female ZIKV-treated
129S1 mice at P7, P14, P21, and P28, compared with controls. Low-magnification images in left column represent the widespread increase in Iba-1 immunostaining seen in the ZIKV-treated brains.
Top, Boxes represent the location of images collected for the quantification in B. High-magnification images are from caudal cortex. B, Quantification of microglial staining in ZIKV-treated male and
female 129S1 cortex as a function of age. Bars indicate the mean percentage of area covered with Iba-1 immunostaining (	SE); N values, 4 or 5 at P7, 7 or 8 at P14, 6 each at P21, 3 each at P28. Levels
in control brains were �1.5% (data not shown). C, FJ-B staining in cortex, hippocampus, and cerebellum of representative P14 male and female ZIKV-treated 129S1 mice compared with controls.
D, Quantification of the number of FJ-B � cells in cortex as a function of age; N values, 3 each at P7, 4 each at P14 and P21, 5 each at P28. No FJ � cells were seen in controls. *t � 4.653, p � 0.0035
at P14. Scale bars, in A and C 100 �m.
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within the brain differed greatly. In those
strains most symptomatic during the 1
month period after P1 injection (129S1
and B6), the viral load increased from P7
to P14. Cerebral cortex, thalamus, hip-
pocampus, and cerebellum displayed
considerable infection. The time course of
the glial response to the virus also differed
considerably between strains. Although
conclusions are limited by the small num-
ber of mice examined during this time
frame, it appears that the intensity and
duration of the inflammatory response
corresponded with the occurrence of
symptoms during the acute phase of in-
fection (more so in 129S1 and B6 mice), as
well as with the damage that triggered the
formation of calcifications (also more ex-
tensive in 129S1 and B6 mice). The use of
multiple divergent, but generally immu-
nocompetent, mouse strains will permit a
comprehensive examination of the com-
ponents of the host immune response that
are associated with the pathology that de-
velops after neonatal ZIKV exposure. Ge-
netic differences that underlie divergent
immune responses in response to several
infectious agents have been identified
(Sellers et al., 2012). Elucidation of these
factors, in conjunction with the character-
ization of cytokines involved in the Zika
response in the human (Azevedo et al.,
2018), will support the development of
immunocompetent mouse models that
can be used to generate strategies to inter-
vene in the pathogenic process.

ICCs are a common neuropathological
finding in babies born to ZIKV-exposed
women. Visualized by brain imaging tech-
niques, these are most commonly located
in cerebral cortex, basal ganglia, and the
interface between gray and white matter
(Melo et al., 2016; Mlakar et al., 2016; Ara-
gao et al., 2017). A more thorough de-
scription of their size and distribution
within the brain has come from postmor-
tem analyses of stillbirths and aborted fe-
tuses (Mlakar et al., 2016; Chimelli et al.,
2017; Azevedo et al., 2018). Calcifications
have been reported to occur after other in
utero infections, such as with cytomegalo-
virus (Livingston et al., 2014). Although
the mechanism leading to the formation
of calcifications within the brain is still
unclear, it is widely believed that they rep-
resent a pathological outcome of persis-
tent inflammation, oxidative stress, and
necrosis, often occurring in response to
infectious agents (Livingston et al., 2014).
ICCs were a common finding in the brains of ZIKV-treated mice
examined at 3– 4 months of age, when the total ICC burden cor-
related with the hyperactivity and impulsivity phenotype seen in
B6 and 129S1 mice, and cerebellar ICC burden was predictive of

motor deficits in the rotarod test. Few previous studies in mice
have found ICCs, perhaps because the mice were killed at too
young an age, ZIKV exposure occurred during early gestation, or
immunocompromised mice were used. However, a recent study

Figure 5. Open field activity. Mean total distance traveled (cm � SEM) in the open field, for postnatally ZIKV-treated and
control male and female mice from four different inbred strains. White bars represent controls. Black or gray bars represent ZIKV.
Data were analyzed for each strain separately, using a two-way ANOVA (treatment � sex), followed by Tukey post hoc tests. A, For
the B6 strain, there was a significant main effect of treatment (F(1,48) � 24.596, p � 0.0001). ZIKV-infected B6 male and female
mice displayed hyperactivity relative to their corresponding (strain/treatment/sex) controls. B, For the 129S1 strain, there were
significant effects of treatment (F(1,34) � 7.509, p � 0.0097) and sex (F(1,34) � 5.561, p � 0.0243), as well as a significant
treatment � sex interaction (F(1,34) � 6.723, p � 0.0139). There was no effect of treatment in the FVB ( p � 0.2243; C) and DBA
( p � 0.3745; D) strains. *p � 0.05, compared with controls of the same strain, treatment, and sex. N values are as follows: B6
males (12 C, 15 ZIKV), B6 females (12 C, 13 ZIKV), 129S1 males (9 C, 10 ZIKV), 129S1 females (9 C, 10 ZIKV), FVB males (10 C, 10
ZIKV), FVB females (10 C, 19 ZIKV), DBA males (6 C, 10 ZIKV), DBA females (8 C, 6 ZIKV). C, Controls.

Figure 6. Elevated zero maze. Mean time (� SEM) spent in the open portions of the maze, for postnatally ZIKV-treated male
and female mice from four inbred strains. White bars represent controls. Black or gray bars represent ZIKV. Data were analyzed for
each strain separately, using a two-way ANOVA (treatment � sex), followed by Tukey post hoc tests. A, In the B6 strain, there was
a significant main effect of treatment (F(1,48) � 40.039, p � 0.0001). Male and female B6 mice infected with ZIKV spent more time
in the open portions of the maze than did their corresponding (strain/treatment/sex) control groups. B, For the 129S1 strain, there
was a significant main effect of sex (F(1,34) � 6.44, p � 0.0159) and a significant treatment � sex interaction (F(1,34) � 4.896,
p � 0.0337). C, For FVB mice, there was a main effect of sex (F(1,46) � 4.333, p � 0.043) but not treatment ( p � 0.262;
treatment � sex interaction, p � 0.3449). D, For DBA mice, there was a main effect of sex (F(1,31) � 6.03, p � 0.0199) but not
treatment ( p � 0.2802; treatment � sex interaction, p � 0.7107). *p � 0.05, compared with controls of the same strain,
treatment, and sex. N values are as follows: B6 males (12 C, 15 ZIKV), B6 females (12 C, 13 ZIKV), 129S1 males (10 C, 9 ZIKV), 129S1
females (9 C, 10 ZIKV), FVB males (10 C, 10 ZIKV), FVB females (11 C, 19 ZIKV), DBA males (9 C, 10 ZIKV), DBA females (9 C, 6 ZIKV).
C, Controls.
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reported ICCs in the brains of B6 mice infected at E15 via intra-
uterine injection (Cui et al., 2017). Interestingly, in our study
ZIKV-infected neurons were most numerous in the cortex in
mice killed at P7–P21, yet the calcifications observed in the brains
of adult mice were largest and most numerous in the thalamus,
hippocampus, and cerebellum. Thus, the number of ZIKV-
infected neurons in a region did not fully predict regions with
subsequent calcification. On the other hand, the resulting inflam-
mation, when excessive and prolonged, could produce tissue in-
jury that includes calcifications.

ZIKV can infect both neurons and glia (Bhatnagar et al.,
2017; van den Pol et al., 2017). Although we did not specifi-
cally identify infected cells as neuronal, they appeared pheno-
typically to be neurons. ZIKV was not found in white matter,
and ICCs rarely formed in white matter. One notable excep-
tion was the fasciculus retroflexus, a tract that contains axons
of neurons projecting from the habenula to the interpeduncu-
lar nucleus and other brainstem nuclei (Murphy et al., 1996).
Bilateral calcifications were found in the fasciculus retroflexus
of all 129S1 females. Lesions of the fasciculus retroflexus have
been shown to result in hyperactivity and increased impulsive-
ness (Murphy et al., 1996; Kobayashi et al., 2013), and possibly
to a greater propensity for addiction (Ellison, 2002). Thus, our
findings raise the possibility of future issues with drug addic-
tion that could emerge in the developmentally ZIKV-exposed
population.

The behavioral outcomes of neonatal ZIKV infection in our
mice appeared most similar to the hyperactivity and impulsivity
observed in attention deficit hyperactivity disorder. In the 129S1
strain, noted for its “hypoactive anxious phenotype” (Kalueff and
Tuohimaa, 2005), some ZIKV-exposed females displayed pro-
found hyperactivity in the open field, reaching scores �10,000,

compared with the control mean �200.
These same females displayed no anxiety
about entering the open portions of the
elevated zero maze, frequently immedi-
ately running out into the open in a way
that could be considered “impulsive.” In
obvious contrast, controls usually re-
mained in the enclosed portion for the en-
tire trial. Individual differences in the
behavioral consequences of developmen-
tal ZIKV infection were found to be re-
lated to the development of ICCs in the
brains of susceptible mouse strains.

A remarkable sex difference was the
lack of behavioral deficits and neuropa-
thology in 129S1 males, even though their
female littermates were the most pro-
foundly affected of all mice. Interestingly,
most studies have found males to be more
susceptible to early life immune chal-
lenges than are females (Hanamsagar and
Bilbo, 2016). Sex differences in microglial
numbers and chemokine expression dur-
ing critical developmental periods
(Schwarz et al., 2012) may contribute to
sexually dimorphic responses to infection
early in life. We found no evidence for in-
creased ZIKV levels in female 129S1 mice
compared with their male counterparts,
and no greater microglial activation in the
brain. Nevertheless, greater cell death was

observed at P14 in females compared with males. A more com-
plete analysis of the tissue inflammatory response to ZIKV will be
necessary to uncover the neuropathological events that trigger
greater necrosis and buildup of calcifications in the brains of
female mice of this strain. A recent study using a higher dose of
ZIKV in a different mouse strain (Swiss mice) found females to be
more affected in terms of social behavior, whereas males were
more impaired on the rotarod (Nem de Oliveira Souza et al.,
2018). Although sex differences in the neurobehavioral conse-
quences of developmental ZIKV infection in humans have not yet
been reported, conditions, such as attention deficit hyperactivity
disorder and impulsive behaviors, may emerge when the current
population of children exposed to ZIKV in utero reaches 5– 6
years of age. Whereas these neurobehavioral disorders are more
common in males of the general population, they may prove
more common in ZIKV-exposed females.

The total burden of developmental ZIKV exposure in the pe-
diatric population has yet to be determined (Kapogiannis et al.,
2017). Studies aimed at deciphering the genetic factors involved
in susceptibility or resistance in divergent immunocompetent
strains, as used here, will help elucidate the extent to which host
genetics impacts ZIKV-induced pathology. Infection at different
critical periods of brain development is also likely to result in
different patterns of calcifications and other pathologies, and
thus different sets of behavioral abnormalities. Moreover, to the
extent that early-life infection with ZIKV may reprogram the
immune system in vulnerable individuals (Bilbo and Schwarz,
2009), leading to chronic or exaggerated microglial activation in
response to immune challenges later in life, susceptibility to neu-
rological disorders in this population may extend well beyond
development.

Figure 7. Rotarod. Mean latency to fall (� SEM), for postnatally ZIKV-treated male and female mice from four different inbred
strains. White bars represent controls. Black or gray bars represent ZIKV. Data were analyzed for each strain separately, using a
two-way ANOVA, followed by Tukey post hoc tests. A, In the B6 strain, there was a significant main effect of treatment (F(1,48) �
12.415, p � 0.0009). Male and female B6 mice infected with ZIKV displayed shorter latencies to fall than did their corresponding
(strain/treatment/sex) control groups. B, For the 129S1 strain, there was a significant main effect of sex (F(1,32) � 5.435, p �
0.0262), but treatment did not have an effect on performance ( p�0.3018). C, Although male FVB mice displayed shorter latencies
to fall off the rod than did FVB females (F(1,40) � 7.031, p � 0.0114), treatment had no effect on performance in this strain ( p �
0.5053). D, For the DBA strain, there was a significant main effect of treatment (F(1,27) � 17.453, p � 0.0003) and a significant
interaction between treatment � sex (F(1,27) � 13.115, p � 0.0012). *p � 0.05, compared with controls of the same strain,
treatment, and sex. N values are as follows: B6 males (11 C, 15 ZIKV), B6 females (12 C, 14 ZIKV), 129S1 males (9 C, 9 ZIKV), 129S1
females (9 C, 9 ZIKV), FVB males (8 C, 9 ZIKV), FVB females (8 C, 19 ZIKV), DBA males (9 C, 10 ZIKV), DBA females (6 C, 6 ZIKV). C,
Controls.
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