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ARTICLE INFO ABSTRACT

Keywords: Alzheimer’s disease is classified as a progressive disorder resulting from protein misfolding, also known as

VEEV proteinopathies. Proteinopathies include synucleinopathies triggered by misfolded amyloid a-synuclein, tauo-

TG83 . pathies triggered by misfolded tau, and amyloidopathies triggered by misfolded amyloid of which Alzheimer’s
Alphaerus X disease (B-amyloid) is most prevalent. Most neurodegenerative diseases (>90%) are not due to dominantly
Neuroinflammation

inherited genetic causes. Instead, it is thought that the risk for disease is a complicated interaction between
inherited and environmental risk factors that, with age, drive pathology that ultimately results in neuro-
degeneration and disease onset. Since it is increasingly appreciated that encephalitic viral infections can have
profoundly detrimental neurological consequences long after the acute infection has resolved, we tested the
hypothesis that viral encephalitis exacerbates the pathological profile of protein-misfolding diseases. Using a
robust, reproducible, and well-characterized mouse model for p-amyloidosis, Tg2576, we studied the contribu-
tion of alphavirus-induced encephalitis (TC-83 strain of VEEV to model alphavirus encephalitis viruses) on the
progression of neurodegenerative pathology. We longitudinally evaluated neurological, neurobehavioral, and
cognitive levels, followed by a post-mortem analysis of brain pathology focusing on neuroinflammation. We
found more severe cognitive deficits and brain pathology in Tg2576 mice inoculated with TC-83 than in their
mock controls. These data set the groundwork to investigate sporadic Alzheimer’s disease and treatment in-
terventions for this infectious disease risk factor.

Alzheimer’s disease

1. Introduction 1951; Rivas et al., 1997; Ronca et al., 2016) (see Schemes 1 and 2).

Evidence suggests infections with neurotropic pathogens, including

Alphaviruses are arthropod-transmitted, enveloped, positive-sense,
single-stranded RNA viruses segregated into Old or New World groups
(Peiris et al., 1994). Old World alphaviruses, such as Chikungunya,
O’nyong-nyong, and Ross River viruses, are commonly found in Europe,
Asia, Australia, and/or Africa and cause acute febrile illness followed by
arthralgia in animal and human hosts (Aguilar et al., 2011). New-world
alphaviruses, such as Venezuelan equine encephalitis (VEE), eastern
equine encephalitis (EEE), and western equine encephalitis (WEE) vi-
ruses, are spread within the Americas and result in up to 90% of survi-
vors exhibiting encephalitis and neurological sequelae (Mulder et al.,

alphaviruses, contribute to the development of neurodegenerative dis-
eases (Onisiforou and Spyrou, 2021). For example, WEEV infection in a
rodent model leads to glial cell activation and acute and chronic loss of
dopaminergic neurons in the substantia nigra pars compacta (Bantle
et al., 2019). Interestingly, phospho-serine129 a-synuclein positive,
proteinase K-resistant protein aggregates are also present, indicating
neurological sequelae and neuronal injury consistent with Parkinson’s
neurodegenerative phenotype (Bantle et al., 2019). In a mouse model of
VEEV encephalitis, mice displayed behavioral and neuropathological
phenotypes associated with several neurological disorders, including
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schizophrenia, Alzheimer’s disease (AD), and autism spectrum disorders
(Ronca et al., 2017). South and Central American outbreaks of VEEV
produce a highly virulent central nervous system (CNS) disease in horses
and other equines (Schoneboom et al., 2000). In humans, VEEV typically
leads to flu-like illness, ranging from mild to severe encephalitis and
neurological symptoms such as seizures, drowsiness, and confusion
(Weaver et al., 2004). Neurological complications may occur in 4-14%
of symptomatic cases (Gardner et al., 2008). VEEV can progress to a
neurological disease characterized by edema, meningitis, and conges-
tion due to mononuclear inflammatory infiltrates (Ehrenkranz and
Ventura, 1974). Similar symptoms have been found in preclinical rodent
models. For example, in the C3H/HeN mouse strain, primary clinical
indicators of VEEV TC-83 infection typically encompass weight loss,
hunching, and fluctuations in alertness/lethargy, culminating in mice
eventually progressing to a moribund state (Julander et al., 2008). It
infects neurons and glial cells in the CNS, promoting neurodegeneration
and potentially leading to permanent neurological sequelae during its
lymphotropic and neurotropic phases (Bocan et al., 2019; Gleiser et al.,
1962; Schoneboom et al., 2000). VEEV infection causes gliosis and
neuroinflammation, indicating indirect mechanisms of neuronal
degeneration, like neurotoxic mechanisms related to AD (Schoneboom
et al., 2000). Furthermore, increased and chronic production of
pro-inflammatory cytokines in the CNS results in neurological sequelae
and possible development of permanent neuronal damage and death.
VEEV neuropathology shares similarities with AD, a widespread
cognitive disorder of aging, including increased astrogliosis, glial nod-
ules, and pathological indicators of neuroinflammation including peri-
vascular cuffing (Nelson et al., 2012; Williams et al., 2023). Over the
past 25 years, progress within the aging and dementia research com-
munity has continued, identifying risk factors and characterizing AD’s
clinical and pathologic features (Tarawneh and Holtzman, 2012). Thus,
a reconceptualization of AD suggests a long asymptomatic phase during
which significant pathology starts to develop (e.g., amyloid accumula-
tion, synaptic damage) prior to potentially prodromal phase as well as
clinically symptomatic cognitive impairment (Sperling et al., 2011).
Sporadic (idiopathic) AD is slowly progressive and the most common
cause of dementia in those aged 65 and older making more than 90% of
the disease cases (Geschwind et al., 2007). In sporadic AD, genetic and
environmental risk factors contribute to impaired amyloid beta (Ap)
clearance and abnormal Ap accumulation in the brain, triggering the
pathophysiology of early AD, including synaptic dysfunction, synaptic
loss, and progressive memory deficits. Notwithstanding the role of aging
in AD, environmental risk factors are suspected but unproven in exac-
erbating the disease (Sochocka et al., 2017). Identifying causative agents
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and understanding AD etiology will be highly informative from a risk
assessment standpoint. Given that encephalitic viral infections can have
profoundly detrimental neurological consequences long after acute
infection has resolved, it is logical that encephalitic viral infections, such
as alphaviral infection, may exacerbate the onset and neuropathology of
AD. However, whether encephalitic viral infections provide a causative
link in initiating the development of AD remains unknown.

Here, we test if alphavirus encephalitis will exacerbate AD cognitive
deficits and Af related neuropathology in an animal model for Ap
amyloidosis. Although there are no current vaccines for VEEV in the
United States, a live-attenuated and formalin-inactivated version of
VEEV is used by the US military and laboratory workers (Stromberg
et al., 2020; K. Taylor, Kolokoltsova, Ronca, Estes and Paessler, 2017a).
TC-83, an attenuated VEEV strain, induces neurological sequelae in a
mouse model for VEEV neurological sequelae and allows researchers to
work at lower biocontainment level to study virus-induced behavioral
changes as well as CNS inflammation (K. Taylor, Kolokoltsova, Ronca,
Estes and Paessler, 2017b). Thus, utilizing the Tg2576 mouse, a pre-
clinical rodent model genetically programmed to overproduce Af, we
expect to exacerbate hippocampus-dependent memory impairments,
heightened neuroinflammation, gliosis, and neuropathology in parallel
to aberrant Ap accumulation, which is common between this model and
sporadic AD. Furthermore, the Tg2576 phenotype overlaps with
currently accepted biomarkers for early AD pathophysiology in humans.
Most importantly, the model exhibits progressive cognitive decline and
AD-like pathology. However, neither profound neuroinflammation nor
neurodegeneration is evident, suggesting that additional sequelae are
necessary to manifest the complete disease profile. We anticipate that
results from this study will support the infectious etiology hypothesis of
AD.

2. Material and methods
2.1. Cells, viruses, and biosafety

Vero E6 (ATCC® CRL-1586™) were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin. VEEV TC-83 stocks were
generated by growth in cell culture and viral titer of the stock was ob-
tained via plaque assay, as described previously (Paessler et al., 2008).
All work with infectious viruses was performed at the University of
Texas Medical Branch (UTMB) A/BSL-2 in accordance with institutional
health and safety guidelines and behavioral studies were conducted in
ABSL3 to access the equipment in that facility.
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Schematic 1. Experimental design. Wild-type (WT-B6SJL) and transgenic Tg2576 (B6SJL-Tg [APPSWE]), 3-month-old mice performed baseline SHIRPA exami-
nations 1 week prior to intranasal inoculation with VEEV TC-83 (10° PFU). During the acute phase of infection (0-8 days post-inoculation [dpi]), mice were weighed,
and temperatures were checked daily. At 1 and 6 mpi, SHIRPA was reevaluated. At 6 mpi, mice performed active avoidance training, immediately followed by
euthanasia and tissue collection for downstream biochemistry. WT saline (n = 8); WT VEEV TC-83 (n = 9); Tg2576 saline (n = 8); Tg2576 VEEV TC-83 (n = 8).
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2.2. Animal experiments

The mice, Tg2576, were bred in the UTMB Animal Care Facility by
mating heterozygous Tg2576 male with wild-type (WT, C57BL6/J x
SJL/J) F; female mice (The Jackson Laboratory). UTMB complies with
the U.S. Department of Agriculture Animal Welfare Act, the Guide for
the Care and Use of Laboratory Animals, and Institutional Animal Care
and Use Committee (IACUC)-approved protocols. Mice were housed (n
< 5/cage) with food and water ad libitum. All animal manipulations
were conducted during the lights-on phase (0700-1900). Prior to
intranasal inoculation, three month old WT male (n = 8), WT female (n
= 9), Tg2576 male (n = 10), and Tg2576 female (n = 6) mice were
anesthetized using isoflurane precisions variable-bypass vaporizer. As
soon as the mice lost consciousness and started to hyperventilate, they
were inoculated with 10® PFU VEEV TC-83 diluted in PBS, or PBS alone
as mock control in a total volume of 20 pl and were pipetted as intranasal
drops noninvasively to alternating nares until all 20 pl were delivered.
Mice were observed daily and weights/temperatures measured, during
the acute phase of infection, for signs of disease, until eight day post-
inoculation (dpi) and the mortality was checked daily throughout the
experiment. Standardized recording of death and clinical outcomes were
scored attributed to lethargy, reduced activity, development of dis-
coordination, ataxia, and/or paralysis. The sample size for sex were not
enough to stratify data based on sex, thus sex was collapsed for all
analysis.

2.3. General health assessment
A modified SHIRPA screen was used to analyze the general health of

each animal pre- and post-infection (Rogers et al.,, 1997).
Semi-quantitative measurements were performed to evaluate body
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position, spontaneous activity, respiratory rate, touch escape, transfer
arousal, gait, piloerection, visual placing, trunk curl, and fear (Table 1).
Semi-quantitative measurements were ranked on a scale from “zero” to
“three”, with “zero” being the lowest possible, “one” equating to less
than normal, “two” equating to normal, and “three” equating to hy-
peractive. Animals were transferred from their home cage to a Perspex
jar and allowed to acclimate for 5 min. Observation of body position was
scored based on whether the mouse was flat, prone, sitting/standing, or
repeatedly leaping. Respiratory rate was scored as irregular, shallow,
normal, or overactive. Additional observations included clinically
abnormal observations, including hunched-back and grooming behav-
iors. Following 5 min observation, mice were dropped into an open field
arena from approximately 30 cm above. Transfer arousal, also described
as movement type, was evaluated for coma-like, prolonged freeze,
momentary freeze followed by swift movement, or extremely excited.
Spontaneous activity was determined by observing the mouse during the
exploratory phase and evaluating whether the mouse movement was
immobile, slow, moderate, or vigorous. We evaluated piloerection on
whether the mouse coat was on end or not. The gait of the mouse was
assessed based on whether it was fluid but abnormal, limited, normal, or
incapacity. Next, we would approach the mouse with forceps and
evaluate whether the mouse attempted to escape touch based on
whether the mouse had no response, mild response, normal moderate
response, or vigorous attempts to escape. The mice were then lifted by
the tail with forceps, and visual placing was evaluated for absence before
vibrissae contact, at vibrissae contact, or a vigorous extension. Trunk
curl was determined to be absent, struggling, present, or too hyperactive
to perform. Lastly, the fear of the animal was observed and evaluated
based on whether the mouse would lightly freeze, moderately freeze, not
freeze, or was hyperactive to the new environment and the investigator
performing the assays. The assays were slightly modified but mostly
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Schematic 2. The graphical interactions between VEEV TC-83 and Alzheimer’s Disease (AD). VEEV TC-83 is associated with pro-inflammatory states, promoting the
secretion of cytokines such as IL-1p, IL-10, IFN-y, and TNF-a. This cascade of inflammatory responses can potentially lead to neuronal damage or dysfunction,
exacerbating the pathogenesis of AD. Moreover, VEEV TC-83 increases the risk for amyloid-beta plaque formation, a main hallmark observed in the brains of AD.
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Table 1
Modified SHIRPA evaluations and scores.
Categories Observations Responses Scores
Autonomic Function
Respiration Rate Overactive 3
Normal 2
Shallow 1
Irregular 0
Piloerection Normal 2
Coat was on end 1

Motor Behavior

Body position Overactive
Sitting/Standing
Prone
Flat
Gait Fluid but abnormal
Normal
Limited
Incapacity
Hyperactive
Present
Struggling
Absent

Trunk Curl

O R NWOHNWOHFNW

Reflex & Sensory Function
Visual Placing

Vigorous extension
Vibrissae contact
Before vibrissae contact
Absent

O = N W

Neuropsychiatric State
Spontaneous

Activity

Vigorous

Moderate

Limited

Immobile

Extremely excited

Freeze followed by swift movement
Prolonged freeze

Coma-like

Vigorous attempts to escape
Normal moderate response
Mild response

No response

Fear Hyperactive

Moderate freeze

Lightly freeze

No freeze

Transfer arousal

Touch escape

O NWOHNWOFEFNWOHHEDNW

performed as previously described (Lalonde et al., 2021; Rogers et al.,
2001; Zhang et al., 2016). We established baseline SHIRPA one week
prior to inoculation. Post-inoculation measurements were evaluated
beginning one month post-inoculation (mpi) through the end of the
study at 6 mpi (Schematic 1).

2.4. Active avoidance

Active avoidance testing was performed at 6 mpi, in WT and Tg2576,
saline inoculated and VEEV TC-83 inoculated male and female mice, to
evaluate their ability to learn using classic Pavlovian conditioning. The
mice were removed individually from their home cages and placed into
the Ugo Basile shuttle box, housed within biosafety cabinet. The mice
were stimulated with a sound (90-100 dB) and light (conditioned
stimulus) for 10 s. Mice not moving to the other chamber during the
conditioned stimulus received a shock (0.3 mA) for up to 4 s (uncon-
ditioned stimulus). The mouse was allowed to escape the shock during
these 4 s. Mice performed 30 trials consecutively for three days. The
number of avoidances, escapes, and the latency for avoidances and es-
capes were recorded. Mice that did not attempt to cross during the un-
conditioned stimulus five trials in a row were removed from the shuttle
box and did not perform additional trials that day.

2.5. RNA and protein extraction

At the conclusion of the study (6 mpi), mice were euthanized with
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carbon dioxide, followed by cervical dislocation. Brain was rapidly
extracted, flash-frozen in liquid nitrogen, and stored at —80 °C until
processing. Tissue was homogenized using the TissueLyser II (Qiagen)
for 60 s at a speed of 3 m/s in 200-500 pL ice-cold homogenization/
extraction buffer (20 mM HEPES, 200 mM NaCl, 1 mM EDTA, 1 mM
DTT, 10 pL/mL phosphatase inhibitor cocktail 2 [Sigma, Cat #P5726],
10 pL/mL phosphatase inhibitor cocktail 3 [Sigma, Cat #P0044], RNase
inhibitor). Homogenized samples were aliquoted for RNA and protein
isolation. The homogenate was centrifuged at 14,000xg for 5 min at
4 °C, and the supernatant was transferred to a new tube. The total RNA
was prepared using a standardized TRIzol reagent (Invitrogen) protocol.
The RNA amount was assessed using Nanodrop equipment (DeNovix DS-
11+Spectrophotometer). The protein amount was measured using a
Precision Red, Advance Protein Assay Reagent #2 (Cytoskeleton, Inc.
Denver, CO, USA) following the manufacturer’s instructions.

2.6. Real-time PCR

First-strand ¢cDNA was synthesized using the High-Capacity cDNA
Reverse Transcription Kits (Applied Biosystems) according to the man-
ufacturer’s protocol. One microliter of cDNA templates (2 mg) was
added to triplicate 20 pl reaction mixtures with TagMan® Fast
Advanced Master Mix and primers (Cat #4444557, Applied Biosystems,
Foster City, CA). Quantitative PCR was then performed by StepOne-
Plus™ Real-Time PCR System (Applied Biosystems) using Tagman
primer-probe sets and Tagman reagents. The primer-probe sets used
were mouse IL-10 (Mm00439616_m1), TNF-a (Mm00443258 m1), IFN-
y (Mm01168134_m1) and rat IL-1f (Rr00580432_m1) with an 88.275
gene alignment with mouse IL-1p. The thermal profile was as follows:
95 °C for 2 min of initial denaturation followed by 40 cycles of 95 °C for
1 s to denature and 60 °C for 20 s to anneal and extend. The house-
keeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
Mm99999915_g1), was used as an internal control. Data were analyzed
by calculating the 2724 for the differences between the VEEV TC-83
and control groups. Sex was collapsed.

2.7. Histopathology and immunofluorescence staining

The brains of mice euthanized at 6 mpi were dissected and fixed with
10% neutral buffered formalin overnight in the UTMB BSL-3 facility to
allow for appropriate agent inactivation. After formalin fixation, brain
samples were embedded in paraffin, and sections were cut at 5 pm onto
slides by the Research Histology Laboratory Core at UTMB. The slides
were processed for both hematoxylin and eosin (H&E) and immuno-
fluorescence staining. The H&E slides were imaged using Olympus IX73
inverted microscope, Olympus DP80 digital camera, and Olympus cell-
Sens imaging software. The sections were deparaffinized for immuno-
fluorescence using xylene and graded ethanol and rehydrated. Slides
were then immersed in 10 mM sodium citrate buffer, pH 6.1 (Vector
Laboratories H-3300, Newark, CA, USA) and processed for the antigen
retrieval procedure using a microwave oven operated at 640 W for 10
min. After cooling for 1 min, slides were transferred to a new antigen
retrieval solution, following the same procedure. After cooling at room
temperature for 30 min, slides were washed in PBS for 5 min. Nonspe-
cific binding sites were blocked with 5% bovine serum albumin (BSA)
(catalog# A4503-100G, Sigma-Aldrich)/10% normal goat serum (NGS,
catalog# S$26-100 mL Sigma-Aldrich) and serial sections were per-
meabilized with 0.2% Triton X-100 for 1 h at room temperature. Slides
were incubated with the following primary antibodies, diluted in PBS
containing 1.5% NGS/overnight at 4 °C: rabbit anti-Ibal (1:200, cata-
log#19741, FUJIFILM Wako); chicken anti-GFAP (1:500; catalog#
GFAP, Aves Labs); mouse anti-Af (1:100, catalog# 803,001, Biolegend).
Slides were washed in PBS before incubation with the appropriate Alexa-
conjugated secondary antibodies (goat anti-rabbit Alexa Fluor 488,
1:400, catalog# A-11008; goat anti-mouse Alexa Fluor 594, 1:400 cat-
alog# A-11032; goat anti-chicken Alexa Fluor 647, 1:400, catalog# A-
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21449, ThermoFisher Scientific) in PBS containing 1.5% NGS for 1 h at
RT. Finally, slides were washed in PBS, treated with 0.3% Sudan Black B
prepared in 70% EtOH for 10 min to block lipofuscin autofluorescence,
rewashed with deionized water, and coverslipped using Fluoromount-G
containing 4',6-diamidino-2-phenylindole (DAPI) (Cat# 0100-20,
SouthernBiotech) and sealed.

2.8. Quantitative microscopy

All immunoreacted sections were acquired with a Keyence BZ-X800
(Keyence Corporation) microscope using 20x and 40x objectives. For all
analyses, each animal was analyzed as previously described (Fracassi
et al., 2023). The mouse brains were utilized with sagittal,
cross-sectional, serial dimensions. Briefly, an average of three sections
were analyzed for each animal/area (CA1, CA3, DG), and images were
taken at 1920 x 1440 pixel resolution, with z-step size of 0.5 at 5 pm
thickness. For the feasibility of the quantification, all layers from a single
image stack were projected on a single slice (stack/Z projection).
Quantitative analyses were performed using ImageJ software (https:
//imagej.nih.gov/ij, NIH). We analyzed the fluorescence intensity for
Ibal, GFAP, and A per area (Integrated Density, IntDen). Representa-
tive images were composed in an Adobe Photoshop CC2020 format.

2.9. Engyme-linked immunosorbent assay (ELISA)

ELISA for Amyloid § peptide 1-40 (Cat # MBS7725105; MyBio-
Source, San Diego, CA) and Amyloid B peptide 1-42 (Cat #
MBS7724636, MyBioSource, San Diego, CA) were performed according
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to the manufacturer’s instructions. Briefly, equal concentrations of
protein (30 pg) and standards were added into pre-coated 96-well plates
and then incubated for 1 h at 37 °C. Plates were subsequently washed,
and Detection reagent B was added to each well for 30 min, followed by
substrate and stop solution. The enzymatic reaction was quantified by
measuring absorbance at 450 nm using a GloMax Discover Microplate
reader (Promega, Madison, WI).

2.10. Statistical analysis

Statistics were performed using GraphPad Prism (version 9.3.1).
Normal distribution was tested using the Shapiro-Wilk test. For
analyzing the differences in normally distributed data with multiple
groups, comparisons were performed using a one-way analysis of vari-
ance (ANOVA) followed by Tukey post-hoc analysis; or two-way
ANOVA, or mixed effects model, Geisser-Greenhouse correction, fol-
lowed by Tukey post-hoc analysis. To compare two groups, we used an
independent sample t-test, followed by Tukey post-hoc test. All data are
reported as mean + SEM. A significance level of p < 0.05 at 95% con-
fidence intervals was considered statistically significant for all the ex-
periments reported in this study.

3. Results

3.1. VEEV TC-83 inoculation differentially impacts disease severity in WT
and Tg2576 mice

To evaluate disease symptoms mediated by VEEV TC-83, we
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Fig. 1. Acute weight and temperature changes following VEEV TC-83 inoculation. Weight and temperature changes were measured in WT saline (n = 8), WT VEEV
TC-83 (n = 9), Tg2576 Saline (n = 8), and Tg2576 VEEV TC-83 (n = 8) mice directly before and during acute challenge with VEEV TC-83 (A and C). Percent weight
loss was calculated at 8 dpi in WT VEEV TC-83 and Tg2576 VEEV TC-83 mice (B). Percent temperature change was calculated in WT VEEV TC-83 and Tg2576 VEEV
TC-83 mice (D). Statistical analyses were measured by a two-tailed, unpaired, parametric t-test with a 95% confidence interval. Values are expressed as the mean +

SEM. **p < 0.01.
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measured weight and temperature changes daily during the acute phase
of infection (0-8 days post-inoculation). A downward trend in weight
loss was measured in Tg2576 mice inoculated with VEEV TC-83 over the
course of eight days post-inoculation (dpi); however, the weights of all
mice recovered at 30 dpi, regardless of VEEV TC-83 exposure (Fig. 1A).
A larger percentage of weight loss was measured in Tg2576 mice inoc-
ulated with VEEV TC-83 (n = 8) when compared to WT VEEV TC-83
inoculated mice (n = 8, **p < 0.01, Fig. 1B), suggesting that the
Tg2576 genotype contributes to disease related symptoms. No differ-
ences in temperature were detected between the groups (Fig. 1C). No
significant changes in temperature were quantified between WT VEEV
TC-83 inoculated, and Tg2576 VEEV TC-83 inoculated mice (Fig. 1D).

3.2. VEEV TC-83 exposure exacerbates sensorimotor function and
emotional reactivity in Tg2576-mice

To evaluate the impact of VEEV TC-83 exposure on motor activity,
coordination, and emotional reactivity, baseline SHIRPA assessments
were performed prior to inoculation with VEEV TC-83 (Supplemental
Table 1). Repeated SHIRPA assessments were longitudinally measured
at one-month post-inoculation (mpi) (Table 2) and 6 mpi (Table 3).
Amongst the assessments with abnormal responses, body position,
spontaneous activity, respiratory rate, touch escape, transfer arousal,
gait, piloerection, visual placing, trunk curl, and fear were measured. At
1 mpi, 50% or greater (shaded boxes) of WT-inoculated mice had
abnormal responses in three categories: spontaneous activity, touch
response, and transfer arousal (Table 2). At 6 mpi, most WT-inoculated
mice recovered; zero categories had 50% or greater WT-inoculated mice
display abnormal responses (Table 3). At 1 mpi, more than 50% of
Tg2576 mice inoculated with VEEV TC-83 displayed abnormal re-
sponses in nine categories: body position, spontaneous activity, respi-
ratory rate, touch escape, transfer arousal, gait, visual placing, trunk
curl, and fear (Table 2). At 6 mpi, Tg2576 inoculated mice continued to
have 50% or greater abnormal responses in seven categories but
recovered in respiratory rate and gait (Table 3). Taken together, expo-
sure to VEEV TC-83 triggered the development of abnormal responses,
despite genotype, at 1 mpi that recovered in WT mice at 6 mpi (*p <
0.05, ***p < 0.01, Fig. 2A and B). However, longitudinal evaluations
reveal that Tg2576 mice, inoculated with VEEV TC-83 continued to have
exaggerated neurological abnormalities compared to WT VEEV TC-83
inoculated mice (**p < 0.01, ***p < 0.001, Fig. 2B), supporting the
infectious etiology hypothesis of AD.

3.3. VEEV TC-83 inoculated mice have an increased latency to avoid and
escape shock

To evaluate the impact of VEEV TC-83 infection on neurological
sequelae and behavioral learning deficits, Pavlovian fear or threat

Table 2
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conditioning (Diehl et al., 2019; Salah et al., 2021) using standard
two-way active avoidance was performed. During three days of active
avoidance testing, we found no significant differences in the number of
avoidance or escape attempts performed between the four groups
(Fig. 3A and B). However, we quantified significant differences in the
latency to avoid shock in Tg2576 mice inoculated with VEEV TC-83
(Fig. 3C). Using a mixed effects analysis, we found a significant effect
between the days of testing (*p < 0.05, F[1.856, 57.55] = 4.627), and
VEEV TC-83 inoculation (***p < 0.001, F[3, 62] = 39.76) on latency to
avoid shock, but no significant interaction between days of testing and
VEEV TC-83 inoculation (ns, F[6, 62] = 0.9341; Fig. 3C). In parallel, we
found no differences between days of testing (ns, F[1.898, 53.15] =
2.105) in latency to escape shock; however, VEEV TC-83 inoculation
significantly impacted the latency to escape shock (***p < 0.001, F[3,
29] = 26.74) and a significant interaction was found between VEEV
TC-83 inoculation and the days tested (*p < 0.05, F[6, 56] = 2.538)
(Fig. 3D). Performing a multiple comparisons analysis, we found no
differences in the latency to avoid or escape shock in WT mice inocu-
lated with VEEV TC-83 compared to their saline controls (Fig. 3C and D);
however, VEEV TC-83 inoculation in Tg2576 mice, significantly
increased the time it took for them to avoid or escape shock compared to
Tg2576 saline mice, despite the day of testing (*p < 0.05, **p < 0.01,
***p < 0.001, Fig. 3C and D). Taken together, this suggests that VEEV
TC-83 exposure does impact the ability for AD phenotypes to learn and
retain events.

3.4. VEEV TC-83 inoculation produces altered CNS inflammatory
cytokine profiles

To determine changes in CNS inflammatory cytokine gene expres-
sion following VEEV TC-83 inoculation in WT and Tg2576 mice, levels
of interleukin (IL)-1f, IL-10, tumor necrosis factor (TNF)-a and inter-
feron (IFN)-y were quantified in total brain homogenates at 6 mpi. In
saline inoculated WT mice, no detectable levels of IL-1p were measured;
however, IL-1p levels were detected in saline-inoculated Tg2576 mice
and an increase in IL-1f levels were quantified in WT inoculated mice
(Fig. 4A). Significantly higher levels of IL-1p were measured in Tg2576
mice, inoculated with VEEV TC-83, when compared to saline-inoculated
Tg2576 (**p < 0.01, Fig. 4A). No significant differences were quantified
in anti-inflammatory cytokine, IL-10, in any groups (Fig. 4B). Levels of
CNS TNF-« significantly increased in WT animals following infection
with VEEV TC-83 compared to WT saline mice (*p < 0.05, Fig. 4C).
VEEV TC-83 inoculated Tg2576 mice expressed significantly higher
levels of TNF-a, compared to both WT VEEV TC-83 and Tg2576 saline
mice (**p < 0.01, ***p < 0.001, Fig. 4C). Lastly, we quantified a sig-
nificant increase in IFN-y in Tg2576 mice inoculated with VEEV TC-83
compared to Tg2576 saline mice and to WT-inoculated mice (*p <
0.05, ***p < 0.001, Fig. 4D). Taken together, this indicates that VEEV

SHIRPA scores. At 1 mpi, mice performed SHIRPA. SHIRPA responses were scored on a scale of 0-3 (0 = no response, 1 = slow response; 2 = normal response; 3 =
hyper response). Ratios show the number of mice with normal (Score of 2) versus abnormal scores (Score of 0, 1, or 3) (normal/abnormal) between each group and for
each individual SHIRPA response. Abnormal percentages were calculated for each group and for each SHIRPA response tested. Shaded boxes are SHIRPA responses

with 50% or greater abnormal responses.

SHIRPA Response Body Spontaneous Respiratory Touch Transfer Gait Piloerection  Visual Trunk Fear
position activity rate escape arousal placing curl

WT Saline 8/0 6/2 8/0 6/2 6/2 8/0 8/0 8/0 5/3 8/0

Tg2576 Saline 8/0 5/3 7/1 5/3 5/3 8/0 8/0 8/0 5/3 6/2

WT VEEV TC-83 7/2 4/5 9/0 4/5 4/5 5/4 6/3 7/2 5/4 7/2

Tg2576 VEEV TC-  3/5 3/5 2/6 0/8 0/8 4/4 6/2 3/5 3/5 0/8
83

Abnormal Percentage

WT Saline 0% 25% 0% 25% 25% 0% 0% 0% 37.5% 0%

Tg2576 Saline 0% 37.5% 12.5% 37.5% 37.5% 0% 0% 0% 37.5% 25%

WT VEEV TC-83 22.2% 55.5% 0% 55.5% 55.5% 44.4%  33% 22.2% 44.4% 22.2%

Tg2576 VEEV TC-  62.5% 62.5% 75% 100% 100% 50% 25% 62.5% 62.5% 100%

83
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Table 3

SHIRPA scores. At 6 mpi, mice performed SHIRPA. SHIRPA responses were scored on a scale of 0-3 (0 = no response, 1 = slow response; 2 = normal response; 3 =
hyper response). Ratios show the number of mice with normal (Score of 2) versus abnormal scores (Score of 0, 1, or 3) (normal/abnormal) between each group and for
each individual SHIRPA response. Abnormal percentages were calculated for each group and for each SHIRPA response tested. Shaded boxes are SHIRPA responses
with 50% or greater abnormal responses.

SHIRPA Response Body Spontaneous Respiratory Touch Transfer Gait  Piloerection  Visual Trunk Fear
position activity rate escape arousal placing curl

WT Saline 8/0 8/0 8/0 8/0 7/1 8/0 8/0 8/0 7/1 8/0

Tg2576 Saline 6/2 6/2 8/0 5/3 6/2 8/0 8/0 6/2 5/3 3/5

WT VEEV TC-83 7/2 9/0 9/0 7/2 9/0 9/0 9/0 7/2 7/2 9/0

Tg2576 VEEV TC- 2/6 1/7 7/1 1/7 0/8 8/0 8/0 4/4 2/6 0/8
83

Abnormal Percentage

WT Saline 0% 0% 0% 0% 12.5% 0% 0% 0% 12.5% 0%

Tg2576 Saline 25% 25% 0% 37.5% 25% 0% 0% 25% 37.5% 62.5%

WT VEEV TC-83 22.2% 0% 0% 22% 0% 0% 0% 22.2% 22.2% 0%

Tg2576 VEEV TC- 62.5% 87.5% 12.5% 87.5% 100% 0% 0% 50% 75% 100%
83

*
*
*

*

*

*

100 A

50

Average Abnormal
Percentages (1 mpi)

-50

VEEV TC83 - - "
I 11

WT Tg2576

vy

100

Average Abnormal
Percentages (6 mpi)

VEEV TC83 - + o +
1 | B |
WT Tg2576

Fig. 2. VEEV TC-83 increases abnormal SHIRPA responses in Tg2576 at 1 and 6 mpi. The average percentages for each of the ten categories (represented by ten
symbols per bar) were combined for each group (WT saline, WT VEEV TC-83, Tg2576 Saline, Tg2576 VEEV TC-83) at 1mpi (A) and 6 mpi (B). Statistical analyses

TC-83 induced CNS inflammation in Tg2576 mice could play a role in
perpetuating and exacerbating neurodegeneration and neurological
sequelae.

Based on these observations and considering the role played by
microglia and astrocytes in the inflammatory response, we investigated
the expression and distribution of IBA1 (green) and GFAP (magenta) as
markers of microglia and astrocytes, respectively (Fig. 5). Our focus was
on the hippocampus, as it is one of the most affected areas in AD. Spe-
cifically, the DG (Fig. 5A1-A4), CA1 (Fig. 5B1-B4), and CA3 (Fig. 5C1-
C4) were investigated. The extensive analysis of immunoreacted sec-
tions revealed significantly higher microglial activation in the overall
hippocampus of WT VEEV TC-83 inoculated mice (n = 5) compared to
WT saline mice (n = 5) and to Tg2576 VEEV TC-83 (n = 5) inoculated
mice (*p < 0.05, **p < 0.01, Fig. 5G). Specifically, we observed
significantly higher levels of IBA1 in DG and CAl of WT VEEV TC-83
inoculated mice compared to WT saline (*p < 0.05, Fig. 5A1-A2,
B1-B2, D, E) and an increasing trend in the WT mice inoculated with
VEEV TC-83 compared to WT counterparts in the CA3 (Fig. 5C1-C2, F).
We observed no significant differences between Tg2576 saline (n = 5)
and Tg2576 VEEV TC-83 inoculated mice (Fig. 5D-G). Similarly, we
observed a significant difference in astroglia activation in WT VEEV TC-
83 mice compared to WT saline mice when the overall hippocampus was
analyzed (*p < 0.05, Fig. 5K). Notably, the images and quantitative
analyses show that the inoculation VEEV TC-83 induced significantly
higher levels of GFAP in the DG of WT mice compared to WT saline
(Fig. 5A1-A2, H) and an increasing trend in CA1 and CA3 (Fig. 5B1-B2,
C1-C2, I, J). Also, no significant differences were observed within the
Tg2576 mice groups in this case.

3.5. VEEV TC-83 inoculation induces neuropathological effects despite
genotypes

To assess brain histopathology, groups of mice were euthanized 6
mpi, and brains were collected for histopathologic examination (Fig. 6);
VEEV TC-83 inoculated brains from WT and Tg2576 mice served as
controls (Fig. 6A-C, G-I). Standard paraffin sections were prepared and
stained with H&E to assess encephalitis and meningitis. Encephalitis was
evaluated in the cortex, striatum, brainstem, hippocampus, and cere-
bellum for perivascular mononuclear infiltrations (indicated as black
arrows in Fig. 6D-J), microglial activation (elongated microglial nuclei
labeled with white arrows in Fig. 6F-L) and microglial nodules (yellow
circle in Fig. 6F-L). Similar areas from VEEV TC-83 inoculated brains do
not show perivascular infiltrations (arrowhead in Fig. 6A-G) or micro-
glial nodules (Fig. 6 C, I). An example of meningitis is demonstrated in
Fig. 6E-K (black arrow) with perivascular mononuclear infiltrations
within the subarachnoid space compared to the similar area of the VEEV
TC-83 inoculated brain (no infiltration around a blood vessel in the
subarachnoid space, arrowhead in Fig. 6B-H). Results of the evaluation
(summarized in Supplemental Table 2) show inflammation in every
VEEV TC-83 inoculated brain but none in saline inoculated ones.
Inflammation is widely spread throughout all areas evaluated in WT and
Tg2576 VEEV TC-83 inoculated groups. WT VEEV TC-83 inoculated
mice show slightly wider areas with inflammation than Tg2576 VEEV
TC-83 inoculated mice brains, but it’s within the limits considering the
sample variations.
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Fig. 3. VEEV TC83 inoculation impacts learning and memory. Active avoidance was performed at 6 mpi for three consecutive days, and the number of avoidance (A)
and escape (B) attempts were recorded. The latency for the mice to avoid shock was recorded (C). The latency for the mice to escape shock was recorded for WT saline
(n =8), WT VEEV TC-83 (n = 9), Tg2576 saline (n = 8), Tg2576 VEEV TC-83 (n = 8) (D). Statistical analyses were measured by a mixed effects model with Geisser-
Greenhouse correction, Tukey’s multiple comparison test, with individual variances computed for each comparison. Values are expressed as the mean + SEM. *p <

0.05, **p < 0.01, ***p < 0.001.

3.6. VEEV TC-83 increases expression, distribution, and measurement of
amyloid beta in the mouse brain

To investigate the effect of neurotropic VEEV TC-83 infection on Ap
generation and deposition, we employed two distinct approaches: an
immunofluorescence analysis targeting Ap plaques and a selective ELISA
measuring AP peptides with C termini ending at residue 40 or 42. To
specifically evaluate the influence of VEEV TC-83 infection on A dis-
tribution and deposition in the hippocampus (DG [Fig. 7A1-A4]; CAl
[Fig. 7B1-B4]; CA3 [Fig. 7C1-C4]), we performed immunofluorescence
experiments using an anti-Ap antibody (Fig. 7A-C). The images and the
quantitative analyses revealed no statistical differences among the WT
saline (n = 5) or Tg2576 saline (n = 5) within DG (Fig. 7A1-A2 & D) or
CA3 (Fig. 7C1-C2 & F) regions, but there was a significant increase in Ap
within the CA1 region (**p < 0.01, Fig. 7B1-B2 & E) and overall hip-
pocampus (**p < 0.01, Fig. 7G). The levels of Af did not significantly
increase following inoculation with VEEV TC-83, in either WT or
Tg2576 mice in any specific brain region (Fig. 7) even though VEEV TC-
83 inoculated mice showed an increasing trend of Ap in all the areas
considered (DG, CA1, CA3) (Fig. 7A-F) and in the overall hippocampus
(Fig. 7G). When evaluating the overall hippocampus, there was a sig-
nificant increase of Ap levels compared between WT VEEV TC-83 and
Tg2576 VEEV TC-83 (*p < 0.05, Fig. 7G). As expected, Tg2576 saline (n
= 5) and Tg2576 VEEV TC-83 (n = 5) mice displayed higher A levels
than WT mice. Intriguingly, we did not find any Ap plaques, most likely
due to the young age of mice, but rather Ap immunoreactivity was
mostly localized intracellularly in the soma of pyramidal neurons in the
CA1/CA3 regions, as well as in the hilus and granule cell layer of the DG.

ELISA analysis measurements demonstrate total AB1-40 as signifi-
cantly higher in the brain extracts of Tg2576 saline mice (n = 8)
compared to WT saline mice (n = 8; *p < 0.05, Fig. 7H) and when
compared between WT VEEV TC-83 (n = 9) and Tg2576 VEEV TC-83
inoculated mice (n = 8; *p < 0.05, Fig. 7H). No differences were
observed between WT and Tg2576 mice in the level of A1-42 in either
saline- or VEEV TC-83-inoculated groups (Fig. 7I). Furthermore, the
Ap1-42/1-40 ratio was quantified. The results exhibited a trend in the
reduction of AP1-42/1-40 ratios in WT VEEV TC-83 vs WT saline;
Tg2576 saline vs. WT saline; and in Tg2576 VEEV TC-83 vs Tg2576
saline (Fig. 7J). This represents a robust hallmark of Alzheimer’s dis-
ease, establishing a significant association between Tg2576 mice and
VEEV TC-83 infection.

4. Discussion

This study demonstrates that exposure to an alphavirus exacerbates
the onset and development of neurodegenerative phenotypes and
neuropathology associated with AD in WT and a preclinical mouse
model of AD, Tg2576. While we observed modest changes in general
health and signs of disease such as weight changes, overall, the mice did
not display clinical outcomes related to VEEV infection during the acute
phase, such as lethargy, reduced activity, development of dis-
coordination, ataxia and/or paralysis. Compared to their saline controls,
we measured the development of Ap deposition, glial cell activation,
neuroinflammation, and neuropathological characteristics coinciding
with AD neuropathology following inoculation with VEEV TC-83 in WT
and Tg2576 mice. Taken together, not only did we find that VEEV TC-83
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Fig. 4. CNS immune cytokine gene expression is modulated by VEEV TC-83. Total brain tissue homogenates collected 6 mpi were assayed from changes of expression
in IL-1p (A), IL-10 (B), TNF-a (C), and IFN-y (D) from WT saline (n < 8), WT VEEV TC-83 (n < 9), Tg2576 saline (n < 8), and Tg2576 VEEV TC-83 (n < 8). Statistical
analyses were measured by ordinary one-way ANOVA followed by Tukey’s multiple comparison test, with pooled variance. Values are expressed as the mean + SEM.

*p < 0.05, **p < 0.01, ***p < 0.001.

exposure in WT mice trigger the development of neuropathological
outcomes related to AD, but that in a model genetically susceptible to
developing AD, exposure to an encephalitic alphavirus exacerbates AD
phenotypes.

VEEV infection characteristically induces an intense inflammatory
response, initiating perivascular and interstitial mononuclear infiltrate
in the brain. It induces neuropathology, including meningoencephalitis,
gliosis, and multifocal neuropil vacuolation, which is localized to mul-
tiple regions, including the hippocampus (Charles et al., 2001; Kundin
et al., 1966; Schoneboom et al., 2000; A. Taylor et al., 2015). Although
VEEV TC-83, an attenuated strain of VEEV derived from the highly
pathogenic Trinidad Donkey (TrD) strain, this virus can replicate and
produce detectable titers in the brains of multiple mouse strains causing
not lethal disease at low doses (Ludwig et al., 2001). In our studies all
mice inoculated with VEEV TC-83 survived the acute phase as expected.
We did not detect clinical symptoms in inoculated WT mice, as previ-
ously described (Ronca et al., 2017). However, we detected a significant
increase in the weight loss percentage of inoculated Tg2576 mice
compared to WT-inoculated mice during the acute stage of infection,
which recovered over time. These preliminary observations coincide
with post-alphavirus infection in humans, where symptoms begin to
fade, and the illness resolves (Baxter and Heise, 2020). Despite recovery

from clinical signs, or in asymptomatic cases of VEEV infection,
approximately 4-14% of human survivors continue to develop neuro-
logical sequelae (Bowen et al., 1976; Carrera et al., 2013; Rivas et al.,
1997; Ronca et al., 2016), which coincides with our observations.

Among the enduring neurological consequences experienced by
VEEV survivors, symptoms such as paralysis, sensory impairments,
headaches, fatigue, depression, seizures, neuropsychological alter-
ations, and changes in mental status have been most frequently reported
(Bowen et al., 1976; Carrera et al., 2013; Rivas et al., 1997). Further-
more, research on mice inoculated with encephalitic viruses has
demonstrated significant hippocampal impairment and memory defi-
cits, as evidenced by fear conditioning tests (Potter et al., 2015) and
active avoidance experiments. Notably, abnormalities in hippocampal
pathology have been linked to AD and other neurodegenerative disor-
ders (Tombaugh et al., 2002). As a result, our study focused on assessing
sensorimotor function, emotional reactivity, and aversive learning and
memory using a modified SHIRPA assay and active avoidance tests.
Active avoidance tests are particularly valuable for evaluating
hippocampal-dependent cognitive functions (Anagnostaras et al., 2010;
Chaudry et al., 2022; Kajs et al., 2022).

VEEV TC-83 inoculated WT and Tg2576 mice developed abnormal
sensorimotor and emotional reactivity compared to saline control mice.
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Fig. 5. Expression and distribution of IBA1 and GFAP in WT and Tg2576 mice inoculated with or without VEEV TC-83. Representative images of double immu-
nofluorescence staining of IBA1 (green, microglia) and GFAP (magenta, astrocytes), DAPI (blue, nuclei) (A-C), and quantitative analyses (D-K). Hippocampal re-
gions, DG (A1-A4), CA1 (B1-B4), and CA3 (C1-C4) were analyzed. Scale bar 20 pm. Statistical analyses were measured using a one-way ANOVA, followed by Tukey’s
multiple comparisons tests. Values are expressed as the mean + SEM. WT saline (n = 5), WT VEEV TC-83 (n = 5), Tg2576 saline (n = 5), Tg2576 VEEV TC-83 (n = 5).

The neurological abnormalities detected in greater than half of WT mice
inoculated with VEEV TC-83 were related to their neuropsychiatric
state; however, those irregularities recovered at 6 mpi. In parallel, we
observed more than half of Tg2576 mice inoculated with VEEV TC-83
developed neurological abnormalities, that unlike their WT counter-
parts, continued to stay elevated at 6 mpi. The abnormal behavioral
outcomes were associated with motor behavior, reflex/sensory function,

10

and neuropsychiatric states. We expected to detect similar responses in
saline Tg2576 mice, in the absence of VEEV TC-83, since they develop
age-associated deficits, and at this point in the study the mice were 9
months of age, but for the most part, all abnormal reactions were absent
except for fear responses, which developed in greater than 50% of the
Tg2576 saline mice. Fear in Tg2576 mice is a common observation made
in this genotype (Dineley et al, 2002). Abnormalities in
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Fig. 6. Histopathological analysis of brains from WT (n = 9) and Tg2576 (n = 8) mice intranasally inoculated with VEEV TC-83. Brains of WT and Tg2576 mice were
removed 6mpi for histopathologic examination. WT saline (n = 8) and Tg2576 saline (n = 8) mice served as controls (6 A-C, G-I). Standard paraffin sections were
prepared and stained H&E to assess encephalitis and meningitis. Encephalitis was evaluated in the cortex, striatum, brainstem, hippocampus, and cerebellum for
perivascular mononuclear infiltrations (black arrows in 6D, J), microglial activation (elongated microglial nuclei labeled with white arrows in 6 F, L) and microglial
nodules (yellow circle in 6 F, L). Similar areas from uninfected brains do not show perivascular infiltrations (arrowhead in 6 A, J) or microglial nodules (6C, I). Scale
bar = 80 pm for A, B, D, E, G, H, J, and K; Scale bar = 40 pm for C, F, I, and L.

neuropsychiatric states were common among the VEEV TC-83 inocu-
lated WT and Tg2576 mice and were exaggerated responses to the
normal, indicating anxiety-like behavior, irritability, or dementia,
which are associated with the sequelae of alphaviruses (Reisberg et al.,
1987) and with AD (Cerejeira et al., 2012). Moreover, neuropsychiatric
symptoms, alongside behavioral disorders, deficits in locomotor activ-
ity, and changes in reflex and sensory function, precede cognitive defi-
cits in AD (Albers et al., 2015; Buchman and Bennett, 2011; Cortes et al.,
2018). Observations related to these outcomes including abnormal
motor behavior, with an overactive and irritable body position,
abnormal gait, a hyperactive trunk curl, vigorous extension during vi-
sual placing, extremely excited transfer arousal, vigorous attempts to
escape touch, and hyperactive fear responses were inflated only in VEEV
TC-83 inoculated Tg2576 mice, suggesting that within the AD pheno-
type, encephalitic infections aggravate AD pathogenesis. These
abnormal responses triggered further behavioral studies in quantifiable
learning and memory assays via active avoidance. Previous studies
demonstrate that in animal models of neurodegenerative disorders, such
as AD, cognitive function and learning and memory are significantly
impaired (Anagnostaras et al., 2010; Chaudry et al., 2022; Kajs et al.,
2022; Webster et al., 2014) and that VEEV infections can have an
adverse effect on learning memory (Dave and Klein, 2023; Ronca et al.,
2016). Thus, we expected that VEEV TC-83 inoculated mice, regardless
of genotype, would not only develop altered learning and memory
outcomes, but those VEEV TC-83 inoculated Tg2576 mice would have
impaired learning and memory responses, measured by reduced at-
tempts to avoid or escape shock during aversive fear conditioning.
Surprisingly, we found that infection did not alter the number of times
that either WT or Tg2576 mice avoided or escaped shock during active
avoidance. However, we found that VEEV TC-83 inoculation in both WT
and Tg2576 mice increased the amount of time it took to avoid or escape
shock, thus increasing latency. Even more interesting is that only VEEV
TC-83 inoculated Tg2576 mice significantly increased their latency to
avoid shock that increased over trial days. These measurements indicate
that exposure to VEEV TC-83 in a model predisposed to develop AD
exacerbates the decline in cognition, heightening fear, anxiety, and
caution; similar outcomes are observed in patients developing AD (Zhou
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et al., 2022; Zielinski et al., 1993).

Based on behavioral outcomes, VEEV TC-83 impacts the CNS
regardless of the genetic background of the experimental model and
behavioral deficits, justifying further studies into the neuropathology
and neuroimmunology induced by VEEV TC-83. Neuroinflammation is a
common hallmark for both AD and CNS infections (Cle et al., 2020). In
AD and CNS infections, pro- and anti-inflammatory signaling is pri-
marily initiated by CNS resident immune cells, the astrocytes, and
microglia (Di Benedetto et al., 2022; Russo and McGavern, 2015).
Neuroinflammation is also linked to neurodegeneration and neuronal
loss, which are features that coincidently are associated with amyloid
plaque formation (DeTure and Dickson, 2019; Kinney et al., 2018; Sung
et al., 2020). In this study, intranasal VEEV TC-83 inoculation increased
total CNS localized immune cytokines in WT and Tg2576 mice. Previous
studies found that the VEEV TC-83 strain of VEEV induces robust
inflammation during the early stages of disease progression in the brain
of hamsters (Jahrling et al., 1976). This infection can lead to the acti-
vation of microglial cells, which mediate neuron communication
through the production of proinflammatory factors such as cytokines
including IL-1p, IL-10, TNF-o, and IFN-y ultimately facilitating the
migration of immune cells across the blood-brain barrier (BBB) (Ramesh
et al., 2013). These alterations in cytokine expression can increase the
permeability of the BBB and play a crucial role in activating several
signaling pathways located in different brain cells (Carrano et al., 2012).
This cascade of events may result in hyperexcitability of the neuronal
network, which is important in the pathophysiology of AD (Clarkson
etal., 2017; Targa Dias Anastacio, Matosin and Ooi, 2022). Our analysis
indicates that VEEV TC-83 inoculation results in the production of
immunoregulatory molecules, including IL-1p, IL-10, TNF-a, and IFN-y,
which are implicated in neurodegenerative processes (Keck et al., 2018;
Keck et al., 2018b; Sharma and Knollmann-Ritschel, 2019). Cellular and
molecular mechanisms resulting from injury or infections, underlying
the development of proinflammatory cytokines and chemokines in the
CNS, are canonically triggered and modulated by astrocytes and
microglia (Hanisch, 2002; Murphy et al., 1997), which contribute to the
impairment of memory function (Gaudio et al., 2015). Given the
importance of the hippocampus in learning and memory and AD
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Fig. 7. VEEV TC-83-induced expression and distribution of Ap in WT and Tg2576 mice. Representative images of immunofluorescence staining of Af (red), DAPI
(blue, nucleus), and quantitative analyses of Ab in the DG (A1-A4 & D), CAl (B1-B4 & E), and CA3 (C1-C4 & F) and overall hippocampus (G). Scale bar 20 pm.
Statistical analyses were measured using a one-way ANOVA, following Tukey’s multiple comparisons test. Values are expressed as the mean + SEM. Measurement of
AB1-40 (H), Ap1-42 (D), and the ratio of Ap 1-42/1-40 (J) was measured in total brain homogenates. Statistical analyses were measured using an ordinary two-way
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neuropathogenesis (Tombaugh et al., 2002), we found increased acti- 2011). In parallel, we identified neuropathological changes related to
vation of hippocampal astrocytes and microglia in VEEV TC-83 inocu- neuroinflammation in the hippocampus. We measured increased
lated mice, regardless of genotype, which is well characterized to lead to microglial activation in the hippocampi of all VEEV TC-83 inoculated
encephalitis and neurological damage (Cain et al., 2017; Sharma et al., mice and found activated microglia, but not astrocytes, to be
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significantly increased in VEEV TC-83 inoculated Tg2576 mice
compared to VEEV TC-83 inoculated WT mice. However, no differences
were detected in VEEV TC-83 inoculated Tg2576 mice. Nevertheless,
significant disparities were evident between genotypes, consistent with
expectations given that Tg2576 mice typically manifest gliosis by 6
months of age, coinciding with the 9-month age range of the animals in
our study. The absence of discernible distinctions in inoculated Tg2576
mice implies that gliosis may reach a saturation point following inocu-
lation with VEEV TC-83. Despite the lack of notable variances in GFAP
and Ibal expression, the observed neuroinflammatory alterations and
exacerbated behavioral changes in Tg2576 mice inoculated with VEEV
TC-83 compared to their WT counterparts, suggest an exacerbation of
AD-related pathology induced by VEEV inoculation. Furthermore,
analysis of brain histopathology showed that encephalitis was charac-
terized by perivascular mononuclear infiltrations, microglial activation,
and microglial nodules in the cortex, striatum, brainstem, hippocampus,
and cerebellum. Although saline inoculated Tg2576 mice developed
neuroinflammatory characteristics, VEEV TC-83 inoculated Tg2576
mice displayed an increased neuroinflammatory phenotype compared to
their inoculated controls, including increased perivascular cuffing and
GFAP and Ibal staining. Glia, microglia, and astrocyte activations are
associated with cerebral amyloid deposits necessary for phagocytic ac-
tivity induction (D’Andrea et al., 2004).

A preclinical study of AD shows sex differences in AD development.
The female Tg-F344-AD rats have higher levels of Ap peptides, amyloid
plaques, and microgliosis in the hippocampus than male rats and were
shown to enhance learning and memory by stimulating GluA2 traf-
ficking, which may provide a neuroprotective function in hippocampal
with improved spatial learning in Tg-AD females (Chaudry et al., 2022).
The prefrontal cortex is involved in processing anxiety, which can
interfere with goal-directed behavior and cognitive performance (Park
and Moghaddam, 2017). Previous studies of the hippocampus are crit-
ical to cognition and variables influencing learning and memory pro-
cesses (Danilewicz et al., 1992). In this study, we used VEEV TC-83 to
target learning and memory, which resulted in delayed response la-
tencies reflecting caution and indicating significant loss of spatial ability
and memory dysfunction. In preclinical AD, mouse models that contain
a mutation in amyloid precursor protein (APP) have been widely used as
models of AD, which play an essential role in cognitive function
(Webster et al., 2014). A recent study in transgenic animal models of AD
has shown that disrupting neurogenesis and neural progenitor cell ho-
meostasis in the hippocampus causes learning and memory impair-
ments, developing into an early onset AD (Haughey et al., 2002).
Considering our findings, the VEEV TC-83 inoculated mice took longer
to avoid the shock, supporting spatial memory and recognition.
Although additional studies are warranted, expanding on the use of AD
preclinical models and additional ages, our data supports the notion that
exposure to encephalitic viruses do trigger the progression of AD
neuropathology, thus supporting the infectious etiology hypothesis of
AD.

A recent report utilizing information from national biobanks sug-
gests that exposure to common viral pathogens increases the risk of
developing Alzheimer’s and other neurodegenerative diseases (Black-
hurst and Funk, 2023). Several studies have shown that viral infections,
such as Herpes simplex encephalitis, Epstein-Barr virus, Eastern Equine
Encephalitis virus (EEEV), Western Equine Encephalitis virus (WEEV),
and Venezuelan Equine Encephalitis Virus (VEEV), correlate with
negative neurological consequences even after the acute phase, sug-
gesting a potential role in developing and progressing neurodegenera-
tive disorders, particularly AD (Bantle et al., 2019; Piekut et al., 2022;
Ronca et al., 2017). In our study, we observed the neuropathology
associated with VEEV infections and its potential correlation to the
deposition of Af in the brain. Our study observed a remarkable reduc-
tion in the AB1-42/1-40 ratio in the brains of Tg2576 mice inoculated
with VEEV TC-83 compared to WT saline and WT VEEV TC-83 inocu-
lated mice. These findings align with the inverse relationship between
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plasma AB1-42/1-40 and cortical AB burden observed in AD patients
(Rembach et al., 2014). Furthermore, our hippocampal immunofluo-
rescent staining, using microglia marker Iba-1 and astrocyte marker
GFAP, indicates that VEEV TC-83 is associated with the activation of
astrocytes and microglia in the CNS, possibly leading to increased
neuroinflammation.

5. Conclusion

Despite evidence and surmounting research on amyloid-induced
pathways of AD, the mechanisms underlying amyloid beta deposition
are not fully identified. Several neurotropic pathogens are associated
with developing AD pathogenesis, and the antimicrobial properties of
amyloid-beta peptides support the hypothesis that pathogens, including
viruses, increase the risk for amyloid-beta plaque formation. Our find-
ings further support that exposure to encephalitic viruses, such as VEEV
TC-83, may trigger the onset and severity of AD pathogenesis using a
model that predisposed to develop AD. Based on our data, and previous
reports, neuroinflammatory responses long after infection has cleared
the brain, support the infectious etiology hypothesis of AD (Schematic
2).
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