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Abstract 

Microcephaly has been regarded the most remarkable consequence of the Zika virus (ZIKV) epidemic 

in Brazil 2015. It remains to be determined whether there are factors that contribute to the degree of 

brain lesion associated with ZIKV infection during pregnancy. Previous studies showed that 

socioeconomic conditions correlate with ZIKV-associated microcephaly. Certain nutritional deficits 

display the potential to interfere in the mechanistic target of rapamycin (mTOR) signaling, which plays 

a major role in the pathophysiology of ZIKV-associated microcephaly. We hypothesize that a 

nutritional or environmental co-factor that interferes in mTOR signaling correlates with ZIKV-

associated birth defects. To assess this hypothesis, we plan to: 1) develop a mouse model of ZIKV-

associated microcephaly through intravenous injection of ZIKV and rapamycin for a straightforward 

interference on mTOR receptor; 2) determine in the experimental model and in cases of ZIKV-

associated microcephaly the epigenetic signature (DNA methylation pattern) in neurons and muscle 

cells harvested by biopsy, and in hematopoietic and mesenchymal stem cells sorted from blood; 3) 

analyze through mass spectrometry in serum of pregnant female mice submitted to ZIKV and 

rapamycin injection and in serum of mothers of children with ZIKV-associated microcephaly the 

metabolomic pattern of cholesterol (a nutritional status marker), vitamin A and its metabolite retinoic 

acid, folate, and other metabolites related to these three nutritional factors; 4) check whether pregnant 

female mice submitted to intravenous injection of ZIKV and feed with a deficient diet of the most 

likely co-factor found in this study give birth to microcephalic mice with features that mimic clinical 

cases. In summary, our general objective is to develop an experimental model that mimics ZIKV-

associated microcephaly cases and to find a co-factor involved in the microcephaly outbreak in Brazil 

2015. 
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Introduction 

In Brazil 2015, a microcephaly outbreak coincided with a Zika virus (ZIKV) epidemic. The detection 

of ZIKV infection in microcephalic children and in their mothers during pregnancy led to the 

conclusion that ZIKV was the cause of microcephaly [1]. Further observations detected a spectrum of 

ZIKV-associated brain alterations, in which microcephaly is the most severe pathological feature [1]. 

The reasons for which ZIKV infection leads to different degrees of brain lesions are not totally clear. 

An important epidemiological observation in this regard is that ZIKV-associated microcephaly is more 

common in populations with poor socioeconomic background [2]. 

It is possible that a poor socioeconomic background correlates with the degree of severity of ZIKV-

associated brain lesions due to nutritional or environment features [3]. Populations with higher 

incidence of ZIKV-associated microcephaly display higher incidence of malnutrition, vitamin A deficit 

[4,5], and folate deficit during pregnancy, for example [6]. Through different mechanisms, these 

nutritional alterations can lead to alterations in the placental barrier, fetal blood-brain barrier, and 

neurogenesis [7, 8]. Therefore, certain nutritional deficits could facilitate the invasion of the ZIKV into 

the placenta and the fetal brain and amplify the presence of the virus in the fetus. 

These nutritional factors act through different mechanisms that converge to the common set of 

molecules that are part of the insulin like growth factor (IGF)-1 / insulin and mechanistic target of 

rapamycin (mTOR) signaling pathway [9-12]. MTOR signaling pathway has been implicated as the 

most affected signaling in ZIKV-associated microcephaly [13]. Malnutrition interferes in glucose 

metabolism and insulin level and action [15]. Insulin acts on IGF-1 receptor – which displays a major 

role in neurogenesis [13] – and sequentially in mTOR signaling [15]. Vitamin A is the primary source 

of retinoic acid, which is involved in neurogenesis directly and indirectly via modifications in the 

expression of IGF-1 [8,9,16-18]. Folate is a known factor for normal neural tube formation and the 

decrease of its level leads to a decrease in mTOR [11]. Therefore, nutritional alterations in geographic 

zones with ZIKV-associated microcephaly could lead to alterations in the IGF-1 / insulin and mTOR 

signaling pathway. These alterations could influence the degree of ZIKV-associated brain lesions. 

ZIKV infection has been associated with birth defects in experimental models, but certain points 

remain unexplained. A study reported a nonhuman primate submitted to subcutaneous ZIKV injection 

during pregnancy, followed by the development of malformations in the fetus brain [19]. The 

pathologic analysis of this brain revealed the presence of ZIKV-associated findings. Nonetheless, this 

study analyzed only one animal and the injected viral load was high. Moreover, another nonhuman 

primate model failed to provoke ZIKV-associated brain malformations [19]. ZIKV-associated brain 

malformations in mice have been shown only through direct intracerebral injection of the virus in the 

fetus or in fetus of strains with alterations such as early tumor development or immunodeficiency [20]. 

In vitro studies with neural stem cells, neurospheres, and cerebral organoids revealed ZIKV capacity 

to infect and damage these structures [20]. Nonetheless, these in vitro methods do not allow 

conclusions regarding the role of protection against fetal ZIKV infection by the placental and blood-

brain barriers.  

In short, an experimental model that proves that ZIKV infection alone causes microcephaly is missing 

[19,20]. For this reason, we hypothesize that a nutritional or environmental factor contributes to ZIKV-

associated microcephaly. The discovery of such factor contributing to the occurrence of microcephaly 

in ZIKV cases could lead to the development of an experimental model that mimics the real clinical 

condition. This model could underpin the discovery of mechanisms of the disease and lead to 

therapeutic measures. 
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The sharp drop in the incidence of cases of ZIKV-associated microcephaly hampers the comparison 

between an experimental model and cases with recent disease installation. The comparison should be 

performed with a parameter that remains in the animal model until the counterpart age of the children 

with ZIKV-associated microcephaly born during the ZIKV epidemic in Brazil. This epidemic occurred 

six years ago. One strategy to tackle this obstacle is to compare in children with or without ZIKV-

associated microcephaly the DNA methylation pattern developed during fetal formation that remains 

in infanthood [21-23]. This epigenetic pattern in microcephalic children would serve to validate the 

experimental model and to reveal a signature of ZIKV-associated microcephaly potentially useful for 

diagnosis, prognosis, and therapy purposes. Likewise, a metabolomic profile [24] of the serum of 

mothers of microcephalic children could in theory help to validate the experimental model, if this 

metabolomic profile is similar to the profile found in pregnant female mice of the experimental model. 

A caveat regarding this assumption is that the metabolomic profile could have changed since the 

pregnancy of a child with microcephaly due to changes in nutritional profile, for example. 

Hypotheses 

We hypothesize that ZIKV-associated microcephaly displays an environmental co-factor that 

influences the degree of severity of the disease. We also hypothesize that ZIKV cannot cross integral 

placental and the fetal blood-brain barriers sufficiently to lead to microcephaly formation in humans 

and experimental models. 

Specific aims to test the hypotheses 

Aim #1 

To develop an experimental model of microcephaly by intravenous injection of the American strain of 

ZIKV and rapamycin in pregnant female mice. Rapamycin causes brain defects [25] and acts on the 

most affected signaling pathway in ZIKV-associated microcephaly, namely, the mTOR signaling [13]. 

Aim #2 

To compare the epigenetic signature (DNA methylation pattern) of neurons, muscle cells, 

hematopoietic and mesenchymal stem cells in the experimental model and in children with ZIKV-

associated microcephaly. 

Aim #3 

To compare the metabolomic pattern of the serum of the pregnant female mice with the pattern of the 

serum of mothers of children with ZIKV-associated microcephaly using mass spectrometry. The focus 

will be on potential nutritional co-factors, namely, cholesterol, vitamin A / retinoic acid, and folate and 

their metabolites. 

Aim #4 

To verify whether pregnant female mice submitted to intravenous injection of ZIKV and a diet with 

deficiency of the most likely co-factor for ZIKV-associated microcephaly (or an exposure to a likely 

environmental co-factor) generates a microcephalic offspring. In addition, to assess whether the 

microcephalic mice display epigenetic, metabolomic, and radiologic patterns similar to those found in 

children with ZIKV-associated microcephaly. 
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Evaluation of the hypotheses 

Development of the experimental model 

The mechanisms of potential nutritional co-factors of ZIKV-associated microcephaly converge to the 

IGF-1 / insulin and mTOR signaling, which is strongly involved in neurogenesis and in the 

pathogenesis of ZIKV-associated microcephaly [13]. Because of these features, the first approach of 

this project will be pursuing the development of a ZIKV-associated microcephaly model via the 

intravenous injection of ZIKV and rapamycin in pregnant female mice. 

One mouse in the first third of gestation will receive intravenous injections of rapamycin described as 

sufficient to yield viable microcephalic offspring [25] and injection of ZIKV proportional to the viral 

burden estimated for mosquito bite in infection of humans [19]. For comparison, one pregnant female 

mouse will receive no intervention, one will receive rapamycin injection only, and one will receive 

ZIKV injection only. All fetuses (including the negative control) will be submitted to brain magnetic 

resonance imaging (MRI) one day after the injection of rapamycin and ZIKV, at the end of the second 

third of gestation, and one day after birth. Regarding this imaging approach, the comparison among 

the groups will be qualitative. In the second day of life, the mice will be sacrificed, their brains will be 

weighted and processed for immunohistochemistry and transmission electron microscope analysis. The 

ratio between brain and body weights will be compared among the groups using the Mann-Whitney U 

test. Brain, temporal muscle, and blood samples will be separated for further epigenetic study through 

DNA methylation analysis [26]. This set of experiments will be repeated twice, with occasional 

modifications in the rapamycin dose or ZIKV viral burden if necessary. 

In the end of this phase of the project we expect to have three pregnant female mice that generated 

offspring with brain malformation after the injection of ZIKV and rapamycin during the first third of 

pregnancy. We will carry out histology, immunohistochemistry, and electron microscopy experiments 

to seek for microscopic alterations and ZIKV invasion into the brain. Brain samples will be fixed in 

formalin and embedded in paraffin. Hematoxylin-eosin staining will be carried out following the 

protocol we have already used [27]. We plan to use a Nissl staining protocol available on the Internet 

[28]. Chromogenic immunohistochemistry will be performed using ImmPRESSTM Duet Double 

Staining HRP/AP Polymer Kit, Peroxidase (catalog no. MP7724) (Maravai Life Sciences, Vector 

Laboratories, San Diego, CA, USA), following the manufacture´s recommendations. Fluorescence 

immunohistochemistry protocol will be same as we have previously detailed (see Additional File 1: 

Table S1: Fluorescence immunohistochemistry protocol in ref. 27). The microscopes to be used for 

slide analyses will be those used in our previous work (see Table 2 of ref. 27). Harvesting, processing, 

and image acquisition regarding electron microscopy will have the assistance of the multiuser facilities 

and services of the University of Sao Paulo Faculty of Medicine (“rede Premium” [29]). The electron 

microscope that will be used is JEOL JEM 1010 (Jeol Ltd., Tokyo, Japan) [29]. 

Microscopic analysis of the experimental model 

The brain zones chosen for microscopic analysis are the neocortex, head of the caudate nucleus, dentate 

gyrus of the hippocampus, and olfactory bulb. These zones are representative of ZIKV-associated brain 

lesions or zones in which neurogenesis persists even after birth [27].  

Hematoxylin-eosin and Nissl staining will be the histologic methods used to quantify neurons. 

Regarding immunohistochemistry, the markers used will be nestin for neural stem cells, doublecortin 

(DCX) and PSA-NCAM for immature neurons, and NeuN for mature neurons [27]. Neurons and cells 

expressing each of the neurogenesis-related markers will be quantified in terms of number per mm2 in 
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each of the zones mentioned above. We will follow the approach we used previously to quantify DCX+ 

cells in the human hypothalamus in each of the zones mentioned above (see Fig. 17 in ref. 27). This 

density of cells will be compared among the groups using the Mann-Whitney U test. The test will be 

performed for each of the cell types in each of the analyzed brain zones. We expect to find at least a 

decrease in the expression of one marker in one zone in the ZIKV + rapamycin model in comparison 

to the negative control. 

Electron microscopy experiments will be performed following standardized protocol, as mentioned 

above. The expected result is the detection of ZIKV in brain cells and morphological alterations in 

neurons only in the ZIKV + rapamycin model. 

In short, in this phase of the project the expected result is the discovery of a correlation between gross 

and microscopic brain alterations in the ZIKV + rapamycin model. If we fail to find gross anatomy 

alterations, we expect to at least detect ZIKV in the brain with or without microscopic alterations, 

showing that the model serves for the virus to bypass the placental and fetal blood-brain barriers.  

Search of signature of epigenetic alterations in experimental model and clinical cases of ZIKV-

associated microcephaly 

The main idea behind the design of the experimental model is that it aims at figuring out an animal 

model that mimics the role of co-factors, mechanisms, and clinical features of ZIKV-associated 

microcephaly. Because new cases of ZIKV-associated microcephaly dropped practically to zero for an 

unknown reason, the animal model should provide information comparable with children currently 

with six years of age who developed ZIKV-associated microcephaly during the 2015 ZIKV epidemic 

in Brazil. 

A manner to seek this goal is via the analysis of DNA methylation pattern that could have remained 

for six years [21-23]. Accordingly, embryonic formation starts with no DNA methylation and 

progresses with cumulative and stable epigenetic modifications conveyed from progenitor cells to their 

progeny. In this manner, cells with low rate of division after birth are suitable candidates for cells that 

preserve the same overall pattern of these chromatin modifications in the long-term. Therefore, the 

action of ZIKV and a co-factor on the fetus could lead to a specific epigenetic pattern in certain cells 

that would remain practically unaltered in the long-term [26]. In practice, such epigenetic pattern could 

be sought with the use of the high throughput bisulfite sequencing analysis together with bioinformatics 

tools.  

In the experimental model, bisulfite sequencing will be carried out using neurons, muscle cells, and 

hematopoietic and mesenchymal stem cells, which can be harvested from circulating blood using flow 

cytometry [21-23]. Neurons and muscle cells display no division after birth and are cells less prone to 

epigenetic modifications [26]. Mesenchymal and hematopoietic stem cells are non-differentiated types 

of cells more accessible in humans (they can be obtained with blood collection, with no need for 

biopsy) [21-23]. These cell types will be obtained in the first day of life and after 30 days from three 

mice of any of the four groups (control, ZIKV + rapamycin, ZIKV, and rapamycin). Complementary, 

these mice will be investigated with MRI in the 31st day of life and next sacrificed; their brains will be 

processed for the same uses as the mice brains obtained after the first day of life. Using bisulfite 

sequencing and bioinformatics tools, we expect to find a specific epigenetic signature in neurons, 

muscle cells, and mesenchymal and hematopoietic stem cells harvested at days 1 and 30 of life in the 

ZIKV + rapamycin model. 
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In microcephalic children, neurons [30] and muscle cells [31] will be obtained from patients submitted 

to neurosurgical procedures, principally ventriculoperitoneal shunt placement or revision [32]. Cortex 

samples of about 1-2 mL will be collected during the corticotomy usually performed as part of these 

surgical procedures. These samples will be processed according to the protocol of primary culture of 

human neurons detailed by Park et al. [30] Muscle sample of about 10 mm3 can be obtained from 

occipital or abdominal muscles, depending on the type of shunt surgery performed. Human skeletal 

muscle cells will be selected using the protocol detailed by Soriano-Arroquia et al. [31] We will collect 

neurons and muscle cells from three children.  

Mesenchymal [33] and hematopoietic [34] stem cells will be obtained from nine children with 

indication of blood panel exam. Mesenchymal stem cells will be obtained following the protocol 

proposed by Ouryazdanpanah et al. [33] The advantages of this protocol are that it uses a small amount 

of human peripheral blood sample, avoid the necessity of mobilization with granulocyte-colony 

stimulating factor (G-CSF), and yields a large number of mesenchymal stem cells. These cells will be 

selected using cell sorting (BD FACS Aria II Flow Cytometry Cell Sorter (Becton Dickinson, Franklin 

Lakes, USA)). Cells regarded mesenchymal stem cells will be those expressing CD90, CD105, and 

CD73 and not expressing CD45 [33]. Similarly, hematopoietic stem cells will be selected using the 

method reported by Lemos et al. [34] to quantify CD34+ cells. These CD34+ cells will be obtained 

from non-mobilized peripheral blood, which is sufficient to carry out the epigenomics analyses of this 

project [35]. 

Controls of neurons and muscle cells will be obtained during brain surgery of children with comparable 

ages and with traumatic brain injury. Control of mesenchymal and hematopoietic stem cells will be 

obtained from children with indication of blood panel analysis whose results were normal. The number 

of samples for neurons, muscle cells, and mesenchymal and hematopoietic stem cells in the control 

group will be the same as for the microcephaly group. These cell types will be analyzed by bisulfite 

sequencing and bioinformatics tools following the same protocol used for the experimental model. We 

will match the epigenetic pattern of the cells from microcephalic children with the human controls and 

with the experimental model of ZIKV-associated microcephaly developed in this study. The rationale 

for this approach is that the DNA methylation pattern overlaps significantly between rodents and 

humans. To increase the change to find this overlap, we intend to take a closer look to transcription 

factor binding sites [36]. Recently, Zhou et al. [36] demonstrated the potential paradigm shift in 

Comparative Epigenomics using this type of analysis. Accordingly, the modification in the DNA 

methylation pattern by environmental stressors may be similar in different species [37].  The expected 

result is that the epigenetic signature in cells of microcephalic children is significantly similar to the 

pattern observed in the ZIKV + rapamycin model to be developed in this study. This result would 

suggest that the severity of ZIKV-associated brain malformations correlates with a (potentially 

reversible) co-factor that disturbs the IGF-1 / insulin and mTOR signaling.  

“Reverse engineering” to reveal co-factor of ZIKV-associated microcephaly 

At this phase of the project, the results are expected to suggest that a co-factor in ZIKV-associated 

microcephaly leads to an epigenetic signature in microcephalic children that remains until infanthood. 

This co-factor should act via a mechanism strongly involved in neurogenesis, i.e., the IGF-1 / insulin 

and mTOR signaling. The interference in this signaling and ZIKV infection would generate an animal 

model that mimics the cause, role of co-factors, mechanisms, and pathology of ZIKV-associated 

microcephaly. Pieces of evidence accumulated at this point of the project could guide the discovery of 

the co-factor itself.  
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Accordingly, a putative co-factor in ZIKV-associated microcephaly could be suspected using 

epidemiological and experimental data, the results of previous phases of this project, and public 

repositories of epigenomics and metabolomics as explained below.  

Epidemiological data search shows that ZIKV-associated microcephaly is more frequent in areas with 

poor socioeconomic background with reports of malnutrition and deficits of vitamin A [4,5] and folate 

[6]. A screening based on these epidemiological data will be performed through common exams for 

cholesterol and fractions (as a marker of nutritional status) [38], vitamin A, and folate in blood of nine 

mothers of microcephalic children. Metabolites associated with these small molecules will be analyzed 

using mass spectrometry. For comparison, the same experiments with mass spectrometry will be 

carried out with nine healthy adult women and with all pregnant female mice at the middle of gestation. 

We expect that the simultaneous action of rapamycin and ZIKV leads to a metabolomic profile that is 

similar to the metabolomic profile found in mothers of microcephalic children. The metabolomic 

profile will be focused on cholesterol, vitamin A / retinoic acid, and folate and their related metabolites. 

To figure out if one of the suspected co-factors is a culprit of the increase of severity of ZIKV-

associated macrocephaly, we will consider three points. These points are the screening with blood 

samples of the mothers, the epigenetic patterns found in the experimental model and in the cells of 

microcephalic children, and public repositories on epigenomics and metabolomics. Alternatively, 

another more likely co-factor may be revealed by our bisulfite sequencing and mass spectrometry 

experiments and epigenomics and metabolomics databases. The most likely co-factor will be tested in 

pregnant female mice submitted to intravenous injection of ZIKV in a more straightforward manner. 

For example, depending on previous results, we may opt to feed the pregnant female mice with 

hypocaloric, vitamin A deficient or folate deficient diet during pregnancy. We opted for not using all 

of these alternatives since the beginning because we want to assess the mechanisms of ZIKV-associated 

microcephaly. Furthermore, we do not rule out that, indeed, the previous steps of the project enhance 

indications regarding the role of another previously suspected co-factor that interferes in retinoic acid 

[39-41]. In other words, the study design proposed here took into account the most likely strategy to 

succeed in the test of the hypothesis that ZIKV infection alone does not explain totally the fetal brain 

malformation, which is the most common situation in clinical practice. 

In this manner, the final phase of the project consists in performing the same experiments as in the first 

phase, but having as groups a negative control, low co-factor diet plus ZIKV injection, low co-factor 

diet only, and ZIKV injection only. MRI, histology, immunohistochemistry, and electron microscopy 

will be performed as in the first phase. Three groups of four pregnant female mice will be tested, and 

mice will be sacrificed with 30 days of life.  

Feasibility 

Children with ZIKV-associated microcephaly will be enrolled at Hospital Geral Roberto Santos, 

Salvador, Brazil, where approximately 100 cases have been followed. Project execution will also be 

carried out at University of São Paulo, University of Taubaté, and Hospital Regional do Vale do 

Paraíba, Taubaté, Brazil. The team includes researchers with expertise in medical neurosciences, 

neurogenesis, imaging, ZIKV, and molecular biology research.  

Consequences of the Hypothesis 

The expected result is that these experiments yield an animal model that mimics the radiological, 

pathological, and epigenetic features observed in children with ZIKV-associated microcephaly. This 

result would suggest that a co-factor amplifies the ZIKV effects on fetus brain. The prospects are that 
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this co-factor can be corrected in the population of epidemic zones of ZIKV to at least mitigate the 

ZIKV-associated brain lesions. 
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