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Abstract: Since Zika virus (ZIKV) first emerged as a public health concern in 2015, our ability to
identify and track the long-term neurological sequelae of prenatal Zika virus (ZIKV) infection in
humans has been limited. Our lab has developed a rat model of maternal ZIKV infection with
associated vertical transmission to the fetus that results in significant brain malformations in the
neonatal offspring. Here, we use this model in conjunction with longitudinal magnetic resonance
imaging (MRI) to expand our understanding of the long-term neurological consequences of prenatal
ZIKV infection in order to identify characteristic neurodevelopmental changes and track them
across time. We exploited both manual and automated atlas-based segmentation of MR images in
order to identify long-term structural changes within the developing rat brain following inoculation.
The paradigm involved scanning three cohorts of male and female rats that were prenatally inoculated
with 107 PFU ZIKV, 107 UV-inactivated ZIKV (iZIKV), or diluent medium (mock), at 4 different
postnatal day (P) age points: P2, P16, P24, and P60. Analysis of tracked brain structures revealed
significantly altered development in both the ZIKV and iZIKV rats. Moreover, we demonstrate that
prenatal ZIKV infection alters the growth of brain regions throughout the neonatal and juvenile ages.
Our findings also suggest that maternal immune activation caused by inactive viral proteins may
play a role in altered brain growth throughout development. For the very first time, we introduce
manual and automated atlas-based segmentation of neonatal and juvenile rat brains longitudinally.
Experimental results demonstrate the effectiveness of our novel approach for detecting significant
changes in neurodevelopment in models of early-life infections.

Keywords: Zika virus (ZIKV); neuroimaging; MRI; neurodevelopment; pregnancy; congenital infection

1. Introduction

Zika virus (ZIKV) is an arthropod-borne Flavivirus, closely related to dengue, yellow
fever, Japanese encephalitis, and West Nile viruses. ZIKV is primarily transmitted to
humans through the urban transmission cycle by mosquitos of the species Aedes aegypti
which thrive in the densely populated tropical and subtropical regions of Asia, Africa,
and the Americas [1–3]. More recently, ZIKV has also been found to be transmitted through
other routes, including sexual transmission, transfusion of blood products, breast milk
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feeding, and vertical transmission from the pregnant mother to the fetus [4,5]. Since its
emergence in the Americas in 2015, there has been renewed interest in understanding
the pathogenicity of ZIKV in order to develop vaccines and therapeutic strategies able to
combat infection. Nevertheless, no effective therapies currently exist.

ZIKV emerged in 2015 as a major challenge for global health agencies due to its ability
to cause congenital Zika syndrome (CZS), which is characterized by brain abnormalities
and microcephaly in neonates and cognitive developmental deficits in affected young chil-
dren [6,7]. In fact, there has been nearly a 20-fold increase in the incidence of microcephaly
and birth defects seen in infants delivered by women during the ZIKV outbreak in Brazil
between 2014 and 2015 [8,9]. This prompted the Centers for Disease Control and Prevention
(CDC) to officially declare a causal link between prenatal ZIKV infection and the serious
brain abnormalities seen in affected infants. Although this link seems unquestionable,
present findings in humans offer a limited scope of ZIKV’s full pathogenicity. Moreover,
it is becoming increasingly apparent that solely investigating the consequences of Zika in
children who show overt symptoms or physical deformities at the time of birth provides a
very limited snapshot of the potential impact of this virus infection on cognitive function.

Importantly, it has only been six years since the 2015 outbreak in Brazil, and so
our ability to study the long-term consequences of Zika exposure in humans is limited,
and therein lies a dilemma. Thus, it is necessary to utilize animal models that best mirror the
symptoms, transmission, and outcomes associated with this virus in order to understand
the long-term neurological consequences of prenatal ZIKV infection in all affected offspring.
This approach will allow clinicians to identify very early on which individuals may be at
risk for developmental delays and neurocognitive deficits later in life, even in infants that
were asymptomatic at birth, so that these individuals can be recommended for occupational,
physical, and cognitive therapeutic interventions that could hopefully rescue or mitigate
the long-term consequences of the prenatal ZIKV infection.

While human and animal model studies demonstrate abnormalities in certain brain
structures associated with ZIKV infection, it is not fully understood: (1) how structural
changes in the brain correlate with active prenatal ZIKV infection and its associated replica-
tion, (2) when various neurological changes may begin to emerge throughout development,
and (3) whether these neurological changes persist throughout the lifespan. In the present
study, we utilize a longitudinal in vivo MRI technique and employ a dual approach of
automated segmentation and manual segmentation for subsequent analyses to explore the
long-term neurological sequelae of prenatal ZIKV infection in rat offspring.

2. Materials and Methods
2.1. Animals and Breeding

All experiments used Sprague Dawley rats; adult males were ordered from Envigo
Laboratories (Indianapolis, IN, USA) and adult females were ordered from Charles River
Laboratories (Wilmington, MA, USA). Animals were housed in same-sex pairs in clear,
polypropylene cages (45 cm × 20.5 cm × 24 cm) with ad libitum access to food and water.
The colony room maintained controlled temperature and humidity, at 22 ◦C under a 12:12 h
light/dark cycle. Thirty nulliparous females aged 54–56 days were paired individually
with male rats for breeding to generate litters throughout the course of the experiment.
The presence of a vaginal plug was checked daily in order to confirm pregnancy and
the date of conception which was considered embryonic day 0 (E0). Once pregnancy
was confirmed, male breeders were removed from the breeding cage, and females were
moved to a Biosafety Level 2 (BSL 2) animal isolation facility where they were individually
housed in clean cages prior to infection on E18. Day of birth (DOB, approximately E23)
was assigned as postnatal day 0 (P0). All experiments were approved by the University
of Delaware Institutional Animal Care and Use Committee (Animal Use Protocol #1306)
under the Guide for the Care and Use of Laboratory Animals of the National Institute of Health.
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2.2. ZIKV Growth Conditions

Zika virus stocks (strain PRVABC059, Puerto Rico, Human, December 2015 from
ATCC) were propagated in Vero cells and serially passaged to yield high-titer virus stocks.
Stocks prepared for infection studies were prepared as T75 flasks of Vero cells infected
at an MOI of ~1 with cells being incubated for 96 h prior to harvest (based on observed
cytopathic effects). At 96 h postinfection, flasks were sealed with parafilm and snap frozen
at −80 ◦C. Cells underwent three rounds of snap freezing–rapid thawing at 37 ◦C in
a water bath. Cell supernatant medium and lysates were clarified by centrifugation at
1500 rpm for 10 min, and the supernatant was filtered through a 0.45 µM filter to remove
cellular debris. This supernatant medium was the source of infectious virus, and viral
titer was determined by serial dilution on Vero cells (102–109) in triplicate wells of 12-well
dishes plated with Vero cells. Viral titer was counted by fixing of cell monolayers at 96 h
postinfection with 1% paraformaldehyde in 1X PBS for 1 h, followed by three washes with
1X PBS and IFA using rat anti-Zika antibody (Kerafast Inc., Boston, MA, USA, cat. EDW003,
rat #15, diluted 1:2000).

2.3. ZIKV Inactivation

Ultraviolet (UV) irradiation, which inactivates viruses by chemically modifying their
genome, has been used successfully to inactivate many viruses, including ZIKV. In order
to inactivate ZIKV, a portion (5 mL) of the total infectious supernatant medium was
removed and placed in a 60 mm dish for UV inactivation. UV inactivation (254 nm) was
performed using a Stratlinker crosslinker by placing the 60 mm dish (lid removed) inside
the crosslinker set to 20,000 J, constant power for 10 min at room temperature. Following
inactivation, the supernatant medium was collected and divided into 1 mL aliquots, and a
portion was titrated on Vero cells, as above at 10−1 to 10−4 dilutions, in triplicate. As with
infectious virus, monolayers were fixed at 96 h postinfection and stained by indirect
immunofluorescence assay (IFA), as described above. Loss of infectivity was confirmed as
only individual cells were IFA-positive due to inoculum uptake in the absence of replication
and spread to other cells.

2.4. Inoculations

Pregnant females were inoculated at embryonic day 18 (E18) by subcutaneous injection
into the loose skin over the interscapular area with a mock diluent control (0.1 mL of the
same culture media used to grow ZIKV), ZIKV (dose of 1 × 107 PFU in 0.1 mL culture
media), or inactivated ZIKV (iZIKV) (inactivated dose of 1 × 107 PFU in 0.1 mL culture
media). The viral dose was selected based on previously published studies in mouse models
and previously published results from our lab using a rat model [10–13]. iZIKV control was
used to distinguish whether outcomes of ZIKV relied on active viral replication as opposed
to the maternal immune response triggered by the presence of viral particles alone.

Infection on E18 of gestation was selected for the current study based on previous
work in our lab indicating that during late gestation, the immune system of the pregnant
female is significantly suppressed and therefore unable to respond effectively to an immune
challenge, resulting in vertical transmission to the fetuses [10,14]. This model results in a
significant febrile response in pregnant dams, a small but significant increase in pup death
at the time of birth, and associated increases in cell death in the pups at the time of birth.
Rats were inoculated on E18 based on the presence of a sperm plug on E1.

2.5. Pup Identification

Pups were identified by toe tattooing the plantar surface of the paws on P2. Toe tat-
tooing is a reliable and permanent identification method that is less invasive than other
alternatives. On postnatal day 2 (P2), pups were tattooed, along with the dam to prevent
excessive maternal grooming of the tattoo in the pups. After being tattooed, the toes were
gently wiped with dry gauze to remove any excess ink, and the animal was returned to
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its home cage, where it remained undisturbed. Rats were later weaned from the dam on
P21 and separated into same-sex pairs in clean cages.

2.6. Image Acquisition

During the scanning protocol, rats were anesthetized in order for proper image
acquisition. Before beginning any anesthesia procedures, all oxygen tanks and isoflurane
levels were checked to ensure a sufficient amount for the day’s experiments. Rats were
placed in an induction chamber with isoflurane set to either 2.5 or 3.0 L/min, based on the
age of the animal. Once anesthetized, rats were removed from the chamber and placed in
the scanning bed, secured with a nose cone. A bite bar was also used to secure juvenile
and adult rats (P16–P60). After induction, isoflurane was then administered through the
nose cone at 2.0 L/min for maintaining unconsciousness. Rats remained under anesthesia
for no longer than 30 min for the completion of scanning. Once removed from the scanner,
rats were placed in a recovery cage with a warm pad and constantly monitored until they
fully recuperated from the effects of anesthesia. During the recovery phase, oxygen was
administered at 0.5 L/min.

Images were obtained using a 9.4 T Bruker Biospec 94/20 small animal MR system
(Bruker BioSpec MRI, Ettlingen, Germany). Each animal was imaged on four different
occasions: P2, P16, P24, and P60. As individual organs, tissues, and structures mature at
different paces, choosing the age and observation period for the animal model of interest
must be done carefully. Therefore, in order to obtain a robust picture of both normative
and aberrant neurodevelopment, we selected timepoints that were representative of four
main stages of rodent development. Postnatal day 2 was chosen to signify the early
neonatal stage, representing 0–28 days in humans [15–17]. Postnatal day 16 was chosen
because it is representative of the late neonatal phase or infantile phase, equivalent to
1–2-year-old humans [15–17]. P24 was selected for analysis as it represents the prepubertal
developmental timepoint, in which rats are considered juveniles and equivalent to 2–12-
year-old humans [15–17]. P60 was selected for analysis as it represents adulthood, in which
rats are considered to be fully developed and equivalent to 18-year-old humans [15–17].
Both mouse and rat brain 2 × 2 surface array coils were used; the mouse coil was used
for the P2 and P16 age points, while the rat coil was used for the P24 and P60 age points.
The correct positioning of each animal within the RF coil was confirmed through a series of
localizer images. T2-weighted imaging was chosen for its sensitivity to a wide range of
brain pathologies [18] and optimal display of anatomical features. During each imaging
session, a high-resolution anatomical data set was collected using the rapid acquisition
with relaxation enhancement (RARE) pulse sequence of 50 slices, 0.5 mm slice thickness,
30 mm field of view (FOV), 256 × 256, 5 s repetition time (TR), 32 ms echo time (TE),
RARE factor of 8, and 5 min 20 s acquisition time.

2.7. Automatic Segmentation of ROIs

A magnetic resonance histology (MRH) atlas of the developing rat brain, courtesy of
Duke Center for In Vivo Microscopy, was superimposed onto age-matched T2-weighted
MR images in order to define the boundaries of 26 individual regions of interest (ROIs).
The Ekam Visualization and Analysis (EVA) tool (Ekam Solutions LLC, Boston, MA, USA)
accurately achieved alignment of both the MRH atlas and image through ITK registra-
tion framework with affine transform and mutual information based similarity matrix.
Once the image was properly registered to the atlas, we segmented boundaries for each
ROI. Each ROI was extracted using inverse transform matrix (T−1) in the original space of
the MRI scan. Each MRI voxel was tagged into the specific brain region based on the brain
atlas registration.

In quantitative measurements, such as volume estimations of brain structures, it is
important to consider the partial volume effect (PVE) which can arise when there is a
mismatch in the atlas resolution and subject resolution. The resolution of the MRH atlas
used for segmentation (0.059 × 0.059 × 0.25 mm) is much higher than the resolution of



Viruses 2021, 13, 1123 5 of 24

our MRI data (0.117 × 0.117 × 0.5 mm). This may introduce segmentation inaccuracies
because multiple atlas voxels might occupy a single subject voxel. To accurately classify
these voxels with partial volume effects, the ROI with the greatest occupied volume within
the subject voxel was assigned to that specific voxel. The total volume of each region was
calculated by multiplying the unit volume of the voxel in mm3 by the number of voxels.
To account for different brain sizes, all the ROI volumes were normalized by dividing each
ROI volume by the total brain volume for each rat.

2.8. Manual Segmentation of ROIs

The whole hippocampus, CA1, CA2, CA3, dentate gyrus, isocortex, and cerebel-
lum were traced using the Insight Toolkit SNAP program (v.3.8.0; www.itksnap.org) [19].
ROIs were identified using four atlases, each appropriately age-matched to the animal at
the time of each of the four scans. Atlas of the Developing Rat Nervous System by George
Paxinos, Ken W. S. Ashwell, and Istvan Tork (1994) served as reference for the P2 animal
scans. Atlas of the Developing Rat Brain in Stereotaxic Coordinates P14 by Roustem Khazipov
et al. was used for P16 scans. Atlas of the Developing Rat Brain in Stereotaxic Coordinates
P21 by Roustem Khazipov et al. was used for P24 scans. The Rat Brain in Stereotaxic Co-
ordinates by George Paxinos and Charles Watson (2007) was referenced for P60 animal
scans. All segmentations were traced along the coronal plane, consistent with the reference
atlases (Figure 1). Scans were randomly assigned to each tracer, and all tracers were blind
to treatment groups.
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Figure 1. Representative images of manual segmentation in the coronal plane at P60. (A) Delineation of hippocampus
and its subregions segmented at a more rostral level. (B) Delineation of hippocampus and its subregions segmented at
a more caudal level. (C) Depiction of the isocortex region manually segmented. (D) Depiction of the cerebellum region
manually segmented.
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2.9. Statistical Analyses

Volumetric data were analyzed using a two-way ANOVA, with inoculation as one
factor (three levels: mock, ZIKV, and iZIKV) and sex as another factor (two levels: males
and females). For the whole-brain analysis, absolute (non-normalized) volumes were
expressed in mm3 for base comparison. For the ROI analyses, volumes were expressed as
percentage of whole brain (normalized) to control brain size variability. The ROIs included
in the automated segmentation analysis were the hippocampus, isocortex, and cerebellum.
The ROIs included in the manual segmentation analysis were the whole hippocampus,
CA1, CA2, CA3, dentate gyrus, isocortex, and cerebellum. Post-hoc pairwise comparisons
were carried out using Tukey’s test (p < 0.05) to analyze volumetric differences between
inoculation groups. To estimate the degree of agreement between volumes obtained with
automated methods and those delineated manually, Pearson’s correlation coefficients were
calculated for each brain region of interest at each age point. In addition, Bland–Altman
plots were compiled to illustrate the magnitude of the differences between both methods of
segmentation. These comparative methods were performed for the regions that overlapped
in both segmentation methods: the hippocampus, cerebellum, isocortex, and whole brain.

3. Results
3.1. Volumetric Analysis of Whole-Brain Volumes Throughout Development Utilizing Two
Separate Methods of Segmentation

Absolute volumes for whole-brain (WB) volume were calculated by multiplying the
number of the voxels belonging to the structure by voxel volume (mm3). Automated
segmented WB volumes were calculated by summing up all 26 ROI volumes within the
MRH atlas that collectively represent the entire brain [20]. Manual WB volumes were
calculated by tracing the outline of the brain in each slice and computing the voxels within
the outlined region. Results from this section are summarized in Table S1 which lists
mean ± SD of whole-brain volumes for each cohort throughout development.

3.1.1. Postnatal Day 2

At P2, we found a significant effect of inoculation on WB volume in the automated
segmentation method (F2,48 = 11.24, p < 0.001; Figure 2A), and post-hoc tests revealed that
the iZIKV-inoculated rats had significantly reduced WB volume when compared to the
mock and ZIKV cohorts (p ≤ 0.001; Figure 2A). We also observed this same phenomenon
in the manual segmentation method, where analysis demonstrated significant effects of
inoculation (F2,48 = 38.58, p < 0.001; Figure 2B) and further post-hoc tests revealed the
iZIKV-inoculated rats had significantly reduced WB volume when compared to both the
mock and ZIKV cohorts (p ≤ 0.001; Figure 2B). Analysis revealed a main effect of sex for the
automated segmentation method (F1,48 = 10.120, p = 0.003; Figure 2A) but not the manual
segmentation method (F1,48 = 1.086, p = 0.302; Figure 2B). Furthermore, this analysis
revealed no significant interaction effect of inoculation and sex on WB volume in the
automated segmentation method (F2,48 = 0.716, p = 0.494) or the manual segmentation
method (F2,48 = 0.203, p = 0.817). Thus, both segmentation methods revealed a reduction in
iZIKV WB volume.
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Figure 2. Absolute whole-brain volumes in postnatal day 2 neonates across all three groups stratified by sex using both
automated and manual methods of segmentation (n = 8–10 per sex per group). (A) Automated segmentation revealed a main
effect of inoculation (# p < 0.05). Specifically, whole-brain volume was significantly smaller in iZIKV pups when compared
to both mock control and ZIKV pups (post-hoc, # p < 0.05). Analysis also revealed a main effect of sex (* p < 0.05); P2 females
across all groups had significantly smaller whole-brain volumes than their male counterparts. No interaction between
inoculation and sex was detected. (B) Manual segmentation also revealed a main effect of inoculation (# p < 0.05). iZIKV
pups again displayed significantly reduced whole-brain volumes when compared with all other groups; however, ZIKV pups
also displayed significantly reduced whole-brain volumes when compared to mock controls (post-hoc, # p < 0.05). There
was no main effect of sex or interaction of inoculation × sex. Bars represent the mean ± SD and data points represent
individual subjects. Data were analyzed using a two-way ANOVA with inoculation (# p < 0.05) and sex (* p < 0.05) as
factors, followed by Tukey’s test.

3.1.2. Postnatal Day 16

At P16, we found a significant effect of inoculation on WB volume in both the au-
tomated segmentation method (F2,51 = 3.19, p = 0.049; Figure 3A) and the manual seg-
mentation method (F2,51 = 5.37, p = 0.008; Figure 3B). Further analysis with post-hoc tests
revealed that ZIKV WB volumes were significantly larger than their mock counterparts
(p = 0.049; Figure 3A) when WB volumes were collected using the automated segmentation
method. In contrast, post-hoc tests for the manually segmented WB volumes revealed
iZIKV (p = 0.037) and ZIKV (p = 0.009; Figure 3B) volumes were significantly smaller than
mock WB volumes. Analysis revealed a significant effect of sex on WB volumes at this
age for both the automated segmentation method (F1,51 = 4.03, p = 0.50; Figure 3A) and
manual segmentation method (F1,51 = 20.04, p < 0.001; Figure 3B). As expected, WB volumes
in P16 males are significantly larger than those in P16 females. However, no significant
interaction effect of inoculation and sex on WB volume was observed in the automated seg-
mentation method (F2,51 = 1.83, p = 0.171) or the manual segmentation method (F2,51 = 0.62,
p = 0.542).
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Figure 3. Absolute whole-brain volumes in postnatal day 16 juveniles across all three groups stratified by sex using both
automated and manual methods of segmentation (n = 9–10 per sex per group). (A) Automated segmentation revealed a main
effect of inoculation (# p < 0.05). Specifically, whole-brain volume was significantly larger in ZIKV juveniles when compared
to the mock control group (post-hoc, # p < 0.05). (B) Manual segmentation also revealed a main effect of inoculation
(# p < 0.05). Both iZIKV and ZIKV juveniles displayed significantly reduced whole-brain volumes when compared to mock
control juveniles (post-hoc, # p < 0.05). Analyses also revealed a main effect of sex for both segmentation methods (* p < 0.05).
More specifically, P16 females across all groups had significantly smaller whole-brain volumes than their male counterparts.
There was no interaction of inoculation × sex within either method of segmentation. Bars represent the mean ± SD and
data points represent individual subjects. Data were analyzed using a two-way ANOVA with inoculation (# p < 0.05) and
sex (* p < 0.05) as factors, followed by Tukey’s test.

3.1.3. Postnatal Day 24

At P24, we found a significant effect of inoculation on WB volume through our
manual segmentation method (F2,47 = 4.10, p = 0.023; Figure 4B). Post-hoc tests revealed
that WB volumes in the ZIKV-inoculated cohort were significantly smaller in comparison
to the mock-inoculated cohort (p = 0.042; Figure 4B) at the P24 age point. In contrast,
there was no significant effect of inoculation on WB volume in the automated results
(F2,47 = 0.14, p = 0.872; Figure 4A). The significant effect of sex on WB volumes seen at
P16 was maintained for P24 for both the automated segmentation method (F1,47 = 6.49,
p = 0.014; Figure 4A) and manual segmentation method (F1,47 = 17.41, p < 0.001; Figure 4B).
Furthermore, analysis revealed no significant interaction between inoculation and sex in
the automated segmentation method (F2,47 = 4.10, p = 0.023) or the manual segmentation
method (F2,47 = 1.60, p = 0.214).
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Figure 4. Absolute whole-brain volumes in postnatal day 24 juveniles across all three groups stratified by sex using both
methods of segmentation (n = 7–10 per sex per group). (A) Automated segmentation revealed no main effect of inoculation.
(B) Manual segmentation revealed a main effect of inoculation (# p < 0.05). ZIKV juveniles displayed significantly reduced
whole-brain volumes when compared to mock control juveniles (post-hoc, # p < 0.05). Analyses also revealed a main effect
of sex for both segmentation methods (* p < 0.05). More specifically, P24 females across all groups had significantly smaller
whole-brain volumes than their male counterparts. There was no interaction of inoculation × sex within either method of
segmentation. Bars represent the mean ± SD and data points represent individual subjects. Data were analyzed using a
two-way ANOVA with inoculation (# p < 0.05) and sex (* p < 0.05) as factors, followed by Tukey’s test.

3.1.4. Postnatal Day 60

At P60, we found no significant effect of inoculation on WB volume in either segmen-
tation method. Thus, both the automated segmentation method (F2,46 = 0.99, p = 0.3791;
Figure 5A) and manual segmentation method (F2,46 = 2.65, p = 0.081; Figure 5B) demon-
strate that there are no WB volume differences between cohorts as a result of inoculation.
More interestingly, these data seem to suggest that the effects of inoculation on WB volume
seen in early age points have been somehow ameliorated. As seen at most age points,
analysis revealed a significant effect of sex on WB volume in both segmentation methods
(automated: F2,46 = 31.86, p < 0.001, manual: F2,46 = 34.90, p < 0.001; Figure 5A,B), which is
line with previous literature that demonstrates substantial sex difference in rodent brain
size. Moreover, we saw no significant interaction of inoculation and sex in either the
automated (F2,46 = 0.54, p = 0.584) or manual (F2,46 = 0.92, p = 0.408) segmentation method.
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Figure 5. Absolute whole-brain volumes in postnatal day 60 adults across all three groups stratified by sex using both
automated segmentation (A) and manual segmentation (B), (n = 7–10 per sex per group). Neither method detected a main
effect of inoculation. Within both segmentation methods, analyses revealed a main effect of sex (* p < 0.05). More specifically,
P60 females across all groups had significantly smaller whole-brain volumes than their male counterparts. There was no
interaction of inoculation × sex within either method of segmentation. Bars represent the mean ± SD and data points
represent individual subjects. Data were analyzed using a two-way ANOVA with inoculation and sex (* p < 0.05) as factors,
followed by Tukey’s test.

3.2. Volumetric Analysis of Regional Brain Volumes Throughout Development Utilizing Two
Separate Methods of Segmentation

Absolute volumes for each brain region were calculated in the same manner as whole-
brain volumes described above. Automated ROI volumes were calculated by extracting
the boundary of each individual ROI after properly registering the MR image to the MR
atlas. Manual ROI volumes were calculated by tracing each individual brain structure and
then multiplying the number of the voxels belonging to the structure by voxel volume
(mm3). Regional brain volume differences were then corrected by dividing structure
volume by whole-brain volume for each rat. ROI volumes were normalized in this manner
to account for large brain variabilities seen among individual rats. Data from this section
are summarized in Table S2, which lists mean ± SD of all regional brain volumes analyzed
for each cohort throughout development.

3.2.1. Automated Segmentation at Postnatal Day 2

Automated segmentation at the P2 age point revealed a significant effect of inocula-
tion within the CTX (F2,48 = 3.37, p = 0.043; Figure 6A). Post-hoc tests revealed that the
ZIKV cohort had reduced cortical volumes when compared to the mock cohort (p = 0.038;
Figure 6A). Furthermore, we found no significant effect of inoculation with the HC
(F2,48 = 0.01, p = 0.988) or the CB (F2,48 = 2.18, p = 0.125; Figure 6A).

Interestingly, we also found a significant effect of sex within the CTX (F1,48 = 5.74,
p = 0.021) and the CB (F1,48 = 7.53, p = 0.009; Figure 6A). Males were shown to have reduced
cortical volumes when compared to females. This sex difference was also maintained
within the CB, where we observed reduced cerebellar volumes in males when compared
to females (Figure 6A). There was no significant effect of sex within the HC (F1,48 = 3.08,
p = 0.086). Moreover, analysis revealed no significant interaction of inoculation and sex
within any of the brain regions: HC (F2,48 = 1.18, p = 0.175), CTX (F2,48 = 1.07, p = 0.352),
and CB (F2,48 = 0.68, p = 0.521).
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Figure 6. (A) Automated segmentation of brain regions at postnatal day 2 revealed a significant effect of inoculation.
Analysis revealed ZIKV-inoculated neonates had a smaller isocortex when compared to mock-inoculated neonates (post-
hoc,# p < 0.05). Furthermore, analysis revealed a significant effect of sex in both the isocortex and cerebellum (* p < 0.05).
Analysis detected no interaction of inoculation × sex. (B) Manual segmentation of brain regions at postnatal day 2 revealed
a significant effect of inoculation. Within the isocortex, iZIKV-inoculated neonates displayed smaller regional volumes
when compared to both mock and ZIKV counterparts (post-hoc,# p < 0.05). Analysis also revealed iZIKV neonates had
smaller cerebellums in comparison to the mock controls (post-hoc,# p < 0.05). Analysis detected no significant effect of sex or
interaction of inoculation × sex. Bars represent the mean ± SD and data points represent individual subjects (n = 8–10 per
sex per group). Data were analyzed using a two-way ANOVA with inoculation (# p < 0.05) and sex (* p < 0.05) as factors,
followed by Tukey’s test.

3.2.2. Manual Segmentation at Postnatal Day 2

Regional brain volumes extracted via manual segmentation revealed that a significant
effect of inoculation within the CTX (F2,48 = 18.65, p < 0.001) and CB (F2,48 = 0.002, p = 0.047;
Figure 6B). Post-hoc tests revealed that iZIKV-inoculated neonates had significantly less cor-
tical volume than both their mock-inoculated and ZIKV-inoculated counterparts (p < 0.001;
Figure 6B). Within the CB, post-hoc tests revealed that the iZIKV cohort also had signifi-
cantly less cerebellar volume when compared to the mock cohort (p = 0.043). There was no
main effect of inoculation on HC volumes (F2,48 = 2.87, p = 0.066; Figure 6B)

At P2, we found no significant effect of sex on any of the brain regions analyzed: HC
(F1,48 =0.004, p = 0.948), CTX (F1,48 = 1.67, p = 0.203), and CB (F1,48 = 0.002, p = 0.966) and
furthermore no interaction of inoculation and sex on any of the brain regions analyzed: HC
(F2,48 =0.84, p = 0.920), CTX (F2,48 = 0.17 p = 0.845, and CB (F2,48 = 0.89, p = 0.416). Overall,
these data indicate regional volume reductions within the iZIKV group at P2 independent
of sex.
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3.2.3. Automated Segmentation at Postnatal Day 16

At P16, automated segmentation revealed a main effect of inoculation on all brain
regions that were analyzed: HC (F2,51 =6.37, p = 0.003), CTX (F2,51 =8.55, p = 0.001), and CB
(F2,51 = 8.67, p = 0.001; Figure 7A). Post-hoc analyses revealed that ZIKV-inoculated rats had
significantly reduced hippocampal volumes at P16 when compared to the mock control
group and the iZIKV group (p = 0.014; Figure 7A). Interestingly, this volume reduction
within the hippocampus did not appear at the earlier P2 age point in either segmentation
method. Within the CTX, post-hoc tests demonstrated that both iZIKV rats (p = 0.015)
and ZIKV rats (p = 0.001; Figure 7A) had reduced cortical volumes when compared to the
control group. A similar effect was revealed through post-hoc analysis of the cerebellar
region at P16. Both iZIKV (p = 0.004) and ZIKV (p = 0.002; Figure 7A) cerebellums were
smaller than mock cerebellums during juvenile development.
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Figure 7. (A) Automated segmentation of brain regions at postnatal day 16 revealed a significant effect of inoculation. Within
the hippocampus region, ZIKV-inoculated juveniles displayed smaller regional volumes when compared to both mock and
iZIKV counterparts (post-hoc,# p < 0.05). Within the isocortex and cerebellum, both iZIKV-inoculated and ZIKV-inoculated
juveniles displayed smaller regional volumes when compared to mock controls (post-hoc,# p < 0.05). Analysis detected
no significant effect of sex or interaction of inoculation × sex. (B) Manual segmentation of brain regions at postnatal
day 16 revealed a significant effect of inoculation. Within the hippocampus region, ZIKV-inoculated juveniles displayed
larger regional volumes when compared to both mock and iZIKV counterparts (post-hoc,# p < 0.05). Within the isocortex,
iZIKV-inoculated juveniles displayed smaller regional volumes when compared to both mock and ZIKV counterparts
(post-hoc, # p < 0.05). Analysis detected no significant effect of sex or interaction of inoculation × sex. Bars represent the
mean ± SD and data points represent individual subjects (n = 9–10 per sex per group). Data were analyzed using a two-way
ANOVA with inoculation (# p < 0.05) and sex as factors, followed by Tukey’s test.
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We found no significant effect of sex on any of the brain regions analyzed: HC
(F1,51 = 0.83, p = 0.374), CTX (F1,51 = 0.19, p = 0.667), and CB (F1,51 = 0.12, p = 0.733) and
furthermore no interaction of inoculation and sex on any of the brain regions analyzed:
HC (F2,51 = 2.10, p = 0.133), CTX (F2,51 = 1.26, p = 0.293), and CB (F2,51 = 0.54, p = 0.279).
These data reveal that regional volume reductions in the iZIKV and ZIKV cohorts the are
independent of sex.

3.2.4. Manual Segmentation at Postnatal Day 16

Manual segmentation at P16 revealed a main effect of inoculation within the HC region
(F2,51 = 5.12, p = 0.009) and CTX region (F2,51 = 10.04, p < 0.001; Figure 7B). In contrast to
the results derived from the automated segmentation, post-hoc tests revealed that ZIKV-
inoculated juveniles displayed increased hippocampal volumes in comparison to both
mock (p = 0.015) and iZIKV (p = 0.026; Figure 7B) juveniles. Within the CTX post-hoc
tests, we found that iZIKV juveniles had reduced cortex volumes when compared to both
mock (p < 0.001) and ZIKV (p = 0.007; Figure 7B) juveniles. We found no main effect of
inoculation within the CB region (F2,51 = 1.05, p = 0.359; Figure 7B)

We found no significant effect of sex on any of the brain regions analyzed: HC
(F1,51 = 0.32, p = 0.572), CTX (F1,51 = 0.71, p = 0.791), and CB (F1,51 = 0.61, p = 0.439) and
furthermore no interaction of inoculation and sex on any of the brain regions analyzed:
HC (F2,51 = 1.64, p = 0.204), CTX (F2,51 = 0.18, p = 0.836), and CB (F2,51 = 1.93, p = 0.155).
Overall, these data indicate that regional volume reductions within observed iZIKV and
ZIKV juveniles are independent of sex.

3.2.5. Automated Segmentation at Postnatal Day 24

Analysis of regional brain volumes at P24 revealed no significant effect of inoculation
in any of the brain regions: HC (F2,47 = 3.52, p = 0.060), CTX (F2,47 = 2.33, p = 0.109, and CB
(F2,47 = 0.80, p = 0.454; Figure 8A). There was, however, a significant effect of sex within the
HC (F1,47 = 7.41, p = 0.009), CTX (F1,47 = 14.53, p < 0.001), and CB (F1,47 = 12.10, p = 0.001).
Males demonstrated larger HC and CTX volumes while females demonstrated larger CB
volume. There was no significant no interaction of inoculation and sex on any of the
brain regions analyzed: HC (F2,47 = 0.21, p = 0.979), CTX (F2,47 = 0.05, p = 0.950), and CB
(F2,47 = 1.27, p = 0.289).
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Figure 8. (A) Automated segmentation of brain regions for postnatal day 24 revealed a main effect of sex in all regions
analyzed (* p < 0.05). Furthermore, analysis identified no significant effect of inoculation or interaction of inoculation × sex.
(B) Manual segmentation of brain regions at postnatal day 24 revealed a significant effect of inoculation. Within the cerebellum
region, ZIKV-inoculated juveniles displayed smaller regional volumes when compared to the iZIKV-inoculated juveniles
(post-hoc,# p < 0.05). Analysis detected no significant effect of sex or interaction of inoculation × sex. Bars represent the
mean ± SD and data points represent individual subjects (n = 7–10 per sex per group). Data were analyzed using a two-way
ANOVA with inoculation (# p < 0.05) and sex (* p < 0.05) as factors, followed by Tukey’s test.

3.2.6. Manual Segmentation at Postnatal Day 24

Manual segmentation at the P24 age point revealed a significant effect of inoculation
in the CB region (F2,47 = 4.23, p = 0.021; Figure 8B). Post-hoc tests revealed increased CB
volumes in the iZIKV group when compared to the ZIKV group (p = 0.023; Figure 8B).
There was no significant effect of inoculation on HC volumes (F2,47 = 0.82, p = 0.446) or
CTX volumes (F2,47 = 2.41, p = 0.100; Figure 8B).

We found no significant effect of sex on any of the brain regions analyzed: HC
(F1,47 = 0.15, p = 0.705), CTX (F1,47 = 0.20, p = 0.658), and CB (F1,47 = 0.009, p = 0.924) and
furthermore no interaction of inoculation and sex on any of the brain regions analyzed: HC
(F2,47 = 1.10, p = 0.340), CTX (F2,47 = 0.67, p = 0.100), and CB (F2,47 = 0.53, p = 0.592). Overall,
these data indicate the regional volume differences observed are independent of sex.

3.2.7. Automated Segmentation at Postnatal Day 60

At P60, analysis revealed a significant effect of inoculation in the HC region (F2,46 = 4.68,
p = 0.037; Figure 9A). Post-hoc analysis revealed reduced HC volume in ZIKV-inoculated
adults when compared to the iZIKV group (p = 0.018; Figure 9A). We also observed a
significant effect of sex in the HC region (F1,46 = 4.64, p = 0.037; Figure 9A), with females
demonstrating smaller HC volumes than males. There was no main effect of inoculation
within the CTX (F2,46 = 2.13, p = 0.131) or the CB (F2,46 = 1.19, p = 0.313; Figure 9A) and
no main effect of sex in the CTX (F1,46 = 1.79, p = 0.187 or the CB (F1,46 = 0.01, p = 0.922).
We found no significant no interaction of inoculation and sex on any of the brain regions
analyzed: HC (F2,46 = 1.24, p = 0.298), CTX (F2,46 = 0.62, p = 0.544), and CB (F2,46 = 0.67,
p = 0.516).
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Figure 9. (A) Automated segmentation of brain regions at postnatal day 60 revealed a significant effect of inoculation.
Within the hippocampus region, ZIKV-inoculated juveniles displayed smaller regional volumes when compared to the
iZIKV-inoculated juveniles (post-hoc,# p < 0.05). Moreover, analysis also revealed a main effect of sex within the hippocampal
region (* p < 0.05). Analysis detected no interaction of inoculation × sex. (B) Analysis of manually segmented brain regions
for postnatal day 60 revealed no significant effect of inoculation, sex, or interaction of inoculation × sex. Bars represent the
mean ± SD and data points represent individual subjects (n = 7–10 per sex per group). Data were analyzed using a two-way
ANOVA with inoculation (# p < 0.05) and sex (* p < 0.05) as factors, followed by Tukey’s test.

3.2.8. Manual Segmentation at Postnatal Day 60

We found no significant effect of inoculation on any of the brain regions analyzed:
HC (F2,46 = 0.32, p = 0.730), CTX (F2,46 = 0.65, p = 0.525), and CB (F2,46 = 1.73, p = 0.189;
Figure 9B); no significant effect of sex any of the brain regions analyzed: HC (F1,46 = 0.20,
p = 0.656), CTX (F1,46 = 2.11, p = 0.153), and CB (F1,46 = 1.45, p = 0.234); and furthermore no
interaction of inoculation and sex on any of the brain regions analyzed: HC (F2,46 = 0.71,
p = 0.499), CTX (F2,46 = 0.34, p = 0.712), and CB (F2,46 = 1.23, p = 0.301). Taken together these
data suggest that during neurodevelopment, any regional undergrowth or overgrowth
observed as a result of inoculation disappears later in adulthood.

3.3. Volumetric Analysis of Manually Segmented Hippocampal Subregions Throughout
Development

In addition to whole hippocampal volumes, we analyzed individual subregions
of the hippocampus, including the CA1, CA2, CA3, and dentate gyrus, across all ages
for any volumetric differences between the diluent, ZIKV, and iZIKV groups (Table S3).
Hippocampal subregions were traced manually and calculated similarly to the method
described above.

3.3.1. Postnatal Day 2

At P2, manual segmentation revealed a significant effect of inoculation for the CA3
(F2,48 = 3.92, p = 0.027; Figure 10A). Within CA3 post-hoc tests, we found ZIKV rats had
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smaller CA3 volumes when compared to mock rats (p = 0.019; Figure 10A). We did not find
any significant effect of inoculation in the CA1 (F2,48 = 1.05, p = 0.358), CA2 (F2,48 = 2.12,
p = 0.132), or DG (F2,48 = 2.78, p = 0.072; Figure 10A). Furthermore, we observed no sex
differences (CA1: F1,48 = 0.27, p = 0.603; CA2: F1,48 = 0.45, p = 0.504; CA3: F1,48 = 0.19,
p = 0.664; DG: F1,48 = 0.11, p = 0.737) or interaction of inoculation and sex (CA1: F2,48 = 0.30,
p = 0.744; CA2: F2,48 = 1.00, p = 0.375 CA3: F2,48 = 1.06, p = 0.354; DG: F2,48 = 0.10, p = 0.906)
for any of the hippocampal subregions.
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Figure 10. Analysis of manually segmented hippocampal subregions for postnatal day 2 (n = 17–19 per group) (A), post-
natal day 16 (n = 18–20 per group) (B), postnatal day 24 (n = 15–20 per group) (C), and postnatal day 60 (n = 16–19 per 
group) (D). At P2, volumetric analysis of hippocampal subregions revealed a significant effect of inoculation within the 

Figure 10. Analysis of manually segmented hippocampal subregions for postnatal day 2 (n = 17–19 per group) (A), postnatal
day 16 (n = 18–20 per group) (B), postnatal day 24 (n = 15–20 per group) (C), and postnatal day 60 (n = 16–19 per group) (D).
At P2, volumetric analysis of hippocampal subregions revealed a significant effect of inoculation within the CA3 of the
hippocampus. Specifically, the ZIKV-inoculated pups displayed a significant volume reduction in the CA3 subregion when
compared to mock counterparts (post-hoc, * p < 0.05). At P16, analysis revealed a significant effect of inoculation within the
CA1 of the hippocampus and dentate gyrus. Specifically, ZIKV-inoculated juveniles displayed significantly larger volumes
in both the CA1 subregion and dentate gyrus when compared to mock controls (post-hoc, * p < 0.05). Across all groups,
bars represent the mean ± SD in each subregion of the hippocampus while data points represent each individual rat.
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3.3.2. Postnatal Day 16

Analysis of the hippocampal subregions at P16 demonstrated a significant effect of
inoculation for the CA1 subregion (F2,51 = 3.84, p = 0.028) and the DG subregion (F2,51 = 3.67,
p = 0.033; Figure 10B). Interestingly, post-hoc tests revealed that the ZIKV-inoculated cohort
had larger CA1 (p = 0.037) and DG (p = 0.023; Figure 10B) volumes than their mock-
inoculated counterparts. We did not find any significant effect of inoculation in the CA2
(F2,48 = 0.22, p = 0.801) or CA3 (F2,48 = 0.09, p = 0.916; Figure 10B). Moreover, there was
no significant effect of sex (CA1: F1,51 = 0.10, p = 0.919; CA2: F1,51 = 0.003, p = 0.958; CA3:
F1,51 = 0.60, p = 0.442; DG: F1,51 = 1.08, p = 0.304) or interaction of inoculation and sex
(CA1: F2,51 = 0.01, p = 0.919; CA2: F2,51 = 1.26, p = 0.293; CA3: F2,51 = 0.12, p = 0.895;
DG: F2,51 = 2.31, p = 0.110) for any of the hippocampal subregions.

3.3.3. Postnatal Day 24

At P24, we found no significant effect of inoculation (CA1: F2,47 = 2.42, p = 0.100 CA2:
F2,47 = 2.32 p = 0.110; CA3: F2,47 = 0.86, p = 0.429; DG: F2,47 = 0.63, p = 0.537; Figure 10C),
no sex differences (CA1: F1,47 = 0.19, p = 0.662; CA2: F1,47 = 0.70, p = 0.406; CA3: F1,47 = 0.13,
p = 0.722; DG: F1,47 = 0.80, p = 0.376), and no significant interaction of inoculation and sex
(CA1: F2,47 = 0.35, p = 0.704; CA2: F2,47 = 0.30, p = 0.740; CA3: F2,47 = 0.63, p = 0.537; DG:
F2,47 = 0.65, p = 0.937) for any of the hippocampal subregions.

3.3.4. Postnatal Day 60

The results from P24 were maintained at P60 age point, and we found no significant ef-
fect of inoculation (CA1: F2,49 = 1.26, p = 0.292; CA2: F2,49 = 2.22, p = 0.120; CA3: F2,49 = 2.13,
p = 0.130; DG: F2,49 = 2.94, p = 0.062; Figure 10D), no significant no sex differences (CA1:
F2,49 < 0.01, p = 0.985; CA2: F1,49 = 1.49, p = 0.228; CA3: F1,49 = 1.18, p = 0.283; DG: F1,49 = 2.58,
p = 0.115), and no significant interaction of inoculation and sex (CA1: F2,49 = 0.56, p = 0.945;
CA2: F2,49 = 0.16, p = 0.857; CA3: F2,49 = 2.06, p = 0.139; DG: F2,49 = 1.67, p = 0.329) for any
of the hippocampal subregions.

3.4. Automated Versus Manual Segmentation of Brain Region Volumes
3.4.1. Pearson Correlations

Pearson correlations were calculated to assess the degree of agreement between vol-
umes obtained via the automated segmentation method and the manual segmentation
method. Raw values extracted from both the automated segmentation and manual segmen-
tation were compared for the cerebellum (CB), cortex (CTX), hippocampus (HC), and whole
brain (WB) regions at each of the four age points. Agreement between automated and
manual segmentation varied based on age point and brain region. Pearson’s correlations
revealed significantly positive slopes in all brain regions analyzed at the P2 age point,
suggesting moderate to strong agreement between the two approaches (range: 0.38–0.79;
p < 0.05, corrected) (Table S4). At the P16 age point, correlations between manual seg-
mentation and automated methods were strongest in the CB region (r = 0.43, p < 0.05)
and the CTX region (r = 0.62, p < 0.05) (Table S4). The P24 age point revealed moderate
agreement between the two approaches in the CTX region (r = 0.35, p < 0.05) (Table S4).
At the P60 age point, we again observed significantly positive slopes in all brain regions
analyzed, suggesting moderate to strong agreement between the two methods at this age
(r range: 0.36–0.59; p < 0.05, corrected) (Table S4).

3.4.2. Bland–Altman Plots

Bland–Altman plots were compiled to investigate any systematic biases between the
two segmentation methods used. It was our interest to determine if one method con-
sistently overestimates or underestimates volume more than the other [21]. Specifically,
these plots were constructed by computing the volumetric difference between manual
segmentation and automated methods for each structure of interest. The Bland–Altman
approach suggests that these two methods are not interchangeable even when the Pear-
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son correlations show strong to moderate agreement. The plots revealed proportional
biases indicating that the methods do not agree equally (Figure S1A–D). The automated
segmentation method frequently underestimated WB, CB, and CTX volumes. Interestingly,
when analyzed with the Bland–Altman approach, HC volumes were overestimated for
all age points by the automated segmentation method. Taken together, these data suggest
that small-volume structures such as the HC tended to be “overestimated” across all age
points by the automated segmentation method while large-volume structures such as the
WB, CB, and CTX tended to be “underestimated” across all age points by the automated
segmentation method.

4. Discussion

This study is the first of its kind to utilize a longitudinal in vivo MRI technique with a
dual approach of automated segmentation and manual segmentation in order to explore
the neurodevelopmental outcomes and potential neurological sequelae of prenatal ZIKV
infection in rodent offspring. While comparative analysis revealed relatively low agreement
between our segmentation methods, the study presents significant novel findings derived
from the manual segmentation, which is regarded as the “gold standard” method for
quantifying volumetric differences among brain structures [22–24]. First, we observed sex
differences in whole-brain volumes which emerged after the P2 age point and continued
into adulthood (P60). This is to be expected, with male rats having larger brains on
average than females. Furthermore, we observed no sex differences in any of the individual
brain regions analyzed throughout P2–P60, which demonstrates the effectiveness and
importance of normalizing the volume of individual brain regions to the total brain volume
for understanding true sex differences in the size of individual structures. More importantly,
we found no significant interaction of sex and inoculation in any brain region during all
four age points. These data indicate that the effect of inoculation is independent of sex for
all regions analyzed in the current study. Furthermore, our results demonstrate prenatal
ZIKV infection results in profound alterations of brain development in affected offspring.
In particular, our study illustrates that prenatal ZIKV infection significantly impacts brain
growth of affected offspring at different developmental milestones in both the whole brain
and hippocampus. Notably, we find that prenatal ZIKV infection results in transient
increases and decreases in hippocampal subregions during the neonatal and juvenile
developmental time periods. Moreover, we also report significant volume reductions in
the whole brain, cerebellum, and cortex in our iZIKV cohort during the neonatal and
juvenile age points. These data suggest the presence of viral particles may stimulate a
robust maternal innate immune response, which has been linked to perturbation of brain
development mechanisms in affected offspring [25–27]. Most interestingly, the findings
in both the ZIKV and iZIKV cohorts disappear by adulthood. At P60, we find that there
are no significant volumetric differences in the whole brain, cerebellum, cortex, whole
hippocampus, or hippocampal subregions between groups.

Neurodevelopment is an intricately complex process that begins early in gestation
and is particularly vulnerable to a variety of insults [28,29]. Substantial evidence has
demonstrated that maternal infection can affect critical aspects of fetal brain development
during particular periods of heightened susceptibility, leading to a wide range of sequelae
such as neuronal dysfunctions and behavioral outcomes in offspring [30]. Similarly, ma-
ternal infection with ZIKV is thought to lead to alterations in neurodevelopment through
the direct effects of the virus on developing microglia and maternal immune activation
itself [31]. However, postviral sequelae associated with prenatal ZIKV infection are not well
understood despite considerable research with the use of murine models. Furthermore,
epidemiological studies in humans are temporally constrained, currently offering only a
snapshot of immediate-term outcomes which have consisted of a wide spectrum of struc-
tural and functional abnormalities and impairments [32]. There is, however, a growing
body of evidence that suggests ZIKV infection is associated with persistent neurological
sequelae. Notably, research has also shown ZIKV infection attenuates the growth of human
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neural progenitor cells (hNPCs) [33]. These hNPCs not only play critical roles during fetal
brain development, but also persist in the adult brain throughout life [34], suggesting that
the ZIKV-mediated growth retardation potentially contributes to long-term neurodevelop-
mental defects through exposure to the virus. Moreover, these studies also suggest ZIKV
targets different brain cells throughout the course of brain development [35], preferentially
targeting neural progenitor cells that seed and pattern the developing cortex [36]. The neu-
rotropic properties of ZIKV and its impact on developing neural cells raise concerns about
the potential long-term neurological sequelae of ZIKV infection.

The full trajectory of associated consequences as a result of prenatal ZIKV infection
is unknown. However, the current findings presented in this study suggest that prenatal
ZIKV infection alters the normal course of brain development. We observed significant
reductions in whole-brain volume throughout P2–P24 within the ZIKV-inoculated group.
Interestingly, this volume deficit was no longer significant at the P60 age point. One possible
explanation for this could be that the prenatal ZIKV injury in our model occurs outside the
window in which long-standing structural changes become more entrenched and difficult
to reverse. A second notable observation from these data is the alterations in growth
patterns within the hippocampal subregions. Our results revealed volume reduction in the
CA3 subregion at P2 and volume overgrowth in the CA1 and dentate gyrus at P16, which
suggest substantially altered developmental trajectory of these hippocampal subregions as
a result of prenatal ZIKV infection. By P60 we no longer observed any significant volumetric
differences between groups within the hippocampal subregions. The hippocampus is one
of the brain regions that grow exponentially during postnatal development in both humans
and rodents [37]. This prolonged neural plasticity in the hippocampus may explain why
volume alterations observed within these subregions “improve” or normalize by adulthood.
It is important to consider volume is not a direct measure of brain function; therefore,
our findings warrant further investigation into the potential role of prenatal ZIKV infection
in regard to adult brain functionality. Further longitudinal research to rule out possible
functional anomalies such as altered brain connectivity, neuronal dysfunction, changes in
gene expression profiles, and prolonged cytokine dysregulation would be a significant step
in attempting to understanding the full scope of potential long-term neurological sequelae
after ZIKV infection.

As an important control, we inoculated a separate set of pregnant female rats with
UV-inactivated ZIKV (iZIKV). Our rationale for including this control is based on epi-
demiological research indicating maternal immune activation or prenatal infections are
considered a risk factor for a number of neurodevelopmental disorders in the offspring,
including autism spectrum disorder (ASD), epilepsy, and schizophrenia [25]. Animal
models of maternal immune activation have recapitulated altered brain development
in offspring as a result of prenatal infections [38–40]. Furthermore, maternal immune
activation studies focused on long-term sequelae have identified a wide spectrum of abnor-
malities, such as cognitive and behavioral deficits, present in both adolescent and adult
offspring [41]. Despite a growing body of literature, the full impact of maternal immune
activation on neuronal development and brain structure in affected progeny is not well
understood [42]. Thus, there are a number of laboratories studying the outcomes of ma-
ternal immune activation on fetal neurodevelopment [43,44]. By inoculating dams with
iZIKV at the same “dose” as our ZIKV inoculations, we sought to test whether the subtler
effects of ZIKV infection on the fetal brain throughout development can be replicated by
simple maternal immune activation alone and not an active infection transmitted from the
dam to the fetus. We find that the iZIKV cohort had significant volume reductions in the
whole brain and cortex at P2 through P16. Furthermore, iZIKV neonates also demonstrated
smaller cerebellar volumes which later disappeared at the juvenile and adult age points
(P16–P60). Moreover, previous MRI studies have identified reductions in the volume of
several brain regions in rodent and nonhuman primate offspring as a result of maternal
immune activation [45–47]. Taken together, one plausible explanation is that maternal
immune activation itself is responsible for the structural alterations seen in developing
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iZIKV offspring via aberrant neural development. Further exploration into the cytokine
response after iZIKV inoculation in pregnant dams would confirm the role of maternal
immune activation in structural brain changes throughout development.

MRI has emerged as a versatile tool for studying brain structure in animal models.
More recently, the application of this noninvasive technique has been employed to quantita-
tively study structural changes in the brain, especially in disease states. Volumetric analysis
of manually, semi-automatically, or automatically delineated neuroanatomical regions of
interest is one of the most commonly used quantitative methods for comparisons between
image sets. Whole brain and voxel-based approaches are also popular but are unable to
directly examine and compare functionally characterized regions. Longitudinal imaging
studies that wish to distinguish normative neurodevelopment from aberrant neurodevel-
opment typically benefit from using an ROI-based approach. Unfortunately, ROI-based
manual segmentation is difficult and time-consuming. Moreover, the ROIs analyzed are
often limited to a few brain regions which have been determined based on segmentation
practicality or previous literature. To overcome this limitation, we first employed auto-
matic segmentation to simultaneously delineate 26 different ROIs and extract segmented
boundaries for volumetric analysis. This method served as an explorative survey into
which brain regions were impacted by ZIKV neuropathology throughout development.
Our preliminary data from the automated segmentation suggested subtle neuroanatomi-
cal effects of prenatal ZIKV infection which we sought to complement and extend upon
through manual segmentation.

Currently, magnetic resonance (MR) atlases are unable to entirely recapitulate tradi-
tional histological atlases, which can primarily be attributed to insufficient resolution and
contrast. These constraints limit the range of structures that can be easily and accurately
identified in MR images of the rat brain. Therefore, we also exploited manual segmentation
to further delineate subregions such as the dentate gyrus, CA1, CA2, and CA3 within the
hippocampus. We were unable to further segment the isocortex as its subregions are not
easily identifiable during early postnatal development. In addition to further segmenting
prominent brain regions with identifiable subregions, our dual approach involving manual
segmentation was necessary to evaluate the accuracy of our proposed automated segmen-
tation scheme. Manual segmentation is considered the gold standard and more precise
than automated segmentation. More importantly, it is frequently used to demonstrate the
validity of automated methods of segmentation so that more efficient segmentation can be
employed for large-scale studies where manual methods are inefficient or not feasible.

Significant challenges remain in the application of the MRI technique to quantita-
tively study changes in postnatal rodent brain development. Furthermore, preclinical
automated segmentation is especially challenging due to the limited number of existing
segmentation strategies available to researchers [48]. In addition, the lack of quantitative
neurodevelopmental MR atlases challenges researchers who aim to employ automated
segmentation for neonatal and juvenile rats. To the best of our knowledge, our study is the
first to apply an atlas-based automated segmentation method to both neonatal and juvenile
rats. As a consequence, there were limitations to this study. Our proposed automated
segmentation scheme utilizing EVA software with the magnetic resonance histology (MRH)
atlas of postnatal rat brain development from the Duke Center for In Vivo Microscopy had
drawbacks when applied to our previously established paradigm. Most notable was the
age discrepancy of the MRH atlas used for the automated segmentation of the P16 brains
and the P60 brains. We were unable to find any age-matched MR atlases corresponding
with these age points; hence, the P18 and P80 MRH atlases were used respectively for
our P16 and P60 MR images. Furthermore, special consideration must be applied to the
P16 data due to the rapid brain development that occurs during the period from P2 to
P25 [49]. In contrast, brain mass in adulthood is not significantly different from the mass at
P60 [49], suggesting that the P80 MR atlas is somewhat comparable to the P60 MR images.
Moreover, the experimental data presented in this paper are derived from a different rat
subspecies than the MRH atlas [50]. This limits the validity of the automated segmentation,
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as previous literature has illustrated significant anatomic differences [51–53] and differing
growth rates [54,55] between laboratory rat strains. Furthermore, the regional volume
measurements of the MRH atlas are compiled from five male rats with high morphologic
variability in the midbrain [50]. There also has been growing evidence that suggests sexual
dimorphism in relation to overall brain and individual structure size within rats [56]. Taken
together, the lack of female representation within the atlas is problematic for studies that
wish to explore sex differences within their model. Overall, atlas-based segmentation
depends largely on the compatibility of the reference volumes and experimental design.
Consequently, these observed limitations are attributable to our reliance on the only existing
neurodevelopmental MR atlas for rats.

5. Conclusions

In summary, prenatal ZIKV infection alters growth in brain regions throughout the
neonatal and juvenile developmental periods. In particular, we demonstrate that maternal
ZIKV inoculation is associated with transient increases and decreases in hippocampal
subregions during the neonatal and juvenile age points, suggesting altered growth tra-
jectory in these regions during development. Our findings also suggest that maternal
immune activation may play a role in altered brain growth. While volume is not a direct
measure of brain function, it can be useful in identifying abnormal neurodevelopment
and thus be utilized as a potential biomarker for neurological sequelae. Furthermore,
the novel methodological approach described in this paper lays the groundwork for future
MRI-based studies of postnatal neurodevelopment assessing regional volume differences
between normal and disease states. We hope that future studies will improve upon existing
strategies for rodent segmentation throughout neurodevelopment so that MR imaging can
be further integrated into other rat models of early-life infections.
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ROI compared across groups for both methods of segmentation, Table S3: Average corrected volumes
(mm3) for each hippocampal subregion compared across groups, Table S4: Comparative analysis
of ROI volumes (mm3) determined by automated and manual segmentation methods for each age
point, Figure S1: Bland–Altman plots comparing automated segmentation to manual segmentation.

Author Contributions: Conceptualization, J.M.S.; methodology, J.M.S., M.L.S., M.S.P., P.K., R.T.P.
and I.M.; software, P.K.; formal analysis, R.T.P. and B.M.G.; investigation, R.T.P.; resources, M.S.P.,
P.K., I.M., and K.H.; data curation, R.T.P., P.K., B.M.G., E.L. and N.A.H.; writing—original draft
preparation, R.T.P.; writing—review and editing, J.M.S., R.T.P., M.S.P., P.K. and K.H.; visualization,
R.T.P.; supervision, J.M.S.; project administration, J.M.S.; funding acquisition, J.M.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This study was funded by NIH grants R21HD096309 to JMS and P20GM103653 to MAH.

Institutional Review Board Statement: All experiments were conducted with the approval of the
Institutional Animal Care and Use Committee at the University of Delaware (Protocol approval
#1306; date 21 June 2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request.

Acknowledgments: We are grateful to Stella Zhao for assistance with specimen preparation
and scanning.

Conflicts of Interest: P.K. has financial interests in Ekam Solutions, the company that developed the
Ekam Visualization and Analysis (EVA) tool used in this study. The other authors declare no conflicts
of interest.

https://www.mdpi.com/article/10.3390/v13061123/s1
https://www.mdpi.com/article/10.3390/v13061123/s1


Viruses 2021, 13, 1123 22 of 24

References
1. Valentine, M.J.; Murdock, C.C.; Kelly, P.J. Sylvatic Cycles of Arboviruses in Non-Human Primates. Parasit. Vectors 2019, 12, 463.

[CrossRef] [PubMed]
2. Braack, L.; Gouveia de Almeida, A.P.; Cornel, A.J.; Swanepoel, R.; de Jager, C. Mosquito-Borne Arboviruses of African Origin:

Review of Key Viruses and Vectors. Parasit. Vectors 2018, 11. [CrossRef] [PubMed]
3. Gregory, C.J.; Oduyebo, T.; Brault, A.C.; Brooks, J.T.; Chung, K.-W.; Hills, S.; Kuehnert, M.J.; Mead, P.; Meaney-Delman, D.;

Rabe, I.; et al. Modes of Transmission of Zika Virus. J. Infect. Dis. 2017, 216, S875–S883. [CrossRef] [PubMed]
4. Mann, T.Z.; Haddad, L.B.; Williams, T.R.; Hills, S.L.; Read, J.S.; Dee, D.L.; Dziuban, E.J.; Pérez-Padilla, J.; Jamieson, D.J.; Honein,

M.A.; et al. Breast Milk Transmission of Flaviviruses in the Context of Zika Virus: A Systematic Review. Paediatr. Perinat.
Epidemiol. 2018, 32, 358–368. [CrossRef]

5. Sharma, A.; Lal, S.K. Zika Virus: Transmission, Detection, Control, and Prevention. Front. Microbiol. 2017, 8. [CrossRef]
6. Lowe, R.; Barcellos, C.; Brasil, P.; Cruz, O.G.; Honório, N.A.; Kuper, H.; Carvalho, M.S. The Zika Virus Epidemic in Brazil: From

Discovery to Future Implications. Int. J. Environ. Res. Public. Health 2018, 15, 96. [CrossRef]
7. Petersen, L.R.; Jamieson, D.J.; Powers, A.M.; Honein, M.A. Zika Virus. N. Engl. J. Med. 2016, 374, 1552–1563. [CrossRef]
8. Campos, G.S.; Bandeira, A.C.; Sardi, S.I. Zika Virus Outbreak, Bahia, Brazil. Emerg. Infect. Dis. 2015, 21, 1885–1886. [CrossRef]
9. Fiorentino, D.G.; Montero, F.J. The Zika Virus and Pregnancy. Curr. Obstet. Gynecol. Rep. 2016, 5, 234–238. [CrossRef]
10. Sherer, M.L.; Khanal, P.; Talham, G.; Brannick, E.M.; Parcells, M.S.; Schwarz, J.M. Zika Virus Infection of Pregnant Rats and

Associated Neurological Consequences in the Offspring. PLoS ONE 2019, 14, e0218539. [CrossRef]
11. Dowall, S.D.; Graham, V.A.; Rayner, E.; Atkinson, B.; Hall, G.; Watson, R.J.; Bosworth, A.; Bonney, L.C.; Kitchen, S.; Hewson, R.

A Susceptible Mouse Model for Zika Virus Infection. PLoS Negl. Trop. Dis. 2016, 10, e0004658. [CrossRef]
12. Gladwyn-Ng, I.; Cordón-Barris, L.; Alfano, C.; Creppe, C.; Couderc, T.; Morelli, G.; Thelen, N.; America, M.; Bessières, B.;

Encha-Razavi, F.; et al. Stress-Induced Unfolded Protein Response Contributes to Zika Virus–Associated Microcephaly. Nat.
Neurosci. 2018, 21, 63–71. [CrossRef]

13. Rossi, S.L.; Tesh, R.B.; Azar, S.R.; Muruato, A.E.; Hanley, K.A.; Auguste, A.J.; Langsjoen, R.M.; Paessler, S.; Vasilakis, N.; Weaver,
S.C. Characterization of a Novel Murine Model to Study Zika Virus. Am. J. Trop. Med. Hyg. 2016, 94, 1362–1369. [CrossRef]
[PubMed]

14. Sherer, M.L.; Posillico, C.K.; Schwarz, J.M. An Examination of Changes in Maternal Neuroimmune Function during Pregnancy
and the Postpartum Period. Brain. Behav. Immun. 2017, 66, 201–209. [CrossRef] [PubMed]

15. Barrow, P.C.; Barbellion, S.; Stadler, J. Preclinical Evaluation of Juvenile Toxicity. Methods Mol. Biol. Clifton NJ 2011, 691, 17–35.
[CrossRef]

16. Picut, C.A.; Dixon, D.; Simons, M.L.; Stump, D.G.; Parker, G.A.; Remick, A.K. Postnatal Ovary Development in the Rat:
Morphologic Study and Correlation of Morphology to Neuroendocrine Parameters. Toxicol. Pathol. 2015, 43, 343–353. [CrossRef]

17. Ojeda, S.R.; Advis, J.P.; Andrews, W.W. Neuroendocrine Control of the Onset of Puberty in the Rat. Fed. Proc. 1980, 39, 2365–2371.
18. Symms, M.; Jäger, H.R.; Schmierer, K.; Yousry, T.A. A Review of Structural Magnetic Resonance Neuroimaging. J. Neurol.

Neurosurg. Psychiatry 2004, 75, 1235–1244. [CrossRef]
19. Yushkevich, P.A.; Piven, J.; Hazlett, H.C.; Smith, R.G.; Ho, S.; Gee, J.C.; Gerig, G. User-Guided 3D Active Contour Segmentation

of Anatomical Structures: Significantly Improved Efficiency and Reliability. NeuroImage 2006, 31, 1116–1128. [CrossRef]
20. Calabrese, E.; Johnson, G.A.; Watson, C. An Ontology-Based Segmentation Scheme for Tracking Postnatal Changes in the

Developing Rodent Brain with MRI. NeuroImage 2013, 67, 375–384. [CrossRef]
21. Bland, J.M.; Altman, D.G. Comparing Methods of Measurement: Why Plotting Difference against Standard Method Is Misleading.

Lancet 1995, 346, 1085–1087. [CrossRef]
22. Schoemaker, D.; Buss, C.; Head, K.; Sandman, C.A.; Davis, E.P.; Chakravarty, M.M.; Gauthier, S.; Pruessner, J.C. Hippocampus

and Amygdala Volumes from Magnetic Resonance Images in Children: Assessing Accuracy of FreeSurfer and FSL against
Manual Segmentation. NeuroImage 2016, 129, 1–14. [CrossRef] [PubMed]

23. Morey, R.A.; Petty, C.M.; Xu, Y.; Pannu Hayes, J.; Wagner, H.R.; Lewis, D.V.; LaBar, K.S.; Styner, M.; McCarthy, G. A Comparison
of Automated Segmentation and Manual Tracing for Quantifying Hippocampal and Amygdala Volumes. NeuroImage 2009, 45,
855–866. [CrossRef]

24. Grimm, O.; Pohlack, S.; Cacciaglia, R.; Winkelmann, T.; Plichta, M.M.; Demirakca, T.; Flor, H. Amygdalar and Hippocampal
Volume: A Comparison between Manual Segmentation, Freesurfer and VBM. J. Neurosci. Methods 2015, 253, 254–261. [CrossRef]
[PubMed]

25. Estes, M.L.; McAllister, A.K. Maternal Immune Activation: Implications for Neuropsychiatric Disorders. Science 2016, 353,
772–777. [CrossRef]

26. Meyer, U. Prenatal Poly(I:C) Exposure and Other Developmental Immune Activation Models in Rodent Systems. Biol. Psychiatry
2014, 75, 307–315. [CrossRef]

27. Knuesel, I.; Chicha, L.; Britschgi, M.; Schobel, S.A.; Bodmer, M.; Hellings, J.A.; Toovey, S.; Prinssen, E.P. Maternal Immune
Activation and Abnormal Brain Development across CNS Disorders. Nat. Rev. Neurol. 2014, 10, 643–660. [CrossRef]

28. Garay, P.A.; McAllister, A.K. Novel Roles for Immune Molecules in Neural Development: Implications for Neurodevelopmental
Disorders. Front. Synaptic Neurosci. 2010, 2. [CrossRef]

http://doi.org/10.1186/s13071-019-3732-0
http://www.ncbi.nlm.nih.gov/pubmed/31578140
http://doi.org/10.1186/s13071-017-2559-9
http://www.ncbi.nlm.nih.gov/pubmed/29316963
http://doi.org/10.1093/infdis/jix396
http://www.ncbi.nlm.nih.gov/pubmed/29267909
http://doi.org/10.1111/ppe.12478
http://doi.org/10.3389/fmicb.2017.00110
http://doi.org/10.3390/ijerph15010096
http://doi.org/10.1056/NEJMra1602113
http://doi.org/10.3201/eid2110.150847
http://doi.org/10.1007/s13669-016-0171-1
http://doi.org/10.1371/journal.pone.0218539
http://doi.org/10.1371/journal.pntd.0004658
http://doi.org/10.1038/s41593-017-0038-4
http://doi.org/10.4269/ajtmh.16-0111
http://www.ncbi.nlm.nih.gov/pubmed/27022155
http://doi.org/10.1016/j.bbi.2017.06.016
http://www.ncbi.nlm.nih.gov/pubmed/28669797
http://doi.org/10.1007/978-1-60761-849-2_2
http://doi.org/10.1177/0192623314544380
http://doi.org/10.1136/jnnp.2003.032714
http://doi.org/10.1016/j.neuroimage.2006.01.015
http://doi.org/10.1016/j.neuroimage.2012.11.037
http://doi.org/10.1016/S0140-6736(95)91748-9
http://doi.org/10.1016/j.neuroimage.2016.01.038
http://www.ncbi.nlm.nih.gov/pubmed/26824403
http://doi.org/10.1016/j.neuroimage.2008.12.033
http://doi.org/10.1016/j.jneumeth.2015.05.024
http://www.ncbi.nlm.nih.gov/pubmed/26057114
http://doi.org/10.1126/science.aag3194
http://doi.org/10.1016/j.biopsych.2013.07.011
http://doi.org/10.1038/nrneurol.2014.187
http://doi.org/10.3389/fnsyn.2010.00136


Viruses 2021, 13, 1123 23 of 24

29. Stiles, J.; Jernigan, T.L. The Basics of Brain Development. Neuropsychol. Rev. 2010, 20, 327–348. [CrossRef] [PubMed]
30. Bale, T.L. Epigenetic and Transgenerational Reprogramming of Brain Development. Nat. Rev. Neurosci. 2015, 16, 332–344.

[CrossRef] [PubMed]
31. Prins, J.R.; Eskandar, S.; Eggen, B.J.L.; Scherjon, S.A. Microglia, the Missing Link in Maternal Immune Activation and Fetal

Neurodevelopment; and a Possible Link in Preeclampsia and Disturbed Neurodevelopment? J. Reprod. Immunol. 2018, 126, 18–22.
[CrossRef] [PubMed]

32. Einspieler, C.; Marschik, P.B. The Developmental Spectrum of Prenatal Zika Virus Exposure. Lancet Child Adolesc. Health 2020, 4,
345–346. [CrossRef]

33. Xu, Y.-P.; Qiu, Y.; Zhang, B.; Chen, G.; Chen, Q.; Wang, M.; Mo, F.; Xu, J.; Wu, J.; Zhang, R.-R.; et al. Zika Virus Infection Induces
RNAi-Mediated Antiviral Immunity in Human Neural Progenitors and Brain Organoids. Cell Res. 2019, 29, 265–273. [CrossRef]

34. Bond, A.M.; Ming, G.-L.; Song, H. Adult Mammalian Neural Stem Cells and Neurogenesis: Five Decades Later. Cell Stem Cell
2015, 17, 385–395. [CrossRef] [PubMed]

35. Van den Pol, A.N.; Mao, G.; Yang, Y.; Ornaghi, S.; Davis, J.N. Zika Virus Targeting in the Developing Brain. J. Neurosci. Off. J. Soc.
Neurosci. 2017, 37, 2161–2175. [CrossRef]

36. Wu, K.-Y.; Zuo, G.-L.; Li, X.-F.; Ye, Q.; Deng, Y.-Q.; Huang, X.-Y.; Cao, W.-C.; Qin, C.-F.; Luo, Z.-G. Vertical Transmission of Zika
Virus Targeting the Radial Glial Cells Affects Cortex Development of Offspring Mice. Cell Res. 2016, 26, 645–654. [CrossRef]

37. Semple, B.D.; Blomgren, K.; Gimlin, K.; Ferriero, D.M.; Noble-Haeusslein, L.J. Brain Development in Rodents and Humans:
Identifying Benchmarks of Maturation and Vulnerability to Injury across Species. Prog. Neurobiol. 2013, 106–107, 1–16. [CrossRef]

38. Malkova, N.V.; Yu, C.Z.; Hsiao, E.Y.; Moore, M.J.; Patterson, P.H. Maternal Immune Activation Yields Offspring Displaying
Mouse Versions of the Three Core Symptoms of Autism. Brain. Behav. Immun. 2012, 26, 607–616. [CrossRef]

39. Murray, B.G.; Davies, D.A.; Molder, J.J.; Howland, J.G. Maternal Immune Activation during Pregnancy in Rats Impairs Working
Memory Capacity of the Offspring. Neurobiol. Learn. Mem. 2017, 141, 150–156. [CrossRef]

40. Smith, S.E.P.; Hsiao, E.; Patterson, P.H. Activation of the Maternal Immune System as a Risk Factor for Neuropsychiatric Disorders.
In Maternal Influences on Fetal Neurodevelopment: Clinical and Research Aspects; Zimmerman, A.W., Connors, S.L., Eds.; Springer:
New York, NY, USA, 2010; pp. 97–115. ISBN 978-1-60327-921-5.

41. Boksa, P. Effects of Prenatal Infection on Brain Development and Behavior: A Review of Findings from Animal Models. Brain.
Behav. Immun. 2010, 24, 881–897. [CrossRef]

42. Bergdolt, L.; Dunaevsky, A. Brain Changes in a Maternal Immune Activation Model of Neurodevelopmental Brain Disorders.
Prog. Neurobiol. 2019, 175, 1–19. [CrossRef]

43. Kentner, A.C.; Bilbo, S.D.; Brown, A.S.; Hsiao, E.Y.; McAllister, A.K.; Meyer, U.; Pearce, B.D.; Pletnikov, M.V.; Yolken, R.H.;
Bauman, M.D. Maternal Immune Activation: Reporting Guidelines to Improve the Rigor, Reproducibility, and Transparency of
the Model. Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 2019, 44, 245–258. [CrossRef]

44. Patterson, P.H. Immune Involvement in Schizophrenia and Autism: Etiology, Pathology and Animal Models. Behav. Brain Res.
2009, 204, 313–321. [CrossRef]

45. Fatemi, S.H.; Reutiman, T.J.; Folsom, T.D.; Huang, H.; Oishi, K.; Mori, S.; Smee, D.F.; Pearce, D.A.; Winter, C.; Sohr, R.; et al.
Maternal Infection Leads to Abnormal Gene Regulation and Brain Atrophy in Mouse Offspring: Implications for Genesis of
Neurodevelopmental Disorders. Schizophr. Res. 2008, 99, 56–70. [CrossRef] [PubMed]

46. Da Silveira, V.T.; Medeiros, D. de C.; Ropke, J.; Guidine, P.A.; Rezende, G.H.; Moraes, M.F.D.; Mendes, E.M.A.M.; Macedo, D.;
Moreira, F.A.; de Oliveira, A.C.P. Effects of Early or Late Prenatal Immune Activation in Mice on Behavioral and Neuroanatomical
Abnormalities Relevant to Schizophrenia in the Adulthood. Int. J. Dev. Neurosci. 2017, 58, 1–8. [CrossRef]

47. Short, S.J.; Lubach, G.R.; Karasin, A.I.; Olsen, C.W.; Styner, M.; Knickmeyer, R.C.; Gilmore, J.H.; Coe, C.L. Maternal Influenza
Infection During Pregnancy Impacts Postnatal Brain Development in the Rhesus Monkey. Biol. Psychiatry 2010, 67, 965–973.
[CrossRef]

48. Feo, R.; Giove, F. Towards an Efficient Segmentation of Small Rodents Brain: A Short Critical Review. J. Neurosci. Methods 2019,
323, 82–89. [CrossRef]

49. Bandeira, F.; Lent, R.; Herculano-Houzel, S. Changing Numbers of Neuronal and Non-Neuronal Cells Underlie Postnatal Brain
Growth in the Rat. Proc. Natl. Acad. Sci. USA 2009, 106, 14108–14113. [CrossRef]

50. Calabrese, E.; Badea, A.; Watson, C.; Johnson, G.A. A Quantitative Magnetic Resonance Histology Atlas of Postnatal Rat Brain
Development with Regional Estimates of Growth and Variability. NeuroImage 2013, 71, 196–206. [CrossRef] [PubMed]

51. Yanai, J. Strain and Sex Differences in the Rat Brain. Cells Tissues Organs 1979, 103, 150–158. [CrossRef] [PubMed]
52. Goerzen, D.; Fowler, C.; Devenyi, G.A.; Germann, J.; Madularu, D.; Chakravarty, M.M.; Near, J. An MRI-Derived Neuroanatomical

Atlas of the Fischer 344 Rat Brain. Sci. Rep. 2020, 10, 6952. [CrossRef] [PubMed]
53. Welniak–Kaminska, M.; Fiedorowicz, M.; Orzel, J.; Bogorodzki, P.; Modlinska, K.; Stryjek, R.; Chrzanowska, A.; Pisula, W.; Grieb,

P. Volumes of Brain Structures in Captive Wild-Type and Laboratory Rats: 7T Magnetic Resonance in Vivo Automatic Atlas-Based
Study. PLoS ONE 2019, 14, e0215348. [CrossRef] [PubMed]

54. Massarelli, R.; Adamou, A.; Henning, G.; Kangas, L. Comparison of Historical Control Data in Two Strains of Rat Used in
Carcinogenicity Studies. Int. J. Toxicol. 2013, 32, 71.

http://doi.org/10.1007/s11065-010-9148-4
http://www.ncbi.nlm.nih.gov/pubmed/21042938
http://doi.org/10.1038/nrn3818
http://www.ncbi.nlm.nih.gov/pubmed/25921815
http://doi.org/10.1016/j.jri.2018.01.004
http://www.ncbi.nlm.nih.gov/pubmed/29421625
http://doi.org/10.1016/S2352-4642(20)30071-7
http://doi.org/10.1038/s41422-019-0152-9
http://doi.org/10.1016/j.stem.2015.09.003
http://www.ncbi.nlm.nih.gov/pubmed/26431181
http://doi.org/10.1523/JNEUROSCI.3124-16.2017
http://doi.org/10.1038/cr.2016.58
http://doi.org/10.1016/j.pneurobio.2013.04.001
http://doi.org/10.1016/j.bbi.2012.01.011
http://doi.org/10.1016/j.nlm.2017.04.005
http://doi.org/10.1016/j.bbi.2010.03.005
http://doi.org/10.1016/j.pneurobio.2018.12.002
http://doi.org/10.1038/s41386-018-0185-7
http://doi.org/10.1016/j.bbr.2008.12.016
http://doi.org/10.1016/j.schres.2007.11.018
http://www.ncbi.nlm.nih.gov/pubmed/18248790
http://doi.org/10.1016/j.ijdevneu.2017.01.009
http://doi.org/10.1016/j.biopsych.2009.11.026
http://doi.org/10.1016/j.jneumeth.2019.05.003
http://doi.org/10.1073/pnas.0804650106
http://doi.org/10.1016/j.neuroimage.2013.01.017
http://www.ncbi.nlm.nih.gov/pubmed/23353030
http://doi.org/10.1159/000145006
http://www.ncbi.nlm.nih.gov/pubmed/369272
http://doi.org/10.1038/s41598-020-63965-x
http://www.ncbi.nlm.nih.gov/pubmed/32332821
http://doi.org/10.1371/journal.pone.0215348
http://www.ncbi.nlm.nih.gov/pubmed/30973956


Viruses 2021, 13, 1123 24 of 24

55. Kühn, E.R.; Bellon, K.; Huybrechts, L.; Heyns, W. Endocrine Differences between the Wistar and Sprague-Dawley Laboratory Rat:
Influence of Cold Adaptation. Horm. Metab. Res. Horm. Stoffwechselforschung Horm. Metab. 1983, 15, 491–498. [CrossRef]

56. Garcia-Falgueras, A.; Pinos, H.; Collado, P.; Pasaro, E.; Fernandez, R.; Jordan, C.L.; Segovia, S.; Guillamon, A. The Role of the
Androgen Receptor in CNS Masculinization. Brain Res. 2005, 1035, 13–23. [CrossRef] [PubMed]

http://doi.org/10.1055/s-2007-1018767
http://doi.org/10.1016/j.brainres.2004.11.060
http://www.ncbi.nlm.nih.gov/pubmed/15713272

	Introduction 
	Materials and Methods 
	Animals and Breeding 
	ZIKV Growth Conditions 
	ZIKV Inactivation 
	Inoculations 
	Pup Identification 
	Image Acquisition 
	Automatic Segmentation of ROIs 
	Manual Segmentation of ROIs 
	Statistical Analyses 

	Results 
	Volumetric Analysis of Whole-Brain Volumes Throughout Development Utilizing Two Separate Methods of Segmentation 
	Postnatal Day 2 
	Postnatal Day 16 
	Postnatal Day 24 
	Postnatal Day 60 

	Volumetric Analysis of Regional Brain Volumes Throughout Development Utilizing Two Separate Methods of Segmentation 
	Automated Segmentation at Postnatal Day 2 
	Manual Segmentation at Postnatal Day 2 
	Automated Segmentation at Postnatal Day 16 
	Manual Segmentation at Postnatal Day 16 
	Automated Segmentation at Postnatal Day 24 
	Manual Segmentation at Postnatal Day 24 
	Automated Segmentation at Postnatal Day 60 
	Manual Segmentation at Postnatal Day 60 

	Volumetric Analysis of Manually Segmented Hippocampal Subregions Throughout Development 
	Postnatal Day 2 
	Postnatal Day 16 
	Postnatal Day 24 
	Postnatal Day 60 

	Automated Versus Manual Segmentation of Brain Region Volumes 
	Pearson Correlations 
	Bland–Altman Plots 


	Discussion 
	Conclusions 
	References

