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Like humans, horses are susceptible to neurotropic and neuroinvasive pathogens that
are not always readily identified in histological sections. Instead, alterations in astrocytes
and microglia cells can be used as pathological hallmarks of injured nervous tissue in
a variety of infectious and degenerative diseases. On the other hand, equine glial cell
alterations are poorly characterized in diseases. Therefore, in this study, we provide a
statistically proved score system to classify astrogliosis and microgliosis in the central
nervous system (CNS) of horses, based on morphological and quantitative analyses
of 35 equine cases of encephalitis and/or encephalopathies and four non-altered CNS
as controls. For this system, we used glial fibrillary acidic protein (GFAP) and ionized
calcium-binding adapter molecule 1 (Iba1) immunohistochemistry, allied to statistical
analysis to confirm that the scores were correctly designated. The scores of alterations
ranged from O (non-altered) to 3 (severely altered) and provided a helpful method for
describing astrocytic and microglial alterations in horses suffering from inflammatory
and degenerative lesions. This system could be a template for comparative studies in
other animal species and could aid algorithms designed for artificial intelligence methods
lacking a defined morphological pattern.

Keywords: astrocytes, microglia, score system, etiology, infectious, degenerative

INTRODUCTION

Astrogliosis and microgliosis have been used as pathological hallmarks of injured nervous tissue
in a variety of degenerative and infectious diseases (1-7). Analyses of features like quantitative
and morphological alterations of astrocytes and microglia cells are commonly carried out after
immunohistochemistry (IHC) employing antibodies directed against the glial fibrillary acidic
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protein (GFAP) and the ionized calcium-binding adapter
molecule 1 (Ibal) (5, 8-11). Additionally, improvements
in glial quantification techniques, also applied with these
markers, through machine learning algorithms have shown
a marked reduction in analysis time, increased productivity,
and comparable accuracy as with manual techniques (12, 13).
Astrocytic and microglial alterations have been more closely
documented in neurodegenerative diseases in humans and
experimental animal models, but little information is available
on glial alterations in the central nervous system (CNS)
of horses (14, 15). As equines are similarly susceptible to
several neuroinvasive pathogens as humans (e.g., Borna disease
virus, West Nile virus, and rabies virus) and might display
degenerative/traumatic conditions that could mimic an infection,
horses are valuable models for risk assessment of zoonoses and
differential diagnosis (2, 16-20).

The establishment of a reliable quantitative and
morphological classification system of astrocytic and microglial
alterations in horses can help address lesion patterns on
unresolved cases of encephalitis and encephalopathies.
Pathologists could use the system for a complimentary
assessment of lesions in the CNS and comparative studies
involving glial response to injury by pathogens and/or
degenerative lesions also in other animal species and humans.
Meanwhile, an established score system for glial alterations
would also benefit machine learning systems, as it would provide
a morphological template of different stages of alterations to
complement algorithms for automatic quantification.

In this light, this study aimed to establish score systems
for GFAP and Ibal immunostaining for the CNS of horses,
considering the morphology and the number of astrocytes and
microglia cells stained using natural cases of inflammation and
degenerative lesions as a template.

MATERIALS AND METHODS

Samples

To demonstrate the spectrum of astrocytic and microglial
alterations, there were 39 CNS sections from horses available
for the study. Samples were selected among necropsy cases
that remained with an unclear etiologic diagnosis from horses
with neurological clinical signs that do not rule out an
infectious cause. These samples comprised 28 cases with
inflammatory lesions suggested and/or confirmed to be caused
by viruses, parasites, bacterial neurotoxins, or unspecified
trigeminal ganglion inflammation; seven cases with degenerative
lesions caused by trauma, bacterial neurotoxins, and possibly
unknown infectious agents; and four non-altered cases used
as controls (Supplementary Material 1). Complete histological
assessment and etiological diagnose of each case are also available
at Boos (21). Samples were retrieved from the tissue archives
of Brazilian Universities related to this study’s authors and
from the Institute of Veterinary Pathology in Giessen (non-
altered controls). Samples consisted of formalin-fixed paraffin-
embedded (FFPE) material archived at room temperature and
protected from light. Standardized material was unavailable
for all cases due to sampling of CNS regions of interest

during the necropsy of cases of natural disease and material
availability after long-term storage. Therefore, CNS sections
were categorized into four regions, according to Kaufmann
et al. (22): (1) forebrain, (2) midbrain, (3) cerebellum, and (4)
spinal cord.

Immunohistochemistry

From each CNS region available, sections with 4-pm thickness
were obtained and placed on glass slides SuperFrost® Plus
Objekttrager (R. Langenbrinck, Emmendingen, Germany). Slides
were deparaffinized in xylol, followed by immersion in decreasing
concentrations of ethanol. Endogenous peroxidase was blocked
with 3% H,0O, in methanol for 20 min. To demonstrate GFAP,
blocking of unspecific endogenous activity was carried out
with 20% swine serum (B15-030, PAA Laboratories GmbH,
Pasching, Austria) diluted in tris-buffered saline (TBS) for
10min at room temperature. While for demonstration of
Ibal, blocking was carried out with 1.5% goat serum (B11-
035, PAA Laboratories GmbH, Pasching, Austria) diluted
in 1% bovine serum albumin (BSA)/TBS for 1h at room
temperature. Negative controls consisting of the same CNS
regions from every horse were incubated with rabbit-control
serum (Dako A/S, Glostrup, Denmark) instead of primary
antibody. Dilution and incubation of primary antibodies,
secondary antibodies, and detection systems are described in
Table 1.

Immunohistochemistry Quantitative Analysis

In each of the CNS regions immunostained with GFAP
and with Ibal, the number of stained cells was counted
in five lesioned and five non-lesioned microscopic fields
magnified x200. This would ensure that cases containing
only small tissue sections would be also analyzed, while
cases containing larger sections would be sufficiently
represented. Microscopic fields were selected according to
the histological assessment performed by Boos (21) that
defined where the lesioned and non-lesioned areas were.
Microscopic images were captured by a Nikon Eclipse
80i microscope (Nikon, Diisseldorf, Germany) equipped
with a digital camera Nikon DS-Fil and analyzed with the
NIS-Elements Basic Research 3.2 64bit software (Nikon,
Diisseldorf, Germany).

Immunohistochemistry Morphologic Analysis

The morphological criteria were determined by a board-
certified veterinary pathologist (CH) and a Ph.D. student
(GSB). Lesioned areas were further classified in sections
that predominantly displayed inflammation or degenerative
lesions. Furthermore, astrocytic (5, 8) and microglial
(11, 23, 24) morphologic alterations were classified from
non-altered (grade 0) to severely altered (grade 3), according
to Tables2, 3. Mid-scale values were also possible. The
intensity of immunostaining was not considered for the
scoring system, but annotations were made when meaningful.
Furthermore, as Ibal stains, not only resident microglia
but also monocytes/macrophages that migrate from the
periphery, the stained cells observed within blood vessels

Frontiers in Veterinary Science | www.frontiersin.org

July 2021 | Volume 8 | Article 660022


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Boos et al.

GFAP and Iba1 in the CNS of Horses

TABLE 1 | Immunohistochemistry for astrocytes and microglia assessment in the CNS of horses.

Antibody Source Dilution Secondary antibody Detection system

GFAP, polyclonal 70334 1:500 in 20% swine serum, Swine anti-rabbit?, 1:100 in PAPP, 1:600 in 1%

rabbit Dako A/S, overnight, 4°C 20% swine serum/TBS, BSA/TBS, 30 min, RT
Glostrup, Denmark 30min, RT

Iba1, polyclonal 019-19741 1:500 in 1% goat/serum/1% Biot. goat anti-rabbit®, ABCY, 9 pl (A+B)/ml of

rabbit Wako Chemicals GmbH, BSA/TBS, overnight, 4°C 1:200in 1.5% goat 1.5% goat serum/1%

Neuss, Germany

serum/1% BSA/TBS,
30min, RT

BSA/TBS, 30 min, RT

ABC, avidin-biotin complex; BSA, bovine serum albumin; GFAR, glial fibrillary acid protein; Iba1, ionized calcium-binding adapter molecule 1; PAF, peroxidase anti-peroxidase; RT, room
temperature; TBS, tris-buffered saline.

aSwine anti-rabbit IgG, Z0196, Dako A/S, Glostrup, Denmark.

bMouse peroxidase-anti-peroxidase (PAP) antibodly, 223-005-024, Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA.
¢Biotinylated goat anti-rabbit IgG, BA 1000, Vector Laboratories Inc., Burlingame, CA, USA.
9Vectastin® ABC Kit peroxidase standard, PK-4000, Vector Laboratories Inc., Burlingame, CA, USA.

TABLE 2 | Morphologic criteria to grade astrocytic injury in the CNS of horses according to GFAP staining.

Severity of astrocytic alterations

Morphologic Non-altered Mild Moderate Severe
parameter
Apparent cellular No No or discrete Moderate Yes

proliferation

Nucleus

Cytoplasm
Processes?®

Grade

No alterations

Few mildly stained cells
Long, thin, well-ramified

0

Mild increase in volume

Mildly stained
Long, thin, well-ramified

Moderate increase in
volume

Moderately stained
Long, moderately thickened

Severe increase in volume,
binucleated cells
(gemistocytes)
Accentuated stain

Thickened, trespassing
other cells processes, glial
scar formation

3

CNS, central nervous system; GFAR, glial fibrillary acidic protein.

aProtoplasmic (in the gray matter, with numerous, shorter, and branched processes) and fibrous (in the white matter, with relatively few, long processes) astrocytes taken into consideration
according to Sofroniew and Vinters (5).

TABLE 3 | Morphologic criteria to grade microglial proliferation/invasion in the CNS of horses according to Ibat staining.

Severity of microgliosis

Morphologic Non-altered Mild Moderate Severe
parameter
Apparent cellular No No or discrete Moderate Yes

proliferation
Nucleus

Cytoplasm

Processes

Grade

No alterations

Few mildly stained cells

Long, thin, well-ramified

0

Mild increase in volume

Mildly stained

Long, thin, well-ramified

Moderate increase in
volume

Moderately stained

Long, moderately thickened
(bushy cells)

Severe increase in volume

Accentuated stain or
vacuolated (Gitter cell)
Thickened and/or
shortened, amoeboid
shape, bipolar (rod cells)
3

CNS, central nervous system; Ibal, ionized calcium-binding adapter molecule 1.

were discarded from the scoring system. On the other hand,
the pathological relevance of those cells was considered
for discussion.

Statistical Analysis
Statistical tests were conducted with the statistical program

packages BMDP/Dynamic Release 8.1 (Statistical Solutions Ltd.,
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Cork, Ireland) (25) and StatXact 9.0 (26). According to the IHC
quantitative and morphologic analysis, data were sorted with
each of the four CNS regions available. Mean values, standard
deviation, minima, maxima, and sample sizes were calculated
and tabulated from quantitative analysis. In the semiquantitative
variables, the data description was carried out by specifying the
medians, the quartiles (Q1 and Q3), and the smallest and largest
observations with the presentation in box and whisker plot.
Graphic illustrations were generated with MS Excel.

Statistical Analysis of the Number of Glial Fibrillary
Acidic Protein+ and lonized Calcium-Binding
Adapter Molecule 1+ Cells in Different Lesion Setups
Since the data included two repeated measurements per horse
(lesioned and non-lesioned area), a t-test for dependent samples
was conducted to determine if the mean number of GFAP+
and Ibal+ cells occurred differently between lesioned and
non-lesioned areas of each CNS region. In the next analysis
step, only the lesioned areas were kept in the data set. To
determine if the mean number of GFAP+ and Ibal+ cells was
significantly different with a different morphologic alteration
grade (inflammatory infiltration and degenerative lesions), the
Wilcoxon-Mann-Whitney test (WMWT) and the WMWT with
exact inference were applied. Statistical significance was assigned
asp < 0.05.

Statistical Analysis of Astrocytic and Microglial
Grades of Alteration in Different Lesion Setups

Due to the ordinal scale as well as the high number of tied
ranks in the data and the fact that data included two repeated
measurements per horse (lesioned and non-lesioned area), the
exact Wilcoxon signed-rank test was carried out. It was used
to determine if there are differences in the astrocytic/microglial
grade of lesioned and non-lesioned areas. To characterize the
association between the range of astrocytes/microglial cells
stained and the ordinally scaled astrogliosis/microgliosis grade,
Spearman’s rank correlation coeflicient was computed. Also,
statistical significance was assigned as p < 0.05.

RESULTS

Glial Fibrillary Acidic Protein

Immunohistochemistry

Morphologic Analysis

Morphologic alterations in astrocytes were compared with the
immunostaining observed in the respective brain areas from
four horses’ non-altered CNS. Normal astrocytes from these
controls were characterized by a light brown cytoplasmic GFAP
staining, surrounded by long and thin processes, while the
nucleus remained unstained (Figure 1, grade 0). Mild astrocytic
alterations were characterized by cells with a mildly enlarged
nucleus, with cytoplasm and processes still mildly stained
(Figure 1, grade 1). As opposed to that, in brain regions
presenting moderate (Figure 1, grade 2) and severe (Figure 1,
grade 3) astrocytic alterations, there were marked morphologic
alterations, such as nuclear enlargement and thickening of
processes, allied to stronger immunostaining and gemistocytes

observed in grade 3 (horses 4 and 29). In some cases of grade
3, the cellular nucleus appeared vacuolated (Figure 1, midbrain).
However, in the spinal cord, none of the samples studied
displayed morphological alterations compatible with grade 3.
The range of GFAP+ cells found in each grade of alteration is
demonstrated in Figure 1.

Regarding a possible pathological relation, for cases with
inflammation (28/35), 14/28 had a viral infection, which
displayed mostly mild-to-moderate astrocytic alterations (10/14),
followed by severe alterations in 4/14. There were moderate
alterations in protoplasmic and fibrous astrocytes of all
cases of parasitic infections, while cases of local ganglion
inflammation had mild astrocytic alterations in the CNS. Cases
suggestive of bacterial neurotoxin lesions were represented by
inflammatory and degenerative lesions, presenting all alteration
grades. Traumatic degenerative lesions and unknown infectious
pathogens causing degeneration presented moderate alterations
(Figure 1).

Determination of the Number of Glial Fibrillary Acidic

Protein+ Cells in Different Lesion Setups

The t-test for dependent samples showed a statistically
significantly higher number of GFAP+ cells in lesioned areas
than in non-lesioned areas from all four CNS regions of all 35
horses investigated, namely, the forebrain [¢,4y = 6.3, p < 0.001],
midbrain [¢(;3) = 4.22, p = 0.001], cerebellum [t(;) = 5.26, p <
0.001], and spinal cord [t(;;) = 11.01, p < 0.001] (Figure 2A).
The median number of GFAP+ cells among the 35 horses was
also higher in inflammatory lesions (median = 70.4) than in
degenerative lesions (median = 37.8) in the midbrain (U = 38.5,
p < 0.05), demonstrated with the WMWT (Figure 2B).

Comparison of Astrocytic Grades of Alteration in
Different Lesion Setups

The Wilcoxon signed-rank test indicated that lesioned areas
presented statistically significantly higher grades of morphologic
alteration than non-lesioned areas in all CNS regions (p < 0.001)
in general in all 35 cases (Figure 3A). The WMWT with exact
inference demonstrated that the grade of astroglial activation
was not statistically significantly different between inflammatory
and degenerative lesions (p > 0.05) (Figure 3B). Spearman’s
rank correlation coefficient revealed that there was, in general, a
positive correlation between the increase in the mean of GFAP+
cells and the increase in grade of astrocytic activation in lesioned
brain areas (Figure 3C). Stronger correlations were observed in
the forebrain and midbrain regions. Mid-scale grades like 1.5
and 2.5 were also observed and could indicate the continuous
morphological changes in the tissue, with different stages of
alteration in the same area.

lonized Calcium-Binding Adapter Molecule

1 Immunohistochemistry

Morphologic Analysis

Ibal demonstrated resting microglia in the CNS in the four non-
altered controls and 6/35 cases (Figure 4, grade 0). Microglia
cells were scattered and light-stained, with ramified cytoplasm
and oval to elongated or bean-shaped nuclei. Mild microglial
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Grade 0 Grade 1 Grade 2 Grade 3
GFAP+/200x 0-30cells 16 — 60 cells 40— 100 cells > 77 cells
Forebrain
Midbrain
Cerebellum

Spinal cord

GFAR, glial fibrillary acidic protein; CNS, central nervous system. Scale bar: 50 pm.

FIGURE 1 | Immunohistochemical demonstration of GFAP in the CNS of horses. Grades of astrocytic alterations were established through quantitative and
morphological analysis of GFAP+ cells. DAB, x200 magnification. Spinal cord sections available for the study had no severe alterations (grade 3). gr, granular layer;

alterations were associated with a slight thickening of cellular
processes and nucleus rounding. In these cases, a mildly darker
cytoplasm was also observed (Figure 4, grade 1). For moderate
alterations, microglia cells had “bushy” features, but most of
the cells still presented ramifications (Figure 4, grade 2). On
the other hand, severely altered Ibal+ cells had retracted
ramifications, and the cells had an amoeboid shape and were
deeply stained (Figure 4, grade 3). Morphology compatible with
Gitter cells was demonstrated by cells with bulky cytoplasm

strongly stained on the borders, decreasing in intensity when
reaching the cell center, while the nucleus, when visible, was
unstained (Figure 4, grade 3, forebrain). In general, in grade 3
of alteration, it was impossible to differentiate microglia from
macrophages recruited from the periphery when they were
amidst the tissue; in some cases, groups of densely packed Ibal+
cells were seen within vessels, also in grade 3 tissues.

Regarding the pathology associated with the cases studied,
most of the viral infections presented at least one region of the
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CNS with mild microglial activation (12/14 cases). This mild
activation was accompanied by resting microglia (6/12) or by
grade 2 microglia (2/12). There was one case with moderate
microglial activation (horse 29) and another one with severe
alterations (horse 27) (Supplementary Material 1). For parasitic
infections, there were two distinctive stages: in 3/6 cases that
were characterized with mild inflammatory lesions, there was
also mild microgliosis, while in the other 3/6 cases with severe
inflammatory lesions, microgliosis ranged from moderate to
severe. Cases of local ganglion inflammation presented only
resting microglia in the CNS. Similarly, 3/6 cases suggested to
have suffered from bacterial neurotoxins showed non-altered
microglia, while the other 3/6 had grade 1 alterations. Traumatic
degenerative lesions and unknown infectious pathogens causing
degeneration presented moderate-to-severe and mild microglial
activation, respectively.

Additionally, microglial nodules were present in 7/35 cases—
five with a viral infection and two with parasitic infection
(protozoa)—formed by large and compact groups of strongly
stained cells (Figure 5A). Ibal+ cells were also demonstrated
accompanying satellite cells around neurons and/or during
neuronophagia in 18/35 cases (Figures 5B,C). These features
were observed in 11/14 cases of viral infection, 1/4 case of an
unknown pathogen, 5/6 cases of parasitic infection, and 1/6 cases
of suggested bacterial toxic infection.

Determination of the Number of lonized
Calcium-Binding Adapter Molecule 1+ Cells in
Different Lesion Setups

The t-test for dependent samples showed that there was a
statistically significantly higher mean of Ibal+ cells in the
lesioned areas from forebrain [t(,4) = 3.87, p = 0.007], midbrain
[ta3) = 3.31, p = 0.0056], and spinal cord [ty = 3.02, p =

0.0065] than in non-lesioned areas, but there was no statistical
difference in cerebellum [t(;;) = 1.25, p = 0.2365] (Figure 6A).
The WMWT indicated that the median of Ibal+ cells was higher
in inflammatory lesions (median = 32) than in degenerative
lesions (median = 9.4) only in the midbrain (U = 39.5, p =
0.0230) (Figure 6B). From the pathogenetic view, this could
indicate a shift toward lesions caused by viruses and parasites and
a possible tropism for this brain area.

Comparison of Microglial Grades of Alteration in
Different Lesion Setups

The Wilcoxon signed-rank test indicated that lesioned areas also
presented statistically significant higher morphologic alteration
grades than non-lesioned areas (p < 0.001) in the midbrain (p =
0.0020) and spinal cord (p < 0.001), but not in the cerebellum
(p = 0.5313) (Figure 7A). The WMWT with exact inference
demonstrated that the microgliosis grade of inflammatory lesions
in the midbrain was statistically significantly higher than that of
degenerative lesions (p = 0.0070) (Figure 7B). In the spinal cord
sections, the inflammatory lesions also showed higher activation
grades, but this difference did not reach statistical significance.
Spearman’s rank correlation coefficient revealed that there was
generally a positive relationship between the increase in the
mean of Ibal+ cells and the increase in the grade of microglial
activation in the lesioned areas of the CNS (Figure 7C). Mid-
scale grades like 1.5 and 2.5 were also observed and could indicate
continuous morphological changes in the tissue, with different
stages of alteration in the same area.

DISCUSSION

Like humans, horses are susceptible to neurotropic and
neuroinvasive pathogens that are not always readily identified
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in histological sections. Instead, alterations in astrocytes and
microglia cells can be used as pathological hallmarks of injured
nervous tissue in a variety of infectious and degenerative
diseases (7). However, equine glial cell alterations are yet
poorly characterized. Studies that demonstrate astrocytic and
microglial activation in the CNS of horses have so far focused
on describing morphological alterations associated with a known
disease/alteration (2, 4).

Therefore, in this study, quantitative and morphological
profiles of astrocytes and microglia of horses were translated into
a scoring system, which was statistically verified using 35 cases
of encephalitis/encephalopathies and four non-altered controls.
This scoring system could also help to identify alterations
undergone by glial cells when an etiology is undetermined, using
the vastly used IHC markers GFAP and Ibal. Furthermore, recent
studies with machine learning methods could benefit from this
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score, as it would provide a morphological template of different
stages of alteration to complement quantification algorithms
(12, 13).

Immunohistochemical Demonstration of

Equine Astrocytes

In this study, normal astrocytes (grade 0) appeared as staining
in a range of 0 to 30 astrocytes/x200 magnification that were
well-ramified with minimal contact between cells and tightly
connected with blood vessels as also described in the spinal cord

of horses by Meneses et al. (27) and in fibrous astrocytes from
the cerebral cortex in control horses from Regina et al. (28).
Studies in other animal species describe a similar morphology
in non-altered CNS of dogs (29), mice (30), and rats (31),
but cattle have a higher number of GFAP+ cells and non-
altered astrocytes approximate morphologically to our grade
1 for horses (32). Limited or no proliferation of astrocytes
was observed in mouse models of Alzheimer’s disease and
amyotrophic lateral sclerosis (33-35). In mild astrogliosis (grade
1), slight astrocytic morphologic alterations consisted of mild
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FIGURE 5 | Immunohistochemical demonstration of Ibai in the CNS of
horses. Morphologic alterations of microglia in the spinal cord of horse 1. (A)
Microglia nodule. (B) Iba1+ cells surrounding a neuron. (C) Neuronophagia is
demonstrated by densely packed Iba1+ cells around and over a neuron. DAB,
x400 high-power field. Scale bar: 25 um. Ibat, ionized calcium-binding
adapter molecule 1; CNS, central nervous system.

nuclear enlargement and an apparent increase in positive cells,
ranging from 16 to 60/x200 magnification. These features were
also described by Campos et al. (36) and de Sousa et al.
(37) in the astrocytes from horses infected with the arbovirus
Eastern equine encephalitis virus (EEEV) and match with the
findings in this study in horses 24-27 and 32. There were
mild alterations also in the rabies virus case (horse 2), with
a comparable number and morphology of astrocytes found at
the beginning of the infection demonstrated in the spinal cord
of mice (38). Although there are no reports on grading from
equine astrocytes in the literature, some authors described at

least the increase in the number of GFAP+ cells in lesioned
brain areas compared with normal horse brains (2, 4) or in
studies about canine visceral leishmaniasis (39), canine distemper
disease (40), and rhesus macaques with neurobrucellosis (41).
Mild astrocytic activation was also observed in at least one non-
altered region of the CNS of cases with degenerative lesions
(like in horses 12, 14, 16, 17, and 28), associated with more
severe alterations in other brain areas. This feature was already
reported in neurotoxic events induced by mycotic, plant, and
botulinum toxins, and uremic/hepatic encephalopathy (42-46).
In moderate astrogliosis (grade 2), there were 40 to 100 GFAP+
cells/x200 magnification, accompanied by a more prominent
cellular hypertrophy, and astrocytic processes overlapped. With
this configuration, suggested parasitic infections like those
displayed by horses 1, 9, 18, 19, 20, and 22 are supported by
the findings demonstrated in mice experimentally infected with
Toxocara canis (47, 48) and pigs with neurocysticercosis (49).
On the other hand, Lemos and Alessi (28) found that astrocytes
from horses suffering from leucoencephalomalacia displayed
morphological alterations compatible with our grade 2, but with
fewer GFAP+ cells. These findings justify the importance to
address morphological and quantitative alterations of astrocytes
in different pathological settings. Severe astrogliosis (grade 3)
was associated with pronounced GFAP immunostaining and
more than 77 GFAP+ astrocytes/x200 magnification with
severe alterations. Like in severe human astrogliosis, there was
pronounced cellular hypertrophy of the cell body and processes
in horses. There was substantial intermingling and overlapping
of neighboring astrocyte processes with blurring and disruption
of individual astrocyte domains, as described by Sofroniew and
Vinters (5). In the literature, this severe diffuse reaction pattern
is described in severe focal lesions, infections, and chronic
neurodegeneration (5). Comparably, all horses with grade 3
astrogliosis also had some degree of inflammatory lesions that
were caused by a virus (horses 4, 24, 27, and 33) or a toxin
(horse 11). Occasionally, gemistocytes were seen in the forebrain
of horse 4 and midbrain of horse 29, which occur when there
is lethal injury toward astrocytes, and in these cases, they were
associated with arbovirus infections (16, 40). Upon a flaviviral
infection, highly activated astrocytes increase their production
of GFAP, which, combined with the release of inflammatory
cytokines and chemokines by other components of the CNS,
can lead to a severe course of the disease with a higher fatality
rate (50, 51). Moreover, differences in protoplasmic and fibrous
astrocytes were not explored at length since most of the lesions
were observed in the gray matter. When present, lesions in the
white matter were associated with cases of protozoan infections
in the spinal cord (grade 2) and degenerative myelopathies (grade
2), similar to the cases of equine back pain from Mayaki et al. (52).

The statistical analysis carried out with the equine samples
supported the morphological astrocytic alterations translated
into the scoring system established. Correlation tests indicated
that lesioned areas have a higher number (p < 0.05) of GFAP+
astrocytes than non-lesioned areas and higher astrocytic
alteration grades, independently of an inflammatory or
degenerative lesion that triggered the response. The positive
correlation obtained with a Spearman’s rank correlation
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coefficient showed that the astrogliosis grades were correctly
designated, as the higher the number of GFAP+ cells, the more
severe were the morphological alterations.

The statistical model established for equine samples addressed
some of the missing aspects regarding astrocytic reactions in
horses. As observed in humans, astrogliosis in horses occurs in
a spectrum of heterogeneous changes, translated into alteration
grades (grades 1, 2, and 3) in this study. Besides, astrogliosis
is widely used as a hallmark of diseased CNS tissue, thus the
correct designation of morphologic and quantitative astrocytic
alterations, which were missing for horses, can also help to relate
certain pathogens/conditions in unresolved cases of encephalitis
and encephalopathies.

Immunohistochemical Demonstration of

Equine Microglia Cells

Resting microglia (grade 0) were characterized by faintly
stained cells that exhibited ramified and slender processes,
with inconspicuous, small, hyperchromatic, and wedge-shaped
nucleus, also observed by other authors (1). Resting microglia
were found in all four non-altered equine brains used as
controls, in non-lesioned areas bordering lesions, and in CNS
regions completely lesion-free (but in cases with alterations in
other sections). A similar morphology of resting microglia was
described in early studies of microglia features (23), in mice
(30), and the equine non-altered controls from an experimental
study with Trypanosoma evansi infection (2). A mild microglial
activation (grade 1) was characterized by a range of 6 to 30 Ibal+
cells/x 200 magnification, and the morphological alterations were
discrete, inclined to the beginning of cellular processes retraction.
Grade 1 was the highest alteration observed in 17/35 cases,
and although there are no reports of solely mild microgliosis
as the main microglial alteration in horses, resting microglia
are progressively activated in traumatic injuries, ischemic stroke,

demyelination, and neurodegenerative diseases (53). In the four
cases described as flaviviral infection (horses 3 to 6), this
pattern was also observed and could indicate a delay in the
immunological answer of microglia cells toward these pathogens
(54). Flaviviruses, among other viruses, might invade the CNS
through Trojan horse mechanisms, remain undetected by the
host immune system for a longer period, and cause further
neurological alterations (54). In other 4/35 cases (horses 10,
24, 26, and 27), this mild activation was associated with more
severe grades in other CNS regions. In the moderate level of
activation (grade 2) observed in 5/35 cases (horses 15, 23, 24,
26, and 29), a range of 17 to 60 cells/x200 magnification were
demonstrated with distinguishable cellular processes retraction,
and a general hypertrophic reaction with an increased number
of Ibal+ cells, also described by other studies (16, 53, 55).
Grade 3 microglia activation was observed in 7/35 cases and
was associated with Gitter cell occurrence. These bulky cells,
peripherally stained with Ibal, were observed concurrently with
other smaller, densely packed, and intensely stained microglia.
These activated smaller cells were also seen within vessels, a
sign of peripheral migration of monocytes as reported in severe
microgliosis associated with blood-brain barrier damage in
experimental autoimmune encephalomyelitis (14). Furthermore,
Gitter cells were observed within brain areas of horses displaying
inflammatory lesions caused by parasites (horses 1, 9, and 22),
viruses (horses 7 and 27), and toxins (horse 10) and in a case
with degenerative spinal cord of unknown origin (horse 8).
Other studies that assessed equine microglia demonstrated these
highly activated cells in lesions produced in equine protozoan
myeloencephalitis (2, 56, 57), by Halicephalobus gingivalis
(58), rabies virus (59), Trema micrantha intoxication (60),
and leucoencephalomalacia by mycotoxicosis (44). Furthermore,
moderate-to-severe microgliosis was statistically associated with
inflammation in the midbrain, with a tendency to occur in
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FIGURE 7 | Analysis of Iba1 immunohistochemistry for microgliosis grade in the CNS of horses. (A) Wilcoxon signed-rank test demonstrated that there was also an
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that microglial alteration grades were statistically significantly higher in inflammatory lesions of the midbrain compared with reactive/degenerative lesions. “*p < 0.01.
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viral (horses 24, 27, and 29) and parasitic infections (horse 22).  grade. Cerebellum sections were underrepresented in the study,
This feature could indicate a tropism from the pathogen to this ~ which could have influenced the statistical analysis’s lack of
brain area. correlation. The positive correlation obtained with a Spearman’s

The statistical analysis also supported the morphological  rank correlation coefficient showed that the microglia activation
aspects attributed to the scoring system. Correlation tests  grades were correctly designated, as the higher the number of
indicated that lesioned areas from the forebrain, midbrain, and  Ibal+ cells, the more severe were the morphological alterations.
spinal cord have a higher number (p < 0.05) of Ibal+ cells Other interesting features of microglial activation in the CNS
than non-lesioned areas, as well as higher microglial activation  of horses and that could help assess an etiology underlying
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the alterations observed are microglial nodules; observed in
7135 cases that presented non-suppurative encephalitis. It is still
debatable if different pathogens (viruses vs. parasites) induce
different glial reaction patterns. However, we confirmed in our
study the predominance of microglial nodule formation by viral
infections in horses (in 5/7 cases) (4, 59, 61, 62). For the other two
cases (horses 1 and 9), a protozoal infection was detected, and the
nodule formation could indicate the persistence of neurophagic
sites (63). Furthermore, neuronophagia was commonly observed
among the cases studied (18/35), with no predominance for
an activation grade. However, there was a strong tendency to
occur in samples with inflammation, as a feature of many viral
infections (16). Additionally, reactive microglia also develop
into rod cells, a bipolar ramified configuration. Again, these are
most commonly seen in neurotropic viral diseases, like Borna
disease in horses (16), but are also reported in human cases
of subacute sclerosing panencephalitis, Alzheimer’s disease, and
Wilson’s disease (64) and in horses experimentally infected with
T. evansi (2). Although their function is not entirely understood,
they are observed when there is diffuse brain injury (11, 65),
going along with the extensive and severe lesions observed in
tissues from horses 1 and 22 in this study.

CONCLUSIONS

The statistical model established in this study addressed some of
the missing aspects regarding astrocytic and microglial reactions
in horses. Like observed in humans, these alterations occur in a
spectrum of heterogeneous changes, here translated into grades
1, 2, and 3. Also, astrogliosis and microgliosis are widely used
as a hallmark of diseased CNS tissue, and therefore, the correct
designation of morphologic and quantitative alterations, which
were missing for horses, can also help to relate certain etiologies
in unresolved cases of encephalitis and encephalopathies.
Moreover, this study can serve as a template for studies in
segments of artificial intelligence to quantify glial cells. On the
other hand, the lack of complete CNS sets in all cases can be a
limitation if a profound assessment of the alterations undergone
by each etiology is sought. However, on a routine basis in
diagnostics, pathologists hardly have all CNS areas available, and
the center of interest for investigation is sections with lesions,
which were well-represented in the study.
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