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Abstract
Zika virus [ZV] infection in pregnancy causes microcephaly
in the developing fetus. The cause and effect relationship is
well established through human case studies and
experimental models. The fetal neural tissue development is
markedly disrupted by the ZV with the most significant
effect on the developing grey matter of the brain tissue via
the infection of neural progenitor cells and widespread
apoptosis. ZV infects undifferentiated precursor neuronal
cells that are rapidly undergoing mitosis, thus making it
highly likely to perturb mitotic spindle and centromere
related genes and proteins. The infected cells fail to
differentiate into functional neurons and undergo
apoptosis. Reviewing the literature informs that ZV infects
the undifferentiated neural stem cells and the cells
expressing the AXL receptors. The focused gene expression
studies in ZV infected cells may help to identify the
perturbed genes and the mechanisms of apoptosis of the
selected cell population as well as the pathology of
microcephaly itself.

The purpose of this review is to understand the most
vulnerable cell type susceptible to ZV infection in context
with the changes in human ZV-induced microcephalic brain
tissue morphology, mouse model and in vitro spheroids and
organoids studies. Here we discuss the human brain
development and correlate it with the experimental
evidence of the ZV effects on the neuronal development in
vivo and in vitro.
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Structure and Transmission of Zika virus
Zika virus was found in the forests of Uganda for the first time,

in 1947, and remained without any major outbreaks until
2015-2016 epidemic of Brazil [1,2]. Otherwise, the prevalence of
ZV has also been documented in China, South Asia and Africa
[3]. Zika virus [ZV] is a flavivirus related to the Family of
Flaviviridae and Genus of Flavivirus, Arboviruses [4]. Through
various phylogenetic studies, the diverse strains of ZV have been
identified including Asian and African lineages [5]. Asian lineage
strain was predominantly involved in 2007 Yap island sporadic

epidemics and 2013-2014 French Polynesia spread while the
African lineage strain is the one identified in Americas [5,6]. The
unique ability of Zika to survive at higher temperatures as
compared to other flaviviruses and its spread by the mosquito
vector, Anopheles Aegypti have played the key role in its rapid
spread in Brazil and South America [7].

ZV has a similar structure as of Dengue [DENV] and West Nile
[WNV] viruses of Flaviviridae Family [4]. It consists of positive
sense RNA genome core surrounded by a capsid and an
outermost shell consisting of the envelop proteins which act as
antigens to stimulate immune respone by the host [8]. The virus
infects the cells and its RNA genome is translated into a long
polyprotein strand containing three structural and seven
nonstructural proteins [8]. The outer envelope proteins (E),
precursor membrane (prM) and capsid (C) proteins are the
structural proteins. The E protein is antigenic and generates the
immune response by the host immune system [9]. The
nonstructural proteins are mostly involved with immune
evasion, replication and infectivity of the virus [10].

The spectrum of ZV infection symptoms include
asymptomatic infection, rash and fever and in complicated
cases, the neurological condition, Guillain-Barre (GB) syndrome
[11,12]. The virus infects the male reproductive organs, is
present in the semen and may result in male infertility via
infecting the spermatogonia [13]. The infected semen is
proposed to cause sexual transmission of ZV [13]. By now, it has
been identified as a teratogenic virus being vertically
transmitted from infected mother to developing fetus through
the placenta [14]. In cases of pregnancies complicated with ZV
infection, the fetal complications may include fetal loss, growth
retardation and microcephaly [15]. Thus, the ZV transmission
and teratogenicity have strong devastating effects on the health
of future human generations.

ZV has been related to a full range of pathological conditions
in the developing fetus referred to as Congenital Zika Syndrome
(CZS). These abnormalities include microcephaly, decreased
brain tissue, damage to the back of the eye, joints with limited
movement and increased muscle tone [16]. Microcephalic
babies are identified having head circumference less than 32 cm
or below the third centile [17,18]. The association between Zika
virus (ZV) and the microcephaly has been established with the
evidence of 20-fold increase in incidence of microcephaly during
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2015-2016 ZV outbreak in Brazil and the presence of ZV in the
affected fetal brain [19]. As a whole, all signs and symptoms of
CZV stem from the damage to the developing brain tissue in the
fetus. Out of all CZV abnormalities, the microcephaly has been
most extensively studied till date and the cause-effect
relationship has been effectively established between ZV and
the microcephaly through case reports and mouse model
experiments [19-21].

Neurodevelopment and Microcephaly
The embryonic period in humans extends upto eighth

gestational week. The primitive structure of developing brain is
established by the end of the embryonic period in human
development. The first definitive neural structure, the neural
tube, develops between Embryonic Day 20 to 27. During the
process of neural tube development, the neural progenitor cells
are differentiated from ectoderm, lined up in the midline and
form the neural plate. The neural plate contains neural
progenitor cells that line the developing neural tube. The
anterior or rostral end of neural tube develops into brain while
the posterior or caudal end of neural tube forms spinal cord. The
neural progenitor cells lining the neural tube are called
ventricular zone [VZ] neurons which divide through symmetrical
division increasing the population of neural progenitor cells
themselves. The differentiating cells migrate to the developing
neural layers intermediate zone [IZ] and preplate [PP] (Figure 1).
The neural progenitor cells in VZ are the precursors of all the six
adult cortical layers (Figure 2). During embryonic development,
the neurons undergo extensive synaptogenesis and synaptic
pruning phases ultimately forming the set number of neurons
and synapses at the time of birth. The gross morphological
changes in the developing fetal brain reflect the underlying
cellular proliferation and differentiation.

Figure 1: The developing brain neural tissue layers.
Ventricular Zone (VZ) consists of neural progenitor cells
(NPCs) that divide and give rise to the neurons migrating to
preplate (PP) layer while the intermediate zone
predominantly consists of the axons converting into the white
matter in adult brain.

In summary, the normal brain development depends on fine
orchestration among cell division, differentiation and

organization into definitive cortical layers. The gross fetal brain
size grows in proportion to the size of the mitotic and
differentiating cell population [22].

Figure 2: The adult or mature brain cortical layers of neurons.
The six well-differentiated layers consist of (I) Molecular layer,
(II) External granular layer, (III) Pyramidal layer, (IV) Inner
granular layer, (V) ganglionic layer, (VI) Multiform layer. The
white matter (WM) layer develops from the IZ of embryonic
layer.

Microcephaly or the small brain is characterized by reduced
brain tissue that can be primary and secondary as of its
causation [18]. Primary microcephaly is defined as the
morphological condition of brain characterized by the reduction
in the brain tissue which is not related to any congenital
syndrome [23]. Primary microcephaly is a multifactorial birth
defect and the causes may include genetic, TORCH infections
and idiopathic. Genetic perturbations may involve mitotic
spindle and centrosomal abnormalities and impaired DNA repair
mechanisms [23]. The mitotic spindle formation and function of
the centrosome is highly orchestrated during cell division
process in general, and within the developing neural tissue in
particular, therefore, mutated centrosome-related activity
results in abnormal cell proliferation [24]. The high rate of cell
division during development demands efficient DNA repair
mechanisms. Genetic mutations in the DNA double-stranded
breaks’ repairing proteins is one of the underlying mechanisms
of microcephaly. As all these mechanisms during cell division are
inter-dependent, one perturbed gene may result in multiple
downstream effects [23]. Cell cycle regulatory proteins and
altered cilia function seemed to be involved too [23]. TORCH
infections are a group of infections caused by Treponema
Pallidum, Toxoplasmosis, Rubella, Cytomegalovirus and Herpes
Simplex [25].

Whatever the underlying cause may be, the microcephaly is
the result of low number of differentiated cortical neurons from
the neural progenitor cells [26]. Due to the widespread damage
to the developing cortical tissue, the microcephalic babies have
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abnormal brain functions of all the brain components including
cognitive, motor, visual and hearing [24].

Morphology of ZV-Induced Microcephaly
in Human Pregnancy

Here we discuss the morphological changes reported in the
cases of ZV-induced microcephalic fetal brain tissue. Mlakar et
al. (2016) reported a case of microcephaly where maternal ZV
infection was established in the thirteenth week of pregnancy.
The fetus developed intrauterine growth retardation and
decreased fetal movements by the end of 32 weeks. The
pregnancy was terminated on patient’s request. The gross
pathological findings of fetal brain included almost complete
absence of cortical gyri, sporadic foci of calcification and dilated
lateral ventricles distinguished from normal brain (Figures 3 and
4). The cerebellum and brain stem was under-developed and the
brain weight, in total, was 4 SD below average. Histological
examination revealed the clumped highly stained bodies
seemed to be of damaged neuronal cell bodies, axons and
dendrites.

Figure 3: Schematic illustration of coronal section of normal
brain showing the thick cortex (black) and normal dense
white matter (orange).

Figure 4: The schematic diagram showing thin cortex (black)
over the disrupted white matter (orange) with calcifications
(yellow) and dilated ventricular system (grey).

Interestingly, the white cortical matter in frontal, parietal and
occipital lobe was unaffected, the cerebral nuclei were well-

developed with normal cellular histology. ZV RNA of Bahia Brazil
strain was isolated from the fetal brain tissue with the evidence
of viral particles on electron microscopy [19].

In a similar case of ZV-induced microcephaly, reported by
Driggers et al. (2016) the brain weight was below normal with
well-differentiated basal ganglia and well-developed occipital
lobe. The histopathology indicated thin parietal cortex with focal
apoptotic areas and deficient subventricular zone cellular
volume. The ZV RNA was isolated from fetal spleen, membranes,
placenta and umbilical cord in addition to brain. According to
this study, the ZV propagated only in the cell lines incubated
with brain tissue harboring ZV. Furthermore, the ZV propagation
was many-fold in neuroblastoma cell-lines as compared to Vero
cells in vitro [21].

Role of Neural Progenitor Cells in In Vitro
Experiments

Evidence suggests the high ZV infectivity and propagation in
the neural precursor cell lines in in vitro studies. Garcez, et al.
(2016), studied the ZV effects on human iPS-derived Neural
Stem cells (iPS-NSCs), neurospheres and brain organoids. ZV
infection and cell death was significant in iPS-NSCs. The
significant growth reduction in neurospheres and brain
organoids was observed. Considering neurospheres and brain
organoids as models of early embryonic development, the
reduced growth of NSCs in both models indicated that the ZV
infection of NSCs in early fetal development results in severe
neural damage [27].

In a similar study, Tang et al. (2016) compared the ZV
infectivity among human iPS-Neural Stem Cell-derived Neural
Progenitor Cells (hNPCs), human iPSCs, human embryonic stem
cells (hESC) and fully differentiated neurons. Out of the various
neural cell lines, the well-differentiated neurons were least
infected. Human embryonic kidney cell line HEK293T were even
less susceptible to ZV infection as compared to human neural
lineage [28]. This indicates the presence of a novel factor in the
precursor neural progenitor cells being essential for ZV survival
and propagation.

ZV infects neuroglia as well and the susceptibility of
astrocytes, oligodendrocyte precursor cells and microglia may
explain the presence of calcifications and foci of the stromal
damage in ZV-induced microcephaly [29]. In NPCs, ZV globally
dysregulates the gene expression especially of apoptosis related
pathway and upregulates the AXL genes [20] AXL are the
candidate receptors for ZV as the blockade of extracellular
domain of AXL receptors remarkably reduces the ZV infectivity in
a glial cell line that explains the high susceptibility of the
neuroglia populations expressing AXL receptors to ZV infection
[29].

ZV replicates efficiently causing microcephaly, cortical
thinning, inhibiting the NPCs growth and the cell death in a
direct ZV-inoculated embryonic mouse model [20]. The focus of
further investigating ZV pathogenesis may be narrowed down to
NPCs and embryonic mouse model.
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Conclusion
The evidence suggests the diverse pathogenesis and

morphological changes in ZV-induced microcephalic fetal brain
tissue caused by its infection of immune cells, neuroglia and
NPCs. Among the many cell types, the NPCs damage comes up
as one of the major mechanisms causing microcephaly. ZV
infects undifferentiated precursor neuronal cells that are rapidly
undergoing mitosis, therefore, the identification of disrupted
genes in NPCs may be a step forward towards the therapeutic
development. Microcephaly is the teratological complication of
ZV that will continue to affect future human generations
warranting urgent need of understanding the mechanism of ZV-
induced damage to NPCs and provide a robust knowledge base
to develop effective therapeutics.
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