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Fetal infection with Zika virus (ZIKV) can lead to congenital Zika
virus syndrome (cZVS), which includes cortical malformations and
microcephaly. The aspects of cortical development that are
affected during virus infection are unknown. Using organotypic
brain slice cultures generated from embryonic mice of various
ages, sites of ZIKV replication including the neocortical prolifera-
tive zone and radial columns, as well as the developing midbrain,
were identified. The infected radial units are surrounded by
uninfected cells undergoing apoptosis, suggesting that pro-
grammed cell death may limit viral dissemination in the brain
and may constrain virus-associated injury. Therefore, a critical
aspect of ZIKV-induced neuropathology may be defined by death
of uninfected cells. All ZIKV isolates assayed replicated efficiently
in early and midgestation cultures, and two isolates examined
replicated in late-gestation tissue. Alteration of neocortical cyto-
architecture, such as disruption of the highly elongated basal
processes of the radial glial progenitor cells and impairment of
postmitotic neuronal migration, were also observed. These data
suggest that all lineages of ZIKV tested are neurotropic, and that
ZIKV infection interferes with multiple aspects of neurodevelop-
ment that contribute to the complexity of cZVS.
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M icrocephaly is a neurodevelopmental disorder that is clin-
ically characterized by dramatic physical reduction of head
circumference (1-3). A variety of etiologies can lead to micro-
cephaly, including vertical transmission of the TORCH mi-
crobes: Toxoplasma gondii, rubella, cytomegalovirus, herpes
simplex virus, or other pathogens, such as coxsackievirus, vari-
cella zoster virus, HIV, human T-lymphotropic virus, or Trepo-
nema. Infection with the arbovirus Zika virus (ZIKV) has been
associated with the development of congenital cortical malfor-
mations, including microcephaly (4), defining the virus as a new
TORCH agent (5).

The reduced head circumference seen with microcephaly is a
consequence of reduced brain volume, also manifested in a
thinner neocortex. A healthy mature cerebral cortex is composed
of six distinct layers of neurons. Most cells within these layers
arise from a single layer of apical-basal polarized cells that line
the cerebral ventricle (6). This single layer of cells undergoes
multiple rounds of symmetric mitotic divisions, which largely
define the ultimate size of the brain. These cells increasingly
undergo asymmetric divisions at which point the cells are re-
ferred to as radial glial progenitors (RGPs) (7). The asymmetric
divisions create two postmitotic daughter cells, with one mi-
grating basally out from the proliferative ventricular zone (VZ)
toward the developing cortical plate (CP) of the neocortex. The
other cell remains as an RGP attached at the ventricular surface,
and the collective progeny of this RGP defines a “radial col-
umn.” A signature feature of the RGP is its elongated basal fiber
that links the VZ to the opposing pial surface. Migration of
the postmitotic cells into the cortical plate of the developing neo-
cortex occurs along the RGP process (8). The late stages of neo-
cortical development establish the gyri, sulci, and cytoarchitecture
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of the mature brain. Mutations in genes critical for these processes
all may interfere with the proper number of neurons and layers,
resulting in a thinner neocortex, consistent with autosomal recessive
microcephaly (reviewed in ref. 9).

Zika virus, a (+) RNA arbovirus in the Flaviviridae family, is a
reemerging human pathogen. Originally isolated from a febrile
sentinel macaque in 1947, the first reported human infections
occurred in Nigeria during the early 1950s (10, 11). Initially it
was thought that Zika virus infection did not result in clinical
disease, but was experimentally neurotropic in mice (10, 11). If
symptoms of viral infection were observed in humans, they were
mild, including rash, joint pain, and fever (12). During the
2007 and 2013 outbreaks in isolated Pacific islands, adult ZIKV
infection was associated with neurological dysfunction such as
Guillain-Barré syndrome, a disorder in which the immune system
attacks the peripheral nervous system, and other central nervous
system (CNS) complications (13). Once ZIKV spread to the
Western Hemisphere, it was recognized to be responsible for the
increase of children born with microcephaly and cortical mal-
formations in Brazil and Colombia (14). By late 2016, ZIKV
infection was known to cause many neurological abnormalities
outside of microcephaly, including lissencephaly, loss of brain
volume, pachygria, and ventriculomegaly (15), which all com-
prise congenital Zika virus syndrome (cZVS) (4).

Several animal models of ZIKV infection, including mice and
nonhuman primates, have recently been established (16). These
models illustrate many features of ZIKV-induced pathology,
including viremia and neuronal tissue tropism. The inability to
genetically manipulate nonhuman primates restricts their use for
understanding ¢ZVS. Organoid culture models provide limited
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information about virus infection of target cells within the con-
text of the developing tissue and organ, since some cell types are
missing and there is little to no immune system or vascular
representation. Furthermore, many organoid cultures used to
understand ZIKV biology only develop neural identity, not tissue
organization (17, 18). Organoid cultures do not allow for the
study of neuropathologies in the late developing brain, are dif-
ficult to consistently manufacture, and are characterized by im-
mature neuronal connectivity; therefore, they are far more
simplistic than the brain (19).

Organotypic brain slice cultures are widely used to understand
neuronal connectivity and neurodegenerative disorders (20-22)
and have enriched our understanding of autosomal recessive
microcephaly and brain development (23, 24). Furthermore,
organotypic brain slice cultures from embryonic mice are a ge-
netically amenable system to study cZVS and the ability of the
virus to infect neural cells (neurotropism), as the virus inoculum
is placed directly on target cells of the cultures. This system fully
separates neurotropism from neuroinvasion, virus entry into the
CNS from distant sites of the body. Consequently, observations
made in organotypic brain slice cultures generated from em-
bryonic mice expand our understanding of viral infection beyond
established animal models and organoid cultures.

In this study the effects of ZIKV infection on the embryonic
mouse brain were determined using organotypic brain slice cul-
tures. All ZIKV isolates tested from 1947 to the present replicated
in early and midgestation embryonic brain tissue [embryonic days
13 (E13) and 15 (E15), respectively], while two isolates replicated
in brain slice cultures from E19 embryos. Virus replication led to
increased apoptosis within the cultures and impaired neuronal
migration into the cortical plate. The results suggest that infection
with different isolates of ZIKV can cause severe brain de-
velopmental abnormalities. These data begin to illuminate how
ZIKV-associated neuropathologies develop.

Results

Zika Virus Neurovirulence Is Independent of Genetic Lineage. It has
been suggested that neurovirulence was acquired as ZIKV
spread from Africa through Asia and the Pacific to South
America (25). Analysis of the genome sequences of isolates from
1947 to the present defines two phylogenetic groups (Fig. 1).
Neurologic disease has been associated with the Asian lineage of
viruses (25). To determine if neurotropism is a recently acquired
property, replication of virus isolates from both phylogenetic
groups was assayed in organotypic brain slice cultures from
E15 mouse embryos. Neurogenesis at this stage corresponds to
weeks 13/14 in human gestation, the beginning of the second
trimester when there is maximal migration of the postmitotic
neurons into the cortical plate (26, 27). Indirect immunofluo-
rescence (IF) microscopy of brain slice cultures 3 d postinfection
(dpi) with the 2015 Puerto Rican ZIKV isolate revealed virus-
specific antigen [ZIKV-envelope (ZIKV-E)] throughout the de-
veloping neocortex and midbrain (Fig. 24). ZIKV-E was visualized
in cells that line the ventricular surface of the developing brain,
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Fig. 1. Phylogenetic tree of ZIKV isolates used in this work. Entire genome
sequences of seven ZIKV isolates examined in this study were aligned using
the ClustalW module of DNAstar. Results reveal the evolutionary relation-
ship between viral isolates.
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Fig. 2. Representative tissue distribution and replication of ZIKV isolates in
organotypic mouse brain slices. (A) Brain slice cultures from E15 embryos
were infected with 10° pfu of the ZIKV PRV isolate or uninfected and at
3 dpi, were fixed and stained with pan-flavivirus antibody against the E
glycoprotein (ZIKV-E) and DAPI. ZIKV-E signal demonstrated ZIKV infection
in focal areas, including the developing neocortex and midbrain. (Scale bar:
500 pm.) (B) Higher magnification (60x objective) of the ventricular surface
of infected brain slice culture, stained with pan-flavivirus ZIKV-E antibody.
The location of these cells along the ventricle in the ventricular zone, and
their morphology with apical and basal processes all support that these
ZIKV-E positive cells are radial glia. (Scale bar: 10 pm.) (C) Time course of
replication of multiple isolates of ZIKV in E15 brain slice cultures. Results are
representative of three independent experiments.

with staining extending throughout the radial columns of RGP
progenitor cells and their neuronal progeny (Fig. 2B). Although
the slices were uniformly exposed to ZIKV, the ZIKV-E signal
demonstrated focal areas of infection. This observation aligns
with previous reports that human and mouse neuronal stem
cells are a site of ZIKV infection (28, 29). Furthermore, viral
antigen was detected throughout the cortical plate to the pial
surface in brain slices infected with a Malaysian isolate from
1996 (Fig. S1).

To determine if infection of E15 brain slice cultures was lim-
ited to isolates from Puerto Rico and Malaysia, slices were
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infected with 10° pfu of five additional ZIKV isolates from
1947 to the present: African (MR766), Senegalese, Brazilian,
Colombian, and Honduran (Fig. 2C). At different times after
infection, culture supernatants were harvested and virus pro-
duction was determined by plaque assay. By 8 dpi, infectious
virus was detected in cultures infected with each of the isolates
(Fig. 2C). Poliovirus was used as a negative control, as the re-
lated flavivirus dengue was previously shown not to replicate in
embryonic brain slices (30). Poliovirus did not replicate in brain
slice cultures, as the mice used do not produce the poliovirus
receptor, CD155 (Fig. 2C).

In previous reports ZIKV infection of human neural pro-
genitor cells produced from induced pluripotent stem cells
revealed increased apoptotic cell death (29). Therefore, IF
analysis was used to detect cleaved caspase 3 in the infected
brain slice cultures. There was a significant increase in apoptosis
observed in organotypic slice cultures infected with each ZIKV
isolate compared with uninfected cultures (Fig. S2). Induction of
caspase 3 cleavage occurred mostly within the cells that surround
the virus-infected cell (Fig. 3), which has also been suggested by
the results of other studies (30, 31). These regions of apoptosis
were confined to areas marked by ZIKV-E staining, as seen in
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Fig. 3. ZIKV infection of organotypic mouse brain slices leads to increased
apoptosis. Brain slice cultures from E15 embryos were infected with 10° pfu
of the indicated ZIKV isolates or poliovirus and at 8 dpi, were fixed and
stained with pan-flavivirus antibody against the E glycoprotein (ZIKV-E),
antibody to cleaved caspase 3 (CC3), and DAPI. Examination of PRV ZIKV-
infected slices reveals that the vast majority (91.13%, 0.132 SD) of ZIKV-E
positive cells are negative for CC3. (Scale bar: 10 um.)

Rosenfeld et al.

the neocortex of an organotypic slice infected with the Malaysian
isolate (Fig. S1).

These findings demonstrate that ZIKV infects the embryonic
mouse brain during midgestation, that the virus is neurotropic
independent of its genetic lineage (African or Asian), and that
infection leads to apoptosis. It is not possible to correlate the
growth capacity of different ZIKV isolates with induction of
apoptosis without knowledge of the cell number in each slice
culture. The results also establish organotypic embryonic brain
slice cultures as a useful system to investigate ZIKV-induced
brain malformations.

Developmental Restraints of Zika Virus Infection Revealed with
Embryonic Organotypic Brain Slice Cultures. The results of epide-
miological studies initially suggested that the greatest risks for
developing cZVS are associated with maternal ZIKV infection
during the first and second trimester (32, 33). Neurological
dysfunction has been associated with virus infection during the
third trimester, or shortly after birth, albeit less frequently (34—
38). To test whether ZIKV neurotropism is regulated by gesta-
tional age, organotypic brain slice cultures were generated from
embryonic mice at a range of developmental stages. Brain slices
from E13 embryos, which are developmentally comparable to
the middle of the first trimester of human neurogenesis, sup-
ported viral replication of all five ZIKV isolates examined, as
determined by expression of a virus-specific antigen within focal
areas of the neocortex (Fig. 4 A and B) and by virus production
(Fig. 40C).

Brain slice cultures derived from E19 embryos, which mirror the
late stage of neurogenesis during human gestation, supported
productive infection with the Honduran and the prototype
MR766 isolates (Fig. 54). During infection with the Honduran
isolate, ZIKV-E protein was observed only in the neocortex of
E19 slices, not within the proliferative zone as seen in E15-
infected slices (Fig. 5B). These observations mirror those seen
during ZIKV infection of late-term organoids and in postnatal
mice (23, 28, 39). Other ZIKV isolates, including PRV, did not
infect E19 brain slice cultures (Fig. 5B). Identifying the stage in
replication that is inhibited in E19 brain slice cultures, and the
viral determinants, will provide mechanistic insight into the con-
trol of ZIKV replication during early embryonic development.

Effects of ZIKV Infection on Neocortical Layer Formation. The spec-
trum of neuronal malformations associated with clinical cZVS is
no longer limited to microcephaly. It includes brain calcifica-
tions, lissencephaly, ventriculomegaly, cerebellar hypoplasia, and
brainstem dysfunction, leading to clinical symptoms, including
seizures and spasticity (4). The wide spectrum of neuropathology
seen in patients with cZVS suggests that multiple aspects of
brain development may be affected, including neuronal migra-
tion. To gain insight as to whether ZIKV replication may alter
this behavior, GFP-encoding DNA was electroporated ex utero
into the radial glial progenitor cells (40) that line the ventricular
surface of E15 brains before generation of the organotypic cul-
tures, and infected with ZIKV 24 h later. IF of organotypic
cultures from these brains revealed that ZIKV infection impeded
neuronal redistribution as reflected by a lower percentage of
electroporated cells reaching the most superficial layers of the
neocortex 4 dpi (Fig. 6 B and C). All of the ZIKV isolates tested
impaired neuronal migration into the cortical plate (Fig. 6 A-C).
These migratory neuronal precursors did not exhibit overt de-
fects in their cellular morphology, such as misdirected leading
processes or a multipolar morphology (Fig. 6B), prompting an
analysis of the RGP basal processes that serve as a scaffold for
the migrating neuronal precursors.

Microscopic analysis of the infected organotypic slices also
revealed that ZIKV infection perturbs the basal projections of
the radial glial progenitor cells, marked by vimentin staining
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Fig. 4. ZIKV replicates in early gestation neural tissue. (A and B) Brain slice
cultures from E13 embryos were infected with 10° pfu of the indicated ZIKV
isolates and at 8 dpi, were fixed and stained with pan-flavivirus antibody
against the E glycoprotein (ZIKV-E) and DAPI. All ZIKV isolates tested in-
fected E13 brain slices. (Scale bar: 250 um.) (C) Time course of replication of
multiple isolates of ZIKV in E13 brain slice cultures. Results are representative
of three independent experiments.

(Fig. 6D). Intact radial glial fibers (Fig. 6D, mock) are necessary
for proper neuronal migration into the cortical plate. These data
support the hypothesis that ZIKV infection can cause structural
changes to the basal process of the radial glial progenitor cells
and, thereby, impair neuronal migration.

Discussion

Congenital ZIKV syndrome is a significant public health chal-
lenge. Microcephalic children may be born to both symptomatic
or asymptomatic infected mothers, complicating proper di-
agnosis and treatment. ZIKV-associated neuronal dysfunction
may develop postnatally, and there remains a lack of under-
standing of the long-term cognitive and physical disabilities as-
sociated with ¢ZVS (41). Many models of ZIKV infection have
been established but none have or can systematically examine
the consequences of viral infection across pre- and postnatal
brain development (16, 30, 42).

Mouse Brain Slices as a Model System. The results reported here
demonstrate that organotypic brain slice cultures are ideal for
studying ZIKV neurotropism. Infection of mouse embryonic
brain slice cultures with ZIKV leads to identification of the sites
of infection, and visualization of both cell death and impaired
neuronal migration into the cortical plate. Although production
of organotypic brain slices severs some axonal connections, these
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cultures nevertheless maintain many aspects of in vivo brain bi-
ology, including functional local synaptic circuitry with preserved
brain architecture, vascularization, and immune composition,
and can remain viable for at least 8 d in culture. They can be
generated from the exact stage of embryonic development de-
sired. Organoid cultures are unable to faithfully mimic the cel-
lular and structural complexity of the brain, including the
presence of a cortical plate, and are heterogeneous with respect
to cell type composition and structure, which influences the re-
producibility of any findings (19).

Was ZIKV Always Neurotropic? Two hypotheses have been sug-
gested to explain the recent epidemic emergence of ZIKV and
previously unrecognized neurotropism and congenital disease
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Fig. 5. Replication of two ZIKV isolates in late gestation neural tissue. (A
and B) Brain slice cultures from E19 embryos were infected with 10° pfu of
the indicated ZIKV isolates and at 8 dpi, were fixed and stained with pan-
flavivirus antibody against the E glycoprotein (ZIKV-E), cleaved caspase 3
(CC3), and DAPI. Unlike E13 and E15 organotypic slices, E19 slices supported
the infection and replication of only the MR766 and Honduran isolates.
Staining for ZIKV-E after infection with the Honduran isolate demonstrated
viral infection throughout the developing neocortex, with little staining in
other brain regions. (Scale bar: 500 and 250 pm in A and B.) (C) Time course
of replication of multiple isolates of ZIKV in E19 brain slice cultures. Polio-
virus, DHK, Colombia, and PRV isolates did not replicate as the lines are
superimposed and not readily visible. Results are representative of three
independent experiments.
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Fig. 6. Neuronal migration is impaired during ZIKV infection. (A) Plasmid
encoding GFP DNA was electroporated into E19 brains ex utero before
production of slice cultures. Twenty-four hours later, the slice cultures were
infected with 10° pfu of the indicated ZIKV isolates and at 4 dpi, were fixed
and stained with pan-flavivirus antibody against the E glycoprotein (ZIKV-E),
antibody against cortical layers 2-4 marker Tbr1, and DAPI. ZIKV infection
appeared to limit neuronal precursor migration into the most superficial layers
(corresponding to layers 2/3). (Scale bar: 250 um.) (B) The cortical plate was
divided into six regions of equal size, and the percentage of GFP fluorescent
intensity in each sector over the whole six sectors was calculated. (C) Dis-
tribution of GFP positive cells within each sector for mock and ZIKV-infected
slices. The number 1 is the pial surface, and 6 is the deepest cortical plate
layer. ZIKV infection significantly reduced the number of neuronal precur-
sors migrating into the outer neocortex (bin 1) and significantly increased
the number of neuronal precursors remaining in the inner neocortex (bin 6).
Data represented as mean + SEM for each condition in each bin in C. Un-
paired t test was used to determine significance (*P < 0.05, n = 3 embryonic
brains across different replicate experiments). (D) Sections from A were
stained with antibody against the E glycoprotein (ZIKV-E) and antibody
against vimentin to mark the radial glia progenitor (RGP) basal processes,
which are the fibers upon which bipolar neurons migrate, and with DAPI.
ZIKV infection perturbed the RGP scaffold compared with control slices.
(Scale bar: 250 pm for A and D.)

(25). One possibility is that mutations in the viral genome were
selected that enhance transmission and expand tropism of the
virus. Alternatively, the virus might have been randomly in-
troduced into large immunologically naive populations, and the
increased numbers of cases revealed previously undetected

Rosenfeld et al.

syndromes. All ZIKV isolates examined, from 1947 to the present,
replicated in early and midgestation embryonic brain slice cultures
(E13 and EI15, respectively), demonstrating that ZIKV neuro-
tropism is not a newly acquired characteristic. This observation
suggests that the earliest human ZIKV infections could have led to
neuronal pathology that was too rare for a clear association to be
established, especially in areas with poor health infrastructure. Our
findings do not rule out the possibility that mutations within the
ZIKV genome have been selected that enhance viral neuroinvasion.

Effect of ZIKV Infection on Neocortical Layer Formation. The spec-
trum of neuronal malformations associated with clinical cZVS is
no longer limited to microcephaly. It includes brain calcifications,
abnormal neuronal migration, cerebellar hypoplasia, lissence-
phaly, ventriculomegaly, and brainstem dysfunction, leading to
clinical symptoms including seizures and spasticity (4). Many
of these pathologies are believed to result from deficiencies in
early-mid brain development. The initial findings of our study
determined that productive ZIKV infection can occur at the be-
ginning of corticogenesis. Consequently, we hypothesized that
ZIKV infection could impair postmitotic neuronal migration and/
or facilitate premature delamination of cells along the ventricular
membrane, resulting in a thinner brain cortex. ZIKV infection
impaired neuronal migration into the putative neocortex, although
no abnormalities were noted in the morphology of the migrating
neurons themselves. The morphology of the RGP basal processes
was impaired with ZIKV infection, which no longer provided a
linear scaffold for migration of neuronal precursors. A similar
scaffold disorganization was observed in ZIKV-infected organo-
typic human fetal brain slices (42) and is an important contributor
to other neurodevelopmental diseases (43). It is unclear if the
disarray of the RGP basal processes led to the neuronal migration
abnormalities found in ZIKV-infected slices, and/or if other
mechanisms such as increased apoptosis or changes intrinsic to the
migrating neuronal precursors led to their impaired migration.
Nevertheless, our data describing virus-associated brain devel-
opment defects should aid in our understanding of how cZVS
develops.

Several virus phenotypes, including impairment of neuronal
migration into the cortical plate and induction of apoptosis, were
observed in slices infected with all ZIKV isolates. The observed
cell death was predominantly seen in cells that surrounded
ZIKV-infected cells. Neurotoxicity of ZIKV could result directly
from apoptosis of the infected cell as a means of limiting in-
fectious virus production, or by the release of a cytotoxic factor
promoting apoptosis of neighboring cells and impairing virus
dissemination. The variation of observed apoptosis between
isolates suggests that infection with ZIKV from Asia and the
Americas may lead to a greater density of cell death than those
from Africa. Inability to determine cell number in the slice
prevents our ability to calculate the multiplicity of infection;
therefore, no association between replication efficiency and ap-
optotic density can be made. Apoptosis and aberrant neuronal
migration both likely contributed to reduced cortical density and
the development of congenital Zika virus syndrome.

Cell Type and Developmental Stage Specificity. The greatest risks
for developing cZVS are associated with ZIKV infection during
the first and second trimesters (32, 33). Our results show that two
of seven ZIKV isolates can replicate in brain slice cultures
generated from E19 embryos, equivalent to the third trimester of
human gestation. For example, the PRV isolate, which replicated
in E13 and EI15 brain slice cultures, did not replicate in
E19 cultures. This observation suggests that the changing cellular
environment during embryonic development influences viral
neurotropism. Fewer than 10 amino acids distinguish PRV from
MR766 and the Honduran isolate, but which is the genetic de-
terminant of replication in E19 brain slice cultures will require
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further study. Recently it was shown that the PRV isolate rep-
licated in the brain of 1-d-old mice inoculated s.c. (44). The
discrepancy with our results is unexplained, but could involve the
genetic background of the mouse or the virus.

Additional neurodevelopmental deficits associated with cZVS
have been identified since the first reports of the association of
ZIKV infection with microcephaly. These observations are con-
sistent with our understanding that a decrease in neuron number
due to either inhibition of RGP proliferation or apoptosis reduces
brain size. When apoptosis predominates, areas of programmed
cell death contribute not only to an overall microcephalic phe-
notype, but facilitate the development of neocortical defects such
as intracerebral calcifications. Additionally, the neuronal migra-
tion defects observed in areas of ZIKV-envelope staining are
more typical of the neuropathology associated with lissencephaly.
Together these data suggest that multiple mechanisms may con-
tribute to the neuropathology in children diagnosed with cZVS,
and that the neurotropism of ZIKV virus is a characteristic of
isolates from Africa, Asia, and the Americas.

Materials and Methods

Detailed materials and methods are available in SI Materials and Methods.
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