1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Brain Behav Immun Health. Author manuscript; available in PMC 2020 October 19.

-, HHS Public Access
«

Published in final edited form as:
Brain Behav Immun Health. 2020 May ; 5: . doi:10.1016/j.bbih.2020.100077.

Chronic HIV-1 Tat exposure alters anterior cingulate cortico-
basal ganglia-thalamocortical synaptic circuitry, associated
behavioral control, and immune regulation in male mice

Sara R. Nass?, Yun K. Hahnb, Virginia D. McLane?, Neil B. Varshneya?, M. Imad Damaj?,
Pamela E. Knapp®P<¢, Kurt F. Hauserap.c.*

aDepartment of Pharmacology and Toxicology, Virginia Commonwealth University, Medical
College of Virginia (MCV) Campus, Richmond, P.O. Box 980613, VA, 23298-0613, USA

bDepartment of Anatomy and Neurobiology, Virginia Commonwealth University, Medical College
of Virginia (MCV) Campus, P.O. Box 980709, Richmond, VA, 23298-0709, USA

CInstitute for Drug and Alcohol Studies, Virginia Commonwealth University, Medical College of
Virginia (MCV) Campus, P.O. Box 980059, Richmond, VA, 23298-0059, USA

Abstract

HIV-1 selectively disrupts neuronal integrity within specific brain regions, reflecting differences in
viral tropism and/or the regional differences in the vulnerability of distinct neuronal
subpopulations within the CNS. Deficits in prefrontal cortex (PFC)-mediated executive function
and the resultant loss of behavioral control are a particularly debilitating consequence of
neuroHIV. To explore how HIV-1 disrupts executive function, we investigated the effects of 48 h, 2
and/or 8 weeks of HIV-1 Tat exposure on behavioral control, synaptic connectivity, and
neuroimmune function in the anterior cingulate cortex (ACC) and associated cortico-basal ganglia
(BG)-thalamocortical circuitry in adult, Tat transgenic male mice. HIV-1 Tat exposure increased
novelty-exploration in response to novel food, flavor, and environmental stimuli, suggesting that
Tat triggers increased novelty-exploration in situations of competing motivation (e.g., drive to feed
or explore vs. fear of novel, brightly lit open areas). Furthermore, Tat induced adaptability in
response to an environmental stressor and pre-attentive filtering deficits. The behavioral
insufficiencies coincided with decreases in the inhibitory pre- and post-synaptic proteins,
synaptotagmin 2 and gephyrin, respectively, in the ACC, and alterations in specific pro- and anti-
inflammatory cytokines out of 23 assayed. The interaction of Tat exposure and the resultant time-
dependent, selective alterations in CCL4, CXCL1, IL-12p40, and IL-17A levels in the PFC
predicted significant decreases in adaptability. Tat decreased dendritic spine density and cortical
VGLUTL inputs, while increasing IL-1p, IL-6, CCL5, and CCL11 in the striatum. Alternatively,
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IL-1a, CCL5, and IL-13 were decreased in the mediodorsal thalamus despite the absence of
synaptic changes. Thus, HIV-1 Tat appears to uniquely and systematically disrupt immune
regulation and the inhibitory and excitatory synaptic balance throughout the ACC-BG-
thalamocortical circuitry resulting in a loss of behavioral control.
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associated neurocognitive disorders; Glutamic acid decarboxylase 67; Striatal medium spiny

neurons

1.

Introduction

The advent of combination antiretroviral therapy (CART) has shifted HIV-associated
neurocognitive disorders (HAND) from more severe deficits to milder neurocognitive losses
in learning and executive functions (Heaton et al., 2011; Saylor et al., 2016). Executive
functions, including behavioral control, are a set of top-down cognitive processes essential
for coordinating thoughts and actions to maintain decision-making ability and execute
appropriate behaviors in different contexts. Executive functions are markedly altered with
many neurodegenerative and cognitive disorders (e.g. Parkinson’s and Alzheimer’s diseases,
depression, and impulse control disorder) (Chamorro et al., 2012; Diamond, 2013). The
prefrontal cortex (PFC) is the primary region associated with executive functions, but the
synaptic connections within the prefrontal pathways of the cortico-basal ganglia (BG)-
thalamocortical circuits are integral in maintaining these higher-order cognitive functions.
Aberrant connections within the PFC and these associated circuits can decrease behavioral
control over decision-making, leading to impulsivity, compulsivity, and inattentiveness
(Alexander et al., 1986; Duncan and Owen, 2000; Napier and Persons, 2018; Peters et al.,
2016).

Persons living with HIV (PLWH) typically act more impulsively than seronegative
individuals in a variety of PFC-mediated behavioral measures (Chang et al., 2017; Fujiwara
etal., 2015; Hardy et al., 2006). Nevertheless, even in the absence of behavioral deficits,
PLWH display increased fMRI activity in the anterior cingulate cortex (ACC) region of the
PFC and striatum when making risky choices (Connolly et al., 2014; du Plessis et al., 2015).
Furthermore, viral load is increased within the PFC, striatum, and thalamus (Nath, 2015),
while brain volume within these regions (Janssen et al., 2015; Nichols et al., 2019; Sanford
et al., 2018), and fronto-striatal resting state connectivity (Ipser et al., 2015; Janssen et al.,
2017; Ortega et al., 2015; Plessis et al., 2014), are decreased in PLWH. Accordingly, HIV-1
may decrease the executive function of behavioral control by altering the morphology and
function of prefrontal cortico-BG-thalamocortical loops.

Sublethal, region-specific neuronal dysfunction likely underlies HAND (Ellis et al., 2007;
Everall et al., 1999; Masliah et al., 1997; McArthur et al., 2010; Nath, 2015). HIV-1-induced
synaptodendritic degeneration in the frontal cortex and putamen is correlated with
neuropsychological impairment (Levine et al., 2016; Moore et al., 2006). Furthermore, in
PLWH, decreased GABAergic synaptic connections within the PFC correlate with increases

Brain Behav Immun Health. Author manuscript; available in PMC 2020 October 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nass et al.

Page 3

in immune markers (Buzhdygan et al., 2016). HIV-1 selectively decreases the expression of
GABAergic and glutamatergic synaptic markers in the PFC and striatum, but to a lesser
extent in other brain areas examined, suggesting prefrontal cortico-BG-thalamocortical
circuits are selectively damaged (Buzhdygan et al., 2016; Gelman et al., 2012; Gelman and
Nguyen, 2010; Guha et al., 2018). Indeed, although virus is detected throughout the
prefrontal cortico-BG-thalamocortical circuitry, viral loads are particularly high in the
striatum, although why HIV-1 targets certain central nervous system (CNS) regions and why
some neuronal subtypes are preferentially vulnerable are questions that remain (Nath, 2015).

Despite cART, regulatory HIV-1 proteins, including trans-activator of transcription (Tat) can
be elevated in spinal fluid of aviremic individuals (Henderson et al., 2019; Johnson et al.,
2013) and secreted by infected cells (Chopard et al., 2018; Debaisieux et al., 2012; Rayne et
al., 2010; Schatz et al., 2018), disrupting bystander neuron function (Chopard et al., 2018;
Hategan et al., 2017). In fact, CART may increase Tat expression by attenuating feedback
inhibition of proviral transcription (Henderson et al., 2019; Johnson et al., 2013; Mbonye
and Karn, 2017). To explore the role of Tat per se in the pathophysiology of HIV, the present
(Bruce-Keller et al., 2008) and another closely related Tat transgenic model (Kim et al.,
2003) have been extensively used. Both models express Tat mMRNA under the glial fibrillary
acidic protein (GFAP) promoter, leading to protein expression throughout the cerebral
cortex, striatum, hippocampus, and spinal cord (Bruce-Keller et al., 2008; Carey et al., 2012;
Dickens et al., 2017; Fitting et al., 2012); however, one mouse line has 3-7 fat copies (Kim
et al., 2003) and the present thought to have a single copy (Bruce-Keller et al., 2008; Duncan
et al., 2008). In the present model, Tat induction activates astrocytes (as well as bystander
microglia) in the striatum (Bruce-Keller et al., 2008; Fitting et al., 2010a; Zou et al., 2011)
and causes modest gliosis within 48 h following expression (Bruce-Keller et al., 2008) that
can be sustained for as long as 1 year (Dickens et al., 2017). In preclinical rodent studies,
CNS exposure to HIV-1 Tat induces behavioral impairments similar to HAND, including
deficits in pre-attentive filter processing (Fitting et al., 2006; Paris et al., 2015), emotionality
(Fu et al., 2011; Hahn et al., 2015, 2016; Lawson et al., 2011; Paris et al., 2014, 2016),
motivation (Keshy et al., 2018), and memory (Carey et al., 2012; Fitting et al., 2013; Marks
etal., 2016).

We previously determined that 3-months of Tat induction was more detrimental to the dorsal
striatum of males than females for most outcome measures (Hahn et al., 2015). Based on
these earlier findings, this study initially surveyed the ACC and mediodorsal (MD) thalamus,
which synapse directly with the dorsal striatum (Hunnicutt et al., 2016) in males to assess
whether the ACC or MD thalamus might be reciprocally affected, with the intent of pursuing
more detailed studies of the most susceptible region in both sexes. To investigate the effects
of HIV-1 within the PFC and associated circuitry at the systems level to determine their role
in HAND, we took a reductionist approach by experimentally manipulating Tat. We
hypothesized that Tat exposure per se would impair aspects of behavioral control that would
coincide with disrupted synaptic connectivity and increased inflammation in one or more
components of prefrontal cortico-BG-thalamocortical circuitry. Although the existence of a
rodent PFC is debated, the medial PFC (mPFC), particularly the ACC, in rodents (especially
mice) has some cytoarchitectural homology with the mPFC in humans and monkeys
(Carlen, 2017; Laubach et al., 2018; Vogt and Paxinos, 2014). Lesions to the ACC in rodents
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and monkeys impairs sustained attention and behavioral flexibility (Bissonette et al., 2013).
Furthermore, the ACC is involved in other neurocognitive deficits evident in PLWH,
including losses in motivation, goal-directed behavior, adaptability, and sociability, all of
which can be tested in rodents (Devinsky et al., 1995; Holroyd and Yeung, 2012; Kolling et
al., 2016). Accordingly, we explored the behavioral, structural, and neuroimmune effects of
Tat on brain regions associated with ACC-BG-thalamocortical circuits in mice. Our results
indicated that Tat increases novelty-exploration while impairing adaptability and pre-
attentive filtering, which is associated with regional- and Tat exposure duration-dependent
alterations in the balance between excitatory/inhibitory neurotransmission and in the
production of cytokines. In addition, multiple linear regressions indicated that the interaction
of Tat exposure and cytokine expression within the intact PFC significantly predicted coping
ability.

Materials and methods

All procedures and experiments were approved by the Virginia Commonwealth University
Animal Care and Use Committee and conducted in accordance with the National Institutes
of Health (NIH Publication No. 85-23) ethical guidelines.

2.1. Subjects and treatment

Adult male doxycycline (DOX)-inducible GFAP-driven fet-on HIV-1),g Tat;_gg transgenic
mice (7= 91) were generated in the vivarium of Virginia Commonwealth University as
previously described (Bruce-Keller et al., 2008; Hauser et al., 2009; Paris et al., 2016). Mice
(3-7-months-old) were fed a standard chow supplemented with DOX (6 g/kg, Harlan
Laboratories Madison, WI; DOX-chow) for 48 h - 8 weeks to induce CNS expression of
HIV-1 Tat. Control, Tat(-) mice also received chow containing DOX to control for off-target
DOX effects. Mice were housed 1-5 per cage in a temperature- and humidity-controlled,
AAALAC-accredited facility, with ad /ibitum access to food and water, on a 12:12 light:dark
cycle.

2.2. Behavioral assays

Mice were repeatedly tested in assays of behavioral control (exploratory behavior,
adaptability, pre-attentive filtering) and social interaction at 2, 4, 6, and 8 weeks of Tat
exposure to determine the timing of Tat-induced functional deficits associated with the ACC.
Mice were also tested for compulsivity, another aspect of behavioral control associated with
the orbitofrontal cortex, to assess possible Tat-induced functional deficits associated with
other frontal regions. To minimize animal numbers, mice were run through one of the two
following batteries of behavioral tests: (1) hole-board exploratory test and novelty-induced
hypophagia or (2) marble burying, social interaction, and the forced swim test. Testing was
conducted in ascending order of presumed stress to reduce carry-over effects. A subset of
mice was also tested in the following alternate behavioral control measures, nestlet
shredding, novelty-suppressed feeding, and prepulse inhibition tasks after 8 weeks of DOX
exposure to increase validity. Mice were habituated to the testing room for at least 1 h prior
to behavioral testing and experimenters were blinded to treatment conditions throughout. At
the conclusion of behavioral testing, mice were humanely euthanized and brain tissues were
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collected to assess morphological damage and inflammatory markers in discrete regions of
the ACC-BG-thalamocortical circuitry.

2.2.1. Exploratory hole-board test—Tests of novelty-exploration in mice measure the
overt expression of a fear (neophobia) or preference for novel stimuli (e.g. objects, food,
flavors, or environments) and often rely on competing motivations of mice to explore or to
avoid potential dangers. Due to these competing motivations, neophobia is often interpreted
as anxiety- or depressive-like behavior; whereas a longer time spent with novel stimuli is
interpreted as increased novelty-seeking or exploration. The exploratory hole-board test
measures the degree to which rodents engage in novelty-exploration behavior by nose
poking into a previously unexplored environment (Kliethermes and Crabbe, 2006; Pogorelov
et al., 2005; Takeda et al., 1998). Rodents that engage in more frequent nose pokes into the
novel holes display an increase in exploratory behavior. A hole-board insert (Stoelting Co.,
Wood Dale, IL, USA) with 16 equidistant holes was placed into an open field chamber (40 x
40 x 35 cm; Stoelting Co.). At 2-week intervals during Tat exposure, mice were placed in
the middle of the board and allowed to freely explore for 10 min. The number of nose pokes
into the holes and movement were recorded using the AN'Y-maze system (Stoelting Co.) as a
measure of novelty-exploration and mobility.

2.2.2. Novelty-induced hypophagia—Hypophagia is the fear of eating in a novel
environment (Dulawa and Hen, 2005). In mice, increased hypophagia indicates increased
anxiety-like behavior; whereas decreased hypophagia, or preference for palatable food in a
novel environment suggests increased novelty-exploration (Kliethermes and Crabbe, 2006;
Loos et al., 2009). Mice were tested for novelty-induced hypophagia with modifications
(Dulawa and Hen, 2005). Briefly, a 60 mm-diameter Petri dish containing 10 Fruit Rings
cereal (Kroger, Cincinnati, OH) was placed in the center of an open field chamber (40 x 40
x 35 cm; Stoelting Co.). Mice were placed in the corner of the chamber and allowed to
explore for 10 min every 2 weeks. As a measure of hypophagia and novelty-exploration,
each mouse’s movements and the time spent with the cereal were recorded using a digital
camera, and analyzed using ANY-maze software (Stoelting Co.) (Rudebeck et al., 2007).

2.2.3. Novelty-suppressed feeding—Due to possible apparatus habituation effects in
the novelty-induced hypophagia test, a separate group of mice were also tested in the
novelty-suppressed feeding test. Although similar to the novelty-induced hypophagia test,
the novelty-suppressed feeding test measures novelty-exploration in response to standard
chow after food deprivation, instead of palatable food without deprivation (Morris et al.,
2016) and was used to further validate novelty-exploration in the Tat(+) mice. After 8 weeks
of Tat exposure, mice were food deprived for 14 h. Mice were then placed in the corner of an
open field chamber (40 x 40 x 35 cm; Stoelting Co.) with a 60 mm-diameter Petri dish filled
with 6-8 food pellets in the center and allowed to explore for 10 min. Movement and time
spent interacting with the food were recorded and analyzed by ANY-maze (Stoelting Co.) as
measures of mobility, and hypophagia and novelty-exploration, respectively (Bodnoff et al.,
1988; Morris et al., 2016).
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2.2.4. Forced swim test (FST)—Although the FST has been used as an anti-depressant
screen, it is best suited to measuring coping behavior and adaptability in response to an
acute, inescapable stressor (Commons et al., 2017; Molendijk and de Kloet, 2015). Engaging
in appropriate, while inhibiting inappropriate behaviors in different contexts is an important
aspect of adaptability and behavioral control modulated by the ACC-BG-thalamocortical
circuitry (Hamilton and Brigman, 2015; Jahanshahi et al., 2015). As previously described,
mice were placed in a 2 L glass cylinder filled with 1.8 L of water for 6 min total (Porsolt et
al., 1978; Toma et al., 2017). Mice were acclimated to the water for 2 min where they
perform active coping behaviors (i.e., swimming and climbing). Immediately after
acclimation, the time spent swimming or climbing (i.e., struggling) was then assessed for 4
min per mouse as a measure of adaptive coping behavior. It is expected that during the 4 min
testing period mice will switch to passive coping behaviors (i.e., floating) due to the
impossibility of escape (Commons et al., 2017; Molendijk and de Kloet, 2015).

2.2.5. Prepulse inhibition (PPI)—Prepulse inhibition (PPI) is a test of the ability to
filter and disregard unnecessary stimuli, and is regulated by multiple brain regions, including
the mPFC, striatum, and MD thalamus (Swerdlow et al., 2001, 2016). Pre-attentive filter
processing of sensory stimuli was measured by PPI of the acoustic startle response as
previously described (Geyer and Dulawa, 2003; Trexler et al., 2018). During PPI, a lower-
decibel (dB) non-startling tone (prepulse) is presented promptly before a higher dB startling
tone, reducing the response to the startle tone. In many neurocognitive disorders and
corresponding animal models, PPI is diminished, indicating an attenuation of pre-attentive
filtering. After 8 weeks of DOX, mice were habituated to the startle response chamber and
restrainer (Kinder Scientific Startle Monitor; Poway, CA) with 65 dB background noise for 2
days. During testing, mice were placed in the startle response chamber and subjected to
startle pulse stimuli of 120 dB for 64 trials with randomized ITIs averaging 15 s. During PPI
trials, prepulse stimuli (4, 8, or 16 dB above background) were presented 100 ms before the
startle pulse. The PPl was measured as the force exerted in Newtons (N) when jumping/
displaying the startle response.

2.2.6. Marble burying—In humans and animal models, abnormalities in the
orbitofrontal cortex and striatum are associated with compulsive behavior (Adams et al.,
2018; Burguiere et al., 2015; Tedford et al., 2015). Compulsive-like behavior was assessed
in the marble burying test, which is based on the natural digging behavior of rodents
(Thomas et al., 2009). To decrease confounding anxiety effects, housing cages (33 x 21 x 19
cm) were placed in dimly-lit, enclosed chambers. The cages were filled with 3 cm of
sawdust bedding (7090 Teklad Sani-Chips; Envigo, Somerset, NJ) and 20 black-glass
marbles were placed on top of the bedding, in an evenly spaced 4 x 5 arrangement.
Individual mice were placed into testing cages for 20 min and the number of marbles buried
was calculated as a proxy measure for stereotyped digging behavior (Broekkamp et al.,
1986; Kinsey et al., 2011). A marble was considered buried if at least 2/3 of the marble was
covered with sawdust (Trexler et al., 2018). Movement was recorded by video camera and
time spent mobile was analyzed by ANY-maze (Stoelting Co.) software.
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2.2.7. Nestlet shredding—The nestlet shredding test is often used in conjunction with
the marble burying test as a rodent model of obsessive-compulsive disorder because both
tests measure repetitive rodent behaviors (Angoa-Perez et al., 2013; Li et al., 2006; Rose et
al., 2018; Witkin, 2008). Nestlet shredding measures goal directed, compulsive-like behavior
and was performed as previously described (Angoa-Perez et al., 2013; Rose et al., 2018).
Briefly, mice were individually placed in housing cages (28 x 16 x 13 cm) filled with corn
cob bedding and 1 pre-weighed cotton nestlet for 3 h. Intact pieces of nestlet were removed
and dried overnight before being weighed again. The percentage of the nestlet shredded was
calculated as a measure of compulsion.

2.2.8. Social interaction—Social interaction with novel, same-sex conspecifics was
tested as previously described (Jamain et al., 2008; Morris et al., 2016). Mice were
habituated to an open field chamber (40 x 40 x 35 c¢m; Stoelting Co.) for 5 min. Mice were
removed and then immediately placed back in the chamber with a novel mouse that was
either free to interact reciprocally (2—-6 weeks of DOX/Tat exposure duration) or restrained
under a mesh cup (~8 cm diameter) to test non-reciprocal social interactions (8 weeks of
DOX/Tat exposure duration) for 5 min. Time spent interacting (i.e., direct physical contact,
sniffing, following) initiated by the test mouse was video-recorded and coded by a blinded
experimenter using ANY-maze software (Stoelting Co.). All observed interactions were non-
aggressive.

2.3. Spine density assessment

Golgi impregnations were performed with the FD Rapid GolgiStain™ kit (FD
Neurotechnologies, Columbia, MD) to assess dendritic pathology in the ACC, striatum, and
MD thalamus. Dendritic length, branching, and spine density were quantified as previously
described using a Golgi-Kopsch procedure (Fitting et al., 2013; Hahn et al., 2015; Hauser et
al., 1989). Details are provided in supplemental methods.

2.4. Synaptic protein assessment

Pre- and postsynaptic protein markers were assessed by immunoblotting tissue from the
PFC, striatum, and thalamus of Tat(+) and Tat(-) mice after 8 weeks of DOX exposure as
previously described (Fitting et al., 2013). The inhibitory synaptic markers included (1)
synaptotagmin 2 (Syt2), a presynaptic Ca2* sensor (Chen et al., 2017), (2) gephyrin, an
inhibitory postsynaptic scaffolding protein (Tyagarajan and Fritschy, 2014), and (3) glutamic
acid decarboxylase 67 (GAD67), a GABA synthetic enzyme (Kanaani et al., 2010). The
excitatory synaptic markers included (1) synapsin-1 that labels presynaptic excitatory
terminals, (2) vesicular glutamate transporter 1 (VGLUT1), (3) vesicular glutamate
transporter 2 (VGLUT?2), and (4) postsynaptic density protein 95 (PSD-95) that labels
excitatory postsynaptic densities. ACC colocalization of inhibitory pre- and post-synaptic
markers, Syt2 and gephyrin, respectively, were also assessed by immunohistochemistry. For
detailed methods, see supplemental methods.

2.5. Cytokine assessment

To assess chemokine/cytokine levels in the PFC, striatum, and thalamus we used Bio-Plex
Pro Mouse Cytokine 23-plex assay kits (cat. no. M60009RDPD Bio-Rad Laboratories, Inc.,
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Hercules, CA) per the manufacturer’s instructions as previously described (Gonek et al.,
2018). See supplemental methods for complete list and brief details.

2.6. Statistical analyses

Data were analyzed by analysis of variance (ANOVA), followed by the Bonferroni
correction for multiple comparisons to delineate significant interactive and main DOX/Tat
exposure duration effects using Prism version 8.2.1 (GraphPad Software, Inc.). Behavioral
timepoint data were analyzed using repeated measures ANOVA. Dendritic morphological
changes (genotype x DOX/Tat exposure duration or dendritic length/branching) and
cytokines (genotype x DOX/Tat exposure duration) were analyzed by two-way ANOVA for
each separate brain region. Multiple linear regressions were performed to assess the amount
of variance that Tat, cytokine expression within the PFC, and exposure time accounted for in
the behavioral changes. All other analyses were made using Student’ s £test. All data are
presented as the mean + the S.E.M. Differences were considered statistically significant if p
< 0.05.

3. Results

3.1

HIV-1 Tat decreases anterior cingulate cortico-BG-thalamocortical mediated

behavioral control

Behavioral control, the ability to execute appropriate actions in response to changes in the
environment, is altered by neurological and psychiatric disorders, including HAND (Chang
etal., 2017; Fujiwara et al., 2015; Hardy et al., 2006; Jahanshahi et al., 2015). However,
whether HIV-1 Tat contributes to aberrant behavioral control is less clear. Therefore, Tat(-)
and Tat(+) mice were placed on DOX chow for 8 weeks and tested on a variety of measures
of behavioral control (novelty-exploration, adaptability, pre-attentive filtering, compulsive-
like behavior) and sociability. Prior studies in Tat transgenic mice have shown that Tat
mRNA and/or protein is expressed within 48 h of induction throughout the brain (including
the cortex, striatum, and hippocampus) and spinal cord and has been sustained for 1 year
(Bruce-Keller et al., 2008; Carey et al., 2012; Dickens et al., 2017; Duncan et al., 2008;
Fitting et al., 2010a, 2012).

3.1.1. HIV-1 Tat induces aberrant novelty-exploration, adaptability, and pre-
attentive filtering—Novelty-exploration was tested once every 2 weeks in the exploratory
hole-board and novelty-induced hypophagia tests. Tat exposure increased nose pokes in the
exploratory hole-board test (Tat main effect [A1,10) = 5.58, p < 0.05; Fig. 1A]) over the
course of 8 weeks, but only increased time spent with the sugary cereal (Interaction [A3,30)
=7.09, p<0.001; Fig. 1B]) after 2 weeks. Similarly, Tat exposure did not alter mobility in
the exploratory hole-board test (o = 0.16; Fig. 1D), despite an increase in mobility in both
Tat(+) and Tat(=) mice over time (Time main effect [A3,30) = 24.61, p< 0.0001; Fig. 1D]),
but did increase mobility in Tat(+) mice at 2 weeks during the novelty-induced hypophagia
test (Interaction [A3,30) = 4.10, p < 0.05; Fig. 1E]). Due to possible habituation effects in
the novelty-induced hypophagia test, a separate group of mice were tested in a different
hypophagia test with a food pellet novel stimulus, novelty-suppressed feeding. Eight weeks
of Tat exposure also increased time spent with food [422) = 3.96, p < 0.001; Fig. 1C] and
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mobility [422) = 2.25, p< 0.05; Fig. 1F] in the novelty suppressed-feeding test. Together
these data indicate that Tat increases exploration in tests of novelty-seeking with different
novel stimuli (environment, flavor, and food).

Tat(-) and Tat(+) mice were also tested in the FST to assess adaptive coping in response to
an acute stressor. Tat increased mobility in the FST (Tat main effect [A1,21) = 11.75, p<
0.05; Fig. 1G]) after repeated exposures, indicating Tat interferes with the ability to
behaviorally adapt to potentially stressful environmental changes.

Pre-attentive filtering, another important aspect of behavioral control, can be measured by
assessing the PPI of the acoustic startle response. After 8 weeks of exposure, Tat decreased
PPI (Tat main effect [A2,44) = p< 0.001; Fig. 11]), but not the acoustic startle response (p =
0.5; Fig. 1H). These data suggest that Tat interferes with sensorimotor filter processing, but
not the startle reflex.

3.1.2. HIV-1 Tat exposure does not affect compulsivity or sociability—Due to
Tat-induced alterations in the above aspects of behavioral control, we also assessed the
effects of Tat on compulsivity and social interaction. Tat exposure did not affect either the
number of marbles buried (p = 0.66; Fig. 2A) after 2—-8 weeks, or the percentage of nestlets
shredded (p = 0.74; Fig. 2C) after 8 weeks, suggesting that Tat does not affect compulsive-
like behavior. Tat also did not affect mobility in the marble burying test (o= 0.14; Fig. 2B),
although both Tat(+) and Tat(-) mice exhibited decreased mobility across testing weeks
(Time main effect [A3,66) = 33.9, p< 0.0001; Fig. 2B]).

The ACC is implicated in social cognition and behavior (Mao et al., 2017). Therefore, to
assess other behaviors mediated by the ACC, we tested Tat(+) and Tat(=) mice in reciprocal
(2—6 weeks of DOX) and non-reciprocal (8 weeks of DOX) social interaction tasks. Similar
to compulsive behavior, Tat did not change sociability when the novel mouse was free to
reciprocally interact with the test mouse (p = 0.54; Fig. 2D), or when the novel mouse was
restrained from interacting with the test mouse (p = 0.54; Fig. 2D). The behavioral data
together suggest that Tat impairs aspects of behavioral control related to ACC, but not
orbitofrontal cortical function.

HIV-1 Tat decreases inhibitory, but not excitatory synaptic markers in the anterior

cingulate cortex

Since Tat impaired ACC-mediated behavioral control, we next investigated dendritic
morphology and synaptic connections within distinct regions of the ACC-BG-
thalamocortical circuit. Dendritic spine density, complexity, and length of ACC layer V
pyramidal neurons were assessed in Golgi-impregnated brain sections to determine the
effects of Tat on synaptodendritic morphology of neurons projecting to the striatum. Tat
exposure for 2 or 8 weeks did not affect overall ACC layering (Fig. 3A-D), morphology
(Fig. 3C), or dendritic spine density (spines/10 mm) of Golgi-impregnated layer V
pyramidal neurons (p = 0.78; Fig. 3E). In addition, no difference was detected in ACC layer
V pyramidal neuronal dendritic length (p = 0.58; Fig. 3F) or dendritic branching (p = 0.94;
Fig. 3G) between Tat(+) and Tat(=) mice.
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Based on previous data indicating that Tat may induce specific synaptic deficits in
hippocampal area CA1 pyramidal neurons (Fitting et al., 2013; Marks et al., 2016), and
more severe synaptodendritic injury in striatal MSNs (Fitting et al., 2010a; Schier et al.,
2017), the effects of Tat on excitatory and inhibitory synaptic proteins in the intact PFC were
evaluated. Whole PFC tissues were isolated from Tat(+) and Tat(-) mice after 8 weeks of
DOX and synaptic proteins were assessed by immunoblot (Fig. 4A and B). The lack of
differences seen in the density of excitatory dendritic spines between Tat(-) and Tat(+) mice
in layer V pyramidal neurons was supported by a similar lack of changes in the levels of the
excitatory vesicular glutamate transporters VGLUT1 (49) = 1.52, p=0.16) and VGLUT2
(49) = 0.01, p=0.99) or in the excitatory postsynaptic density protein PSD-95 (#9) = 0.58,
p=0.57) in Tat(-) and Tat(+) mice. Furthermore, there was no significant difference with
Tat treatment in the level of the excitatory presynaptic protein synapsin-1 ({9) = 2.3, p=
0.051). In contrast, Tat exposure decreased the inhibitory pre- and post-synaptic proteins
Syt2 (£9) = 2.99, p < 0.05) and gephyrin (£9) = 2.82, p < 0.05), respectively, and increased
the inhibitory GABA synthesizing enzyme GADG67 (49) = 2.9, p< 0.05). These data suggest
that Tat preferentially interferes with inhibitory interneurons and synapses throughout the
PFC. To extend this finding to the ACC subregion, immunofluorescence intensity of Syt2
and gephyrin colocalization along dendrites stained for MAP2 within different layers of the
ACC were also measured in Tat(-) (Fig. 4C) and Tat(+) Fig. 4D) mice. In the ACC, 8 weeks
of Tat exposure decreased Syt2 and gephyrin colocalization in layers I1/111 and V (Tat main
effect [H1,12) = 9.71, p< 0.01; Fig. 4E]), suggesting that Tat decreases inhibitory synapses
within both the input and output layers of the ACC.

HIV-1 Tat decreases excitatory cortical inputs into the striatum

We next determined the effects of Tat exposure on synaptic morphology and markers within
the striatum (Fig. 5), the main input region within the BG. Tat(+) mice (Fig. 5SE&G)
exhibited decreased striatal MSN dendritic spine density compared to Tat(-) mice (Fig.
5D&F) irrespective of the 2- or 8-week exposure time (Tat main effect [A1,19) = 12.19, p<
0.01; Fig. 5B]). These results support previous data showing that Tat reduces the dendritic
spine density of striatal MSNSs after 1 or 12 weeks of exposure (Fitting et al., 2010a; Hahn et
al., 2015).

The effects of 8 weeks of Tat exposure on excitatory and inhibitory synaptic markers in the
striatum were also assessed (Fig. 5C&H). Interestingly, Tat decreased striatal inputs from the
cortex as measured by VGLUT1 ({10) = 2.25, p< 0.05), but not from the thalamus, as
measured by VGLUT2 ({10) = 1.26, p= 0.24) (Kaneko and Fujiyama, 2002). However,
there was no difference between Tat(+) and Tat(-) in striatal levels of the excitatory pre- and
post-synaptic proteins synapsin-1 (£10) = 1.39, p=0.2) and PSD-95 (#10) = 1.23, p=
0.25), respectively. Similarly, Tat exposure did not affect the inhibitory pre- and post-
synaptic proteins, Syt2 ({10) = 0.54, p= 0.6) and gephyrin ({10) = 0.9, p=0.4),
respectively, or the GABA synthesizing enzyme, GAD67 (410) = 0.59, p=0.57). These data
suggest that Tat alters excitatory cortical input connections to striatal MSNS.
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3.4. Tat does not affect thalamic spine density or synaptic markers

Since the thalamus provides a myriad of inputs and outputs within the ACC-BG-
thalamocortical circuit (Phillips et al., 2019), we also assessed the effects of Tat on thalamic
synaptic morphology. Tat exposure did not affect the density of dendritic spines of stellate
neurons in the MD thalamus (p = 0.82; Fig. 6A-C), a key output subregion within the circuit
(Halassa and Sherman, 2019). Similarly, within the whole thalamus, Tat did not change
levels of the excitatory synaptic protein markers VGLUT1 (410) = 0.38, p=0.71), VGLUT?2
(#10) = 1.90, p=0.09), synapsin-1 ({10) = 0.56, p=0.59), or PSD-95 ({10) = 1.35, p=
0.21). Furthermore, the inhibitory synaptic proteins Syt2 (#10) = 0.20, p = 0.84), gephyrin
(410) = 1.9, p=0.08), and GAD67 ({10) = 0.79, p= 0.45) were unaffected by Tat (Fig. 6D
and E). Together, these data suggested that Tat may not affect synaptic morphology in the
MD thalamus directly, but instead indirectly influence it through connections between the
BG and PFC.

3.5. HIV-1 Tat differentially affects cytokine levels in separate regions associated with
frontal cortico-BG-thalamocortical circuitry

We next assessed the effects of Tat on cytokine levels in the intact PFC, striatum, and
thalamus of Tat(+) and Tat(-) mice exposed to DOX for 48 h, 2 weeks, or 8 weeks to
determine whether temporal changes in neuroimmune signaling might accompany Tat-
induced behavioral dysfunction and the systematic dysregulation of synaptic connections
within ACC-BG-thalamocortical circuitry. Basal cytokine levels differ among different brain
regions (Miller et al., 2013; Silverman et al., 2015). Therefore, in the present study;,
chemokines and cytokines were analyzed in each brain region separately. For clarity, only
chemokines (Fig. 7), proinflammatory cytokines (Fig. 8A-F), and anti-inflammatory
cytokines (Fig. 8G-I) displaying significant Tat-dependent differences are displayed
graphically, while detailed statistical parameters and outcomes corresponding to Figs. 7, 8A-
F, and 8G-1, respectively, are reported in Tables 1-3. Means + SEM of cytokines that were
not significantly affected by Tat at any time tested in any brain regions are reported in Table
4,

3.5.1. Chemokines—Within the PFC, Tat induction significantly increased levels of the
chemokines, CCL4 [Table 1; Fig. 7C], CXCL1 [Table 1; Fig. 7F], and G-CSF [Table 1; Fig.
7G] compared to Tat(—) mice. Tat exposure also significantly increased the expression of
CCL11 [Table 1; Fig. 7E] and CCLS5 in the striatum [Table 1; Fig. 7D]; whereas thalamic
expression of CCL5 [Table 1; Fig. 7D] was markedly decreased. Duration of DOX exposure
also significantly altered chemokine levels in discrete brain regions in Tat(-) and Tat(+)
mice (see Tables 1 and 4, and Fig. 7). Together, these data indicate that Tat differentially
alters chemokine expression within the intact PFC, striatum, and thalamus.

3.5.2. Proinflammatory cytokines—Regarding proinflammatory cytokines (Fig. 8),
there was a main effect of Tat associated with significant overall increases in PFC levels of
IL-12p40 [Table 2; Fig. 8E] and striatal levels of IL-1p [Table 2; Fig. 8C], and decreases in
the thalamic levels of IL-1a [Table 2; Fig. 8B] across exposure durations. Interactive effects
indicated that 8 weeks of Tat decreased PFC expression of TNFa [Table 2; Fig. 8A] while
increasing PFC expression of IL-17A [Table 2; Fig. 8F] and striatal expression of IL-6
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[Table 2; Fig. 8D]. In Tat(-) and Tat(+) mice, the duration of DOX exposure also altered the
expression of proinflammatory cytokine levels within the PFC, striatum, and thalamus
(Tables 2 and 4, and Fig. 8). These data suggest that Tat differentially increases and
decreases proinflammatory cytokines within separate regions of the frontal cortico-BG-
thalamocortical circuit.

3.5.3. Anti-inflammatory cytokines—Among Tat(+) mice, there was a significant
increase in the anti-inflammatory cytokines IL-10 [Table 3; Fig. 8G] and IL-4 [Table 3; Fig.
8H] in the PFC, and a decrease in 1L-13 [Table 3; Fig. 81] expression in the thalamus. In
discrete brain regions, the duration of DOX exposure also significantly altered the
expression of anti-inflammatory cytokine levels in Tat(-) and Tat(+) mice (Tables 3 and 4,
and Fig. 8).

3.6. Tatand PFC CCL4, CXCL1, IL-12(p40), or IL-17A interactions predict coping behavior

We used multiple linear regression analyses to investigate whether cytokine expression
within the PFC predicted behavioral deficits after different lengths of Tat exposure. The
regression results indicate that the interaction models of 1L-12p40 [R? = 0.6, A7,19) = 3.4, p
< 0.05; Fig. 9A], CXCL1 [R? = 0.57, A7,19) = 3.7, p< 0.05; Fig. 9B], IL-17A [R? = 0.63,
A7,19) = 4.7, p< 0.01; Fig. 9C], or CCL4 [R? = 0.60, A7,19) = 4.1, p< 0.01; Fig. 9D]
expression within the PFC, Tat, and exposure time significantly predict FST mobility. There
was a significant interaction between Tat and 1L-12p40 [B = 3.09, £19) = 2.4, p < 0.05],
CXCL1[B=419) =26, p<0.05], IL-17A [p =9.30, £19) = 3.2, p < 0.005], or CCL4 [B =
19.03, (19) = 2.5, p< 0.05] and adaptability in response to an acute environmental stressor
in the FST. Furthermore, the interaction of Tat, IL-17A, exposure time, and adaptability was
significant [ = -0.22, {19) = 2.8, p < 0.05], while the interaction between Tat, CCL4,
exposure time, and adaptability was not significant [ = -0.62, {19) = 1.9, p = 0.08]. The
interaction plots suggest that in Tat(+) mice an increase in 1L-12p40 or CXCL1 in the PFC
correlates with increased FST mobility across exposure time; whereas an increase in IL-17A
or CCL4 in Tat(+) mice correlates with increased FST mobility after 2 weeks exposure, but
decreased mobility at 8 weeks of exposure. No additional significant interactions were seen
between Tat, exposure time, and altered PFC cytokine expression to predict other behavioral
deficits.

4. Discussion

Despite CART, many PLWH experience executive functioning deficits that can decrease
quality of life (Heaton et al., 2011). Since Tat levels can be elevated in the CSF of PLWH
(Henderson et al., 2019; Johnson et al., 2013) and trigger Ty17 immunological
responsiveness in CART-suppressed, aviremic patients (Johnson et al., 2013), Tat appears
unique from most other viral proteins. In fact, CART may increase Tat expression by failing
to prevent feedback inhibition or host suppression of proviral transcription (Henderson et al.,
2019; Johnson et al., 2013; Mbonye and Karn, 2017). Our goal was to begin to take a
systems approach toward examining the effects of HIV-1 Tat on ACC and circuit-wide
deficits in CNS structure and function. Inducible Tat-transgenic mice display many of the
neurocognitive deficits seen in PLWH with HAND (Bruce-Keller et al., 2008; Fitting et al.,
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2010a, 2013; Gonek et al., 2018; Hahn et al., 2015, 2016; Marks et al., 2016; Paris et al.,
2014, 2016). The Tat transgenic line we used resembles the slower onset, chronic pathology
exhibited by PLWH on cART, including less outright neuronal death and more subtle
structural and physiological impacts (Dickens et al., 2017).

Behavioral control is the ability to override impulses and adjust behavior to respond
appropriately to different stimuli (Diamond, 2013; Kliethermes and Crabbe, 2006). Two to
eight weeks of Tat exposure increased novelty-exploration in response to a novel
environment, flavor, or food—coinciding with findings in HIV-1 transgenic rats (expressing
multiple HIV proteins including Tat, Nef, and Vpr) demonstrating increased exploration in a
novel environment (Wingo et al., 2016; Yang et al., 2017), and extending prior findings by
revealing that increased novelty-exploration seen in preclinical HAND models is observed
across the presentation of different novel stimuli. Thus, exposure to Tat alone (versus other
viral proteins or protein combinations) is sufficient to increase novelty-exploration. Tat(+)
mice also exhibited increased mobility in the FST after 2-8 weeks of DOX. Accordingly, Tat
appears to alter adaptability to an inescapable stress-inducing environment. Although a
single intracerebroventricular (icv) Tat injection decreased FST mobility after 24 h (Fu et al.,
2011; Lawson et al., 2011), the present study was conducted at 2-8 weeks following
sustained Tat induction, making comparisons difficult. We speculate that the neuronal
dysfunction and chronic, low levels of inflammation following sustained Tat exposure differ
notably from what is seen after an acute icv Tat injection. Interestingly, Tat also increased
overall mobility in the novelty-induced hypophagia and novelty-suppressed feeding tests,
corresponding with increases in novelty-exploration. However, Tat-induced mobility
changes were not seen in the exploratory hole-board or the marble burying tests suggesting
that the increased novelty-exploration and FST mobility we observed did not result from a
Tat-induced hypermotoric phenotype. HIV-1 (Heaton et al., 2011; Robinson-Papp et al.,
2008; Saylor et al., 2016) and Tat induction (Fitting et al., 2012; Hahn et al., 2015; Paris et
al., 2016) often decrease motor coordination and locomotor activity, and the increase in
mobility in response to novel food and flavor stimuli might indicate an enhancement of their
rewarding properties (Kesby et al., 2016; Paris et al., 2014). Eight weeks of Tat exposure
also decreased PPI of the acoustic startle response, confirming previous findings in PLWH
and other rodent models of HAND that Tat can interfere with the pre-attentive filtering of
stimuli (Fitting et al., 2006; McLaurin et al., 2016; Moran et al., 2013a, 2013b; Paris et al.,
2015). Thus, we find that Tat can disrupt other facets of behavioral control besides PPI.

The balance of excitatory and inhibitory tone within frontal cortico-BG-thalamocortical
loops is essential for modulating behavioral control (Christakou et al., 2001; Muir et al.,
1996; Naaijen et al., 2015), and HAND is associated with the dysregulation of both
glutamatergic and GABAergic systems (Buzhdygan et al., 2016; Gelman et al., 2012;
Musante et al., 2010; Potter et al., 2013; Xu and Fitting, 2016; Xu et al., 2016). Accordingly,
Tat-induced dysregulation of the ACC, striatum, and thalamus may result in decreased
control of novelty-exploration, adaptability, and pre-attentive filtering. Although previous
findings indicate ~1 month of Tat exposure increases PFC excitatory postsynaptic currents
(Jacobs et al., 2019; Xu et al., 2017), the 8 weeks of Tat exposure in the current study did not
affect the spine density, length, or branching of ACC layer V pyramidal neuronal dendrites.
This disparity may relate to, (i) Tat-induced reductions in KCC2 (Barbour et al., 2020)
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altering chloride concentrations and reducing GABA potency, (ii) increased excitatory
postsynaptic potentials preceding changes in dendritic spine density or dendritic complexity,
which are likely to be altered with more prolonged Tat exposure, and (iii) in one instance, a
difference in the model (rats) and Tat exposure (added acutely to PFC ex vivoslices)
(Wayman et al., 2015). In contrast, HIV-transgenic rats exhibit dendritic alterations in
infralimbic/prelimbic area layer 11/111 pyramidal neurons (Festa et al., 2015; McLaurin et al.,
2019) suggesting that similar to other neurodegenerative disorders (Penzes et al., 2011), HIV
proteins may also selectively damage dendrites within specific cortical layers and
subdivisions in the PFC.

Aligning with previous reports in individuals with HAND (Buzhdygan et al., 2016; Gelman
et al., 2012), Tat decreased whole PFC levels of the inhibitory synaptic markers, Syt2 and
gephyrin, respectively. Furthermore, within layers I1/I11 and V of the ACC, Tat decreased
Syt2 and gephyrin colocalization, indicating that Tat may selectively target inhibitory
synapses within this mPFC subregion. Tat decreases the frequency and amplitude of
pyramidal neuron miniature inhibitory post-synaptic currents (mIPSCs) in layer 11/111 of the
infralimbic/prelimbic mPFC, further suggesting impaired GABAergic function (Xu et al.,
2016). The corresponding increase in GADG67 levels in the PFC may be a compensatory
response and suggests that Tat-induced interneuronal dysfunction is more nuanced than
simply a net decrease in inhibition. The lack of a corresponding change in dendritic
morphology was unexpected; however, it is anticipated that subtle disruptions to inhibitory
neurotransmission may precede the eventual reductions in dendritic spine density and
complexity. Previous findings show that 10 days of Tat exposure decreased Syt2 specifically
within the stratum radiatum and increased gephyrin throughout CA1, with only modest
reductions in dendritic spine density without changes in dendritic length in hippocampal
CAL1 pyramidal cells (Fitting et al., 2013), which show greater decreases in dendritic spines
with more prolonged exposure to Tat. Within the ACC, we speculate that the microcircuitry
underlying behavioral control, but not sociability is more vulnerable to Tat. Marks et al.
(2016) and Schier et al. (2017) found distinct subsets of neurons within hippocampal area
CAL and striatum, respectively, to be preferentially vulnerable to Tat, while surrounding
interneurons seemed unaffected. Based on the present and other studies, we speculate that
the intrinsic susceptibility of the neurocircuitry underlying a specific behavioral deficit to be
as important as regional increases in viral loads/Tat expression.

In Tat(+) mice, striatal MSNs exhibit synaptodendritic damage after 1 or 12 weeks of DOX
administration (Fitting et al., 2010a; Hahn et al., 2015), which agrees with the present
findings. The dendritic spines of GABAergic MSNs within the striatum receive cortical and
thalamic glutamatergic projections, indicated by VGLUT1 and VGLUT?2, respectively
(Kaneko and Fujiyama, 2002; Ni et al., 1995; Reiner et al., 2010). Tat-dependent decreases
in striatal VGLUT1 suggest that corticostriatal afferents are also preferentially vulnerable.
While the reasons other synaptic excitatory markers are unaffected are unclear, the timing of
pre- and postsynaptic remodeling are often asynchronous, suggesting Tat-dependent
decreases in VGLUT1 in the striatum precede decreases in synapsin-1 or PSD-95 (Fisher-
Lavie and Ziv, 2013). In support, we previously demonstrated decreases in synapsin-1 and
PSD-95 and concomitant decreases in dendritic spine density in the striatum of Tat(+) mice
after 12 weeks of DOX (Hahn et al., 2015), compared to the reductions in spine density seen
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at 2 or 8 weeks in the present study. This suggests that, similar to GABAergic dysregulation
within the PFC, Tat-induced glutamatergic dysregulation in the striatum differs depending
on the duration of Tat exposure.

Although there is a paucity of research on the effects of HIV-1 in the thalamus, reports
suggest that PLWH exhibit a loss in thalamic volume (Janssen et al., 2015; Nichols et al.,
2019; Sanford et al., 2018) and increased viral loads (Nath, 2015). HIV-1 transgenic rats also
exhibit decreased thalamic MAP2 levels (Pang and Panee, 2014). Although Tat exposure did
not change dendritic spine density of stellate neurons in the MD thalamus, the main output
region to layer V inhibitory neurons in the PFC (Halassa and Sherman, 2019), a recent study
demonstrated a selective loss in the ventral lateral posterior region of the thalamus of
PLWH, but not in other thalamic areas including the MD region (Zahr et al., 2019).

Novelty-exploration and compulsive-like behaviors are regulated by different frontal cortico-
BG-thalamocortical circuits: the ACC and orbitofrontal, respectively (Chudasama et al.,
2003; Fineberg et al., 2010; Napier and Persons, 2018). In the present study, Tat did not
affect marble burying and nestlet shredding behavior, suggesting that Tat decreases novelty-
exploration, but does not affect engagement in repetitive or stereotypical behaviors (Naaijen
et al., 2015; Napier and Persons, 2018) and may not affect the orbitofrontal cortex. However,
this hypothesis currently remains speculative. Due to possible Tat-induced increases in
anxiety-like behavior (Hahn et al., 2015, 2016; Paris et al., 2014, 2016; Schier et al., 2017),
environmental changes were made in the present study (e.g. enclosed chamber vs. open
room with overhead light) to decrease anxiety in the marble burying test (Broekkamp et al.,
1986; Crawley, 1985; Holter et al., 2015; Thomas et al., 2009). Notably, the reduction of
aversive environmental conditions (e.g., brightly lit open space) may explain the lack of Tat-
induced changes in the marble burying test used to assess compulsive-like behavior, which
diverge from previous studies in which marble burying assessed anxiety-like behavior and
Tat induction increased marble burying behavior (Paris et al., 2014, 2016). HIV-1 transgenic
rats spent less time exploring the center of an open field with an overhead light, but more
time exploring an open field when the center is dark (Rowson et al., 2016), suggesting
changes in environmental stimuli can alter behavioral control or anxiety-like behaviors.

Social interactions did not differ between Tat(+) and Tat(=) mice, suggesting Tat-induced
excitatory and inhibitory imbalances interfere with behavioral control, but not social
motivation. However, in another Tat transgenic model (Kim et al., 2003), Tat exposure
transiently decreased social interactions at 1 and 7 days following induction, which became
normal after 14 days (Paris et al., 2014). The decreased social interactions with short-term
Tat exposure may be due to “sickness behavior” caused by the initial release of
proinflammatory cytokines including IL-1p, IL-6, and TNFa (Dantzer and Kelley, 2007;
Hennessy et al., 2014; Lawson et al., 2011). We found nominal changes in cytokine
expression within the PFC, striatum, and thalamus after 48 h to 8 weeks of Tat exposure,
which supports previous findings suggesting that cytokine levels peak shortly (<48 h)
following Tat exposure (Gonek et al., 2018). Alternatively, sickness behavior may be
regulated by complex temporal and regional differences in cytokine expression. Declines in
IL-1a in the thalamus at 2-8 weeks and TNFa in the PFC at 8 weeks of Tat exposure were
accompanied by marked increases in IL-1p at 2-8 weeks and 1L-6 at 8 weeks of Tat
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exposure in the striatum suggesting considerable underlying complexity. Assuming
“sickness behavior” results from the transient increases in key cytokines, which return to
pretreatment levels with sustained Tat exposure, this may partially explain the lack of
diminished social interactions in the present study.

Regional differences in cytokine levels differ with age, onset of insult, and duration
(Deverman and Patterson, 2009; Drabek et al., 2015). The Tat-induced changes in cytokines
were regionally specific, which agrees with previous /n vitro findings in astrocyte-enriched
cultures (Fitting et al., 2010b), and may reflect glial heterogeneity or regional alterations in
blood-brain barrier integrity (Leibrand et al., 2017, 2019). Tat induction in the PFC
increased expression of proinflammatory cytokines (i.e., IL-12p40), chemokines (i.e., CCL4,
CXCL1, and G-CSF), and anti-inflammatory cytokines (i.e., IL-4 and IL-10). A substantial
increase in IL-17A levels accompanied by a decrease in TNFa in the PFC of Tat(+) mice
after 8 weeks, but not earlier, may indicate a shift to T-cell mediated regulatory responses.
IL-17A is overexpressed in chronic inflammatory diseases (Rea et al., 2018), and simian
immunodeficiency virus-infected macaques administered CART exhibited increased CNS
infiltration of T and B lymphocytes (Mangus et al., 2018). Interestingly, Tat and increased
PFC expression of CXCL1 and IL-12p40 interacted to predict mobility in the FST,
suggesting that Tat-dependent increases in PFC levels of these two cytokines leads to a
decrease in adaptability in response to an acute environmental stressor. Furthermore, Tat-
induced expression of CCL4 and IL-17A interacted with exposure time to predict increased
FST mobility after 2 weeks of exposure, while predicting a decrease after 8 weeks of Tat.
The correlation of 1L-12p40 and I1L-17A expression in the PFC with Tat-induced
dysfunctional coping aligns with previous reports indicating their importance in potentially
mediating depression and cognitive impairment and suggest they might be therapeutic
targets for HAND (Johansson et al., 2017; McGeachy et al., 2019). Prolonged Tat induction
in the present study increased CCL5, CCL11, 1L-1p, and IL-6 levels in the striatum.
Previously, striatal increases in CCL3, CCL4, CCL11, IL-1a, and IL-9 expression were seen
after 4 weeks of Tat induction, suggesting that cytokine expression differs dynamically
depending on the duration of Tat expression, or is influenced by the stress of i.p. injections
and/or alterations to the microbiome due to DOX (Gonek et al., 2018).

Regardless of genotype, many cytokine levels increased, particularly within the thalamus,
throughout the duration of the study. Although regional CNS differences in cytokine
expression can occur during normal aging, and may not coincide with neurodegenerative
changes (Lopez--Gonzalez et al., 2017), some alterations to the microbiome introduced by
continous DOX exposure may play a role. DOX administration can alter the gut microbiota
compared to non-treated mice (Boynton et al., 2017). Vascular leakiness at the subfornical
organ, adjacent to the thalamus, may result in net increases in cytokine levels due to the
increased presence of blood-borne microbial products, such as lipopolysaccharides,
translocated from the gut especially following prolonged DOX administration (Knoop et al.,
2016; Kustova et al., 1999; Schulz and Engelhardt, 2005). Interestingly, not all cytokines
within the thalamus increased; IL-1a, CCL5, and 1L-13 decreased in Tat(+) mice after 2 or 8
weeks of DOX agreeing with decreased thalamic cytokine levels in HIV transgenic rats that
may result from enhanced glutathione production (Pang and Panee, 2014; Pang et al., 2013).
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5. Conclusions

Studies in humans and rodents have demonstrated that HIV-1 and several of its viral
proteins, including Tat, disrupt aspects of behavioral control and induce aberrant
synaptodendritic connections and inflammation within the frontal cortex, striatum, and
thalamus. The present study extends previous findings by demonstrating that HIV-1 Tat
exposure alters behavioral control and systematic, circuit-wide morphological and
neuroimmune changes within the ACC-BG-thalamocortical circuitry in a highly complex
and coordinated manner—including decreased control of novelty-exploration, adaptability,
and pre-attentive filtering, but not altered compulsive-like or social behaviors. Tat itself may
underlie reductions in impulse control, the ability to cope in stressful environments, and
attentional filtering deficits seen in individuals with HAND. Tat-induced PFC expression of
CCL4, CXCL1, IL-12p40, and IL-17A significantly predicted a decrease in adaptability in
response to an unescapable stressor. The loss of specific behavioral control appears to be
mediated by unique and systematic alterations in neuroimmune regulation and in the net
balance of inhibitory and excitatory synapses within circuitry responsible for executive
functions.
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HIV-1 Tat increases novelty-exploration, while decreasing adaptability and pre-attentive
filtering in novel environments. Tat(+) and Tat(-) mice were fed DOX chow for 8 weeks and
assessed in ACC-mediated measures of behavioral control. Measures of novelty-exploration
(A-C). Tat(+) mice exhibited increased exploratory hole-board nose pokes following 2-8
weeks of DOX (A). Tat exposure increased interactions with palatable food after 2 weeks
(B) and regular food interactions in a novel environment following overnight deprivation
after 8 weeks of DOX (C). Locomotor activity in novelty-exploration tests (D-F). Tat(+) and
Tat(-) mice displayed increased mobility in the exploratory hole-board test at 4-8 weeks
compared to 2 weeks of DOX exposure (D); whereas in the novelty-induced hypophagia test
Tat exposure increased mobility at 2 weeks, but regardless of genotype, mice exhibited
decreased mobility at 4-8 weeks (E). In the novelty-suppressed feeding test, Tat increased
locomotor activity (F). Tat exposure for 2—-8 weeks increased mobility in the forced swim
test (FST) (G). After 8 weeks of DOX administration, Tat exposure did not affect acoustic
startle response (H), but did decrease prepulse inhibition (PPI) or the ability to ignore
irrelevant stimuli (1). Data are presented as mean + SEM; (A-B & D-E) n = 6 mice per
group; (C & F-1) n =12 mice per group; p < 0.05 vs Tat(-) (control) mice at 2 week
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exposure time. Main effect of Tat, *p < 0.05 vs Tat(-) (control) mice. Main effect of
exposure time, #p < 0.05 vs 2 weeks of DOX.
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HIV-1 Tat does not affect compulsive-like or social behaviors in novel environments. After 8
weeks of DOX administration, Tat exposure did not affect orbitofrontal cortex-mediated
compulsive measures of marbles buried (A) or percentage of nestlet shredded (C). Tat
exposure for up to 8 weeks also did not change mobility in the marble-burying test, but in
both Tat(-) and Tat(+) mice mobility did decrease over time (B). Tat(+) and Tat(-) mice did
not differ in time spent interacting in reciprocal (novel mouse free; 2—6 weeks) and non-
reciprocal (novel mouse was restrained under a pencil cup; 8 weeks) social interaction
assays (D). Data are presented as mean + SEM, n = 12 mice per group. Main effect of
exposure time, #p < 0.05 vs 2 weeks of DOX.
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Fig. 3.

HIgV-l Tat exposure does not affect ACC layer V pyramidal neuron dendritic complexity or
spine density. Dendritic morphology of ACC layer V pyramidal neurons of Tat(+) and Tat(-)
mice were assessed after 2 or 8 weeks of DOX. Representative image of Nissl staining of the
ACC (A). Representative images of Golgi-impregnated neurons in the ACC illustrating
cortical layering (B&D) and layer V pyramidal neurons (C). Layer V pyramidal neurons (C)
from Tat(-) and Tat(+) (not shown) mice displayed similar morphology and showed no
differences in dendritic spine density (E) or dendritic complexity (F-G). Data are presented
as mean + SEM, multiple neurons (= 6) were sampled in each n = 5-7 mice per group;
dashed-line, approximate borders of the ACC.
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Fig. 4.

HIgV-l Tat exposure disrupts the inhibitory pre- and post-synaptic colocalization in the ACC.
After 8 weeks of Tat exposure, excitatory and inhibitory synaptic markers were assessed
within the PFC/ACC. In the whole PFC, 8 weeks of Tat induction decreased inhibitory pre-
and post-synaptic proteins Syt2 and gephyrin, respectively, and increases GAD67, which is
involved in the synthesis of GABA, as measured by immunaoblotting (A-B). Representative
images of IHC stained ACC neurons (C-D). Colocalization of inhibitory pre- and post-
synaptic proteins Syt2 (red) and gephyrin (green), respectively, along pyramidal neuron
dendrites indicated by the marker MAP2 (blue) in layer V of the ACC in Tat(-) (C) and
Tat(+) (D) mice. Tat induction decreased Syt2 and gephyrin colocalization in layers I1/111
and V of the ACC after 8 weeks of DOX administration as measured by the overlap
coefficient, the ratio of colocalized to non-colocalized pixels (E). Data are presented as
mean = SEM; n = 4-6 mice per group; *p < 0.05 vs Tat(—) mice; #p < 0.05 main effect of
ACC layer; 1 indicate colocalized inhibitory puncta; scale bar = 10 pm.
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Fig. 5.

HIgV-l Tat exposure decreases MSN dendritic spine density and VGLUT1 in the striatum.
Synaptodendritic morphology in the striatum after 2 or 8 weeks of Tat exposure was altered.
Representative image of Nissl staining in the area of the striatum examined (A).
Representative images of Golgi-impregnated MSNs (D-G). Appearance of striatal MSNs
(D) and tertiary (3rd order) dendrites (F) in Tat(—) mice. Appearance of striatal MSNs (E)
and tertiary dendrites (G) in Tat(+) mice. Tat induction decreased the density of dendritic
spines on tertiary branches of MSNs after 2 and 8 weeks of DOX administration (B). In the
whole striatum, 8 weeks of Tat induction decreased the excitatory VGLUT1 protein levels,
as measured by immunoblotting (C&H). Data are presented as mean £ SEM, multiple
neurons (= 6) were sampled in each of n = 5-7 mice per group; *p < 0.05 vs Tat(-) mice;
dashed-lines, approximate borders of the CP and NAc; caudate putamen (CP); n. accumbens
(NAC).

Brain Behav Immun Health. Author manuscript; available in PMC 2020 October 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Page 33

C O Tat(-)

14 BTa) 350
E a
2 ‘g 280
312 “ _ £ 210
3 R
§10 n Z 1401
® el ¢ 7of
g 8
2 0
2 8 Q
Weeks of DOX %
Tat(-) Tat(+) Tat(-) Tat(+)

Syn1 SR S 75 kDa GADG7 s . 67 kDa

VGLUT1 s s 50 kDa SYL2 M w60 kDa
VGLUT2 M S 37KkDa Gephyrin S s 95 kDa

PSD-O5 M s 05kDa  GAPDH s s 37 kDa

Fig. 6.
HIV-1 Tat does not affect MD thalamic stellate neuronal spine density or synaptic markers.

In the thalamus, synaptodendritic morphology was measured after 2 or 8 weeks of Tat
exposure. Representative Nissl staining showing the approximate left MD thalamic nucleus
(MD) (A). Appearance of Golgi-impregnated stellate neurons in the MD thalamus (although
dendritic spines populate the more distal dendrites, the cell body of origin is shown instead
to better confirm its identity as a MD thalamic stellate neuron) of Tat(-) (B) and Tat(+) (not
shown) mice displayed similar morphology and showed no differences in dendritic
complexity (see C). No genotypic differences in dendritic spine density were seen in the MD
thalamus after 2 or 8 weeks of Tat exposure (C). In the whole thalamus, Tat(+) did not
significantly alter excitatory or inhibitory postsynaptic connections after 8 weeks of DOX
(D-E). Data are presented as mean + SEM, multiple neurons (= 6) were sampled in each of
n = 5-7 mice per group; dashed-lines, approximate borders of the MD thalamus and
thalamus.
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Fig. 7.
Chemokines are differentially altered by HIV-1 Tat in distinct regions of the frontal cortico-

BG-thalamocortical circuit. Chemotactic cytokine protein expression in Tat(+) mice (color
bars) was inversely changed in discrete regions of the frontal cortico-BG-thalamocortical
circuit after 48 h, 2 weeks, or 8 weeks of DOX. CCL4 (C), CXCL1 (F), and G-CSF (G)
levels were increased in the PFC after 48 h to 8 weeks of Tat exposure. Regardless of
exposure time, Tat increased CCL5 (D) expression in the striatum; whereas in the thalamus
expression was decreased. CCL11 (E) levels were also increased in the striatum after 48 h to
8 weeks of Tat (D). Data are presented as mean + SEM; n = 6-9 mice per group. Main
effect, *p < 0.05 vs respective Tat(—) (control) (white bars) within discrete regions. Main
effect of exposure time within each separate region, p < 0.05 vs respective 48 h exposure
time; ¥p < 0.05 vs respective 2-week exposure time.
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Fig. 8.

Pr%inflammatory and anti-inflammatory cytokine expression in the frontal cortico-BG-
thalamocortical circuit is partially altered by HIV-1 Tat exposure. Proinflammatory and anti-
inflammatory cytokine expression of Tat(+) (color bars) compared to Tat(-) (white bars)
mice in the PFC, striatum, and thalamus after 48 h, 2 weeks, or 8 weeks of DOX exposure
was largely unchanged. Proinflammatory IL-1p levels (C) were increased in the striatum
after 48 h to 8 weeks of Tat exposure and I1L-12p40 levels (E) were increased in the PFC;
whereas in the thalamus IL-1a (B) levels were decreased. PFC expression of
proinflammatory TNF-a (A) decreased, while IL-17A (F) increased in the PFC, and striatal
IL-6 (D) expression increased in Tat(+) compared to Tat(-) mice after only 8 weeks of DOX.
Expression of anti-inflammatory IL-10 (G) and IL-4 (H) was increased in the PFC; whereas
IL-13 expression (I) was decreased in the thalamus after 48 h, 2 weeks, or 8 weeks of Tat
exposure. Data are presented as mean £ SEM; n = 6-9 mice per group. Main effect, *p <
0.05 vs respective Tat(-) (control) within discrete regions. Main effect of exposure time
within each separate region, ”p < 0.05 vs respective 48 h exposure time; ¥p< 0.05 vs
respective 2-week exposure time. "p < 0.05, interaction of Tat and exposure time within
discrete regions. Dashed line separates anti-inflammatory cytokines.
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Fig. 9.

HIV-1 Tat-dependent alterations in CCL4, CXCL1, IL-12p40, and IL-17A levels in the PFC
interact to predict mobility in the forced swim test (FST). Multiple linear regression
interaction plots demonstrate that Tat and 1L-12p40 (A) or CXCL1 (B) expression in the
PFC significantly interacted to predict an increase in FST mobility irrespective of Tat
exposure time. Interaction plots of Tat, exposure duration, and IL-17A (C) or CCL4 (D)
expression indicate that Tat-dependent increases in either cytokine in the PFC at 2 weeks
following Tat exposure predict an increase in mobility, whereas at 8 weeks of exposure
predict a decrease in mobility. Other Tat-dependent alterations in cytokine levels in the PFC
did not significantly predict behavioral outcomes. Data are presented as mean £ SEM; n =
6-9 mice per group.
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Table 1.

Effects of brain region, Tat, and the duration of DOX exposure on chemokine levels

5’ erga}ionn Main Effect of Tat Tat/DOX Duration Interaction
PFC Chemokine | Fausy | p | Fewm p Fezy [ p
cCL2 296 | 095 | 1435 | <917 | 295 [ 007
CCL3 0.01 0.91 16.24 <0.01# 341 0.04
ccL4 6.48 | 0.02 | 2946 | <go1# | 120 | 032
CCL5 0.78 0.38 | 213.80 <0_01# 0.54 0.59
CCL11 136 | 025 | 10190 | <9o1# | 012 | 0.89
CXCL1 6.06 0.02 1.49 0.24 1.72 0.19
G-CSF 5.03 0.03 2.00 0.15 1.27 0.29
GM-CSF | 0.72 | 0.40 | 1347 | 9p1% | 038 | 0.69
Striatum | Chemokine | F(1ap) p Feaz p Fa2) p
CCL2 0.06 0.80 13.12 <0_01# 2.09 0.14
cCcL3 012 | 073 | 398 003 | 251 | 010
CCL4 1.76 0.19 0.22 0.80 2.25 0.12
CCL5 4.17 0.05 0.32 0.73 0.62 0.55
CCL11 594 002 | 896 | <9o1” | 085 | 044
CXCL1 0.51 0.48 2.56 0.09 1.90 0.17
G-CSF 022 | 064 | 1852 | «901@# | 027 | 077
GM-CSF 1.20 0.28 1.55 0.23 177 0.19
Thalamus | Chemokine | Fuay | p F231 p Feay | p
cCL2 017 | 068 | 3520 | o1 | 037 | 070
CCL3 0.00 0.98 0.84 0.44 0.45 0.64
CCL4 0.56 0.46 1.95 0.16 0.50 0.61
cCL5 525 | 003 | 19200 [ <go1¥ | 164 [022
cCL11 057 | 046 | 98520 | «go1** | 316 | 0.06
cxcLt | 023 | o064 | 2145 | <91 | 024 | 079
G-CSF 046 [ 050 [ 2613 | <op2® [ 018 [ o083
GM-csF | 013 [072 | 3376 | <9o1¥ | 005 [ o095

The F-values, degrees of freedom, and P-values from the chemokine ANOVA results. Bolded values denote significant differences at a = 0.05
(Bonferroni correction for multiple comparisons). Main effect of exposure time within each separate region

$AII exposure time-points (48 h, 2-week, and 8-week) are significantly different

48 h exposure time-point significantly differs from respective 2- and 8-week DOX exposure time-points
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@48 h exposure time-point differs from the respective 2-week exposure time-point
+
48 h exposure time-point differs from its respective 2-week exposure time-point

1rz-week exposure time-point differs from the respective 8-week exposure time-point.
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Effects of brain region, Tat, and the duration of DOX exposure on proinflammatory cytokine levels

Table 2.

gerga:ionn Main Effect of Tat Tat/DOX Duration Interaction
PFC Cytokine [ Fas p Fa p Fa p
TNFa 5.06 0.03 4.96 001 | 748 | <001
IFN-y 000 | 098 [ 2463 | coo1” | 173 | 019
IL-la 0.44 051 4.67 002® | o7t 0.50
IL-1p 0.08 078 | 1557 | <go1” | 045 | 064
IL-2 0.00 098 | 3064 | <go1” [ 016 | 085
IL-3 222 | 015 | 1839 [ <1 | 186 | 017
IL-6 358 | 007 [ 3977 | <91 | 021 | o081
IL-9 2.10 016 | 3987 | <go1” | 068 051
IL-12pa0 | 1783 | <001 | 870 | <om? | 293 | 007V
IL-12p70 | 048 049 | 4842 | g1 | 064 | 053
IL17A | 2934 | <001 | 2839 | <goi” | 2937 | <001”
Striatum | Cytokine | Fua) p Fa32) p Fea) p
TNFa | 00113 | 091 | 14525 [ <go1# | 034252 | 072
IFN-y | 02613 | 062 [ 0.3, 075 | 1313, | 0.28
IL-1a 27213 | 011 | 48653 0017 | 0263 | 077
IL-1p | 47615 | 004 | 03755 | 069 | 2055 | 0.15
IL-2 0413 0.53 6.687,32 <0017 | 0793 | 046
IL-3 07513 | 039 | 1315 | 028 | 3115 | 006
IL-6 34315 | 007 | 43%3 | 0027 | 40723 | 003"
IL-9 05413 | 047 | 1215 | 031 | 04455 | 065
IL-12p40 | 2413 | 013 | 028,35 | 076 | 05655 | 057
IL-12p70 | 03213 | 058 | 205453 | <go1” | 05232 | 061
IL-17A | 17313 | 02 3.7 004@ | 1195 | 032
Thalamus | Cytokine | Fan p Fan p Fray p
TNFa | 06713 | 042 | 4473 | go2f | 0094 | 092
IFN-y | 08213 | 037 | 838453 | <go1” | 016231 | 0.86
IL-la | 93113 | <001 | 214653 | <0.01% | 2054 | 015
IL-18 371: | 006 | 205855 | «go1?? | 10131 [ 037

Brain Behav Immun Health. Author manuscript; available in PMC 2020 October 19.

Page 39



1duosnuey Joyiny

1duosnuen Joyiny

Nass et al. Page 40

Brain

Region Main Effect of Tat Tat/DOX Duration Interaction

IL-2 L7213 | 02 | 52723 | <001 | 1.28,a | 0.29

IL-3 01213 | 073 | 208255 | «go17¥ | 033231 | 0.72

IL-6 0.0051,31 0.95 19.582)31 <0_01$ 0.83231 0.45

IL-9 03513 | 056 | 128455 | <go1® | 043,31 | 0.65

IL-12p40 | 164131 | 021 [ 193753 | cgo1™¥ | 15%m | 024

IL-12p70 | 01813 | 068 | 12533 | <gp17% | 0.0331 | 0.97

IL-17A 0.2131 066 | 2407531 | <0017 | 0825 | 045

The F-values, degrees of freedom, and P-values from the proinflammatory cytokine ANOVA results. Bolded values denote significant differences at
a = 0.05 (Bonferroni correction for multiple comparisons). Interactive effects of Tat and DOX exposure time within discrete brain regions

ATat(+) mice significantly differ from Tat(—) mice at 8-week exposure time-point only

I/Tat(+) mice significantly differ from Tat(—) mice at 48 h exposure time-point only. Main effect of exposure time within each separate region
$AII exposure time-points (48 h, 2-week, and 8-week) are significantly different

#48 h exposure time-point significantly differs from its respective 2- and 8-week DOX exposure time-points

@48 h exposure time-point differs from its respective 2-week exposure time-point

+48 h exposure time-point differs from its respective 2-week exposure time-point

¢2-week exposure time-point differs from its respective 8-week exposure time-point.
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Table 3.

Effects of brain region, Tat, and the duration of DOX exposure on anti-inflammatory cytokine levels

gerga:ionn Main Effect of Tat Tat/DOX Duration Interaction
PFC Cytokine | F(i3s p F(239 p F@a4 p
IL-4 9.88 | <0.01 | 2882 | <pp1” | 177 | 019
IL-5 010 [ 032 | 198 015 025 | 078
IL-10 817 | <0.01 | 467 | <po1” | 141 | 026
IL-13 | 084 | 037 | 4764 | <901 | 023 | 080
Striatum | Cytokine | F(ia2) p F232) p Feay | p
IL-4 310 | 009 | 1961 | <go1® [ 232 [om
IL-5 041 [ 052 | 323 0.05 316 | 0.06
IL-10 | 002 | 088 | 2019 | <9o1# | 197 | 016
IL-13 | 040 | 053 | 968 | <01@*| 061 | 055
Thalamus | Cytokine | Fa p Fa p Feay | p
IL-4 058 [ 045 [ 222 013 069 | 051
IL-5 011 | 075 | 460 | 902@* | 000 | 0.99
IL-10 | 005 | 083 | 19940 | <go1¥ | 005 [ 095
IL-13 | 450 | 004 | 1790 | <0 01@* | 081 | 045

The F-values, degrees of freedom, and P-values from the anti-inflammatory cytokine ANOVA results. Bolded values denote significant differences
at a = 0.05 (Bonferroni correction for multiple comparisons). Main effect of exposure time within each separate region

$AII exposure time-points (48 h, 2-week, and 8-week) are significantly different

#48 h exposure time-point significantly differs from its respective 2- and 8-week DOX exposure time-points
@48 h exposure time-point differs from its respective 2-week exposure time-point

+48 h exposure time-point differs from its respective 2-week exposure time-point

iz-week exposure time-point differs from its respective 8-week exposure time-point.
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Table 4.

Means + SEM of chemokines and cytokines not significantly altered by Tat in this study

Page 42

Tat(-) Tat(+)
quin Cytokine 48 h 2 weeks 8 weeks 48 h 2 weeks 8 weeks
Region (pg/ml) Mean + SEM
PFC GM-CSF | 000+000 | 307+085" 258+082" 0.00 £ 0.00 334+089" 3.78+0.72"
# # # #
IFN-y | 1378+045 | 2550152 29.17 +1.43 1461066 | 28.92+4.04 24.78 +2.94
IL-2 2555+1.43 | 4555+2095 47.62 £5.02 25214199 | 4419+3.29 49.57 +2.43
IL-3 0.49 +0.05 2.31+0.41 151+0.30 0.48 + 0.04 2.38+0.40 2.68 +0.43
IL-9 12.65+060 | 23.22+0.87 24.65 + 2.02 1308098 | 27.16£3.29 25.97+0.84
# # # #
IL-12p70 | 49.13+4.08 | 12322+9.84” | 138.46+1457" | 4879+2.38 | 12533+1038" | 121.20+6.01
IL-5 0.57 £0.05 0.70 £ 0.05 0.71 £0.07 0.66 + 0.06 0.70 £ 0.08 0.78 £ 0.09
Striatum | GM-CSF | 5.38+0.63 5.40 + 0.42 531+112 5.16 +0.43 534 +0.19 7.43+0.94
IFN-y | 3485+183 | 48954575 33.55 +2.93 3283+1.97 | 50402537 40.10 +2.82
# # # #
IL-2 1495+092 | 19.45+1.10 20.27+1.95 17224095 | 1878+115 20.52 +0.97
IL-3 1.03 +0.08 0.85 £ 0.04 179 +0.12 0.92 +0.04 0.85 +0.02 1.07+0.12
IL-9 20124170 | 17.64+133 19.96 + 3.08 19.34+064 | 1923+0.75 2218 +1.46
# # # #
IL-12p70 | 9519+7.47 | 62.98+3.14 67.98 + 7.49 96.86+1.78 | 60.42+ 181 76.54+7.24
IL-5 1.89+0.14 2.03+0.12 1.92+0.28 1.64 £0.10 1.95 +0.05 2.55+0.30
Thalamus | oy cor | 208+022% | s60+057% 8.01+051% 327+026% | 64a+119° 8.03 +0.93%
# # # #
IFN-y | 2557096 | 24.18+177 4523+135 2800+£1.16 | 24.98+228 45.92 +2.66
#E #E
IL-2 28.01+207 | 2822+145 | 4627+212 29.43+159 | 2451+167 42.49 £2.18
#t #t
IL-3 0.93 £0.06 1.43+0.12 10.01 %055 1.03 £0.05 151+0.20 9.43+1.05
-9 | 2613+1.03% | 213221215 | a165+123% | 2780+146% | 21.962115% | ar08+147°
#t #t
IL-12p70 | 98.69+6.90 | 98.43+7.52 | 26348+ 14.61 96.07+4.79 | 90.87+10.39 | 261.27+21.36
# 7 # 7
IL-5 2254011 | 291+029 2.28+0.18 2344012 2.96 +0.40 2.34+0.24

Chemokine and cytokine protein levels within discrete brain regions of the frontal cortico-BG-thalamocortical circuit in Tat(+) and Tat(-) mice
after 48 h, 2 weeks, or 8 weeks of DOX expressed as mean + SEM in pg/ml. Bolded values denote significant differences at a = 0.05 (Bonferroni
correction for multiple comparisons). Main effect of exposure time within each separate region

$p< 0.05 vs all other respective exposure time-points (48 h, 2-week, and 8-week)

p < 0.05 vs the respective 48 h exposure time-point

’tp< 0.05 vs the respective 2-week exposure time-point.
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