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Abstract

Objectives: Zika virus’ neural tropism causes significant neural pathology, particularly in 

developing fetuses. One of the consistent findings from humans and animal models is that 

prenatal exposure to Zika virus (ZIKV) causes pathology in the eyes and visual pathways of 

the brain, although the extent to which this pathology persists over development is not clear. In 

the present report, we build upon our previous work which demonstrated that full term rhesus 

monkey (Macaca mulatta) fetuses who were exposed to ZIKV early in gestation had significant 

pathological abnormalities to the organization of the lateral geniculate nucleus (LGN), a major hub 

of the visual network. The objective of the present work was to replicate those LGN findings and 

determine whether such pathology persisted across childhood development.

Methods: We carried out histological analyses of the LGNs of two juvenile rhesus monkeys who 

were prenatally exposed to ZIKV and two age-matched controls. Pregnant rhesus monkeys were 

infected with ZIKV via the intravenous and intra-amniotic routes and tracked across development. 

Following sacrifice and perfusion, brains were subjected to quantitative neuroanatomical analyses 

with a focus on the size and structure of the LGN and its composite layers.

Results: Early fetal ZIKV exposure resulted in developmental abnormalities within the brains’ 

visual pathway: specifically disorganization, blending of layers, laminar discontinuities, and 

regions of low cell density within the LGN. These abnormalities were not observed in the control 

animals.
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Conclusions: Our findings demonstrates that the ZIKV’s damage to the LGN that occurs during 

fetal development persists into childhood.
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Introduction

Zika virus (ZIKV) infection in pregnant women can result in fetuses developing congenital 

Zika syndrome (CZS). CZS includes both pathology in utero, such as pathological 

alterations to the placenta, premature rupture of membranes, fetal growth restriction, 

musculoskeletal contracture, and fetal central nervous system (CNS) malformations, 

including microcephaly, small cerebral cortices, retinal lesions, hearing loss, and early fetal 

death [1]. Data indicate that ZIKV is neurotropic, targeting embryonic neural progenitor 

cells (NPCs) in the developing brain, which can result in NPC transcriptional dysregulation, 

decreased cell migration, impaired neurogenesis and cell death, with defective cortical 

development and congenital defects reminiscent of CZS [2–7]. A significant number of 

newborns born to mothers whom had been infected with ZIKV were born with microcephaly 

[8], but even normocephalic newborns with confirmed ZIKV infection but no observable 

congenital defects developed neurologic deficits and behavioral abnormalities consistent 

with CZS [9]. These neurobiological components of CZS are not well understood and the 

focus of the present experiment (detailed in Figure 1).

Research since the onset of the 2015/2016 ZIKV pandemic has illustrated that ZIKV’s 

neural tropism, and particular affinity for neural progenitors, can cause significant brain-

wide neuropathology in developing fetuses (for a review see [10]). One of the consistent 

observations in human infants with CZS is the disruption of the visual pathways and 

processing, including ocular pathology and vision impairments [11–13]. In a highly 

translatable animal model for human disease processes and vision-related anatomy, the 

rhesus monkey (Macaca mulatta), we recently demonstrated that visual pathway pathology 

in monkeys exposed to ZIKV in utero is not limited to the eye but also includes 

abnormalities to brain hubs that process visual information, namely the lateral geniculate 

nucleus [14]. The LGN is a 6-layered structure in the ventral thalamus, which receives 

spatially organized retinal input from the optic tract and projects to the primary visual 

cortex of the occipital lobe (Figure 1B–C) [15]. We demonstrated that in full term rhesus 

fetuses, early exposure to ZIKV in utero disrupted the layered organization of the LGN [16], 

consistent with observations in mouse models (e.g., [17; 18]). This disruption may have 

occurred via direct infection or the neuroinflammatory response to infection that persisted 

until sacrifice [16]. Alternatively LGN pathology may have occurred via the development 

of retinal pathology early in development that is critical for the normal development of the 

LGN (for a review [19]). To date, macaque studies evaluating neuroanatomical abnormalities 

associated with CZS have assessed fetuses or animals sacrificed shortly after birth [20–24]; 

the consequences of prenatal ZIKV infection beyond infancy remain largely unknown.
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In the present report, we evaluated the structural anatomy of the LGN in a cohort of juvenile 

rhesus monkeys who were exposed to ZIKV in utero, and compared those anatomical 

features to age-matched control monkeys who had not been exposed to ZIKV (Fig 1). 

We tested the hypothesis that the LGN pathology we observed in full term fetuses [14] 

would persist into childhood. Specially, we carried out histological evaluations of the LGN 

in two two-year old monkeys who had been exposed to ZIKV in utero via intra-amniotic 

inoculations and intravenous inoculations of their mothers. Their brains were compared to 

those of age-matched controls who had not been ZIKV exposed. One of the ZIKV exposed 

infants was determined to have retinal pathology prior to sacrifice that was confirmed 

histologically [25], supporting the idea that ZIKV induced pathology to visual pathways in 

utero persists across development.

Methods

Study Approval

All work adhered to the 2011 NIH Guide for the Care and Use of Laboratory Animals and 

was conducted on protocols #19211 and 20959 approved by the IACUC at University of 

California, Davis, which is accredited by the Association for Assessment and Accreditation 

of Laboratory Animal Care (AAALAC).

Study Design

Using a previously validated model of CZS [20], 6 pregnant rhesus macaque dams were 

inoculated intravenously (IV) and intra-amniotically (IA) with ZIKV between gestation days 

(GD) 42 and 53, which, given the macaque gestation period of approximately 165–170 days 

[26], corresponds to the first trimester of pregnancy. Inoculation occurred both intravenously 

and intra-amniotically with a combination of 1000 plaque forming units (PFU) of Puerto 

Rico 2015 ZIKV (PRVABC-59; GenBank, KU501215) and 1000 PFU of Brazil 2015 (Zika 

virus/H.sapiens-tc/BRA/2015/Brazil_SPH2015; GenBank, KU321639.1) on GD 51 (Dam 1) 

or GD 53 (Dam 2). This dual route inoculation was used to ensure that fetuses were exposed 

to ZIKV, given that vertical transmission from mother to fetus is not entirely certain (e.g., a 

recent study documented no vertical transmission [27]).

Dams exhibited prolonged viremia with detection of ZIKV RNA in amniotic fluid samples 

throughout gestation and adverse fetal outcomes (e.g., early fetal death) in 4 of 6 dams 

[28]. ZIKV RNA was isolated from placenta and fetal brain [28], implicating ZIKV as the 

underlying etiology. Each of the 2 remaining pregnant dams (Dam 1 and Dam 2) gave birth 

to a live female (Subject 1 and Subject 2) by natural delivery on GD 168 or 171, respectively 

(Figure 1).

Subjects 1 and 2 had normal birth weight (460 g and 500 g, respectively, where the 

mean birth weight of captive colony-born female macaques is reported as 488 g [29]) and 

normal body measurements relative to archived data from other newborn macaques at the 

facility [28]. There was no gross or ultrasonographic evidence of microcephaly, defined as a 

biparietal diameter ≥ 2 standard deviations below the colony mean [28]. Both neonates had 

detectable anti-ZIKV IgG titers which gradually declined to undetectable levels, suggesting 
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passive transfer of maternal anti-ZIKV antibody and lack of postnatal viral replication [28]. 

Subjects 1 and 2 were maternally reared for 17 months and then pair-housed with regular 

clinical monitoring, including physical, ophthalmologic, and neurologic examinations. 

Physical exams and routine bloodwork remained normal, and serial blood (≥15 time points), 

urine, and CSF samples failed to yield detectable ZIKV RNA [28]. Neither animal exhibited 

any obvious postnatal behavioral or neurological defects. Overall eye growth appeared 

normal; however, Subject 1 developed postnatal ocular abnormalities characterized by 

bilateral, progressive colobomatous chorioretinal atrophic lesions, previously described by 

Yiu et al. [28]. Two age-matched, nursery-reared, juvenile male macaques not exposed to 

ZIKV served as controls.

All 4 juvenile macaques were humanely euthanized at 2-years-old, with post-mortem 

examination and collection of tissue and fluid samples as previously described [28]. ZIKV 

RNA was not detected in spleen or inguinal lymph node of the Zika-exposed infants [28], 

indicating the absence of current infection. There were no significant macro- or microscopic 

abnormalities in the spleen, lymph nodes, lung, heart, jejunum, liver, kidney, spinal cord, or 

middle ear of any examined animal [28].

Tissue processing

Processing and analysis of paraformaldehyde-fixed, Nissl-stained tissues sections is 

described in depth by Beckman et al. [16]. In contrast to that methodology, where fetal 

brain hemispheres were immersion fixed, in these studies the upper body was perfused 

with 4% paraformaldehyde (EMS, Hatfield, PA USA) in 0.1 M sodium phosphate buffer 

(ThermoFisher) for optimal preservation of brains and eyes. The left brain hemisphere 

and other tissues were fixed in 10% neutral buffered formalin (NBF) (ThermoFisher), 

paraffin-embedded, thin-sectioned (5 μm), stained with hematoxylin and eosin (H&E), and 

evaluated by board-certified veterinary pathologists (EEB, RIK). The right hemisphere 

and both eyes were fixed in 4% paraformaldehyde for 48 hours, cryoprotected in 10% 

glycerin (ThermoFisher) with 2% DMSO (Sigma-Aldrich, St Louis, MO USA) in 0.1 M 

sodium phosphate buffer overnight, then 20% glycerin with 2% DMSO in 0.1 M sodium 

phosphate buffer (PB) for 72 hours. Tissues were then frozen in isopentane (ThermoFisher) 

and sectioned on a sliding freezing microtome (ThermoFisher, Microm HM430) into 8 

series (7 at 30 μm and 1 at 60 μm). 30 μm tissue sections were placed in a cryoprotectant 

solution (Ethylene glycol, glycerin in 0.1 M phosphate buffer) and stored at −20°C. 60 μm 

tissue sections were post-fixed for 2 weeks in 10% NBF and stored at 4°C, then rinsed in 

PB, mounted on gelatin subbed slides, Nissl stained using 0.25% thionin (ThermoFisher) 

and cover-slipped using DPX mounting medium (Millipore Sigma, St. Louis, MO USA). 

Nissl-stained sections were scanned (TissueScope LE; Huron Digital Pathology; St. Jacobs, 

ON Canada) and digital images were used for blinded analyses.

Analysis of the LGN

Blinded digital images were processed using ImageJ (Fiji, NIH). Anatomical analyses were 

performed on the 3 largest complete sections of LGN from each subject. The total LGN 

surface area in each section and then the magnocellular (layers 1 and 2) and parvocellular 

(layers 3 – 6) surface areas were measured 3 times. The koniocellular surface area was 
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calculated as the total LGN surface area minus the magnocellular and parvocellular areas. 

Measurements were averaged for each animal. Mean values for each metric are presented 

descriptively but no statistical analyses were performed because of the extremely small 

sample size.

Results

Using serial Nissl-stained sections of brain and image analysis software (ImageJ, Fiji, NIH), 

we computed the proportion of LGN surface area occupied by the magno-, parvo- and 

koniocellular layers for comparison between ZIKV-exposed and age-matched controls (see 

Figure 2 for normal LGN anatomy). Descriptive statistics suggested that, while mean whole 

areas were comparable between controls and prenatally ZIKV-exposed macaques, there was 

decreased parvocellular and increased koniocellular surface area in prenatally ZIKV-exposed 

animals compared to controls (Figure 3A). Microscopic evaluation of Nissl-stained sections 

of brain from Subjects 1 and 2 revealed structural abnormalities within the LGN comparable 

to those previously reported in fetal brains [16] (Figure 3B and C). The 2 control animals 

appeared normal.

Normally, the magno- and parvocellular layers of the LGN are separated by a thin layer of 

koniocellular tissue (Figure 2). However, in Subjects 1 and 2 there was blurring of these 

boundaries, laminar discontinuities, and regions of low cell density, particularly affecting 

the rostral portion of the LGN. In Subject 1 these defects occurred primarily within the 

parvocellular layers at the level of the hilum (Figure 3B), while the ventrolateral aspect of 

the magnocellular layers was more severely affected in Subject 2 (Figure 3C). There was no 

overt pathology observed in the visual cortices (V1) of any of the subjects.

Discussion

We observed pathology in the LGN of two juvenile rhesus monkeys following fetal exposure 

to Zika virus that was not present in non-exposed juveniles. This pathology was consistent 

with our recently reported findings in full term fetal macaques from a similar cohort of 

animals exposed to ZIKV in the first or second trimester; neuroanatomical evaluation 

of specific brain regions revealed a number of macrostructural neurodevelopmental 

abnormalities within the cerebral cortex, including the LGN [16]. Lesions within the visual 

system appear to be a consistent feature of CZS in both humans [11–13] and animal models 

[16–18; 24]. Proper anatomic and functional organization of the LGN, is present at birth but 

continues to develop postnatally and is critical for normal neural and ocular development 

[15; 30].

Notably, in addition to the neuroanatomic abnormalities within both subjects’ LGN, Subject 

1 exhibited postnatal ocular developmental lesions, including retinal pathology, but Subject 

2 did not which was detailed in a previously published report [28]. This combination of 

effects leads to new hypotheses about the mechanism by which LGN pathology arises after 

ZIKV exposure. Decades of research demonstrates that the organization and function of the 

LGN is retinal dependent and that spontaneous activity of the retina in utero, before sight, is 

a critical part of this process (for a review [19]). Given the structural pathology of the LGN, 
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in combination with an increased presence of microglia and astrocytes in our ZIKV exposed 

fetuses from our previous work [14], we reasoned that it likely resulted from direct infection 

and/or associated immune responses of the structure. Another possible hypothesis was that 

ZIKV acted on the retinas which had upstream consequences for LGN development. The 

latter hypothesis becomes less likely given that retinal pathology was observed in only 

one subject but LGN pathology was observed in both. Regardless of mechanism, these 

findings are consistent with published reports of delayed childhood neurodevelopment and 

neurosensory alterations in infants and children prenatally exposed to ZIKV, where language 

function, vision and hearing, cognition, and motor function can all be impacted [9; 31; 32]. 

While we previously observed some pathology of visual cortex in fetuses exposed to Zika 

virus [16], no notable pathology was present in the current cases, perhaps because of neural 

plasticity and reorganization following birth. Unfortunately, the tissue preparation prevented 

us from carrying out quantitative analyses of visual cortex, although our qualitative review 

of available tissue sections indicated normality of visual cortex.

Lack of power due to the small sample size in this descriptive study precludes 

robust statistical analysis or evaluation of significant differences of magno-, parvo- and 

koniocellular surface area between controls and ZIKV-exposed fetuses; however, there 

is clear association between prenatal ZIKV exposure and structural neurodevelopmental 

abnormalities in the LGN which warrants further investigation. Additionally, controlled 

experiments evaluating the long-term neurologic consequences of both prenatal and 

postnatal ZIKV infection are undoubtedly needed. To our knowledge, this is the first 

description of postnatal neuroanatomical defects in normocephalic macaques 2 years after 

fetal ZIKV exposure. Our findings may help explain why some prenatally ZIKV exposed 

normocephalic newborns who exhibit no grossly observable congenital defects exhibit 

ocular lesions and visual deficits as juveniles.

In summary, this work demonstrates that fetal ZIKV exposure can generate neuroanatomical 

abnormalities that persist into childhood in a rhesus macaque model of ZIKV infection. 

These abnormalities include disorganization, blending of layers, laminar discontinuities, and 

regions of low cell density in the LGN. The extent to which these cellular-level pathologies 

result in functional pathologies (e.g., compromise to vision) is a target of future research. 

Whether or not this neuropathology has consequences for visual acuity is not known, and an 

important avenue for future research.
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Figure 1. Experimental design.
GD = gestation day; dpi = days post-inoculation; CSF = cerebral spinal fluid, IV= 

intravenous, IA = intraamniotic. Adapted from Yiu, et al. (20) using BioRender.com.
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Figure 2. Normal anatomy of the lateral geniculate nucleus (LGN).
Nissl-stained coronal section of normal rhesus macaque brain depicting anatomic location 

of the LGN (box). Boxed area is a normal Nissl-stained section of LGN with layers labeled 

as follows: 1 – 2 = magnocellular layers (contra- and ipsilateral inputs, respectively); 3 – 6 

= parvocellular layers (alternating ipsi- and contralateral inputs). Magno- and parvocellular 

layers are separated by koniocellular tissue. Adapted from www.blueprintnhpatlas.org using 

BioRender.com.
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Figure 3. Pathology to the LGN of ZIKV exposed monkeys.
(A) The mean proportion of LGN surface area occupied by magno-, parvo- and 

koniocellular layers and calculated using ImageJ was comparable between controls and 

prenatally ZIKV-exposed juvenile macaques, with a trend toward decreased parvocellular 

and increased koniocellular surface area in both prenatally ZIKV-exposed animals. A 

representative slice depicting the pathology of ZIKV Cases 1 (B and C) and 2 (D and E) are 

presented with a view of the whole LGN (B and D) with pathological areas circled in black 

and then magnified in C and E. Black arrows in C and E point to areas of undifferentiated 

lamination with blending of layers and/or laminar discontinuities. Note also the variation in 

cell density in those regions.
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