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ABSTRACT
Astrocytes from distinct hippocampal layers exhibit region-specific morphological traits, which may be influenced by their 
local microenvironment. During viral encephalitis, these cells undergo dynamic changes that can reflect layer-specific vul-
nerability. In this study, we characterized whether astrocytes from different CA3 hippocampal layers display distinct morpho-
logical responses to Piry virus-induced encephalitis. Adult female Swiss mice were intranasally inoculated with the Piry virus 
and sacrificed at 20- or 40-days post-infection (dpi). GFAP+ astrocytes from the Stratum lacunosum-moleculare (SLM) and 
Stratum oriens (SO) were three-dimensionally reconstructed. Morphometric data were evaluated using hierarchical cluster-
ing, linear discriminant analysis (LDA), and generalized linear models. Immunohistochemistry confirmed widespread viral 
neuroinvasion across olfactory and limbic regions. Hierarchical clustering identified 3–4 morphotypes per layer and time 
point with robust internal consistency, and LDA validated cluster assignments with high accuracy (> 91%). At 20 dpi, SLM 
astrocytes displayed significantly greater morphological complexity than SO astrocytes, whereas at 40 dpi responses were 
more heterogeneous, indicating temporal diversification of astrocytic reactivity. These findings provide an observational de-
scription of layer- and time-dependent astrocyte morphological plasticity during viral encephalitis. They underscore the value 
of morphometric and multivariate analyses for dissecting glial heterogeneity, while highlighting the need for future studies to 
determine the functional significance of these morphotypes.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
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1   |   Introduction

Viral encephalitis is a severe inflammatory condition of the central 
nervous system (CNS) associated with significant morbidity and 
mortality (Bohmwald et al. 2021; Pavlou et al. 2024; Venkatesan 
et  al.  2019). While neurons are primary targets, increasing ev-
idence highlights glial cells, particularly astrocytes, as central 
mediators of disease outcomes (Kaur et  al.  2023; Li et  al.  2021; 
Mielcarska et al. 2021; Mora et al. 2024; Steardo and Scuderi 2023). 
Astrocytes support CNS homeostasis and undergo reactive as-
trogliosis during infection, with changes in morphology, gene 
expression, and function that can either mitigate or exacerbate 
neuropathology (Hosseini and Korte 2023; Soung and Klein 2018).

Astrocyte responses are not uniform across the brain. Regional 
and laminar microenvironments, including synaptic architec-
ture and neurotransmitter tone, appear to influence astrocytic 
reactivity (Karpf et al. 2022; Lanjakornsiripan et al. 2018). In the 
hippocampus, the Cornu ammonis 3 (CA3) Stratum lacunosum-
moleculare (SLM) receives glutamatergic input from the entorhinal 
cortex, whereas the Stratum oriens (SO) is enriched in GABAergic 
interneurons (Freund and Antal 1988; Megías et al. 2001; Tzilivaki 
et al. 2023). These contrasting inputs provide a framework to in-
vestigate whether local context is associated with distinct astro-
cytic responses to injury or infection. However, it is important to 
note that such associations remain correlative in nature and re-
quire additional approaches (e.g., synaptic marker colocalization 
or neurotransmitter release assays) to establish causal links.

The Piry virus, a Rhabdoviridae arbovirus with consistent tropism 
for the limbic system, provides a suitable model to explore astro-
cyte responses in viral encephalitis (da Silva Creão et al. 2021; de 
Sousa et al. 2015). Previous work demonstrated robust astrocytic 
and microglial changes in this model. Here, we aimed to describe 
whether astrocytes in excitatory (SLM) and inhibitory (SO) CA3 
domains exhibit distinct morphological trajectories following Piry 
virus infection, using 3D morphometric reconstruction and mul-
tivariate analyses at 20- and 40-days post-infection. Rather than 
testing a mechanistic hypothesis, this study provides an observa-
tional characterization of layer-specific astrocytic morphological 
adaptations during encephalitis progression.

2   |   Methods

This study tested the hypothesis that astrocyte morphological re-
sponses to Piry virus infection in the CA3 region of the hippocam-
pus show layer specificity. To this end, astrocytes immunolabeled 
for glial fibrillary acidic protein (GFAP) in the SLM and SO of CA3 
were reconstructed in brain sections from mice inoculated with 
Piry virus and compared to those from the same layers with non-
infected homogenate. Figure 1 illustrates the experimental time-
line in graphical form. The methods used in the original study to 
generate the slide collection are described below.

2.1   |   Animals, Experimental Design, and Virus 
Inoculation

Thirty adult female Swiss albino mice, 2 months old, were ob-
tained from the Evandro Chagas Institute (IEC—Pará) and 

handled in accordance with the NIH's Principles of Laboratory 
Animal Care.

All experimental procedures were conducted in accordance 
with institutional and national guidelines for the care and use of 
laboratory animals and were approved by the Ethics Committee 
on Animal Research of the Federal University of Pará (proto-
col no. [222-14]). The study used adult female BALB/c mice, 
2 months old at the time of infection, housed in groups of five 
per cage under a 12:12 h light–dark cycle with controlled tem-
perature (22°C ± 2°C) and ad libitum access to food and water. 
Female mice were selected to minimize stress-induced variabil-
ity commonly observed in male colonies due to territorial ag-
gression and hierarchical disputes. A minimum of five animals 
was included in each experimental group (control and infected) 
for each survival time point (20- and 40-days post-infection), 
ensuring adequate biological replication for statistical analy-
ses. The mice were housed in standard polypropylene cages 
(32 × 39 × 16.5 cm) lined with wood shavings and provided with 
unrestricted access to food and water. Each cage housed ap-
proximately 15 animals, and aside from social interaction, no 
additional cognitive or physical stimulation was provided. After 
3 months in this environment, animals were infected (intrana-
sally inoculated) with the Piry arbovirus and sacrificed at 20 or 
40 days post-infection (dpi). Figure 1 illustrates the experimental 
timeline in graphical form.

Piry virus inoculation was performed at the Evandro Chagas 
Institute under institutional biosafety protocols inside Class 
II B2 laminar flow hoods, as previously described (de Sousa 
et  al.  2015). Briefly, newborn Swiss albino mice were intrace-
rebrally injected with 10 μL of a viral suspension containing 
the Piry virus and killed after exhibiting symptoms of enceph-
alitic infection. The infected brains were homogenized (0.2 g in 
0.8 mL) of sterile phosphate-buffered saline supplemented with 
penicillin (100 U/mL) and streptomycin (100 μg/mL) to prevent 
bacterial contamination. The suspension was centrifuged at 
10,000 × g for 15 min at 4°C, and the resulting supernatant was 
used as a viral solution. The inoculum titration was standard-
ized at a dilution of 10−5 (v/v), considered effective for inducing 
subacute encephalitis with sufficient survival for brain morpho-
logical analyses at different times post-infection. Inoculation 
was performed intranasally, with 5 μL of the viral suspension 
administered to each nostril (totaling 10 μL per animal) using 
manual micropipettes. This method mimics the natural route of 
infection, allowing for progressive neuroinvasion through the 
olfactory bulb and into limbic areas, such as the hippocampus. 
At 20 or 40 dpi, animals were anesthetized with intraperitoneal 
Avertin (tribromoethanol) and perfused transcardially with 
0.9% heparinized saline for 10 min, followed by 4% paraformal-
dehyde for 40 min. Brains were extracted, sectioned at 70 μm 
thickness using a vibratome, and stored in 2% paraformaldehyde 
for immunohistochemical processing.

2.2   |   Immunohistochemistry

To evaluate the effects of Piry virus infection at 20 and 40 dpi, 
immunohistochemistry was used to label Piry virus antigens 
and astrocytes. For viral antigen detection, a Piry virus-specific 
antibody produced by the Arbovirus Department at IEC was 
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used, following the protocol of Braga and Santos (Braga and 
Santos  2008). For 3D reconstructions, GFAP immunolabeling 
was performed as described previously (de Sousa et  al.  2015). 
GFAP is a key structural protein in astrocytes and serves as a 
reliable marker of astrocyte reactivity, with elevated expres-
sion commonly observed in inflammation, brain injury, and 
neurodegenerative conditions (Boulton and Al-Rubaie  2025; 
Nourbakhsh et al. 2021).

2.3   |   Anatomical Landmarks and Morphometry

In GFAP-immunolabeled sections, hippocampal CA3 sublayers 
were identified in parasagittal sections based on standard an-
atomical landmarks (see Figure 2). For anatomical delineation 
of CA3 sublayers for astrocyte reconstruction, all sections were 
counterstained with cresyl violet, which enabled precise delin-
eation of the cytoarchitectural frontiers of the hippocampal lay-
ers based on neuronal soma density and neuropil texture. The 
SLM was defined as the superficial, lightly stained band adja-
cent to the hippocampal fissure, positioned above the Stratum 
radiatum and below the molecular layer of the dentate gyrus, 
characterized by sparse neuronal profiles and distal dendritic 

tufts of CA3 pyramidal neurons. The SO, in turn, was identi-
fied as the layer located immediately below the pyramidal cell 
layer, extending toward the alveus and containing scattered in-
terneurons, basal dendrites, and commissural fibers. The upper 
boundary of the SO was marked by the dense pyramidal layer, 
and the deep boundary by the appearance of myelinated fibers 
of the alveus (Paxinos and Franklin 2001).

To ensure anatomical consistency, astrocytes were sampled 
from the same septotemporal (dorsoventral) level of the CA3 
region, corresponding to Bregma −2.8 to −3.4 mm according to 
the mouse brain atlas (Paxinos and Franklin 2001). These ex-
plicit anatomical criteria now clarify the regional selection pro-
cess and ensure reproducibility across samples.

2.4   |   Sampling Grid and Stereological Design

The grid used for quantification was established within the 
StereoInvestigator software (MBF Bioscience), which follows 
an unbiased, systematic, and random sampling stereological 
approach. This method ensures that each region of interest has 
an equal probability of being sampled, minimizing spatial bias 

FIGURE 1    |    Schematic overview of the experimental workflow used to investigate astrocyte responses to Piry virus infection in the CA3 region of 
the hippocampus. Thirty adult Swiss albino mice were housed in standard laboratory cages for three months before intranasal inoculation with the 
Piry virus (5 μL per nostril). Animals were sacrificed at two post-infection time points (20 and 40 days) using a lethal anesthetic dose. Transcardiac 
perfusion was performed with heparinized saline, followed by aldehyde-based fixatives. Vibratome sectioning yielded 70-μm-thick coronal slices 
in the 1:6 anatomical series. Sections were immunolabeled for Piry virus antigens and the astrocytic marker glial fibrillary acidic protein (GFAP). 
Astrocytes were selected using a stereological sampling approach that involved systematic and random sampling from the Stratum lacunosum-
moleculare and Stratum oriens of the CA3 hippocampal subfield. Three-dimensional reconstructions of astrocytes were generated and analyzed 
using multivariate statistical techniques, including cluster analysis, chi-square tests, linear discriminant analysis, and MANOVA.



4 of 16 Hippocampus, 2026

in cell selection. The step length of the grid was defined based 
on pilot sampling to balance efficiency and representativeness 
across the CA3 field. The number of reconstructed astrocytes 
per section was proportional to the area of each sampled re-
gion, and at least 30 astrocytes per layer per animal were recon-
structed to achieve a representative morphometric dataset.

2.5   |   Experimental Design and Sample Size

Each experimental group consisted of at least five animals per time 
point (control and infected, 20 and 40 dpi). Morphometric analyses 
were based on the average values per animal, ensuring that the 
statistical comparisons and effect size estimations reflected biolog-
ical replication at the animal level rather than at the cell level. This 
approach meets the requirement of using mice as the experimental 
unit, consistent with the editor's recommendation. All significant 
differences and comparative effect sizes were therefore established 
using data from a minimum of five animals per experimental 
group. Astrocytes from the Stratum lacunosum-moleculare (SLM) 
and Stratum oriens (SO) were reconstructed using systematic 
random sampling, with 30 cells analyzed per animal. Contours 
were defined using a 4× objective, and 3D reconstruction was 

performed using a 100× oil-immersion lens (PLANFLUOR, NA 
1.3; depth factor = 0.2 μm; Nikon, Japan). Only astrocytes with so-
mata within the sampling box and well-preserved branching were 
selected. If no suitable cell was found within the box, the nearest 
qualifying astrocyte was chosen.

Shrinkage in the Z-axis was corrected using a 1.75× factor, as 
recommended by Carlo and Stevens (Carlo and Stevens 2011). 
Morphological reconstructions were performed by a blinded 
evaluator. Vascular astrocytes and cells with incomplete la-
beling or truncated processes were excluded. When astrocytes 
were absent from a given sampling box, the closest eligible as-
trocyte was reconstructed. Fifteen morphometric variables were 
extracted using NeuroExplorer software (see Table  S1). These 
metrics informed subsequent hierarchical clustering and dis-
criminant analysis.

2.6   |   Photomicrographs, Image Post-Processing, 
and Representative Cells

Photomicrographs were taken using a Nikon Eclipse 80i mi-
croscope with a Microfire digital camera. Image brightness and 

FIGURE 2    |    Photomicrographs of the hippocampal formation of an adult Swiss Albino mouse, illustrating the morphological criteria used to delin-
eate the CA3 region of the hippocampus (Hp). The hippocampal sublayers corresponding to the Stratum lacunosum-moleculare (SLM) and Stratum 
oriens (SO) are highlighted in red and blue, respectively. Sampling boxes outlined in red and green were generated using the Stereoinvestigator soft-
ware and its Optical Fractionator module to ensure that all regions of interest had an equal probability of contributing to the sample. Accordingly, the 
number of boxes was proportional to the dimensions of the target area from which astrocytes were selected for 3D reconstruction. The total number 
of boxes was determined based on pre-calculated individual and total contour areas, the target number of cells to be reconstructed, and a proportion-
al rule designed to yield 30 astrocytes per animal. (A) Low-magnification image of the entire Hp formation. (B) Hp laminar organization, where the 
pyramidal layers of Ammon's horns (CA1, CA2, and CA3) and the granule cell layer of the dentate gyrus appear as lightly stained bands with low cel-
lular density. The CA3 borders with the polymorphic layer of the dentate gyrus (green arrow), and CA2 (red arrow) are visible. (C) The intermediate 
magnification (10×) view of the CA3 region shows systematically and randomly distributed sampling boxes generated by the Optical Fractionator. 
(D) High-magnification view (scale bar: 25 μm) of a GFAP+ astrocyte within a sampling box. MolDG, molecular layer of the dentate gyrus.
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contrast were adjusted in Adobe Photoshop and assembled in 
Illustrator. Representative astrocytes for each cluster were se-
lected based on Euclidean distances in Z-score space. The nearest-
neighbor approach was used to highlight morphological similarity. 
R with Multivariate Analysis (DOE  2023) and cluster packages 
(Maechler et al. 2023) helped to visualize typical and atypical as-
trocyte profiles within each group. A Euclidean distance matrix 
was constructed to select representative cells for each group using 
standardized data (Z-scores), based on the multimodal variables 
that most significantly contributed to cluster formation. The anal-
ysis employed the shortest distance criterion to identify the cell 
that best represented each cluster. The cell with the shortest dis-
tance corresponds to the one exhibiting the lowest dissimilarity 
among the cells within the cluster, thus most accurately reflecting 
the shared morphological features of that group.

2.7   |   Statistical Analyses

Univariate, bivariate, and multivariate statistical analyses were 
conducted to examine relationships among morphometric pa-
rameters, experimental group, time point, and hippocampal 
layer. Multivariate outliers were detected using Mahalanobis 
distance (p < 0.001) and reviewed for potential data entry er-
rors or biological divergence. Winsorisation (5th and 95th per-
centiles) was applied to reduce the influence of extreme values. 
Variables with a multimodality index (MMI) > 0.55 were re-
tained. Hierarchical clustering was performed using Ward's 
method and Euclidean distances on Z-score standardized vari-
ables. Cluster validity was assessed using Hopkins' statistics and 
cophenetic correlation coefficients (Figure 3). The optimal cut-
off point in the dendrogram was identified using Mojena's crite-
rion (Mojena 1977), with a reference coefficient (k = 2) selected 
based on the distribution and stability of cluster solutions.

Figure  3 illustrates the complete workflow of statistical analy-
ses, encompassing: Identification and treatment of multivariate 
outliers (Mahalanobis distance, χ2 distribution, Winsorisation); 

Exploratory examination of variable distribution using MMI; 
Hierarchical clustering and validation (Ward's method, Euclidean 
distance, Hopkins' statistic, Mojena criterion); Association testing 
(χ2, Cramer's V); Linear discriminant and multivariate analyses 
(MANOVA, ANOVA); Final identification of representative astro-
cytic morphotypes (See also Table S2). It provides a coherent, step-
by-step representation that significantly enhances understanding 
for readers without extensive statistical background and therefore 
should be retained in the Methods section.

Linear discriminant analysis (LDA) validated cluster assign-
ments and identified morphometric variables contributing to 
group separation. Scatter plots were generated using SPSS and 
BioEstat. Finally, a factorial MANOVA was performed in JASP 
(2024) with fixed factors including experimental group (con-
trol or infected), time point (20 or 40 dpi), and CA3 layer (SLM 
or SO). Assumptions of multivariate normality, homogeneity, 
and independence were checked, and results were interpreted 
cautiously given MANOVA's known robustness to minor vio-
lations (Finch and French 2015; Hair et al. 2014; Tabachnick 
and Fidell 2013).

3   |   Results

Morphometric analyses of astrocytes in the Stratum lacunosum-
moleculare (SLM) and Stratum oriens (SO) of the hippocampal 
CA3 region during viral encephalitis were performed using two 
complementary approaches. The first approach assessed the 
gross morphological features of control and post-infection as-
trocyte populations without subgrouping by morphotype. The 
second approach classified astrocytes into distinct morphotypes 
via hierarchical clustering based on their morphometric profiles. 
These classifications were subsequently validated through linear 
discriminant analysis (LDA). A representative variable common 
to all clusters was then used to determine whether viral infection 
exerted differential effects on specific astrocyte morphotypes 
within each hippocampal layer. Section 3.1 presents the general 

FIGURE 3    |    Statistical Workflow. Data processing and statistical analyses, from the identification and treatment of multivariate outliers 
(Mahalanobis distance and chi-square distribution) to exploratory analyses (multimodality index), multivariate procedures (hierarchical cluster 
analysis, linear discriminant analysis, MANOVA, and ANOVA), and association tests (chi-square and Cramer's V). The diagram also summarizes 
the statistical criteria applied, methodological references, software used for statistical processing and image editing, and the final step of identifying 
representative astrocytic cells.
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(non-clustered) analysis, while Sections 3.2 and onwards detail 
the morphotype-based approach.

3.1   |   Gross Morphometric Analysis 
of GFAP-Positive Astrocytes in the CA3 
Hippocampus Following Viral Infection

Quantitative comparisons between control and infected ani-
mals at 20- and 40-days post-infection (dpi) revealed significant 
infection-induced alterations in key astrocyte structural pa-
rameters. In both the SLM and SO, infected groups displayed 
increased total process length (Length SUM), number of seg-
ments, and convex hull measures.

In the SLM (Figure 4A,B,E,F), viral infection induced enhanced 
dendritic arborisation, reflected by increased tree volume, sur-
face area, and convex hull perimeter. These increases were most 
pronounced at 20 dpi, suggesting early astrocytic hyperreac-
tivity. While significant changes were also observed in the SO 
(Figure 4C,D,G,H), they were generally less marked than those 
seen in the SLM.

Summary plots in Figure  4I–L show statistically significant 
changes (p < 0.05) in most morphometric parameters. These 
results support the hypothesis that astrocyte structural plas-
ticity differs across hippocampal layers and evolves over the 

course of viral encephalitis. Notably, SLM astrocytes exhibited 
the most substantial morphological alterations, consistent with 
the heightened vulnerability of excitatory regions to infection-
induced astrocytic remodeling.

3.2   |   Detailed Morphometric Analysis 
of GFAP-Positive Astrocyte Processes in CA3 
Hippocampus Associated With Viral Infection

To further examine astrocyte morphological complexity, we an-
alyzed mean values and variability of morphometric features 
for SLM and SO astrocytes (Figure  5, Table  S1). Effect sizes 
were calculated to quantify the magnitude of infection-induced 
changes.

Fractal dimension (k-Dim), a measure of morphological com-
plexity, was significantly elevated in both layers at 20 dpi 
(Figure 5A). Infected animals showed increased k-Dim relative 
to controls in the SLM (t = 11.61, df = 148.8, p < 0.001, d = 1.895) 
and SO (t = 8.81, df = 127.1, p < 0.001, d = 1.453). At 40 dpi, el-
evated k-Dim persisted only in the SLM (t = 2.14, df = 107.6, 
p < 0.001, d = 0.396), with no significant differences in SO. 
Average segment length increased significantly in the SLM at 20 
dpi (t = 4.21, df = 144.5, p < 0.001, d = 0.684) but returned to base-
line by 40 dpi (Figure 5B). No significant changes were observed 
in the SO at either time point. Total branch length (vertex type 

FIGURE 4    |    Morphometric alterations in astrocyte structure across hippocampal layers following viral infection. (A–H) Representative three-
dimensional reconstructions of GFAP-positive astrocytes illustrate layer-specific morphological changes in the Stratum lacunosum-moleculare 
(SLM) and Stratum oriens (SO) at 20- and 40-days post-infection (dpi). (I–L) Quantitative comparisons of total process length, number of segments, 
surface area, and convex hull volume reveal significant increases in several parameters post-infection, as indicated by p-values from multivariate 
analyses. Each plot highlights the differential astrocytic response between cortical layers and time points, underscoring the dynamic and region-
specific nature of glial plasticity during encephalitis progression. A detailed description of the morphometric parameters is provided in Table S1. SLM 
astrocytes show the most pronounced changes, supporting the hypothesis of excitatory-layer vulnerability to viral-induced astrocytic remodeling.
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b) was elevated in both layers at 20 dpi (SLM: t = 7.99, p < 0.001, 
d = 1.30; SO: t = 10.65, p < 0.001, d = 1.11), but remained ele-
vated only in the SLM at 40 dpi (t = 2.52, p = 0.011, d = 0.46) 
(Figure  5C). Vertices type c (Vc) followed a similar pattern, 

with significant increases in both layers at 20 dpi (SLM: t = 7.35, 
p < 0.001, d = 1.19; SO: t = 8.78, p < 0.001, d = 1.43). By 40 dpi, 
only the SLM maintained elevated Vc counts (t = 3.50, p < 0.001, 
d = 0.64) (Figure 5D).

FIGURE 5    |    Three-dimensional reconstruction and quantitative morphometric analysis of astrocytes from Swiss albino mice infected with the 
Piry virus. Cells were reconstructed in the Stratum lacunosum-moleculare (SLM) and Stratum oriens (SO) of the hippocampus at two post-infection 
time points: 20- and 40-days post-infection (dpi). (A–D) Graphs depict region- and time-specific changes in morphometric parameters extracted from 
3D reconstructions: (A) fractal dimension (k-Dim), (B) average segment length (μm), (C) vertex type b (Vb), and (D) vertex type c (V). (E) mean tree 
volume (μm3), and (F) mean surface area (μm2). Lower panels display Cohen's d effect sizes, quantifying the magnitude of the differences between 
infected and control groups (Infection—Control). Asterisks denote statistical significance (*p < 0.05; **p < 0.01; ***p < 0.001). N refers to the number 
of cells analyzed per group. (E, F) Graphs depict region- and time-specific changes in morphometric parameters extracted from 3D reconstructions: 
(E) TREE Volume (Average μm3) and (F) Surface Area (Average μm3). Lower panels display Cohen's d effect sizes, quantifying the magnitude of the 
differences between infected and control groups (Infection—Control). Asterisks denote statistical significance (*p < 0.05; **p < 0.01; ***p < 0.001). N 
refers to the number of cells analyzed per group.
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Astrocyte tree volume (TREE Volume) was significantly 
elevated at 20 dpi in both layers relative to controls (SLM: 
t = 3.17, df = 148.4, p = 0.002, d = 0.516; SO: t = 2.24, df = 148.0, 
p = 0.001, d = 0.529), with moderate effect sizes (Figure  5E, 
Table S3). At 40 dpi, only a significant reduction in cell volume 
was observed in the SLM (t = −4.70, df = 71.6, p < 0.001), with 
a large effect size (d = −0.924), indicating a possible late-stage 
atrophy.

Finally, surface area analysis in SLM (Figure 5F, Table S4), but 
not in SO, revealed a discrete and transient response at 20 dpi 
(t = 2.62, df = 134.8, p = 0.01, d = 0.426). No significant changes 
were identified at 40 dpi.

Figures  S1–S4 illustrate the differential morphological re-
sponses of GFAP-positive astrocytes in SLM and SO of the 
CA3 hippocampal region following Piry virus infection, em-
phasizing additional morphometric parameters beyond those 
depicted in Figure  5. Figure  S1 presents group comparisons 
for: (A) total branch length (SUM, μm), (B) number of seg-
ments, (C) surface area (μm2), and (D) convex hull volume 
(μm3), revealing structural remodeling consistent with re-
active astrocytosis. Figure  S2 focuses on spatial features of 
the convex hull, including: (E) convex hull surface (μm2), (F) 
convex hull area (μm2), (G) convex hull perimeter (μm), and 
(H) number of vertices (Va), highlighting modifications in the 
territory occupied by astrocytic processes. Figure S3 displays 
additional shape-related parameters: (I) morphological com-
plexity, (J) number of trees, (K) base diameter, and (L) average 
tortuosity. Figure  S4 includes: (M) number of segments per 
millimeter, and (N) mean planar angle, further characterizing 
astrocyte arborization dynamics. Together, these Supporting 
Information figures reinforce the conclusion that astrocytes 
undergo distinct layer- and time-dependent morphometric al-
terations during the progression of viral encephalitis.

A summary of the quantitative data used to generate Figures S1–
S4 is provided in Table S4.

3.3   |   Astrocyte Morphotypes Identified by 
Hierarchical Clustering

Astrocytes exhibit layer-specific morphological and func-
tional specialization influenced by the local neurotransmitter 
environment (Karpf et al. 2022; Lanjakornsiripan et al. 2018). 
Reduced astrocyte morphological complexity in mice was 
shown to be associated with impaired cognitive behavior, 
raising the hypothesis that morphometric restoration may 
be therapeutically beneficial in disease (Endo et  al.  2022). 
Astrocytes, which are the first cells infected by the virus 
crossing the blood–brain barrier, are highly diverse and brain-
region-specific, changing their shapes when immunostimu-
lated (Baldwin et al. 2024).

In the present study, hierarchical cluster analysis using Ward's 
method revealed distinct astrocyte morphotypes for each exper-
imental condition and hippocampal layer. In the SLM of control 
animals (Figure 6A,C), four morphotypes were identified at 20 
and 40 dpi, showing moderate-to-high within-group homogene-
ity. In contrast, the SO of control mice yielded three clusters at 

20 and 40 dpi (Figure 6B,D), suggesting a slightly lower morpho-
logical astrocyte diversity in this layer than in SLM.

After infection, increased morphological complexity was no-
ticed in both layers. Three and four morphotypes were observed 
in the SLM at 20 and 40 dpi respectively (Figure 6E,G). Higher 
heterogeneity was found in SO, mainly at 20 dpi, now with four 
morphotypes (Figure 6F), but less evident at 40 dpi, again with 
three subtypes (Figure 6H). Each dendrogram is accompanied 
by representative astrocytes from each cluster, illustrating 
distinctive branching patterns and spatial arrangements, in-
dicating that viral infection induced divergent morphological 
adaptations within each hippocampal layer.

3.4   |   Cluster Validation and Discriminant Analysis

Linear discriminant analysis (LDA) consistently identified 
well-defined clusters across all groups, with strong classifica-
tion performance and significant separation metrics. As shown 
in Figure  6, discriminant functions effectively separated the 
clusters into all experimental groups and hippocampal lay-
ers. Notably, the SLM displayed greater group dispersion than 
the SO, consistent with higher morphometric complexity in 
this layer.

In control animals (Figure 7A–D), clusters were well-separated 
in both layers and time points, validating the initial hierarchical 
grouping. Following infection (Figure 7E–H), cluster overlap in-
creased slightly, particularly in the SO at 40 dpi, reflecting more 
heterogeneous and potentially reactive astrocyte populations. 
Overall, LDA correctly classified astrocyte morphotypes with 
an accuracy exceeding 91%, confirming the discriminant power 
of the selected morphometric variables.

Linear discriminant analysis (LDA) consistently identified 
well-defined clusters across all groups, with strong classifica-
tion performance and significant separation metrics (Table 1). 
In control groups, classification accuracy ranged from 91.1% to 
97.8%, with variance explained by canonical function 1 between 
61.5% and 83.5%. Post-infection groups generally showed higher 
classification rates (94.8%–98.7%) and, in several cases, function 
1 accounted for over 99% of the variance, reflecting strong group 
separation.

Wilks' Lambda tests were highly significant in all comparisons 
(p < 0.001), confirming that both ZComplexity and ZConvex 
Hull Volume contributed meaningfully to group discrimination. 
Notably, in the post-infection 40 dpi SO group, ZComplexity 
was most strongly associated with function 1 (standardized co-
efficient = 0.993), while ZConvex Hull Volume primarily con-
tributed to function 2 (coefficient = 0.807). Tables S5–S12 show 
detailed information for each experimental group.

3.5   |   Astrocyte Complexity Across Layers 
and Time Points

Generalized linear models were applied to compare morpholog-
ical complexity among clusters across layers and time points to 
quantify astrocytic reactivity further. Figure 8 presents a detailed 
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comparative analysis of astrocyte morphological complexity in 
the SLM and SO of the hippocampal CA3 subfield, under both 
control and Piry virus-infected conditions at 20 and 40 dpi. The 
boxplots are organized by Linear Discriminant Analysis (LDA) 
clusters and stratified by condition (control vs. infection) and 
time point (20 vs. 40 dpi). As shown in Figure  8, control ani-
mals exhibited significantly lower complexity in both layers at 
both 20 and 40 dpi (Figure  8A,B). In contrast, post-infection 
groups exhibited markedly increased complexity, particularly 
in the SLM. At 20 dpi, complexity in the SLM of infected mice 
was significantly higher than in the SO (Figure 8C), suggesting 

early astrocytic reactivity in response to viral neuroinvasion. 
By 40 dpi (Figure  8D), the distinction between layers became 
more nuanced, with overlapping complexity distributions, but 
persistent statistical differences between several cluster com-
binations (LDA_1 through LDA_4), indicating a dynamic and 
persistent glial response across both layers. Infection induces 
layer-specific and time-dependent hypertrophic responses in as-
trocytes. At 20 dpi, SLM astrocytes (especially LDA_1) exhibit 
marked increases in complexity, possibly reflecting acute im-
mune or metabolic reactivity. By 40 dpi, the pattern shifts, with 
some attenuation in SLM and persistent morphological changes 

FIGURE 6    |    Comparison of the hierarchical clustering of astrocyte morphotypes in control and Piry virus-infected animals. (A, B) Dendrograms 
and representative 3D-reconstructed astrocytes from the Stratum lacunosum-moleculare (SLM) and Stratum oriens (SO) at 20 dpi in controls and 
corresponding data in infected mice (C, D). The same was analyzed at 40 dpi in controls (E, F) and infected mice (G, H). Astrocytes were grouped 
using Ward's method with Euclidean distances, and representative cells were selected based on minimum Euclidean dissimilarity within each clus-
ter. Each morphotype reflects distinct structural features such as process length, branching complexity, and convex hull volume. Viral infection 
increased morphotype heterogeneity, particularly in the SLM. Morphotypes exhibit reactive hypertrophy and increased branching complexity, indi-
cating divergent responses to neuroinflammatory signaling.
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in SO. The LDA-based clustering suggests that infection not only 
alters morphology but may also induce astrocyte subpopulations 
with distinct structural phenotypes.

Figure  8 also illustrates significant differential alterations in 
astrocyte morphological complexity across the lacunosum-
molecular (SLM) and oriens (SO) strata of the CA3 hippocam-
pal region in both control and Piry virus-infected animals at 20 
and 40 dpi. In control groups (panels A and B), morphological 
complexity remains relatively low and consistent across lin-
ear discriminant analysis (LDA)-derived clusters (LDA_1 to 
LDA_4), with minimal variation observed between SLM (red) 
and SO (blue) astrocytes. In contrast, infected groups (panels 

C and D) exhibit a marked increase in astrocyte complexity, 
particularly in the SLM at 20 dpi (panel C), indicating an early 
and pronounced hypertrophic response within the excitatory 
microenvironment. SO astrocytes, in turn, demonstrate a more 
heterogeneous and delayed increase in complexity, especially 
evident at 40 dpi (panel D), suggestive of a more gradual and 
repressed reactivity within the inhibitory milieu. These findings 
highlight a layer-specific and temporally dynamic astrocytic re-
sponse to Piry virus infection, reflecting the distinct synaptic 
and functional architecture of the SLM and SO strata.

Table S13 summarizes the linear generalized model for the mor-
phological complexity, including all experimental groups and 

FIGURE 7    |    Linear discriminant analysis (LDA) applied to the morphometric characteristics of astrocytes across different experimental groups. 
The analysis was conducted in the Stratum lacunosum-moleculare (SLM) (panels A, C, E, G) and Stratum oriens (SO) (panels B, D, F, H) regions of 
the hippocampus in mice, under control (20- and 40-days post-infection [dpi]) and post-infection (20 and 40 dpi) conditions. Each point represents an 
individual astrocyte, grouped according to morphometric similarity. The different groups (1 to 4) are indicated by distinct shapes and colors.

TABLE 1    |    Summary of LDA results across groups.

Group Clusters (n) Accuracy (%)
Variance 

F1 (%)
Variance 

F2 (%)
Canonical 

corr F1
Canonical 

corr F2

Control 20 dpi SLM 4 94.7 83.48 16.52 0.93 0.75

Control 20 dpi SO 3 97.3 61.54 38.46 0.82 0.75

Control 40 dpi SLM 4 91.1 80.95 19.05 0.90 0.70

Control 40 dpi SO 3 97.8 69.85 30.15 0.82 0.68

Post-infection 20 dpi SLM 3 97.3 99.27 0.73 0.94 —

Post-infection 20 dpi SO 4 98.7 63.29 36.71 0.86 0.79

Post-infection 40 dpi SLM 4 98.6 62.20 37.80 0.95 0.91

Post-infection 40 dpi SO 4 94.8 99.32 0.68 0.93 0.20
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time post-infection. It provides pairwise comparisons of esti-
mated marginal mean values for SLM and SO astrocytes.

3.6   |   Detailed Cluster Analysis by Group and Layer

We performed cluster analysis for each group to evaluate struc-
tural integrity and clustering quality, which is summarized in 
Table  2. Metrics included Hopkins statistics (clustering ten-
dency), cophenetic correlation coefficient (hierarchical fit qual-
ity), and agglomeration coefficient (internal consistency).

For the control groups, the SLM at 20 dpi exhibited a strong 
clustering tendency (Hopkins 0.924) and the highest internal 
consistency (agglomeration coefficient 0.976), with moderate 
hierarchical fit (cophenetic 0.656). In contrast, the SO at 40 dpi 
showed a lower clustering tendency (Hopkins 0.643) and the 
weakest cophenetic correlation (0.482), though internal consis-
tency remained high (agglomeration 0.949).

Post-infection groups revealed marked clustering patterns, par-
ticularly in the 20 dpi SLM dataset (Hopkins 0.934; agglomeration 
0.984) alongside the strongest hierarchical fit (cophenetic 0.803). 
The SO at 40 dpi also displayed a well-fitted hierarchy (cophenetic 
0.725), despite a moderate clustering tendency (Hopkins 0.676).

Together, these findings highlight robust clustering across data-
sets, with variation in hierarchical fit and clustering tendency 
reflecting biological diversity in astrocyte morphotypes con-
cerning infection status and hippocampal layer.

4   |   Discussion

Our findings demonstrate that astrocytes in the CA3 hippo-
campal subfield undergo layer-specific and temporally dynamic 
morphological changes following Piry virus infection. Early hy-
pertrophic responses were more prominent in the SLM, whereas 
astrocytes in the SO exhibited a more gradual and heteroge-
neous profile of alterations, particularly evident at 40 days post-
infection (dpi). These observations are consistent with the notion 
that astrocytic reactivity is shaped by local microenvironmen-
tal factors and laminar identity (Khakh and Sofroniew  2015; 
Sofroniew 2020).

4.1   |   Layer-Specific Patterns of Reactivity

Astrocytes in the SLM, a glutamate-rich excitatory layer, dis-
played pronounced hypertrophy by 20 dpi, as reflected by in-
creased branching complexity, tree volume, and convex hull 

FIGURE 8    |    Comparative analysis of astrocyte complexity across conditions. Boxplots show the mean and distribution of LDA-derived complexity 
scores for each cluster in control (A, B) and infected (C, D) groups. Astrocytes from infected animals exhibited significantly increased complexity, 
particularly in the SLM at 20 dpi. Differences between layers persisted at 40 dpi, with overlapping distributions indicating progressive morphological 
diversification.
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parameters. Such alterations are consistent with enhanced glu-
tamate clearance, increased metabolic demands, and neuropro-
tective buffering under excitotoxic stress. Indeed, morphological 
plasticity of this kind has been associated with the upregulation 
of glutamate transporters and neuroprotective support during 
neuroinflammation (Potokar et  al.  2019; Tavčar et  al.  2021). 
By contrast, SO astrocytes, which are embedded within a 
GABAergic-rich environment, showed more restrained and de-
layed morphological responses. This muted reactivity may re-
flect the anti-inflammatory influence of GABAergic signaling, 
known to suppress astrocytic pro-inflammatory gene expres-
sion and to promote homeostatic phenotypes (Chen et al. 2023; 
Sofroniew 2020).

4.2   |   Morphotype Diversification Over Time

The transition from relatively homogeneous hypertrophy at 
20 dpi to increased morphotype heterogeneity at 40 dpi suggests 
that astrocyte populations diversify adaptively under sustained 
inflammatory conditions. Previous work from our group using 
the same Piry virus model showed that viral replication within 
the CNS reaches its maximum at approximately 5 dpi and is 
followed by complete clearance from the brain parenchyma by 
8 dpi, when viral antigens are no longer detectable (de Sousa 
et  al.  2015; de Sousa et  al. 2011). These observations indicate 
that the acute phase of infection is brief and that any subsequent 
cellular or structural alterations arise after the resolution of de-
tectable viral presence.

The 20- and 40-dpi intervals were therefore selected to ex-
amine astrocytic morphological adaptations during the post-
acute period, when infection is no longer active but secondary 

neuroinflammatory mechanisms remain engaged. These time 
points also correspond to a phase in which olfactory discrimina-
tion deficits have normalized, whereas hippocampal-dependent 
behaviors, such as open-field exploration and burrowing, show 
only partial recovery (de Sousa et  al.  2015). Thus, both inter-
vals provide a relevant window for assessing how sustained 
glial activation may influence hippocampal circuitry after viral 
clearance.

Focusing on these later stages allowed us to characterize long-
term astrocytic remodeling associated with persistent neuroin-
flammation and incomplete behavioral recovery. This approach 
provides insight into the lasting effects of viral encephalitis on 
hippocampal structure and function, rather than the transient 
changes linked to the acute infectious phase.

Cluster analysis revealed multiple morphotypes, echoing pat-
terns observed in other viral encephalitis models (Davé and 
Klein 2023; Dos Santos et al. 2025; Liddelow and Barres 2017). 
Although these morphotypes may appear consistent with neuro-
protective or maladaptive features, such functional attributions 
remain speculative. We therefore interpret these clusters as indi-
cators of morphological diversity, without implying direct func-
tional roles. Future studies using calcium imaging, single-cell 
transcriptomics, or targeted manipulation of astrocytic path-
ways will be necessary to clarify whether distinct morphotypes 
correspond to divergent biological functions.

4.3   |   Observational Nature and Alternative 
Mechanisms

While it is tempting to attribute the divergent astrocytic re-
sponses directly to excitatory versus inhibitory inputs, our study 
is strictly observational and does not establish causality. Multiple 
factors—such as neuronal activity, microglial activation, hy-
poxia, or cell death—may also contribute to the observed differ-
ences. Integrating morphometric analyses with synaptic markers 
(e.g., VGLUT, PSD95, VGAT) or functional assays will be critical 
to test whether neurotransmitter context directly shapes astro-
cytic morphology in this model. The selection of the Stratum 
lacunosum-moleculare (SLM) and Stratum oriens (SO) of CA3 
was guided by evidence that astrocyte morphology and physiol-
ogy exhibit strong laminar specificity within the hippocampus. 
Astrocytes differ across sublayers in their transcriptional pro-
grams, metabolic profiles, process architecture, and functional 
engagement with local circuits, supporting the broader view that 
they contribute to regionally specialized forms of synaptic and 
homeostatic regulation (Khakh and Sofroniew 2015; Bayraktar 
et al. 2020; Miller et al. 2019). Examining astrocytes in distinct 
CA3 sublayers therefore provides an opportunity to resolve how 
layer-dependent cellular phenotypes shape vulnerability and re-
sponse to inflammatory challenges.

Our previous work using the Piry virus model also supported 
the strategic focus on these sublayers. During the course of in-
fection, viral antigens are not detected in the CA3 SO or SLM, 
whereas neighboring regions, particularly the dentate gyrus, 
continue to exhibit robust immune reactivity (de Sousa et  al. 
2011). This restricted antigen distribution suggests that CA3 
mounts a more transient innate immune response, creating a 

TABLE 2    |    Cluster analysis metrics by group and hippocampal layer.

Group
Hopkins 
statistic

Cophenetic 
correlation

Agglomeration 
coefficient

Control 
20 dpi SLM

0.924 0.656 0.976

Control 
20 dpi SO

0.722 0.553 0.962

Control 
40 dpi SLM

0.732 0.582 0.948

Control 
40 dpi SO

0.643 0.482 0.949

Post-
infection 
20 dpi SLM

0.934 0.803 0.984

Post-
infection 
20 dpi SO

0.604 0.434 0.980

Post-
infection 
40 dpi SLM

0.907 0.519 0.983

Post-
infection 
40 dpi SO

0.676 0.725 0.979
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relatively stable microenvironment in which subtle, progressive 
astrocytic changes can be detected without the confounding in-
fluence of ongoing viral replication.

In addition, astrocytes in SLM and SO are known to support 
distinct physiological roles, particularly in synaptic modulation, 
calcium dynamics, and integration of extrahippocampal ver-
sus intrahippocampal inputs (Matyash and Kettenmann 2010; 
Sofroniew and Vinters 2010; Bayraktar et al. 2020). SLM astro-
cytes interact with perforant-path terminals from the entorhinal 
cortex, whereas SO astrocytes participate in the regulation of 
local recurrent collaterals and inhibitory networks. Evaluating 
both sublayers thus allowed us to determine whether viral en-
cephalitis induces convergent or divergent morphological adap-
tations across functionally distinct astrocyte populations.

Finally, all astrocytes were sampled from the same segment of the 
septotemporal axis to maintain anatomical consistency and avoid 
positional variability as a confounding factor. This approach en-
sured that observed differences reflected layer-specific responses 
rather than longitudinal heterogeneity along the CA3 axis.

Interestingly, the apparent reduction in morphotype diversity 
in the SLM at 20 dpi may represent a convergence of astrocytic 
states under acute inflammatory stress, whereas the greater 
heterogeneity observed at 40 dpi suggests a progressive diversi-
fication of responses over time. These dynamics align with ev-
idence of astrocyte heterogeneity and plasticity in CNS disease 
(Baldwin et al. 2024; Liddelow and Barres 2017).

4.4   |   Methodological Strengths and Limitations

The combined use of hierarchical clustering and linear dis-
criminant analysis (LDA) provided robust morphotype classifi-
cation based on multiple structural parameters, such as convex 
hull volume, branching complexity, and tree volume, offering 
greater resolution than GFAP intensity alone. This approach 
is in line with previous work emphasizing structural metrics 
in astroglial phenotyping (Baldwin et  al.  2024; Colombo and 
Farina 2016; Delgado-García et al. 2024). Morphotype disper-
sion was particularly pronounced in the SLM, highlighting its 
higher morphological plasticity and suggesting greater suscep-
tibility to infection-related stress (Zhang et al. 2024).

Nonetheless, several limitations should be acknowledged. First, 
this study included only female Swiss mice, which restricts gen-
eralisability across sexes and strains. Sex-dependent differences 
in astrocytic reactivity have been described, with distinct tran-
scriptional and morphological signatures (Gozlan et  al.  2024). 
However, this choice was deliberate and grounded in the need 
to minimize confounding neuroinflammatory influences asso-
ciated with stress physiology. In our animal colony, the presence 
of males reliably increases territorial aggression, dominance-
hierarchy formation, and repetitive stress-related behaviors, 
all of which elevate circulating corticosterone levels. Given the 
high density of glucocorticoid receptors in the hippocampus 
(Sapolsky et al. 1985), these stress-mediated endocrine changes 
can independently modify astrocyte morphology and glial acti-
vation. Such alterations would introduce variability that is unre-
lated to the viral challenge itself.

Under these conditions, including males would add a second, 
and uncontrolled, driver of astrocytic remodeling, complicating 
the interpretation of infection-specific morphometric effects 
(McEwen and Morrison 2013; Bartolomucci et  al. 2001). To 
maintain experimental consistency and reduce variance attrib-
utable to stress reactivity, we therefore conducted all analyses 
in female mice (Koolhaas et al. 2011). This strategy enabled a 
clearer assessment of virus-induced astrocytic changes by avoid-
ing confounding morphological modulation driven by male-
specific social stress.

Second, GFAP staining, although widely used, does not capture 
the full extent of fine astrocytic processes. Broader markers 
such as Aldh1L1 could improve future morphological resolution 
(Baldwin et al. 2024). Finally, although morphotypes were ro-
bustly defined, their functional correlates remain unresolved. 
Advanced techniques, including calcium imaging or single-cell 
omics (Batiuk et al. 2020; de Ceglia et al. 2023) will be required 
to link morphology with physiological outcomes.

Although the present study provides a detailed three-dimensional 
morphometric analysis of astrocytes, it is important to acknowl-
edge the limitation inherent to the use of anti-glial fibrillary acidic 
protein (GFAP) immunolabeling as the sole morphological marker. 
GFAP primarily highlights the intermediate filament network 
within the main astrocytic branches and soma, but it does not 
fully capture the extensive fine processes that form the perisynap-
tic astrocytic domain (Bushong et al. 2004). These thin peripheral 
processes, which are largely devoid of GFAP filaments, play crit-
ical roles in neurotransmitter uptake, synaptic modulation, and 
metabolic coupling with neurons. Consequently, while the present 
reconstructions reliably represent the core structural framework 
of reactive astrocytes, they may underestimate the full spatial 
complexity of the astrocytic arbor, particularly under conditions 
of mild activation or remodeling. Future studies combining GFAP 
labeling with cytoplasmic or membrane-filling markers (such as 
Aldh1l1, S100β, or genetically encoded fluorescent reporters) will 
help to more completely characterize the astrocytic morphological 
response to viral encephalitis.

4.5   |   Broader Implications of the Piry Virus Model

The Piry virus model proved valuable for this study, given its 
consistent tropism for the rodent limbic system and capacity to 
elicit hippocampal inflammation (da Silva Creão et al. 2021; de 
Sousa et al. 2015).

Although the virus induces only mild symptoms in humans, 
its neuroinvasiveness enables systematic exploration of glial 
responses in well-defined hippocampal subregions, thereby of-
fering an informative platform for understanding astrocyte plas-
ticity during encephalitis.

5   |   Conclusion

In summary, this work provides a detailed morphometric de-
scription of astrocyte responses to viral encephalitis across 
hippocampal layers. The results highlight both the diversity 
and plasticity of astrocytic morphology and underscore the 
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importance of the local microenvironment in shaping glial re-
activity. By presenting these findings within an observational 
framework, the study establishes a foundation for future mech-
anistic investigations aimed at understanding how astrocyte 
heterogeneity influences the course and outcomes of viral CNS 
infections.
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demonstrated regional and temporal morphological changes in astro-
cytes in response to viral infection. N indicates the number of cells an-
alyzed per group. Asterisks indicate statistically significant differences 
(*p < 0.05; **p < 0.01; ***p < 0.001). Figure S3: Three-dimensional re-
construction of astrocytes from Swiss albino mice infected with Piry 
virus in the Stratum lacunosum-moleculare (SLM) and Stratum oriens 
(SO) layers, in the temporal windows of 20- and 40-days post-infection 
(dpi). The graphs represent morphological measures extracted from 
the 3D reconstructions: morphological complexity (I), number of trees 
(J), base diameter (K) and mean tortuosity (L). The lower graphs show 
the effect sizes (Cohen's d), highlighting the magnitude of the differ-
ences between the groups (Infection—Control). The analyses demon-
strated regional and temporal morphological changes in astrocytes in 
response to viral infection. N indicates the number of cells analyzed per 
group. Asterisks indicate statistically significant differences (*p < 0.05; 
**p < 0.01; ***p < 0.001). Figure S4: Three-dimensional reconstruc-
tion of astrocytes from Swiss albino mice infected with Piry virus in 
the Stratum lacunosum-moleculare (SLM) and Stratum oriens (SO) 
layers, at 20- and 40-days post-infection (dpi). The graphs represent 
morphological measures extracted from the 3D reconstructions: (M) 
segments/mm and (N) planar angle (average). The lower graphs show 
the effect sizes (Cohen's d), highlighting the magnitude of the differ-
ences between the groups (Infection—Control). The analyses demon-
strated regional and temporal morphological changes in astrocytes in 
response to viral infection. N indicates the number of cells analyzed per 
group. Asterisks indicate statistically significant differences (*p < 0.05; 
**p < 0.01; ***p < 0.001). Table S1: Morphometric parameters of three-
dimensional reconstructed astrocytes. Table S2: Summary of multivar-
iate statistical procedures. Table S3: Three-dimensional morphometric 
analysis of astrocytes from Swiss albino mice infected with the Piry 
virus, reconstructed in the stratum lacunosum moleculare (SLM) and 
stratum oriens (SO) regions at two post-infection time points: 20 and 
40 days (dpi). Data are presented as mean ± standard deviation, and 
comparisons between control and infected groups were performed 
using Welch's corrected Student's t-test for unequal variances. The table 
also provides t-values, degrees of freedom (df), p-values, and effect sizes 
(Cohen's d). p-values < 0.05 were considered statistically significant. 
Table S4: Three-dimensional morphometric analysis of astrocytes from 
Swiss albino mice infected with the Piry virus, reconstructed in the stra-
tum lacunosum moleculare (SLM) and stratum oriens (SO) regions at 
two post-infection time points: 20 and 40 days (dpi). Data are presented 
as mean ± standard deviation, and comparisons between control and 
infected groups were performed using Welch's corrected Student's t-test 
for unequal variances. The table also provides t-values, degrees of free-
dom (df), p-values, and effect sizes (Cohen's d). p-values < 0.05 were con-
sidered statistically significant. Table S5: Discriminant analysis results 
for the control 20 dpi SO group. Table S6: Discriminant analysis results 
for the control 40 dpi SLM group. Table S7: Discriminant analysis re-
sults for the control 40 dpi SO group. Table S8: Discriminant analysis 
results for the post-infection 20 dpi SLM group. Table S9: Discriminant 
analysis results for the post-infection 20 dpi SO group. Table  S10: 
Discriminant analysis results for the post-infection 40 dpi SLM group. 
Table  S11: Discriminant analysis results for the post-infection 40 dpi 
SO group. Table  S12: Hierarchical cluster analyses by experimental 
group. Table S13: Summary of multivariate statistical steps. 
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