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The explosive spread of the Zika virus (ZIKV) through South and Central America has been linked to an increase
in congenital birth defects, specifically microcephaly. Representative rodent models for investigating infections
include direct central nervous system (CNS) injections late in pregnancy and transplacental transmission in
immunodeficient mice. Microcephaly in humans may be the result of infection occurring early in pregnancy,
therefore recapitulating that the human course of ZIKV infection should include normal embryo exposed to ZIKV
during the first trimester. In ovo development of the chicken embryo closely mirrors human fetal neurodevelopment and, as a comparative model, could provide key insights into both temporal and pathophysiological
effects of ZIKV. Chick embryos were directly infected early and throughout incubation with ZIKV isolated from a
Mexican mosquito in January 2016. High doses of virus caused embryonic lethality. In a subset of lower dosed
embryos, replicating ZIKV was present in various organs, including the CNS, throughout development. Surviving
ZIKV-infected embryos presented a microcephaly-like phenotype. Chick embryos were longitudinally monitored
by magnetic resonance imaging that documented CNS structural malformations, including enlarged ventricles
(30% increase) and stunted cortical growth (decreased telencephalon by 18%, brain stem by 32%, and total brain
volume by 18%), on both embryonic day 15 (E15) and E20 of development. ZIKV-induced microcephaly was
observed with inoculations of as few as 2–20 viral particles. The chick embryo model presented ZIKV embryonic
lethal effects and progressive CNS damage similar to microcephaly.
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Introduction

T

he emergence of the Zika virus (ZIKV) in Central and
South America has garnered global interest as increasing
epidemiological data suggest a concordance between ZIKV
infections and microcephaly, which is a congenital birth defect
characterized by a small head and brain development deficits
[1]. Since the onset of the contemporary ZIKV epidemic, the
scientific community has been working quickly to understand
the progression of ZIKV-induced central nervous system (CNS)
malformations. Although substantial scientific effort has been
directed to curb the transmission of ZIKV, significant gaps in
understanding the pathophysiology and virology remain.
Our goal was to explore a novel in vivo model for ZIKVinduced brain damage that will compliment and address

limitations in current in vivo mammalian model systems.
Historically, chick embryos have been extensively used in
developmental biology, teratology, and virology studies [2–
4]. Little is known about ZIKV infection in whole chick
embryos and available information dates back to 1976,
where ZIKV did not infect chicken embryonic cells in
culture (monolayers and suspension) [5]. Embryonated hen
eggs have been proven useful in other viral cultures due to
the fact that they are large in size, low cost, and could have a
higher throughput for therapeutic testing than other in vivo
models. A chick embryo model could prove advantageous
in a time of scientific uncertainty surrounding ZIKV pathophysiology.
Chick embryos were permissive to ZIKV infection, and
progressive ZIKV-induced brain malformations occur after
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early ZIKV infection. This work established an inexpensive,
well-studied, nonimmunocompromised in vivo animal model
capable of recapitulating the teratology of ZIKV infections.
Importantly, the chick embryo model affords the opportunity
to study advanced development of the CNS, beyond the
embryo stages previously reported in mammalian models
[6,7]. The chick embryo model provides potentially higher
throughput, automated egg injection techniques are routine,
and could open up the use of tens of thousands of ZIKVembryonated eggs per hour in future ZIKV therapeutic
screening campaigns [8,9].

Materials and Methods
ZIKV strain–Zika virus isolate MEX1-44 was obtained
from the University of Texas Medical Branch (UTMB) Arbovirus Reference Collection. The isolate was collected from
a field-caught Aedes aegypti mosquito from Chiapas, Mexico,
in January 2016 [10]. The virus was passaged four times in
Vero cells at UTMB, and an additional two times at the University of Georgia (UGA). All infections were completed using pass six stock. The virus stock was sequenced with Sanger
sequencing and found to be 99% identical to the Brazilian
isolates obtained from microcephaly cases [11]. Complete
phylogenetic analysis is summarized by Guerbois et al. [10].
ZIKV infection–A common protocol used in developmental
biology for avian embryo manipulations was minimally altered
to suit our application [12]. Briefly, embryonated broiler eggs
(obtained from the UGA Poultry Science Farm) were set in a
standard egg incubator at 37C and 50%–60% humidity and
inoculated on either embryonic day 2.5 (E2.5) or embryonic
day 5 (E5). After sterilizing with ethanol and reinforcing the
shell with clear tape, three milliliters of albumen was removed
and the eggshell was windowed to visualize the embryo. Virus
was injected through the amniotic membrane using a glass
capillary tube drawn into a needle. Two microliters of Dulbecco’s modified Eagle medium (DMEM) containing no,
0.2, 2, 20, 200, 2,000, or 20,000 viral particle forming units
was administered within the inner membrane space with the
Picospritzer III (Parker Hannifin Corp.). Eggs were sealed
with hot glue and a glass coverslip, and immediately returned to
the incubator.
Quantification of Viral Load–The number of infectious
ZIKV particles was monitored with plaque assays (infection
was confirmed by quantitative reverse transcriptase PCR,
data not shown). The embryo, extraembryonic tissue, and
yolk/albumin material were collected from less than 10-dayold embryos and individual organs were dissected from older
embryos. Each of the tissues was weighed and homogenized
with stainless steel beads and 1 mL of DMEM in a QIAGEN
TissueLyzer. The solid material was removed through centrifugation (20,000g, 5 min) and the cleared material was titered. Vero cells were infected with 10-fold serial dilutions of
sample for 1–2 h. The inoculum was then removed, replaced
with semisolid agar overlay, and the cells were incubated for
4–5 days at 37C, 5% CO2. The cells were fixed in formalin,
stained with crystal violet, and the number of viral plaques
was enumerated.
Magnetic resonance imaging (MRI) of chicken embryos–
All MRI experiments were carried out on a 7 T Varian
Magnex small animal scanner with a maximum gradient
strength of 440 mT m-1. Chicken embryos were scanned
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with MRI at two time points (E15 and E20 of chick embryo
development), and eggs were chilled at 4C for one hour
before imaging. Embryos were immediately returned to the
incubator after imaging on E15 and humanly euthanized
by decapitation after imaging on E20.
Both T1-weighted and T2-weighted anatomical images
were acquired using the following protocol: T1-weighted
fast spin echo sequences (TR = 1.1 s, effective TE = 28.5 ms,
FOV = 60 · 60 mm2, image matrix = 256 · 256, 16–22 slices
depending on embryonic day, thickness = 1 mm) and T2weighted fast spin echo sequences (TR = 4–6 s depending on
number slices, effective TE = 112 ms, FOV = 60 · 60 mm2,
image matrix = 256 · 256, 16–22 slices depending on embryonic day, thickness = 1 mm). Quantitative magnetic resonance (MR) relaxation time T2s was estimated using in-house
Matlab programs, where data were acquired by multiecho,
multislice spin echo sequences (TR = 3–4.5 s depending on
number slices, TE = 15 ms, number of echoes = 12, FOV =
60 · 60 mm2, image matrix = 256 · 256, 16–22 slices depending on embryonic day, thickness = 1 mm). Investigators
were blinded to all MR images for volumetric characterization with ImageJ’s ROI tool.
Statistics–All analyses were conducted in R (A Language
and Environment for Statistical Computing). MRI volumetric measurements were compared by ANOVA. A P-value of
<0.05 indicated statistically significant differences between
groups.
Biosafety–All studies were conducted in accordance with
NIH and UGA guidelines for embryonated chicken eggs. All
virus work was approved by the UGA’s institutional biosafety committee.

Results
Chick embryos are permissive for ZIKV infection
Embryonated broiler eggs were infected with ZIKV
MEX1-44, a strain isolated from a field population of
Mexican mosquitoes in January 2016 [10]. Eggs were inoculated with an amniotic injection of ZIKV on embryonic
day 2.5 (E2.5) or embryonic day 5 (E5), accomplished with
an established windowing procedure to access the embryo
[12]. Daily monitoring of embryo viability showed dosedependent morality three days following infection. To determine if ZIKV replication was occurring in the chick
embryos, a proportion of the embryos was harvested 3 days
postinfection (dpi) and the presence of infectious ZIKV
particles was monitored with plaque assays. The percentage
of the population exhibiting ZIKV replication was dose
dependent after both E2.5 and E5 infections (Fig. 1A).
The number of infectious viral particles, harvested from
each embryo, was at least 100-fold greater than the inoculum, confirming active virus replication (Fig. 1B). In addition, chick embryos that were confirmed to contain active
ZIKV infections (ZIKV+) showed dramatic mortality within
3 dpi, and only embryos exposed to the three lowest doses of
ZIKV survived to embryonic day 20 (E20) of in ovo development (Fig. 1C). In data not shown, a small group of
embryos was infected on embryonic day 13 (E13) and active
ZIKV infection was identified 7 dpi on E20, yet no fetal
mortality was observed.
The presence of virus observed at the end of in ovo development was not significantly altered by the day of ZIKV
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FIG. 1. The chick embryo is permissive to persistent ZIKV infection in all organs and causes embryo death. (A) At 3 days
postinfection (dpi), chick embryos display a proportional increase in infectivity to ZIKV infection. As few as 0.2 viral
particles were sufficient to infect embryos, but infection rates increase with greater numbers of viral particles. (B) ZIKVpositive (ZIKV+) embryos display active viral replication. At 3 dpi, the viral load in ZIKV+ embryos dramatically increased
from the initial injected dose. Open circles indicate individual observations, and line indicates the mean of each dose. (C)
ZIKV+ chick embryos demonstrate dose-dependent survival with high mortality within the first 3 dpi. (D) Infectious viral
particles were isolated from E20 chick embryos after infection-substantial viral loads were identified within the brain, eyes,
and all other tissues evaluated relative to 0 particles (sham) injection. ZIKV, Zika virus.
infection or the narrow dose level, and therefore results for
these treatment groups were pooled for all subsequent
endpoints. High viral loads were consistently identified
within the brain and eyes of E20 chick embryos (Fig. 1D).
Beyond the CNS, high viral loads were observed in the crop,
heart, intestine, and liver (Fig. 1D). The widespread distribution of replicating ZIKV particles in multiple organs
suggests that initial low-level infection of ZIKV can lead to
persistent viral growth in the chick embryos. The embryos
were not perfused before organ harvest and at least some of
the virus observed in the various tissues may have been
circulating in the blood.

In vivo imaging of Zika-induced brain damage
ZIKV-induced brain neuropathology was observed using
magnetic resonance imaging (MRI). Chick embryos were
imaged on embryonic day 15 (E15) and E20 of development. Eight sham-injected embryos and 12 ZIKV-infected

embryos were imaged. MR imaging slices were oriented to
keep bilateral symmetry on the head, by checking the appearance of the two eyeballs. Two of the 12 ZIKV-infected
embryos displayed gross defects on anatomical T2-weighted
MR images at E20 (Fig. 2A). Hyperintensity or bright
contrast shown in the inset box of ZIKV-infected chick
embryos indicates higher content of fluid in the malformed
brain area.
Segmentation of anatomical MRI afforded volumetric
quantification of specific brain regions. When comparing uninfected and infected embryos, volumetric quantification
revealed stunted CNS growth between E15 and E20 in ZIKVinfected embryos (Fig. 2B–F). Noninfected embryos demonstrated a significant increase in whole brain volume and within
all cortical brain regions from E15 to E20 (Fig. 2B–D). Conversely, ZIKV infections stunted the growth of the chick embryo CNS as evident by nonsignificant increases in brain
volume with only the cerebellum exhibiting significant growth,
while other cortical regions remained undersized. We observed
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When comparing the sham-injected to ZIKV-injected
embryos at day 20, the virally infected embryos displayed
smaller whole brain volume, telencephalon, and brain stem,
although the decrease was not significant (Fig. 2B–D). The
infected embryos did display a significant increase in lateral
ventricle volume (Fig. 2F). The smaller total brain volume
in combination with the significantly larger ventricles suggest that the ZIKV-infected embryos had less cortical tissue
compared to sham-injected controls.
Previously, MR relaxation time T1 and T2 maps were
used to longitudinally monitor developmental study of chick
embryos, and the T2 maps specifically provided insights into
developing pathology changes [13]. The T2 values of comparable brain regions of ZIKV-infected embryos increased
(Fig. 3A). A distribution of T2 values of ZIKV-infected brain
area reveals a shift toward the higher end (Fig. 3B). Higher
T2s suggest more fluid in the ZIKV-infected brain area, which
is consistent with the hyperintensity contrast in the same area
of anatomical images (Fig. 2A). Unlike the T2-weighted MR
images and quantitative T2 maps, T1-weighted MR images of
the same ZIKV-infected embryos did not show clear brain
malformation (Fig. 4). These suggest limited or no calcification formation associated with necrosis in ZIKV-infected
embryos after 17.5 or 15 dpi [14,15].

FIG. 2. MRI reveals that ZIKV-infected chick embryos
have stunted brain growth. (A) Anatomical MRI T2weighted images show integrity of sham-injected chick
embryo telencephalon (left) and malformation in similar
region of ZIKV-infected chick embryo (right). Dashed
boxes represent location of inset images. (B) The whole
brain, (C) telencephalon, and (D) brain stem demonstrate
significant increase in volume from E15 to E20, while
ZIKV-infected embryos did not. (E) The growth of the
cerebellum did not appear to be stunted, and (F) the lateral
ventricles of ZIKV-infected embryos were significantly increased at both E15 and E20 when compared to DMEMinjected control embryos. (G) The difference in mass of
DMEM-injected control eggs and ZIKV-infected eggs was
negligible. All comparisons were made with one-way ANOVA,
*P < 0.05. DMEM, Dulbecco’s modified Eagle’s medium;
MRI, magnetic resonance imaging.
a decreased growth of total brain volume (-18%), telencephalon (-18%), and brain stem (-32%) (Fig. 2B–D). In addition
to decreased cortical volume, ZIKV-infected chick embryos
presented enlarged ventricular space (+30%) compared to
sham injected (Fig. 2F).

FIG. 3. ZIKV infection leads to altered T2 contrast. (A)
Quantitative MRI T2 maps calculated from acquired SEMS
images demonstrate the changes between sham-injected
embryos (left) and ZIKV (right) at E20. Higher T2s suggest
more fluid in the ZIKV-infected brain area, which is consistent to the hyperintensity contrast in the same area of
anatomical images (Fig. 2A). Dashed boxes represent location of inset images. (B) T2 quantification of comparable
brain areas indicated ZIKV infections increases T2 values,
and the histogram depicts these changes.
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FIG. 4. Anatomical T1-weighted MRI images (Sham: left,
ZIKV infected: right) of the same embryos as in Fig. 2. The
ZIKV-infected brain did not seem to show signs of calcifications. Dashed boxes represent location of inset images.

Discussion
Prior chicken studies suggested that chick cells could not
be infected with ZIKV; however, we were able to show that
chick embryos were susceptible and permissive to ZIKV
infection [5]. Furthermore, high-dose ZIKV infection resulted in chick embryo loss, while low doses led to sustained
viral infection through development. High viral loads were
identified within the brain and eyes of chick embryos, indicating that ZIKV shared cytotropism for chick CNS tissues,
infection of tissues similar to human clinical pathophysiology, and parallel findings in human neural cells and in vivo
murine model systems [16–18]. In vivo models would allow
for further extrapolation of sustained high viral infection
loads to structure function relationships in an organized CNS.
Human clinical data suggest that embryonic mortality
observed may diminish if ZIKV infection occurs later in
development [19]. In this study, ZIKV inoculations were
conducted on E2.5 and E5 of chick embryonic development
at the time of early neurogenesis [20]. ZIKV doses above 20
viral particles led to significant embryonic lethality within
3 dpi at both E2.5 and E5. Since embryonic lethality was dose
dependent, future mechanistic studies may require careful
dosing of the ZIKV. We hypothesize that ZIKV developmental malformations may be dose, level, and replication
dependent. Also, we observed no embryo mortality when
infection occurred later in chick development (E13), underscoring the benefits of in vivo models that can be infected
early in development with ZIKV infection progressing over
several weeks. Differential susceptibility to timing and dose
of ZIKV remains to be understood during human pregnancy,
and these questions could be refined and narrowed with a
chick ZIKV embryo model.
Epidemiological findings report greater risk of microcephaly when mothers have an active ZIKV infection during
the first trimester of pregnancy [21]. ZIKV infection can also
lead to fetal mortality and a spectrum of developmental abnormalities in humans, and the underlying cause is unknown
[22]. The chick embryo model provided the opportunity to
study ZIKV infection from early neurogenesis throughout
CNS maturation [20]. Further studies will elucidate the cell
types initially infected, likely neural progenitor cells, and the
ultimate fate of these cells [6,18]. The neurodevelopmental
maturity of the embryonic day 21 (E21) chick embryo en-
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compassed the entirety of mouse gestation and an additional
14 days of postnatal mouse development [23]. Chick embryogenesis more closely mirrors human neural developmental when compared to postnatal day 0 mouse pups. Also,
higher levels of multivariable treatment groups are not easily
generated in mammalian in vivo models. Consequently, a
chick embryo in vivo model that is relatively fast, inexpensive, and amenable to high-throughput systems could address
these gaps.
A striking aspect of ZIKV infection is the progressive
congenital birth defects observed, namely microcephaly
[6,24]. The chick embryo model facilitated longitudinal MRI
observations, a significant benefit for a chick ZIKV model
[25]. MRI observation could provide insight into the timing
and anatomical location of brain malformations. We conducted MRI at E15 and E20 (Fig. 2). The chicken embryo
demonstrated progressive changes in ZIKV-induced brain
region volume that was observed across all cortical regions
except the cerebellum, and was accompanied by increased
ventricular volumes. These observations are in agreement
with human clinical observations reported from regions with
prevalent ZIKV infection, where ventriculomegaly has also
been reported [11,26]. Mouse studies have reported the opposite, finding ZIKV infection resulted in smaller lateral
ventricles and a decrease in ventricular surfaces [27].
T2-weighted MR images demonstrate brain damage in
the developing chick CNS (Fig. 3A). Higher T2 values suggest more fluid in the ZIKV-infected brain area, which was
consistent to the hyperintensity contrast in the same area of
anatomical images (Figs. 2A and 3A). In clinical studies, T1weighted images have suggested calcification of brain tissues
[14,15]. Although calcification was not observed in this
study, timing of initial infection and duration thereafter might
be a factor and should be further examined in the future. In
addition, there are some limitations to this study. For example,
MRI of chick embryos needs to be completed along certain
orientations so that similar slices can be used for comparison
between ZIKV-infected and sham embryos. Chilling of embryos at 4C for 1 h before imaging was adopted to reduce
motion of embryos during a scan, but a double-oblique imaging orientation (eg, parallel to the beak while going through
two eyeballs symmetrically) should be sought in future studies.
The first animal mammalian models of ZIKV-induced
brain damage have recently been reported and provide key
insights into the pathophysiology of ZIKV [16,28]. Nonhuman primate models are likely to be the most representative of human infections, but they are arduous, lengthy,
and expensive studies [29]. In addition, although only a
couple of pregnant animals have been infected, currently no
signs of brain damage or virus-induced damage have been
described in the rhesus model (Zika.labkey.com). Mouse
models have been more successful in replicating transplacental virus replication [24,30]. All mouse models report
substantial intrauterine growth restriction, resulting in small
pups, making specific microcephaly more challenging to
define. Unlike the mouse, we did not find a decrease in gross
ZIKV-infected embryo size when compared to shaminjected controls. In the future, it may be possible to develop
ZIKV chick embryos having CNS-specific developmental
deficiencies, without altering other organ systems.
ZIKV infections in the pregnant mouse can require immunocompromised lines and have a limited window of
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prenatal CNS development for exposure. The most recent
study demonstrating transplacental spread of ZIKV produced infected embryos 10 days postfertilization [24]. While
this is the earliest reported infection in the mouse model
that resulted in full-term pups, it only permits the virus to
be present for 10 days of fetal development, whereas the
chick embryo model facilitates ZIKV infections in excess
of 15 days. Mouse transplacental infections earlier during
development have resulted in embryo loss [7].
Additional groups have bypassed infecting the mother,
and directly infect the developing mouse brain [6]. Because
mouse embryos are small in size, it would be technically
difficult to directly expose fetal tissue in vivo to ZIKV early
in pregnancy, and these studies were performed on older
E13.5 embryos [6]. Consequently, only later stage mouse
embryos have been directly injected with ZIKV, which is
later than the corresponding first trimester pregnancy in humans, when it is thought that most human infections occur
[21,24]. Therefore alternative models and in vitro systems
may provide insight into the timing and underlying mechanism of ZIKV damage, including microcephaly, and will
likely provide additional systems for developing diagnostic
platforms and therapeutics [31].
In summary, the chick embryo was both permissive to
ZIKV infection, vulnerable to ZIKV-related mortality, and
exhibited ZIKV-induced brain changes and likely damage.
These attributes are fundamental to the ZIKV pathology
observed in humans and now avail the chick embryo model
as a viable alternative model organism. Therapeutic screening campaigns to mitigate ZIKV infection, reduced growth
in fetal organs, including the CNS, as well as reduced early
embryo mortality can now be monitored in a traditional developmental biology model with relatively higher throughput, potentially upward of 10,000 eggs injected per hour.
The chick embryo offers an alternative and complimentary
animal model for studying ZIKV pathogenesis.
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