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Abstract: We previously demonstrated, using the Piry virus model, that environmental enrichment
promotes higher T-cell infiltration, fewer microglial changes, and faster central nervous system (CNS)
virus clearance in adult mice. However, little is known about disease progression, behavioral changes,
CNS cytokine concentration, and neuropathology in limbic encephalitis in experimental models.
Using Cocal virus, we infected C57Bl6 adult mice and studied the neuroanatomical distribution
of viral antigens in correlation with the microglial morphological response, measured the CNS
cytokine concentration, and assessed behavioral changes. C57B16 adult mice were maintained in an
impoverished environment (IE) or enriched environment (EE) for four months and then subjected to
the open field test. Afterwards, an equal volume of normal or virus-infected brain homogenate was
nasally instilled. The brains were processed to detect viral antigens and microglial morphological
changes using selective immunolabeling. We demonstrated earlier significant weight loss and
higher mortality in IE mice. Additionally, behavioral analysis revealed a significant influence of the
environment on locomotor and exploratory activity that was associated with less neuroinvasion and
a reduced microglial response. Thus, environmental enrichment was associated with a more effective
immune response in a mouse model of limbic encephalitis, allowing faster viral clearance/decreased
viral dissemination, reduced disease progression, and less CNS damage.

Keywords: limbic encephalitis; Cocal virus; environmental enrichment

1. Introduction

Viral encephalitis is considered a medical emergency characterized by inflamma-
tory processes in the cerebral parenchyma associated with clinical signs of loss of brain
function and significant morbidity and mortality [1]. Some neurotropic viruses, such
as human herpesvirus (HHV)-1, HHV-6, and HHV-7, may cause limbic encephalitis
in immunocompetent and immunocompromised patients [2-5]. According to the En-
cephalitis Society, limbic encephalitis is characterized by inflammation and malfunc-
tion in the limbic areas of the brain, including the hippocampus and amygdala (https:
/ /www.encephalitis.info/limbic-encephalitis). The olfactory system is connected to the
limbic system and is often the gateway for some central nervous system (CNS) neurotropic
viruses [6,7].

Cocal virus belongs to the family Rhabdoviridae and the genus Vesiculovirus (https:
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/ /talk.ictvonline.org/taxonomy/). It is considered one of the serotypes of vesicular stom-
atitis virus (VSV) [8]. Cocal virus is important for veterinary public health, as it is one of
the causal agents of vesicular stomatitis [9]. Infection in humans may be asymptomatic or
accompanied by myalgia, headache, and fever, which are cured within three to five days
without complications [10]. However, Chandipura Vesiculovirus-associated encephali-
tis has been reported in India [11]. VSV encephalitis can be experimentally induced by
intranasal inoculation in mice [12-15], causing an initial infection of olfactory receptor
neurons [16] and olfactory bulb neurons followed by acute infection of other CNS re-
gions [17,18]. VSV reaches its highest CNS concentration around the 7th/8th day after
infection and is directly related to animal mortality. In mice that survive until day 12
post-inoculation, the virus is completely eliminated without apparent CNS damage [18,19].

Our previous study using newborn mice inoculated intranasally with Cocal virus
described acute infection followed by death one day after inoculation [20]. We also demon-
strated acute encephalitis that culminates in death 6-7 days after viral inoculation in adult
BALB/c mice inoculated intranasally with this virus [21] (unpublished results). Clinical
signs of the disease include classic symptoms of sickness behavior commonly triggered
by the production of proinflammatory cytokines [22]. Normal and undernourished mice
inoculated orally or intraperitoneally with Cocal virus show panencephalitis and acute
poliomyelitis [23]. In adult BALB/c mice, sickness behavior signs include ruffled fur, spinal
curvature, circular movement, and hind paw paralysis [21].

Reactive gliosis is characterized by a change in glial cell morphology accompanied by
increased motility, phagocytic activity, and release of inflammatory mediators that may be
involved in both neuroprotection and neurodegeneration [24-29]. Intranasal inoculation
of VSV in mice results in severe encephalitis with rapid activation of microglia. After
activation, glial cells assume effector immune functions that the include expression of the
main histocompatibility complex (MHC) molecules and the production of inflammatory
mediators such as cytokines [14,30,31]. Activated microglia may release proinflammatory
cytokines, including tumor necrosis factor (TNF)-«, interleukin (IL)-1§3, IL-6, IL-8, IL-12,
and interferons (IFN) type I and II [31,32], modulatory cytokines, such as IL-12 and IL-15,
and anti-inflammatory cytokines, such as IL-10 [33].

Environmental enrichment consists of a combination of physical exercise, social stim-
uli, and interactions with objects that are periodically replaced or displaced [34]. An
enriched environment (EE) and exercise promote beneficial effects on health across the
lifespan by acting synergistically on various biological systems, including the immune and
central nervous systems [35-39]. To investigate the potential influence of voluntary exercise
and visuospatial and cognitive stimulation on CNS damage caused by viral infection, we
infected adult mice, raised either in enriched or in impoverished cages, with neurotropic
viruses [40,41]. Animal models of viral infection have shown that exercise reduces mor-
bidity and mortality rates, inflammatory cytokine production, accelerates viral clearance,
decreases neuroinvasion, and reduces microglial cell activation during encephalitis [40].
However, environmental enrichment can generate an exacerbated and sometimes fatal
inflammatory response in a mouse model of multiple DENV infections aggravated by
crossreactive antibodies [42,43]. In addition, sedentary-like mice from standard laboratory
cages and active murine models maintained in enriched cages exhibit different microglial
reactions and peripheral inflammation in response to systemic nonneurotropic infection
with the DENV1 virus [44].

In the present work, we induced limbic encephalitis in adult female mice using Cocal
virus and searched for evidence of neuroprotection exerted by environmental enrichment
by measuring risk assessment and locomotor activity in an open arena, cytokine produc-
tion, and the spatial distribution of viral antigens in limbic areas in correlation with the
corresponding microglial morphological response. Thus, environmental enrichment was
associated with reduced disease progression and less CNS damage in a mouse model of
limbic encephalitis.
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2. Materials and Methods
2.1. Biosafety and Ethical Standards

In the procedures that involved virus manipulation, adequate personal protective
equipment and a class II A2 biological safety cabinet were used. This study was submitted
and approved by the Ethics Committee for the Use of Animals (CEUA) of the Evandro
Chagas Institute under protocol CEUA No. 04/2015/CEUA/IEC/SVS/MS (8 April 2015).

2.2. Virus Strain

Cocal virus samples from strain BE AR 39377 originating from neonate BALB/c mice
were provided by the Evandro Chagas Institute Arbovirology and Hemorrhagic Fever Section.

2.3. Animals and Housing

Eight-week-old female C57Bl6 mice were obtained from the IEC Central Animal House.
The animals were maintained in two types of environments. The enriched environment was
characterized by mounted two-floor iron and metal wire cages measuring 100 x 50 x 50 cm,
equipped with toys of different shapes and sizes (running wheels, tunnels, and various
plastic, metal, or wood objects) and various colors, which were replaced or displaced every
15 days to stimulate exploratory activity. Water and food were offered on different floors
(food downstairs and water upstairs), imposing systematic travel to obtain them. After
virus inoculation, food and water were offered together on the ground floor to allow sick
mice to more easily access them. Each enriched cage housed 20 mice (125 cm?/animal).
The impoverished environment was characterized by plastic (standard laboratory) cages
(30 x 45 x 15 cm) without equipment or toys and with as little environmental stimuli as
possible. Each standard cage housed 10 mice (135 cm?/animal). The animals remained in
their respective environments until the beginning of the experiments 120 days later.

In the present work, we investigated the influence of the enriched environment on
the progression of limbic encephalitis induced with the Cocal virus, using the adult female
mouse model C57BL/6. Previous work using the Cocal virus model was done on BALB/c,
a strain with Th2 biased immune response [45]. Here, we selected the C57BL6 mouse strain
due to its Th1 biased immune response [46] and used adult females to avoid the highest
level of stress normally found in adult male mouse colonies [47].

2.4. Experimental Groups and Virus Inoculation

Six-month-old mice were organized into four groups: (1) The impoverished environ-
ment control (IEC) group; (2) the impoverished environment infected (IEI) group; (3) the
enriched environment control (EEC) group; and (4) the enriched environment infected
(EEI) group. The animals from the infected groups were inoculated intranasally with
0.02 mL of Cocal virus-infected brain homogenate suspension (MOI = 4). The suspension
was obtained by macerating mouse brains from viral stock in phosphate-buffered saline
(PBS) pH 7.2 and adding 0.75% BSA, 100 IU/mL penicillin, and 100 pg/mL streptomycin.
The control group animals were inoculated with the same volume of uninfected brain
homogenate suspension. See the experimental timeline in Figure 1.

2.5. Virus Titration

Quantification of viral loads in a subject maintained in impoverished environment
and another from enriched environment were performed by plaque assay [48]. Briefly, Vero
cell monolayers in six-well plates were incubated with 100 uL serial (log 10) dilutions of
the viral sample at 37 °C for 1 h under gentle shaking every 15 min. After this incubation
period, the medium containing non-adsorbed virus was replaced with semisolid culture
medium (3% carboxymethylcellulose in medium 199) supplemented with 2% fetal bovine
serum, 100 U/mL penicillin, and 100 pg/mL streptomycin. After 7 days at 37 °C, the cells
were fixed and stained with 0.1% cresyl violet solution, 30% ethanol, and 20% formaldehyde
in PBS, and the cell death zones (plaques) were counted. The viral titer was calculated by
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multiplying the number of plaques obtained from a given viral serial dilution and by the
dilution factor, and expressed in plaque forming units per milliliter (PFU/mL).

Timeline:

2 Virus infection

1 Animal groups

Animals were maintained either in an

impoverished (IE) or in an enriched

After 4 months in these cages, all subjects
received nasal instillation of 20 pl of Cocal
viral suspension (infected groups) or an
equal volume of saline (control groups).

environment (EE). Enriched cages contain
running wheels and toys of different colors é

and formats to increase voluntary

exercise and provide visuospatial
stimulation, whereas impoverished cages
were limited to rice straw and social
interactions.

=l

—

1.1 - Impoverished environment

3 Behavioral test

BEpen G

1.2 - Enriched environment

All animals were subjected to an

open area (open field) test 3 and 5
days post inoculation (dpi), and a

video camera was used to record

the behavior of the mice for 3
minutes. AnyMaze software was

apl/

used to analyze potential changes

4 Brain changes

The correlation of virus topographic neuroinvasion with the
spatial microglial morphological response in the infected brain
areas, the ultrastructural localization of bullet-shaped virus,
and cytokine production were analyzed 3 and 6 dpi.

in  locomotor
activity.

and

exploratory

Figure 1. Experimental timeline.

2.6. Open Field Test

The open field test was performed one day before inoculation (pre-infection), and
3 and 5 days after inoculation (dpi). The apparatus used in the test consisted of a white
wooden box (30 x 30 x 40 cm) with the floor divided into nine squares of 10 x 10 cm with
homogeneous illumination. Each animal was placed in the center of the arena and kept in
the apparatus for three minutes. A video camera connected to a computer was fixed two
meters above the apparatus and used to record each session for later analysis with AnyMaze
6.1 software (Stoelting). The following variables were analyzed: Distance traveled (m),
number of lines crossed, and immobility time (s). After each test, the apparatus was cleaned
with 70% ethanol to minimize olfactory cues. Twenty animals from each environment were
submitted to the test.

2.7. Clinical Signs

Ten animals from each group were used in this experiment. The animals from the
infected groups were observed twice a day for clinical signs of sickness behavior, including
ruffled fur, tremors, hunched posture, less exploratory activity, circular movement, and
weight loss. The body weights of all animals were assessed daily until the 15th dpi.
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2.8. Perfusion and Microtomy

The animals were sacrificed by anesthetic overdose (ketamine/xylazine (100 mg/kg
and 10 mg/kg, respectively, intraperitoneally) on the 3rd and 6th dpi, and intracardially
perfused with heparinized saline (0.8%) followed by fixative solution containing 4% nascent
formaldehyde and 0.05% glutaraldehyde in PHEM buffer (pH 7.2). After perfusion, the
brains of all animals were removed and cut (horizontal plane), and an anatomical series of
sections 80 um and 300 um thick were obtained for immunodetection and for transmission
electron microscopy using a vibratome (Microm HM650V vibrating microtome; Thermo
Scientific, Waltham, MA, USA) to generate systematic samples from all brain regions. Of the
total number of animals perfused per group (7 animals), five were used for immunostaining
of viral and iba-1 antigens, and two were processed for transmission electron microscopy.

2.9. Immunohistochemical Procedures

For immunostaining, a commercial immunoperoxidase kit (mouse-on-mouse (MOM),
Vector Laboratories) was used following the manufacturer’s instructions with some adap-
tations. The sections were washed with 0.1 M phosphate buffer (pH 7.2) and subjected
to antigen recovery in 0.2 M boric acid (pH 9.0) for 60 min at 70 °C. Subsequently, the
sections were permeabilized in phosphate-buffered saline (PBS) + Triton X-100 (5%), and
the nonspecific sites were blocked with the mouse IgG blocking reagent (MOM) mixed with
a protein concentrate solution from the MOM kit for 24 h. Subsequently, the sections were
immersed in a polyclonal anti-Cocal primary antibody solution (1:200) (the antibody were
provided by the Evandro Chagas Institute Arbovirology and Hemorrhagic Fever Section,
and had its specificity tested with hemagglutination inhibition and complement fixation
techniques) or in an anti-Ibal antibody solution (Wako®©, # 019-19741) diluted 1:500 in PBS
(pH 7.2) to label microglia for 72 h. After washing in PBS, the sections were incubated in
secondary antibodies and then in 3% hydrogen peroxide solution for 15 min. Finally, the
sections were incubated with ABC (avidin-biotin complex) solution (Vector Laboratories)
for 3 h. Primary antibody binding was visualized by a DAB/nickel/glucose oxidase proto-
col. The sections were mounted on slides with Entelan, coverslipped, analyzed under an
Axio Scope Al microscope (Carl Zeiss, Oberkochen, BW, Germany), and photographed
with an AxioCam 503 color digital camera (Carl Zeiss, Oberkochen, BW, Germany).

2.10. Procedures for Transmission Electron Microscopy Analysis

Brains sections (300 pm thick) containing the olfactory bulb and hippocampal fragments
were selected for processing and these refixed with glutaraldehyde (2.5%) in 0.1 M sodium
cacodylate buffer (CaCO), pH 7.2. Then, 5 mM calcium chloride (CaCl,) was added for
2 h. After washing, the material was postfixed with 1% osmium tetroxide (OsO,) with 0.8%
potassium ferrocyanide and 5 mM CaCl, in 0.1 M CaCO bulffer, pH 7.2, for 60 min at 10 °C.
Subsequently, the samples were stained with 2.5% uranyl acetate in 25% acetone at room
temperature. The samples were dehydrated with increasing concentrations of acetone (50%,
70%, 90% and three times with 100%) for 10 min each at room temperature. The fragments
were infiltrated with increasing concentrations of Epon diluted in acetone at ratios of 1:2
(8 h), 1:1 (12 h), 2:1 (12 h), and 3:1 (24 h) and with pure Epon (24 h), embedded in Epon
using silicone models, and polymerized in an oven at 60 °C for 48 h. Ultrathin sections (70
nm) were obtained with the aid of a Reichert Ultracut S ultramicrotome (Leica, Wetzlar, HE,
Germany) and collected on copper grids. After obtaining the sections, they were incubated
with 5% uranyl acetate in an oven at 60 °C for 20 min. After this period, the sections were
washed with distilled water and placed on a drop of lead citrate for two to three minutes [49].
The grids containing the sections were washed again, dried, analyzed under an EM900
transmission electron microscope (Carl Zeiss, Oberkochen, BW, Germany), and photographed
with a Megaview G3 digital camera (EMSIS GmbH, Muenster, NW, Germany).
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2.11. Cytokine Analysis Samples

The same 20 animals from each environment submitted to the open field test were
used to quantify cytokines. Control and infected animals from both environments were
euthanized on the 3rd and 6th dpi, and their brains were removed, macerated in 0.2 M
PHEM buffer (pH 6.9) at a ratio of 1:5 (w/v), and centrifuged for 15 min at 6000x g at 4 °C.
The supernatants were removed, transferred to microtubes, and frozen at —80 °C until use.

2.11.1. Flow Cytometry

The technique was performed as instructed by the manufacturer of the Cytometric
Bead Array (CBA)—Mouse inflammation kit (BD Biosciences New Jersey, NJ, USA). To
analyze the production of the cytokines IL-12p70, TNF-«, IFN-y, IL-6, IL-10, and monocyte
chemotactic protein (MCP)-1, adult mouse brain suspensions from the four experimental
groups were used. The samples were placed in properly labeled tubes containing corre-
sponding cytokine capture antibodies. They were then incubated for two hours, and then
each cytokine detection antibody was added and incubated for one hour. After this period,
the tubes containing the samples were analyzed with a BD FACSCanto II flow cytometer
(BD Bioscience, USA) using FACS DIVA software.

2.11.2. Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA was performed as instructed by the manufacturer of the Set Mouse ELISA kit
(BD Biosciences, USA). Analyses of the cytokines IL-1{3 and IL-12p40 were performed using
brain suspensions of animals belonging to all groups. First, 96-well plates were sensitized
with a cytokine-specific capture antibody following an appropriate buffer dilution curve,
and incubated overnight at 4 °C. The sensitized plates were washed with a solution
containing PBS and 0.05% Tween and then incubated with 200 pL of a blocking solution
composed of PBS and 10% fetal bovine serum (FBS) for one hour at room temperature. After
washing, the mouse brain suspensions were added and incubated for two hours at room
temperature. After this process, the plates were washed and incubated with biotinylated
antibody and peroxidase-bound streptavidin for one hour at room temperature. The
detection of the cytokine IL-1f3 requires that the detection antibody be added one hour
before the addition of the streptavidin/peroxidase conjugate and that it remains on the plate
with the samples for 30 min. The plates were washed and incubated with the chromogen
(TMB (tetramethylbenzidine)) for 15 min at room temperature and protected from light.
After incubation, the reaction was quenched with 2 N sulfuric acid (H2SO4) and analyzed
on a Model EL800 microplate reader (BioTek Instruments, Winooski, VT, USA) with a
450-nm filter (EMSIS GmbH, Muenster, NW, Germany).

2.12. Statistical Analysis

The survival curve was statistically evaluated with the Kaplan—-Meyer log rank test, and
significance was set at p < 0.05. Body weight progression was assessed using the Mann-Whitney
U test, with significance set at p < 0.05. The cytokine production results were statistically
analyzed using two-way ANOVA, Tukey’s multiple comparison test, with significance set at
p < 0.05. All statistical analyses were performed using GraphPad Prism 8 software.

3. Results
3.1. Environmental Enrichment Reduced Viral Antigen Dissemination

Ultrastructural analysis revealed Cocal virus particles in the olfactory bulb of IEI animals
on the 3rd dpi. The viral particles exhibited the characteristic morphology of Rhabdovirus
(bullet-shaped). On the other hand, no viral particles were found in the olfactory bulb of EEI
animals. In addition, the immunodetection of viral antigens was limited to IEI animals until
the 3rd dpi. However, we observed reactive microglial morphology in the olfactory bulb of
animals in both groups (Figure 2). No viral particles, viral antigens, and reactive microglial
morphology was observed in the control animals of both groups (Figure S1).



Viruses 2021, 13, 48 7 of 21

Cocal virus TEM

Microglia

Figure 2. Electron microscopy photomicrographs (A—-C) and low- and high-power optical photomicrographs (D-G,I) of the
olfactory bulb of IE control (A,D,G) and infected (B,C,E,F,H,I) mice on the 3rd dpi (day pre-infection). Note the absence
of cellular damage, viral antigens and reactive microglia in the control groups, respectively (A,D,G). Viral antigens were
detected in IEI animals, but absent in EEI animals (E,F). IEI and EEI mice showed reactive microglia (H,I). Viral particles
(the bullet-shaped particles indicated by the arrows) were clearly visible in IEI mice (B), but not in EEI mice (C). Scale bars:
(A-C), 500 nm; (D-F), 100 pm; (G-I), 50 um.

3.2. Environmental Enrichment Reduced Viral Dissemination and the Microglial
Morphological Response

Immunodetection of viral antigens demonstrated that the Cocal virus showed tropism
for CNS neurons, with detailed immunostaining of soma, dendrites, and axons. Viral
dissemination in animals maintained in the enriched environment (the EEI group) was
confirmed by a lower proportion of infected areas compared to that in animals maintained
in the impoverished environment (the IEI group). In addition, microglia from IEI mice
showed more reactive morphologies (amoeboid morphology) than those in corresponding
neuroanatomical areas in EEI mice.

The olfactory bulbs (right and left) of the infected animals from both groups showed
asymmetric immunolabeling at 6 dpi. In IEI animals, immunolabeled virus debris was
frequently detected (Figure 3B-D), whereas in the olfactory bulb of EEI subjects, a greater
amount of preserved tissue with normal neuronal morphology was observed (Figure 3]-L).
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IE - Control

Cocal virus

Microglia

Cocal virus

Microglia

Figure 3. Photomicrographs of histological sections of the olfactory bulb immunolabeled for viral antigens and Iba-1 at
6 dpi. Sections from impoverished (A,E) and enriched (I, M) environment control subjects showed the absence of viral
antigens and reactive microglia. Inmunodetection of viral antigens in the olfactory bulb of IEI (B-D) and EEI (J-L) animals.
Reactive microglia in the olfactory bulb of IEI (F-H) and EEI (N-P) animals. The yellow dashed rectangles indicate the
regions of the enlarged photos. Scale bars: (A,B,F,LJ,N), 200 um; (C,G,K,0), 100 um; (D,E,H,L,M,P), 50 um.

Increases in microglial cell body area and the shortening of microglial branches
were more common in the IEI mice (Figure 3F-H) than in the EEI mice (Figure 3N-P).
This abnormal morphology was characteristic of activated cells, whereas nonactivated
morphology was observed mainly in IEC and EEC mice (Figure 3E,M).

Viral antigens in the septum of the IEI (Figure 4B-D) and EEI (Figure 4J-L) animals
on the 6th dpi were concentrated closer to the midline, and there were a few scattered
foci of immunostaining in the lateral region. Apparently, the regions occupied by viral
antigens were surrounded by populations of microglia. In fact, it was observed that the
microglia were arranged around the medial region immunolabeled for viral antigens. Both
the presence of microglia around the region immunolabeled for viral antigens and reactive
microglia were more visible in IEI animals (Figure 4F-H) compared to EEI (Figure 4N,0),
IEC (Figure 4E), and EEC (Figure 4M) animals.
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Figure 4. Photomicrographs of sections of the septum of infected mice immunolabeled for viral antigens and Iba-1 at 6 dpi.

Viral antigens and reactive microglia were absent in animals from the IEC (A,E) and EEC (I, M) groups. Immunodetection

of viral antigens in the septum of IEI (B-D) and EEI (J-L) animals. Reactive microglia in the septum of IEI (F-H) and EEI

(N-P) animals. The yellow dashed rectangles indicate the regions of the enlarged photos. Scale bars: (A,B,F,1J,N), 200 pm;
(C,GK,0), 100 um; (D,EH,L,M,P), 50 um.

In the hippocampus of the IEI animals, we observed neuroinvasion of the CAl,
CA2, and CA3 regions, and the dentate gyrus at 6 dpi (Figure 5B-D). In contrast, in the
hippocampus of EEI subjects, sparse foci of viral antigen immunolabeling were found in
the gray matter of the CA2 region and the dentate gyrus (Figure 5]-L), but there was no
continuity of immunolabeling with the ventricle. The CA2 and CA3 pyramidal neurons
and the granular and polymorphic layer neurons showed conspicuous labeling. Similar to
the microglial distribution in the septum of the IEI animals, the hippocampal microglia
showed a redistribution around the Cocal virus-immunostained areas, exhibiting a clear
reactive phenotype (Figure 5F-H). These morphological features were not observed in the
hippocampus of EEI animals (Figure 5N-P).
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Figure 5. Photomicrographs of histological sections of the hippocampus of infected mice immunolabeled for viral antigens
and Iba-1 at 6 dpi. Viral antigens and reactive microglia were absent in animals from the IEC (A,E) and EEC (I, M) groups.
Immunodetection of viral antigens in the hippocampus of IEI (B-D) and EEI (J-L) animals. Reactive microglia in the
hippocampus of IEI (F-H) and EEI (N-P) animals. The yellow dashed rectangles indicate the regions of the enlarged photos.
Scale bars: (A,B,F,IJ,N), 200 um; (C,G,K,0), 100 um; (D,E,H,L,M,P), 50 pm.

At 6 dpi, spreading of Cocal virus immunolabeling was observed in the brainstems of
the IEI animals (Figure 6B-D), while the viral antigens in the EEI animals were restricted
to the vicinity of the ventricle (Figure 6J-L). Microglia with a highly reactive phenotype
and heterogeneous spatial distribution were observed in the brainstems of IEI animals
(Figure 6F-H). Compared with EEI animals, IEI animals showed an increase in the density
of microglia, suggesting microglial proliferation.
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Figure 6. Photomicrographs of brainstem sections of infected mice immunolabeled for Cocal virus antigens and Iba-1 at 6 dpi.
Viral antigens and reactive microglia were absent in the IEC (A,E) and EEC (I, M) groups. Inmunodetection of viral antigens in
the brainstems of infected IEI animals (B-D) and the absence of viral antigens in EEI animals (J,L). Reactive microglia in the
brainstems of IEI animal (F-H) and minimal microglia activation in EEI animals (N,P). The yellow dashed rectangles indicate
the regions of the enlarged photos. Scale bars: (A,B,F,1J,N), 200 um; (C,G,K,0), 100 pm; (D,E,H,L,M,P), 50 um.

3.3. Environmental Enrichment Reduced Virus Load in Brain Tissue

The PFU values (4.3 x 10° PFU/mL in the EEI animal compared to 3.8 x 10° PFU/mL in
the IEI animal) suggest a significant influence of the environment on virus load and indicates
that the enriched environment may be reducing virus load during Cocal virus-encephalitis.
Figure 7 illustrates plaques appearance for various dilutions of both IEI and EEL
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Impoverished Environment

Enriched Environment

Figure 7. Comparative pictures of plaque assays from an animal maintained in the impoverished environment and from
another maintained in enriched environment at the 6th dpi. Plaques were formed until 10~° dilution in IEI (A), whereas in
the EEI animal, plaques were formed until the 10~* dilution (B).

3.4. Environmental Enrichment Increased Mouse Survival after Cocal Virus-Induced Encephalitis

The animals from the impoverished and enriched environments were inoculated with
Cocal virus and observed daily for clinical signs, body weight, and survival until the
15th dpi. The main clinical signs observed were hunched posture, less exploratory activity,
circular movement, and death (Table 1). Control animals showed no clinical signs. IEI
animals died on the 7th dpi (n = 3/10), 8th dpi (n = 2/10), 9th dpi (n = 3/10), and 10th dpi
(n =1/10); a total of 10% of these animals survived. In contrast, EEI animals died on the
8th dpi (n =3/10), 9th dpi (n =2/10), and 11th dpi (n = 1/10); 40% of these animals survived
(Figure 8A). Survivors from both environments recovered from infection and showed no
obvious clinical signs at the end of the experiment on the 15th dpi. Similarly, the weight
loss curves showed, on average, significant loss in IEI animals one day earlier (6 dpi) than
significant loss in EEI animals (7 dpi) (Figure 8B). Survival curve and graphic representation
of weight losses as disease progresses showed significant differences between IEI and EEI
subjects when compared with respective controls. Notice that IEI individuals start to die
earlier than EEI, and at late stages of the disease the mortality in IEI was greater than that
of EEIL In addition, EEI reached the body weight of control mice earlier than IEL

Table 1. Number of IET and EEI animals showing clinical signs.

7 dpi 8 dpi 9 dpi 10 dpi 11 dpi 15 dpi
Clinical Sign.
IEI EEI 1EI EEI IEI EEI 1EI EEI IEI EEI 1EI EEI

Hunched 51‘ 5‘[‘ 41‘ 31‘ 11‘ 1‘[‘ _ 11‘ _ _ _ _

posture
Less explgratory 5t 5t 4t 3t 1t 1t B 1t B B B B

activity
Circular ot 5t _ _ B B _ _ B B B _

movement
Death 3 0 2 3 3 2 1 0 0 1 0 0
Survival 7 10 5 7 2 5 1 5 1 4 1 4
+

= Animals showing simultaneous clinical signs.
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Figure 8. Analysis of the survival and weight loss curves of infected mice maintained in an impoverished or in enriched
environment. (A) Kaplan-Meyer survival curve of IEI and EEI mice compared to their respective controls (IEC and EEC
mice). Log rank statistical test. p = 0.004 (**); p < 0.001 (***). (B) Mean body weight progression of IET and EEI mice compared
to their respective controls (IEC and EEC). Mann-Whitney U statistical test. p = 0.0122 (*); p = 0.0101 (*); p = 0.028 (*);
p =0.0115 (*); p = 0.0185 (*).

3.5. Exploratory Activity of Infected Subjects from an Impoverished Environment Was Altered by

Cocal Virus-Induced Encephalitis

After three minutes of exposure to the open arena on the 3rd and 5th dpi, the distance
traveled, the number of lines crossed, and immobility were evaluated. It was noted that the
distance traveled was significantly reduced in the IEI animals compared to the IEC animals
at 5 dpi. Note that EEC individuals, compared to IEC subjects, also showed a shorter
distance traveled on both the 3rd and 5th dpi (Figure 9A,B). As expected, the number of
lines crossed was significantly affected by environment and infection (Figure 9C). Relative
to that of the controls, the immobility of the IEI animals was increased at 5 dpi. Control
animals from the enriched environment also showed increased immobility compared to
that of the IEC controls on the 3rd dpi (Figure 9D).
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Figure 9. Analysis of the open field exploratory activity of subjects from impoverished and enriched environments on the
3rd and 5th dpi. (A) The distance traveled in meters (m). p = 0.0156 (*); p = 0.0298 (*); p = 0.0124 (*). (B) The trajectory and
heat map of an average animal from each group at 5 dpi, the blue and red dots represent the start and end of the route
traveled respectively. (C) The number of crossed lines. p = 0.0384 (*); p = 0.0233 (*); p = 0.0054 (**). (D) The immobility time
in seconds. p = 0.0034 (**); p = 0.0168 (*). Two-way ANOVA. Tukey’s multiple comparison posttest.

3.6. Environmental Enrichment Induced an Increase in IL-1B Production in Animals Infected with
Cocal Virus

Proinflammatory (INF-y, TNE, IL-6, IL-1f3, IL-12p70, IL-12p40, IL-23, and MCP-1)
and anti-inflammatory (IL-10 and TGF-f3) cytokines in the brains of animals that were
maintained either in an impoverished environment or in an enriched environment were
assessed at 3 and 6 dpi. The IEI and EEI animals showed a significant increase in the
production of the cytokines IL-6, IFN-y, IL-12p40, TNF, and MCP-1 at 6 dpi compared to
that of the IEC and EEC animals, and compared to that at 3 dpi (Figure 10A-E). Surprisingly,
the production of the cytokine IL-13 was significantly increased in EEI subjects at 6 dpi
compared to that in the corresponding control group, and compared to that at 3 dpi.
The significant influence of the environment on cytokine production was observed in
comparisons between the IEI and EEI animals (Figure 10F). No differences were observed
in the production of the cytokines IL-12p70 or IL-10 in any of the groups evaluated (Figure
S2).
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Figure 10. Analysis of cytokine production in the brains of mice from impoverished and enriched environments on the
3rd and 6th dpi. (A) IL-6. p = 0.0055 (**); p < 0.001 (***). (B) IFN-y. p < 0.001 (***). (C) IL-12p40. p = 0.0398 (*); p = 0.0031
(**); p < 0.001 (***). (D) MCP-1. p <0.001 (***). (E) TNE. p = 0.002 (**); p < 0.001 (***). (F) IL-1B. p = 0.0041 (***); p = 0.0013
(***). p = 0.0015 (***). Two-way ANOVA. Tukey’s multiple comparison posttest. Note that the reliable detection limit was
7 pg/mL for TNF, 52 pg/mL for MCP-1, and 2.5 pg/mL for IFN-y.

4. Discussion

In the present work, we tested the hypothesis that environmental enrichment can re-
duce brain damage caused by Cocal virus-induced limbic encephalitis in adult C57B16 mice
by detecting alterations in open field exploratory activity, the production of inflammatory
mediators, microglia, the spread of viral antigens, and survival rate. Limbic encephali-
tis was more severe in mice from the impoverished environment, suggesting less brain
damage in the animals maintained in the enriched environment.

4.1. Virus Neuroinvasion and Damage along Its Pathway
Viruses from different families can infect the CNS and cause distinct pathologies. Some

arboviruses, such as Dengue virus and Chandipura virus, are recognized for their ability to
infect central nervous system cells and cause encephalitis [11,50]. Viral entry into the CNS
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may occur via the hematogenous pathway [51] or the olfactory route [52], which is one of
the main pathways used for experimental Vesiculovirus infection [13,15,19,40,53,54]. After
the establishment of infection in the cerebral parenchyma, there was a concentration of viral
antigens in limbic areas, including the olfactory bulb, septum, and hippocampus. Viral
encephalitis affecting the limbic system is mainly related to infection with herpesvirus [3-5],
which uses the olfactory route as a gateway to the CNS [55]. Immunohistochemical and
molecular studies have shown herpesvirus in the olfactory bulb, olfactory and entorhinal
cortices, amygdala, and hippocampus in humans [56,57] and mice [58,59].

Here, we suggest that the main route of viral dissemination involves axoplasmic viral
transport through the limbic pathway and, to a lesser extent, the hematogenous pathway.
Through the axoplasmic pathway, the virus reaches the olfactory bulb, probably through
the olfactory nerves, and spreads through the olfactory pathway to the olfactory cortex,
septum, hippocampus, and dentate gyrus. From the olfactory cortex, the virus also spreads
to the entorhinal cortex and hippocampus (mainly the CA2 and CAS3 regions and the
dentate gyrus) through axonal projections. The hematogenous pathway is recognized by
the presence of viral antigen immunostaining in the third and fourth ventricles.

4.2. Influence of an Enriched Environment on Virus Neuroinvasion and the Microglial Response

A previous report [19] demonstrated that after intranasal VSV inoculation, the ol-
factory bulb is the first infected region, and that 12 h postinoculation, immunoreactivity
is already observed in the cortical parenchyma. Our results demonstrated both the im-
munolocalization of viral antigens and the presence of Cocal virus particles in the olfactory
bulb of mice exposed to an impoverished environment at 3 dpi, a finding that was not
observed in the subjects exposed to an enriched environment. Based on previous studies
that employed the influenza virus [60], it has been suggested that a reduction in viral load
may be associated with environmental enrichment. Although we did not evaluate viral
load in the present report, it seems reasonable to propose that a reduction in Cocal virus
load may occur in mice exposed to an enriched environment and that this may contribute
to its decreased dissemination in these subjects.

In response to CNS infection, microglia undergo changes in their morphology to adopt
an activated phenotype characterized by cellular hypertrophy, shortening of the branches,
reduced motility, and increased proliferation [24-29]. Microglial activation is considered a
marker of inflammation in the brain [61]. Some studies have demonstrated that microglial
activation may be related to the inhibition of viral replication [62,63], but activated mi-
croglia may also induce neurotoxicity [64], suggesting that these cells contribute to the
defense of the CNS, but may also be responsible for CNS damage [65]. Intranasal VSV
inoculation in adult mice induces brain tissue infection, resulting in CNS inflammation [31].
Experimental intranasal VSV infection of mice causes rapid microglial activation and prolif-
eration [14,30]. Microgliosis was observed from the fourth day of infection and occurred in
areas in which viral antigens were also present. Intranasal infection of mice with Piry virus
(a virus from the same group) induces morphological changes in microglia in the olfactory
pathway and in the hippocampal region [41], and a 2nd infection with virus associated with
ME? prion disease, a chronic neurodegenerative disease, induces an additional significant
increase in the number of these cells in association with increased activated microglial mor-
phology [66], suggesting that viral infection during chronic neurodegeneration exacerbates
the inflammatory microglial response.

However, the microglial inflammatory response is also influenced by environmental
enrichment. Indeed, voluntary exercise using running wheels, PVC tubes, and other toys
increases the expression of IBA1 (ionized calcium-binding adapter molecule 1) by microglia
in the dentate gyrus of rats [67]. In line with these findings, we previously demonstrated,
using Piry virus to induce encephalitis in a mouse model, that environmental enrichment
reduces viral neuroinvasion and microglial activation [40].
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4.3. Environmental Enrichment Reduced Weight Loss, Behavioral Abnormalities and Mortality

Experimental studies using intranasal VSV inoculation have already revealed that the
peak of viral replication coincides with the period in which animals begin to die, around
the 7th day of infection [18,19]. Here, we demonstrated that environmental enrichment
delayed the onset of animal death and reduced the mortality rate by 30%. Surviving
animals were followed up until 15 dpi, and all survivors recovered from infection, as
previously described with other virus species [18,19]. Similarly, weight loss was more
pronounced in the IEI group than in the EEI group. Weight loss during viral encephalitis
may be associated with viral replication [68] and/or the individual’s immune response [59].
In addition, severe clinical signs, including hunched posture, less exploratory activity, and
circular movement, may have made it difficult for the animals to access water and food,
leading to weight loss in the infected animals. It has been demonstrated that, in CD4+ and
CD8+ T-lymphocyte-depleted BALB/c mice inoculated intranasally with VSV, although
viral replication in CD4+ and CD8+ cells and the transsynaptic transport or ventricular
dissemination of these cells decrease [13], these events seems to contribute little to the
development of lesions associated with the natural cytopathic effect of the virus and glial
cell activation. However, B and T cell activities seem to be required for the survival of
mice infected with vesicular stomatitis virus [69]. Our results suggest that the decrease in
weight loss and mortality of animals exposed to the enriched environment may have been
associated with the reduction in viral spread and microglial reactivity presented by this
group of animals.

Since several studies have shown that CNS viral infections, especially those in which
viral antigens are found in the hippocampus, can interfere with hippocampal-dependent
tasks, including locomotion and exploratory activity, we used the open field test to assess
the potential influence of virus encephalitis on the exploratory activity and risk behavior of
the animals [40,58,70-73]. Previous studies by our team have shown that environmental
enrichment can reduce behavioral deficits associated with viral infection [40,54]. Infected
animals from the impoverished environment showed a significant reduction in locomotion
that may have been related to the intense viral spread, especially in the hippocampal
region, which was associated with intense microglial reactivity. Ref. [73] suggested that a
reduced distance traveled by control animals may reflect habituation and memory of the
environment.

The open field is a simple behavioral task that requires no previous learning and has
been shown to be extremely sensitive to immunological /inflammatory manipulations [74].
However, there are confounding effects on locomotor and exploratory activity measure-
ments on the open arena due to the combined effect of environmental influence and sickness
behavior. Indeed, it is not uncommon to find a reduction in exploratory activity with an
increase in immobility associated with control mice maintained in enriched environment.
Similarly, sickness behavior increases immobility response related to infection [75]. Thus, it
is difficult to distinguish behavioral abnormalities in the locomotor exploratory activity
in the open field test due to virus infection and environmental influence, and this is a
limitation of the present report.

The increase in cytokine production in the brain is commonly observed during neu-
rotropic virus infection [31,74]. Due to the higher intensity of neuronal infection in associa-
tion with strong microglial reactivity in the IEI animals, we expected to find an increase in
the production of proinflammatory cytokines compared to that in the EEI animals. Surpris-
ingly, only the production of IL-1§3 differed between the mice from different environments,
and the production of this cytokine was significantly higher in mice from the enriched
environment. IL-1f is a cytokine that can be produced by macrophages and glial cells
and is involved in many aspects of the immune response to infection, including immune
regulation of inflammation, adaptive response modulation, and antiviral action [74]. Be-
cause previous findings have demonstrated that the absence of IL-1p signaling results
in increased viral load and higher mortality in encephalitis in mice infected with mouse
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adenovirus type 1 [75], we suggest that the increase in IL-1p production in the EEI group
may explain the reduced mortality in the EEI group.

5. Conclusions

Environmental enrichment was associated with a more effective immune response
in a mouse model of limbic encephalitis, allowing faster viral clearance/decreased viral
dissemination, minimal microglial response, reduced disease progression, and less CNS
damage.

Supplementary Materials: The following are available online at https://www.mdpi.com/1999-4
915/13/1/48/s1, Figure S1: Electron microscopy photomicrographs (A) and low- and high-power
optical photomicrographs (B,C) of the olfactory bulb of EE control show absence of cellular damage,
viral antigens, and reactive microglia in the control groups, respectively (A-C). Figure S2: Analysis
of cytokine production in the brains of mice from impoverished and enriched environments on the
3rd and 6th dpi with no differences observed in the production of IL-12p70 or IL-10 in any of the
groups evaluated.
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