
RE S EARCH REPORT

Cell adhesion proteins in the cerebrospinal fluid of
neonates prenatally exposed to Zika virus: A case–control
study

Clara L. Ramos1 | Eduardo C. Nascimento-Carvalho1 |

Gustavo C. Nascimento-Carvalho1 | Martijn M. VanDuijn2 |

Ana-Luisa Vilas-Boas1 | Ot�avio A. Moreno-Carvalho3 | Lucas P. Carvalho4 |

Lona Zeneyedpour2 | Gerben Ferwerda5 | Ronald de Groot5 |

Theo M. Luider2 | Cristiana M. Nascimento-Carvalho6

1Bahiana Foundation for Science
Development, Bahiana School of
Medicine, Salvador, Brazil
2Department of Neurology, Erasmus MC,
Rotterdam, Netherlands
3Cerebrospinal Fluid Laboratory, José
Silveira Foundation, Salvador, Brazil
4Laboratory of Clinical Research, LAPEC,
Gonçalo Moniz Institute, Salvador, Brazil
5Section of Paediatric Infectious Diseases,
Laboratory of Medical Immunology,
Radboud Institute for Molecular Life
Sciences, Radboud Centre for Infectious
Diseases, Radboud University Medical
Center, Nijmegen, Netherlands
6Department of Paediatrics, Federal
University of Bahia School of Medicine,
Salvador, Brazil

Correspondence
Cristiana M. Nascimento-Carvalho,
Department of Paediatrics, Federal
University of Bahia School of Medicine,
Rua Prof. Aristides Novis, 105/1201B,
Salvador 40210-630, Brazil.
Email: nascimentocarvalho@hotmail.com

Funding information
This research was sponsored by the
Brazilian Council for Scientific and
Technological Development (Conselho

Abstract

To compare cell adhesion molecules levels in cerebrospinal fluid (CSF)

between Zika virus (ZIKV)-exposed neonates with/without microcephaly

(cases) and controls, 16 neonates (cases), 8 (50%) with and 8 (50%) without

microcephaly, who underwent lumbar puncture (LP) during the ZIKV epi-

demic (2015–2016) were included. All mothers reported ZIKV clinical symp-

toms during gestation, all neonates presented with congenital infection

findings, and other congenital infections were ruled out. Fourteen control neo-

nates underwent LP in the same laboratory (2017–2018). Five cell adhesion

proteins were measured in the CSF using mass spectrometry. Neurexin-1 (3.50

[2.00–4.00] vs. 7.5 [5.00–10.25], P = 0.001), neurexin-3 (0.00 [0.00–0.00]
vs. 3.00 [1.50–4.00], P = 0.001) and neural cell adhesion molecule 2 (NCAM2)

(0.00 [0.00–0.75] vs. 1.00 [1.00–2.00], P = 0.001) were significantly lower in

microcephalic and non-microcephalic cases than in controls. When these two

sub-groups of prenatally ZIKA-exposed children were compared to controls

separately, the same results were found. When cases with and without micro-

cephaly were compared, no difference was found. Neurexin-3 (18.8% vs. 78.6%,

P = 0.001) and NCAM2 (25.0% vs. 85.7%, P = 0.001) were less frequently

found among the cases. A positive correlation was found between cephalic

perimeter and levels of these two proteins. Neurexin-2 and neurexin-2b pre-

sented no significant differences. Levels of three cell adhesion proteins were

significantly lower in CSF of neonates exposed to ZIKV before birth than in

controls, irrespective of presence of congenital microcephaly. Moreover, the
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smaller the cephalic perimeter, the lower CSF cell adhesion protein levels.

These findings suggest that low CSF levels of neurexin-1, neurexin-3 and

NCAM2 may reflect the effects of ZIKV on foetal brain development.

KEYWORD S
cell adhesion protein, cerebrospinal fluid, congenital Zika virus infection, mass
spectrometry, microcephaly

1 | INTRODUCTION

Brazil was the epicentre of the Zika virus (ZIKV) out-
break in 2015 (Zanluca et al., 2015). Initially, it was con-
sidered a self-limited and benign Flavivirus infection
(Heang et al., 2012), but the inexplicable and unexpected
increase in cases of neonates with microcephaly was sub-
sequently associated with ZIKV infection during preg-
nancy (Mlakar et al., 2016; Rasmussen et al., 2016).
Positive tropism between ZIKV and neuronal cells has
been demonstrated to affect different levels of neural pro-
genitor cell development, culminating in cell death and
consequent tissue damage (Garcez et al., 2016; Li
et al., 2016). Therefore, ZIKV plays an important role in
disturbing central nervous system (CNS) development
during foetal life (Gharbaran & Somenarain, 2019).

Although recent studies have focused on understand-
ing ZIKV-associated neuropathology, there remain gaps,
mainly because access to foetal brain tissue does not exist
for ethical reasons. Cerebrospinal fluid (CSF), an impor-
tant biomarker of neurodegenerative diseases, can be an
important source of information about biochemical pro-
cesses in the brain and blood–brain barrier function
(Gobom, 2015). Additionally, CSF proteins may help
understand disease progression (Gobom, 2015). A recent
study including ZIKV-exposed neonates before birth
showed that those with microcephaly and abnormal neu-
roimaging findings were born with significantly higher
levels of CSF proteins compared to neonates born with-
out microcephaly or abnormal neuroimaging findings
(Ramos et al., 2018). Significantly higher levels of IgM
and IgA classes were found in the CSF of neonates
exposed to ZIKV before birth than in controls
(Nascimento-Carvalho et al., 2020). Thus, an in-depth
study of the CSF components is important to understand
the neurological manifestations in this group of patients.

Cell adhesion molecules are important for neural
development and brain function and morphology
(Togashi et al., 2009). In addition, it seems that cell
adhesion molecules participate in the migration of
immune cells across the blood–brain barrier (Birkner
et al., 2019). Despite the advancements in the ZIKV
microcephaly-associated field, the profile of CNS cell

adhesion proteins in the CSF after ZIKV exposure has
not yet been investigated. Here, we compared the levels
of cell adhesion proteins in the CSF of neonates
exposed to ZIKV before birth, with or without micro-
cephaly (cases), and those of neonates who were not
exposed to ZIKV before birth, with no congenital infec-
tion or microcephaly (controls).

2 | PATIENTS AND METHODS

2.1 | Patients

In this ambispective investigation conducted in the CSF
Laboratory, in Salvador, Brazil, patients were included as
either cases or controls.

We identified cases during the ZIKV outbreak in
Brazil (from December 2015 to March 2016) when lum-
bar puncture (LP) was performed due to the following
reasons: (1) congenital infection characteristics, (2) the
respective mother complaining of ZIKV infection symp-
toms (arthralgia, fever, myalgia and rash) during preg-
nancy and (3) negative laboratory tests for other
congenital infections (cytomegalovirus, herpes, hepatitis
B and C, HIV, HTLV, rubella, syphilis and toxoplasmosis
[STORCH-HIV-HTLV-HB-HC]). All cases met these
three inclusion criteria. Congenital microcephaly was
defined as cephalic perimeter ≤31.9 cm (for male) and
≤31.5 cm (for female) for neonates with gestational age
≥37 weeks and a cephalic perimeter above 2 standard
deviations under mean for neonates with gestational age
<37 weeks (de Souza Campos Fernandes et al., 2016;
Passemard et al., 2013).

Controls were selected between November 2017 and
September 2018 based on the following inclusion criteria:
(1) Their mothers denied ZIKV symptoms during preg-
nancy, and (2) there was no CNS illness, microcephaly or
clinical/laboratory finding of any congenital infection.
The control neonates were tapped for other medical rea-
sons. The CSF inclusion criteria for the control group
were as follows: (1) age < 5 days, (2) CSF white blood cell
(WBC) count < 9/mm3, (3) CSF protein level < 133 mg/
dl and (4) CSF red blood cell (RBC) count < 1,001 cells/
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mm3. All controls met the six items of the clinical and
CSF inclusion criteria described in this section.

In the CSF Laboratory logbook, potential cases and
controls were identified immediately after LP had been
performed. LP was requested at the discretion of the
assistant paediatrician. Subsequently, written informed
consent was obtained, medical charts were revised and
mothers were asked about prenatal and neonatal data.
Results from laboratory tests to investigate congenital
infections (STORCH-HIV-HTLV-HB-HC) from all
mothers and children were sought, in addition to details
about the date of birth (to calculate age when LP was per-
formed), sex, weight, length of gestation, 5-min Apgar
score, cephalic perimeter and neuroimaging evaluation.

2.2 | Laboratory analysis in Brazil

In Salvador, Brazil, all CSF samples (from 16 cases and
14 controls) were analysed for routine testing, including
the following: (1) evaluation of total cell count (using a
Fuchs–Rosenthal chamber), (2) calculation of cytomor-
phological percentage (using an accelerated gravitational
sedimentation technique along with Leishman and
Wright staining) and (3) assessment of protein (using the
trichloroacetic acid method), glutamic oxaloacetic trans-
aminase (GOT) (UI/dL) and lactate dehydrogenase
(LDH) (UI/L) (both using the colorimetric method) and
glucose (determined by the enzymatic method according
to Trinder) levels. Serological tests performed on all sam-
ples were immunofluorescence (toxoplasmosis), haemag-
glutination (syphilis and toxoplasmosis), fluorescent
treponemal antibody absorption test and Venereal Dis-
ease Research Laboratory test. Ziehl–Neelsen stain, Gram
stain, Indian ink and latex were used to search for Strep-
tococcus pneumoniae; Haemophilus influenzae; Neisseria
meningitidis A, B and C; and Cryptococcus neoformans
antigens. Every sample was incubated to isolate aerobic
pyogenic bacteria, mycobacteria and fungi. A comparison
of CSF results between cases and controls has been previ-
ously published (Nascimento-Carvalho et al., 2020). The
residual CSF samples were kept frozen at �20�C and
were shipped to the Laboratory of Neuro-Oncology,
Department of Neurology/Clinical & Cancer Proteomics,
Erasmus MC, Rotterdam, the Netherlands, by airplane at
the same temperature.

2.3 | Proteomics analysis in the
Netherlands

It is important to highlight that proteomics measure-
ments aim to identify all proteins contained in the CSF

samples. Blinding of laboratory procedures was guaran-
teed, as each sample was identified by a random number.
All the solvents were purchased from Biosolve
(Valkenswaard, the Netherlands). The CSF samples were
digested according to a previously published method
(Nascimento-Carvalho et al., 2020). Briefly, 20 μl of CSF
was digested with trypsin (Promega, Madison, WI, USA)
after reduction and alkylation with dithiothreitol (Sigma-
Aldrich, Saint Louis, MO, USA) and iodoacetamide
(Sigma-Aldrich, Saint Louis, MO, USA). Samples were
analysed using a nano-LC (Ultimate 3000RS, Thermo
Fisher Scientific, Germering, Germany). After the pre-
concentration and washing of the samples on a C18 trap
column (5 mm � 300 μm i.d., Thermo Fisher Scientific),
each sample was loaded onto a C18 column (PepMap
C18, 75 m ID � 250 mm, 2–μm particle, and 100 Å pore
size; Thermo Fisher Scientific) using a linear 90–min gra-
dient (4–38% of 80% ACN/H20, 0.08% formic acid) at a
flow rate of 300 nl/min. Orbitrap Fusion Lumos (Thermo
Fisher Scientific, San Jose, CA, USA) with a nanospray
source was coupled to a nano-LC, and the mode of opera-
tion was data–dependent acquisition.

Mass spectrometry (MS/MS) spectra were extracted
from the data files and transformed into MGF files using
ProteoWizard MS Convert (version 3.0.10444). The MGF
files were analysed using Mascot (version 2.3.02; Matrix
Science Inc., London, UK). Mascot was used to search for
the human subset of the UniProt/Swiss-Prot 2015_11
database, Homo sapiens species restriction and 20,194
sequences of the extracted MS/MS data. For this database
search, the following settings were used: up to two
missed cleavages, oxidation as a variable modification of
methionine and carbamidomethylation as a fixed change
of cysteine. The enzyme used was trypsin. A peptide mass
tolerance of up to 10 ppm and 0.02 Da of fragment mass
tolerance were accepted. To summarise and filter
MS/MS–based peptides and protein identification at a
false discovery rate of 1% (peptide level), the Scaffold soft-
ware (version 4.8.7, Proteome software, Portland, OR,
USA) was used. Proteins with similar peptides that could
not be distinguished by MS/MS analysis alone were cate-
gorised together. Overall, 409 proteins (526 with open
clusters) were identified and quantified. The complete list
of these 409 proteins is presented in Table S1 (Excel data-
base format), and the unique peptides identified in these
proteins are listed.

2.4 | Data entry and analysis

We used the QuickGO platform to identify the proteins
that were cell–adhesion molecules among the 409 differ-
ent proteins quantified in the CSF. QuickGO allows us to

6260 RAMOS ET AL.
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navigate through a large database involving the Gene
Ontology (GO) (Binns et al., 2009). It provides three main
characteristics related to gene products regarding the
molecular functions and biological processes in which
they are compelled and where they are located in a cell
structure (Binns et al., 2009). GO plays an important role
in proteomics and genomics datasets (Dimmer
et al., 2008). QuickGO can provide protein data from Uni-
ProtKB based on selected categories (Binns et al., 2009).
The categories were filled as follows: Taxon: H. sapiens,
Gene Products: Proteins, GO terms: neuron cell–cell
adhesion and Aspects: Biological Process. Subsequently,
a list of neuron cell–cell adhesion proteins
was imported from GO annotation using the QuickGO
(www.ebi.ac.uk/QuickGO/annotations?taxonId=9606&ta
xonUsage=exact&goId=GO:0007158&goUsageRelations
hips=is_a,part_of,occurs_in&goUsage=descendants&ge
neProductSubset=Swiss-Prot&geneProductType=protein
&aspect=biological_process). As a result, an initial list of
37 annotations was found, which resulted in 20 different
proteins (Table 1), of which the following five (among all
409 proteins) were quantified in the CSF samples studied
in this investigation: neurexin-1, neurexin-2, neurexin-2

beta, neurexin-3 and neural cell adhesion molecule
2 (NCAM2). In this study, we reported the results of the
analysis of these five cell adhesion proteins detected and
quantified in the CSF samples, which were the five pro-
teins found in the CSF samples of the 20 different neuron
cell–cell adhesion proteins retrieved from the GO annota-
tion on the QuickGO platform.

Data entry into the Statistical Package for the Social
Sciences (SPSS, version 9.0) was verified. Subsequently,
analysis was performed. The results of the five cell adhe-
sion protein levels found in the CSF samples are pre-
sented as median values with the respective interquartile
range (IQR) owing to an apparent non-parametric distri-
bution. The Mann–Whitney U test was used to compare
the median (IQR) between the two groups. The correla-
tion between cell adhesion protein levels in the CSF and
cephalic perimeter was assessed using Spearman’s test.
Pearson’s chi-squared test and Fisher’s exact test, as
appropriate, were used to compare categorical variables,
which comprised the presence or absence of each protein
in each CSF sample (results presented as percentages).
Boxplot graphs were drawn in SPSS to graphically pre-
sent the levels of the five cell adhesion molecules found
and quantified in the CSF samples. The results were cate-
gorised as cases or controls, and cases were grouped into
microcephalic and non-microcephalic neonates. Disper-
sion graphs were drawn in Excel software to graphically
present the levels of the cell adhesion molecules corre-
lated with cephalic perimeter, and the square of the cor-
relation (R2) is presented to demonstrate the proportion
of variation in the dependent variables (neurexin-3 and
NCAM2), which can be attributed to the independent
variable (cephalic perimeter). All tests were two-tailed,
and statistical significance was considered when P was
<0.05. The criteria to include controls aimed to ensure
that cases and controls would have similar characteris-
tics, except for having been prenatally exposed to ZIKV.

2.5 | Ethical aspects

All procedures were performed in accordance with the eth-
ical standards laid down in the 1964 Declaration of Hel-
sinki and its later amendments. This study was approved
by the Federal University of Bahia Ethics Committee
(approval number: 2.414.857). In the beginning of the inter-
views, informed consent was obtained from the mothers.

3 | RESULTS

During the ZIKV outbreak in Brazil (from December
2015 to March 2016), for this study, we selected

TAB L E 1 List of neuron cell–cell adhesion proteins imported

from gene ontology annotation by QuickGo platform

Protein Gene

Astrotactin-1 ASTN1

Neural cell adhesion molecule 2 NCAM2

Astrotactin-2 ASTN2

Proto-oncogene tyrosine-protein kinase receptor
Ret

RET

Bile salt-activated lipase CEL

Neurexin-1-beta NRXN1

Neurexin-2-beta NRXN2

Cyclin-dependent kinase 5 activator 1 CDK5R1

Contactin-4 CNTN4

Neuroligin-4, X-linked NLGN4X

Neuroligin-1 NLGN1

Neuroligin-4, Y-linked NLGN4Y

Neuroligin-2 NLGN2

Tenascin-R TNR

Neurexin-3-beta NRXN3

Neuroligin-3 NLGN3

Ninjurin-2 NINJ2

Neurexin-2 NRXN2

Neurexin-1 NRXN1

Neurexin-3 NRXN3

RAMOS ET AL. 6261
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16 neonates with foetal exposure to ZIKV, 8 (50%) with
microcephaly and 8 (50%) without microcephaly, which
comprised the case group of this study. Exposure to toxic

substances and drugs, ionising injury and prenatal and
perinatal complications that could have caused micro-
cephaly were excluded. Overall, 85 neonates selected as

TAB L E 2 Characteristics of 16 cases and 14 controls

Characteristic Cases (n = 16) Controls (n = 14)

Prenatal care 16 (100.0%) 14 (100.0%)

Girls 10 (62.5%) 10 (71.4%)

Premature 3 (18.8%) 32w, 33w, 35wa 4 (28.6%) 27w, 29w, 32w, 34wa

Microcephaly 8 (50.0%) 0

Minimal 5-min Apgar 8 7

Head neuroimaging performance 15 (93.8%) 7 (50.0%)

Head neuroimaging abnormal findingsb 10 (62.5%) 0

Median (interquartile range) age (days) 2 (1–3) oldest 4 3 (1–4) oldest 4
aGestational age in weeks.
bAbnormal findings include calcifications, ventriculomegaly, decreased brain volume, lissencephaly, agenesis of corpus callosum, Dandy-Walker malformation,
craniofacial disproportion, periventricular hyperechogenicity, subependymal cyst, cortex-subcortical indistinction, enlarged cisterna magna.

TAB L E 3 Routine cerebrospinal fluid parameters of 16 cases and 14 control neonates

Characteristic median (interquartile range) Cases (n = 16) Controls (n = 14)

CSF white blood cell/mm3 3.2 (0.4–8.7) 1.2 (0.7–2.9)

% lymphocyte 50.0 (45.3–57.0) 58.0 (50.8–65.8)

% monocyte 48.0 (42.3–51.8) 41.0 (34.3–46.5)

% macrophage 2.0 (0.0–3.0) 1.0 (0.0–1.0)

% neutrophil 0 0

Protein (mg/dl)* 127.5 (86.8–154.0) 64.5 (49.5–80.5)

Chloride (mg/dl) 695.5 (694–700) 694 (686–697)

Glucose (mg/dl) 39.5 (30.5–44.3) 39.0 (30.8–51.8)

GOT (Ul/dL)** 5.8 (4.5–8.8) 3.7 (3.7–4.5)

LDH (UI/L)*** 60.2 (43.2–71.6) 39.2 (36.2–46.2)

Note: CSF White blood cell/mm3 by using a Fuchs-Rosenthal chamber. Cytomorphological percentage using an accelerated gravitational sedimentation

technique along with Leishman and Wright staining. Protein amount (mg/dl) using the trichloroacetic acid method. Glucose amount (mg/dl) determined by
the enzymatic method according to Trinder. Glutamic oxalacetic transaminase (GOT) (UI/dl) and lactic dehydrogenase (LDH) (UI/L) measurement using the
colorimetric method.
*p < 0.001 (Mann–Whitney U test).
**p = 0.001 (Mann–Whitney U test).

***p = 0.003 (Mann–Whitney U test).

TAB L E 4 Comparison of median (interquartile range) of cell adhesion proteins levels (number of unique peptides) in the cerebrospinal

fluid (CSF) of control neonates with and without red blood cells (RBC) in the CSF

CSF cell adhesion protein Controls without RBC n = 10 Controls with RBC n = 4 p

Neurexin-1 7.50 (5.00–11.00) 6.50 (2.75–9.50) 0.5

Neurexin-3 3.00 (1.50–4.00) 2.50 (0.50–3.75) 0.7

Neural cell adhesion molecule 2 1.00 (1.00–2.25) 1.00 (0.25–1.75) 0.5

Neurexin-2 4.00 (3.00–6.00) 3.00 (1.50–6.75) 0.2

Neurexin-2 beta 0.00 (0.00–0.00) 1.50 (0.00–3.00) 0.1

6262 RAMOS ET AL.
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candidates for controls were identified between
23 November 2017 and 30 September 2018. Initially,
45 were excluded due to age ≥ 5 days, 19 due to CSF
WBC count ≥ 9/mm3, 9 due to CSF protein ≥ 133 mg/dl,
8 due to CSF RBC count ≥ 1,001/mm3 and 1 due to ven-
tricular tap. Subsequently, 24 patients were found to be
potentially eligible for inclusion in the control group.
After the mothers were interviewed and data were
retrieved from medical records, 10 (41.7%) of these candi-
dates were excluded, as nine mothers had untreated
syphilis and one neonate had CNS haemorrhage. Finally,
14 neonates were identified and included as controls,
among whom 10 had no RBC in the CSF and four had,
320, 350, 600 and 933 RBC/mm3 in the CSF, respectively.
The reasons for tapping were as follows: six neonates due
to sepsis, five neonates due to treated maternal syphilis,
one neonate due to fever without a source, one neonate
due to seizure and one neonate due to maternal acute
cytomegalovirus infection. Results of serological tests for
syphilis from the five neonates at risk of congenital syphi-
lis were negative, both in serum and CSF, whereas the
neonate at risk of congenital cytomegalovirus infection
had a negative result of the cytomegalovirus polymerase
chain reaction in urine during the first week of life. Thus,
we selected 30 neonates (16 cases and 14 controls), and
their characteristics are shown in Table 2. It is possible to
observe that the oldest neonates were 4 days old in both
groups and that all mothers received prenatal care. All
neonates were born in the maternity units. The routine
tests performed in the CSF are shown in Table 3 and
grouped into the case and control groups. It is possible to
observe that the protein level is twofold higher in the
case group than in the control group, which has already
been published (Nascimento-Carvalho et al., 2020).

In order to proceed, the CSF levels of the five cell
adhesion proteins found in our samples were compared
between 10 controls without RBC and 4 controls with
RBC (Table 4), and no significant difference was found
among these control subgroups. Therefore, controls with
and without RBC were grouped together in the control
group for subsequent analyses. Cell adhesion protein
levels were compared between cases and controls, and
the results are shown in Table 5. The (IQR) medians of
neurexin-1, neurexin-3 and NCAM2 were significantly
lower when neonates with or without microcephaly were
grouped together (cases) and compared to controls; simi-
larly, these three molecules presented significantly lower
levels when cases with microcephaly were compared to
controls and when cases without microcephaly were
compared to controls separately. However, when cases
with or without microcephaly were compared, no signifi-
cant difference was found. No difference was found in
the levels of neurexin-2 and neurexin-2b when all cases T
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were compared to controls, when cases with microceph-
aly were compared to controls or when cases without
microcephaly were compared to controls.

Figure 1 shows the distribution of the levels of the
five cell adhesion proteins in the 30 CSF samples studied,

grouped as cases or controls; among the cases, the levels
are also presented separately in microcephalic or non-
microcephalic cases. Figure 1a–c shows how neurexin-1,
neurexin-3 and NCAM2 have significantly lower levels in
cases than in controls. It was also possible to observe the

F I GURE 1 Boxplot of the cerebrospinal fluid level of five cell adhesion proteins (a, neurexin-1; b, neurexin-3; c, neural cell adhesion

molecule 2; d, neurexin-2; e, neurexin-2 beta) in 16 cases (8 with and 8 without microcephaly) and in 14 control neonates. Graphical

presentation of the median (the thick line inside the box), the respective interquartile range (the upper and the lower limit of the box) and of

the minimal and maximal values (the upper and the lower limits outside the box) in each subgroup

TAB L E 6 Comparison of frequencya of presence of cell adhesion proteins in the cerebrospinal fluid of neonates exposed to ZIKV before

birth, with or without congenital microcephaly, and controls

CSF cell

adhesion protein

Controls

n = 14

Cases with and without

microcephaly n = 16 pb
Cases with

microcephaly n = 8 pc
Cases without

microcephaly n = 8 pd pe

Neurexin-1 14 (100) 15 (93.8) 1.0f 7 (87.5) 0.4f 8 (100) - 1.0f

Neurexin-3 11 (78.6) 3 (18.8) 0.001g 1 (12.5) 0.006f 2 (25.0) 0.03f 1.0f

Neural cell adhesion

molecule 2

12 (85.7) 4 (25.0) 0.001f 1 (12.5) 0.001f 3 (37.5) 0.5f 0.6f

Neurexin-2 14 (100) 16 (100) - 8 (100) - 8 (100) - -

Neurexin-2 beta 3 (21.4) 0 0.09f 0 0.3f 0 0.3f -

aResults in n (%).
bComparison between 16 cases and 14 controls.
cComparison between 8 cases with microcephaly and 14 controls.
dComparison between 8 cases without microcephaly and 14 controls.
eComparison between 8 cases with and 8 cases without microcephaly.
fFisher exact test.
gPearson chi-square.
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absence of neurexin-3 and NCAM2 in individual cases.
Thus, the measured levels were dichotomised as the pres-
ence or absence of each protein, and their frequencies
were compared between cases and controls. The absence
of neurexin-3 and NCAM2 was significantly higher
among the cases (Table 6). On the contrary, neurexin-2
was present in all 30 CSF samples, which means that
neurexin-2 was equally present in cases and controls,
whereas neurexin-2 beta was only present in three con-
trols and in no cases (Table 6). Figure 1d,e shows graphi-
cally these findings.

The assessment of the correlation between the CSF
levels of the five cell adhesion proteins and the cephalic
perimeter of neonates is shown in Table 7. The correla-
tion was statistically significant and positive for
neurexin-3 and NCAM2; that is, the lower the cell adhe-
sion protein level, the smaller the cephalic perimeter.
Neurexin-3 and NCAM2 had similar correlation coeffi-
cient (rho = 0.480) (Table 7). Figure 2 shows the graphs
of correlation between cephalic perimeter and these cell
adhesion proteins with significant correlation coefficients
(a for neurexin-3 and b for NCAM2).

4 | DISCUSSION

Notably, the CSF levels of the three cell adhesion pro-
teins were significantly lower in prenatally ZIKV-exposed
neonates than in controls, irrespective of the presence of
congenital microcephaly. In addition, a positive correla-
tion was found between the cephalic perimeter at birth
and the level of the two cell adhesion proteins. Our find-
ings suggest that the low CSF levels of some cell adhesion
molecules may reflect the effects of ZIKV on foetal brain
development. To the best of our knowledge, this is an
innovative finding of this study.

ZIKV can cross the placental barrier and infect the
foetus (Quicke et al., 2016). In the brain, ZIKV can reach
many neuronal cells (astrocytes and oligodendrocytes)
and cause changes in the expression of several cellular
genes and proteins (Sher et al., 2019), increase cell death
and dysregulate cell cycle progression (Tang et al., 2016).
Garcez et al. (2017) used human neurospheres to study
molecular pathways caused by the damage of ZIKV infec-
tion in the human brain and showed that ZIKV alters cell
cycle targets in progenitor cells, induces proliferation
arrest, reduces the production of neural cells and induces
cell death. For instance, Table 3 shows significantly
higher levels of total protein, GOT and LDH among cases
compared to controls, which is in accordance with some
level of cell death in the CSF of prenatally ZIKV-exposed
neonates. As such, it is possible to expect lower levels of
some cell adhesion proteins in neonates exposed to ZIKV
before birth because of less neural material due to ZIKV
damage. Several studies have shown changes in the tran-
scriptomics and proteomics profiles of cells and organ-
isms infected by Influenza viruses (Kobasa et al., 2007;
Vester et al., 2009). Recently, several studies have repro-
duced similar approaches in ZIKV-infected mice or cells
in vitro and demonstrated dysregulation (upregulated or

TAB L E 7 Correlation between cell adhesion proteins levels in

the cerebrospinal fluid and cephalic perimeter of neonates tapped

up to 4 days of life

CSF cell adhesion protein P Significant rho

Neurexin-1 0.1

Neurexin-3 0.007a 0.480

Neural cell adhesion molecule 2 0.007a 0.480

Neurexin-2 0.7

Neurexin-2 beta 0.8

aCorrelation is significant at the 0.01 level (two-tailed).

F I GURE 2 Significant positive correlation between cephalic perimeter and two distinct cell adhesion proteins (a, neurexin-3; b, neural

cell adhesion molecule 2) levels in the CSF of 30 neonates (y axis: cell adhesion protein level; x axis: cephalic perimeter of the neonates)
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downregulated) in some neuronal proteins (Garcez
et al., 2017; Glover et al., 2019; Sher et al., 2019).

Our study found statistically significant differences
among the following three neural cell adhesion proteins:
neurexin-1, neurexin-3 and NCAM2. Neurexins are a
family of cell adhesion molecules that play an important
role in synaptic processes (Chen et al., 2017; Quinn
et al., 2017). Dysregulation of cell adhesion molecules
during brain development may induce structural and
functional malformations of brain circuits, resulting in
neurological disorders (Yang et al., 2014). Neurexin-1,
neurexin-2 and neurexin-3 belong to the neurexin family,
and their genetic comparison among members of this
family shows greater similarity between neurexin-1 and
neurexin-3 in relation to neurexin-2. This suggests that
neurexin-2 diverges from a common progenitor of
neurexin-1 and neurexin-3 (Südhof, 2017). The neurexin
family comprises relevant synaptic adhesion proteins
(Camporesi et al., 2022), which have been investigated in
the CSF as biomarkers of some psychiatric disorders
(al Shweiki et al., 2020; Kasem et al., 2018) and neurode-
generative diseases (Brinkmalm et al., 2018; Hölttä
et al., 2015; Zheng et al., 2018), mainly because synaptic
dysfunction is primarily observed in these situations.
Neurexins are present in synaptic junctions and astro-
cytes (Trotter et al., 2020). In our study, neurexin-1 and
neurexin-3 levels were significantly lower among cases
compared to controls, and their genetic similarity may be
important to explain why they presented similar results,
whereas neurexin-2 and neurexin-2 beta did not differ in
such comparison. Rosa-Fernandes et al. (2019) studied
human neuro-progenitor cells derived from stem cells
and neurones infected with ZIKV; based on proteomic
analyses, their study showed dysregulated molecular
pathways. In addition, ZIKV infection is associated with
downregulation of presynaptic proteins, such as neurex-
ins. In a proteomic analysis, al Shweiki et al. (2020) sug-
gested the feasibility of quantifying synaptic proteins in
the CSF, including neurexin-3. There is no evidence of
how synaptic proteins can reach the CSF, but given the
dynamic process of synapsis (Kondo & Okabe, 2011),
decreased levels of these proteins can be related to fewer
synapses or synaptic damage that is well cleared from the
tissue. The lower levels of neurexins in prenatally ZIKV-
exposed neonates may be disruptive to synapsis, which is
important for brain development and might contribute to
the manifestation of congenital ZIKV syndrome.

NCAM2 is expressed predominantly in the brain and is
involved in important neural processes, such as synapsis,
axon guidance, proliferation of spinal cord stem cells and
neurite outgrowth (Rasmussen et al., 2018; Sheng
et al., 2015). Barbeito-Andrés et al. (2020) conducted an
experimental study in animal models divided into three

groups based on caloric intake and the presence or absence
of a protein deficit. After analysing RNA sequences in the
brains of mice on embryonic day 15, they demonstrated
that most genes related to neural development, including
NCAM2, were downregulated in the group infected with
ZIKV, despite the absence of malnutrition. This finding is
consistent with that of our study, since lower levels of
NCAM2 may be associated with impairment or retardation
of normal neural growth and patterning.

More in vivo and non-experimental studies in this
area are highly required, mainly because most currently
available results are based on in vitro environments or
experimental animal models. In this context, CSF study
is important as an indirect measure of brain develop-
ment. Taking into account the consequences of ZIKV-
infected brain, it is possible to infer that the lower level
of some cell adhesion proteins in the CSF of prenatally
ZIKV-exposed neonates is a consequence of dysregula-
tion of the cell cycle and cell death caused by ZIKV and
that the consequences are reflected in the characteristics
of congenital ZIKV infection. Such an understanding
may be useful for the development of experimental pre-
clinical models aimed at the identification of molecules
to prevent the extensive damage caused by ZIKV congen-
ital infection in the CNS.

Our study has some limitations. We studied a relatively
considerable number of neonates from a medical point of
view; however, for statistics, a larger number would pro-
vide more confidence. Nonetheless, the compared sub-
groups were similar to avoid potential confounders.
Although serological confirmation of ZIKV infection dur-
ing pregnancy was missing, we included women with the
most common symptoms of ZIKV infection during the
outbreak. However, we performed serological tests to
exclude other possible congenital infections.

In conclusion, lower levels of some cell adhesion pro-
teins and a positive correlation between cephalic perime-
ter and CSF cell adhesion protein level may reflect the
effects of congenital ZIKV infection in the brain.
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