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Despite effective antiretroviral therapy (ART), mild forms of HIV-associated neurocognitive

disorders (HAND) continue to afflict approximately half of all people living with HIV

(PLWH). As PLWH age, HIV-associated inflammation perturbs the balance between

brain matrix metalloproteinases (MMPs) and their tissue inhibitors of metalloproteinases

(TIMPs), likely contributing to neuropathogenesis. The MMP/TIMP balance is associated

with cognition, learning, and memory, with TIMPs eliciting neuroprotective effects.

Dysregulation of the MMP/TIMP balance was evident in the brains of PLWH where

levels of TIMP-1, the inducible family member, were significantly lower than non-infected

controls, and MMPs were elevated. Here, we evaluated the MMP/TIMP levels in

the doxycycline (DOX)-induced glial fibrillary acidic protein promoter-driven HIV-1

transactivator of transcription (Tat) transgenic mouse model. The HIV-1 protein Tat

is constitutively expressed by most infected cells, even during ART suppression of

viral replication. Many studies have demonstrated indirect and direct mechanisms

of short-term Tat-associated neurodegeneration, including gliosis, blood-brain barrier

disruption, elevated inflammatory mediators and neurotoxicity. However, the effects of

acute vs. prolonged exposure on Tat-induced dysregulation remain to be seen. This is

especially relevant for TIMP-1 as expression was previously shown to be differentially

regulated in human astrocytes during acute vs. chronic inflammation. In this context,

acute Tat expression was induced with DOX intraperitoneal injections over 3 weeks,

while DOX-containing diet was used to achieve long-term Tat expression over 6 months.

First, a series of behavior tests evaluating arousal, ambulation, anxiety, and cognition

was performed to examine impairments analogous to those observed in HAND. Next,

gene expression of components of the MMP/TIMP axis and known HAND-relevant

inflammatory mediators were assessed. Altered anxiety-like, motor and/or cognitive

behaviors were observed in Tat-induced (iTat) mice. Gene expression of MMPs and

TIMPs was altered depending on the duration of Tat expression, which was independent
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of the HIV-associated neuroinflammation typically implicated in MMP/TIMP regulation.

Collectively, we infer that HIV-1 Tat-mediated dysregulation of MMP/TIMP axis and

behavioral changes are dependent on duration of exposure. Further, prolonged Tat

expression demonstrates a phenotype comparable to asymptomatic to mild HAND

manifestation in patients.

Keywords: HIV-associated neurocognitive disorders (HAND), neuroinflammation, TIMP1, iTat mice, anxiety,

locomotor activity, tissue inhibitor of metalloproteinases 1

INTRODUCTION

During the antiretroviral therapy (ART) era, the brain remains a
viral reservoir for HIV (1–3), andmilder forms of HIV-associated
neurocognitive disorders (HAND) affect nearly 18 million HIV-
infected individuals lowering the quality of life (4–7). Patients
suffering from these milder forms of HAND exhibit difficulty
with working memory, executive functioning, and speed of
information processing (6). Despite a mild or asymptomatic
phenotype, complex underlying mechanisms are implicated in
HAND pathogenesis. These mechanisms include secretion of
proinflammatory mediators from infected and affected cells,
blood-brain barrier (BBB) compromise, reactive astrogliosis,
excitotoxicity, and imbalance of matrix metalloproteinases
(MMPs) – tissue inhibitor of metalloproteinases (TIMPs)
axis (8–10).

Imbalance of MMPs and TIMPs has been an important
indicator of altered central nervous system (CNS) homeostasis.
Increased MMPs disrupt the BBB via breakdown of tight
junction proteins, recruit immune cells into the CNS, and cause
direct neuronal damage potentially contributing to HAND
pathology (11–13). On the other hand, MMP-independent
neurotropic effects of TIMPs are well-documented (14–
16), including our previous work on TIMP-1-mediated
neuroprotection in primary human neurons in response to
HAND-relevant stimuli (17). Four MMP and TIMP family
proteins are the most investigated in the CNS due to their
critical role(s) in modulating brain MMP/TIMP balance
during multiple CNS diseases and disorders (18–20). These
include both constitutively expressed (MMP-2 and TIMP-2)
and inducible (MMP-9, TIMP-1) proteins following injury
or inflammation.

In the context of HAND, levels of MMP-2 and/or MMP-
9 were elevated in primary brain cell cultures treated with
HIV or HIV-relevant stimuli (11, 21, 22) as well as in
cerebrospinal fluid (CSF) specimens (23) and postmortem
brain tissues of infected patients (24). Concurrently, reduced
TIMP-1 levels were also observed in CSF and brain tissues
of HIV-infected patients indicative of chronic inflammation
(24). Our previous in vitro work in primary human astrocytes
demonstrated that TIMP-1 increased or decreased with acute
or prolonged HIV-relevant inflammatory stimuli, respectively
(24, 25). It remains to be seen if such biphasic changes in
TIMP-1 expression in response to acute vs. chronic inflammatory
stimuli are observed in vivo, and it may provide insights on
using TIMP-1 as a therapeutic option as its neurotropic effects
are established.

To address this “knowledge gap,” we employed a doxycycline
(DOX)-inducible, glial fibrillary acidic protein (GFAP) promoter-
driven HIV-1 transactivator of transcription (Tat)-expressing
transgenic (iTat) mousemodel (26, 27). HIV-1 Tat is a key protein
involved in neuronal dysfunction (28, 29), BBB disruption (22),
oxidative stress (30, 31), elevating MMPs (32, 33), and possesses
chemokine-like abilities that promote immune infiltration into
the brain (26, 34). Several investigations using HIV-1 Tat based
transgenic models elucidated effects of acute Tat expression,
i.e., a few days after Tat induction (35–41), while the effects
of prolonged Tat expression were seldom tested until recently
(42, 43). It is imperative to test how duration of Tat expression
alters its direct and indirect neurotoxic effects since Tat is
known to be produced by infected cells during early as well as
late stages, even in the presence of ART. More importantly, it
would elucidate if TIMP-1 and subsequently MMP/TIMP axis
could bemodeled during acute versus prolongedHAND-relevant
stimuli in vivo.

To evaluate if Tat-mediated effects on MMP/TIMP axis
are similar or biphasic in the context of duration of Tat
expression, two DOX administration paradigms were compared
to induce acute vs. prolonged Tat expression in the iTat
mouse model (Figure 1A). First, a series of behavioral tests
investigating anxiety, arousal, ambulation, learning, andmemory
was conducted to validate functional changes characteristic of
HAND in these mice. Following behavior testing, brain gene
expressions of MMPs, TIMPs and associated proinflammatory
mediators were measured.

MATERIALS AND METHODS

Animals
All animal experiments were conducted in strict accordance with
the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The
study and associated protocols were approved by the University
of North Texas Health Science Center Institutional Animal Care
and Use Committee in Fort Worth, TX prior to initiation of
the study. The iTat mice generated as previously described (26)
were provided by Dr. Johnny He. iTat mice were rederived
by Jackson Laboratory and expressed both transgenes i.e., hiv
tat and reverse tetracycline-controlled transactivator (rtTA) as
confirmed by genotyping. Breeder C57BL6/J wild-type (WT)
mice (6 weeks old) were purchased from Jackson Laboratory. All
experimental mice were bred in house under the same conditions.
The mice were housed in groups of three to five in polycarbonate
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FIGURE 1 | Experimental schematic and acute vs. prolonged Tat expression. C57BL/6 wild-type (WT) and iTat mice of both sexes were administered doxycycline

(DOX) via intraperitoneal (i.p.) injections (100 mg/kg/day) or DOX-containing food ad libitum (about 5–6mg DOX/day). (A) A total of seven i.p. injections were given to

5–7 month old mice over 3 weeks prior to and during behavior testing. In parallel, mice were fed DOX food for about 7 months (6 months prior to and 1 month during

the behavior testing) starting at 4 to 5 weeks of age. Therefore, these groups were age-matched at the initiation of behavior testing, which was carried out over 4

weeks. After behavior testing, mice were euthanized, and brain tissues were harvested for gene expression and/or protein analyses. (B) Tat mRNA expression was

measured in iTat mice using one-step real-time PCR. GAPDH was used as an internal housekeeping control. The iTat mice received acute Tat induction by DOX i.p.

injections (n = 11, open squares) and prolonged Tat induction via DOX food (n = 13, solid squares). Each bar represents the mean ± SEM. #p < 0.050 by unpaired

T-test. (C) Tat protein expression was measured in WT and iTat mice using simple western (WES, protein simple). GAPDH was used as an internal housekeeping

control. The WT and iTat mice received acute Tat induction by DOX i.p. injections (n = 10, open squares) and prolonged Tat induction via DOX food (n = 7, solid

squares). Each bar represents the mean ± SEM. #p < 0.050 by unpaired T-test.

cages with corncob bedding, fed ad libitum, and maintained at an
ambient temperature (23± 1◦C), under a 12 h light/dark cycle.

Treatments
Wild-type and iTat mice were administered DOX by two
different methods, intraperitoneal (i.p.) injections or food in
order to delineate effects of acute vs. prolonged Tat expression,

respectively. We hypothesized that high concentration DOX
via i.p. injections compared to food (100 mg/kg/day vs. ∼5–
6 mg/day) would lead to higher and acute Tat expression,
whereas low dose DOX via food would mimic the low level,
mild Tat expression, analogous to chronic phenotype. Age-
and sex-matched WT mice were used to evaluate off-target
DOX effects. The schematic representation of the experimental
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timeline is presented in Figure 1A. Additional mice with varied
frequencies of DOX injections and food were used in preliminary
and/or validation experiments (Supplementary Figure 1A).

Acute Tat Induction
Previous studies reported that Tat expression increased
significantly after three DOX (100 mg/kg) i.p. injections and
returned to baseline in 2 weeks after last injection in a similar
GFAP promoter-driven HIV-1 Tat expression mouse model
(38). To evaluate an optimal injection paradigm in iTat mice, we
performed studies with different DOX concentrations, frequency
of i.p. injections and time course to determine an optimal
method to model acute Tat expression. Our initial experimental
design included 10 injections over 4 weeks to maintain a high
Tat expression over 4 weeks of behavior testing. However, an
attrition rate of 35% was observed in iTat mice and 30% in WT
mice, potentially due to highly acidic pH of doxycycline hyclate
(data not shown). Thus, based on preliminary data and previous
reports, seven i.p. injections of 100 mg/kg DOX (Cat no. D9891,
Sigma-Aldrich, St. Louis, MO) were administered over 3 weeks
for an acute Tat induction. Specifically, 5–7 month old mice
were injected four times in the week prior to, two times during
the 1st week, and once in the 2nd week of behavior testing to
maintain Tat expression above baseline during behavioral testing
and at the time of brain tissue harvesting.

Prolonged Tat Induction
Mice were fed with chow containing DOX (1,250 mg/kg,
Cat no. TD.160353, +maltodextrin, green, Harlan Laboratories,
Indianapolis, IN) starting at 4 to 5 weeks of age for a total of 6
months prior to and during the 4 weeks of behavior studies to
mimic prolonged Tat expression responses. DOX food intake was
consistent for 2 months prior to and during behavior studies.

Behavioral Assessments
At 6 to 7 months, experimental animals were characterized for
behavior reflecting anxiety, arousal, spatial learning andmemory,
and cognitive flexibility. All mice were euthanized within a week
after completing behavioral tests. Mice were weighed weekly
during behavior studies (Supplementary Figure 2).

Elevated Plus Maze (EPM)
To measure anxiety (38), a plus-shaped maze elevated three feet
was placed in a dimly lit test room (60Watts). Themaze consisted
of two arms opened to the room and two arms enclosed such
that the floor and the rest of the room were not visible. An
automated tracking systemmonitored the position of eachmouse
in themaze (Any-maze, Stoelting Co.,WoodDale, IL). Mice were
acclimated to the testing room for a minimum of 10min prior to
testing. Eachmouse was placed in the center of themaze facing an
open arm and was given 5min to explore the maze. Percent time
spent in the open arms and total distance covered were recorded.

Locomotor Activity (LMA)
Spontaneous locomotor activity was measured as described
previously (44). In this test, each mouse was placed in a clear
acrylic box (40.5× 40.5× 30.5 cm), surrounded by a photocells-
lined metal frame. The test cage was then placed in a dimly

lit chamber equipped with a fan that provided background
noise (80 dB). The test was conducted for 16min, in which
movements in the horizontal plane and vertical plane (7.6 cm
above the floor of the box) were detected by the photocells
and processed by a software program (Digiscan apparatus,
Omnitech Electronics, model RXYZCM-16, Columbus, OH)
to yield different measures including distance covered, vertical
activity, and spatial components of spontaneous activity in
the box.

Morris Water Maze (MWM)
Spatial learning and memory were measured using a MWM
test. Testing was carried out as described previously (45). Mice
were acclimated to the testing room for a minimum of 10min
prior to testing each day. During each trial, the mouse was put
in a tank filled with opacified water (using non-toxic acrylic
white paint) to swim and was able to escape the water by
finding and climbing on a platform hidden 1.5 cm below the
water surface. The water temperature was maintained at 24 ±

1◦C. An automated tracking system recorded various measures
such as latency, path length and swimming speed for each trial
(Any-maze, Stoelting Co.). The test consisted of two phases. [1]
Pre-training phase: during this phase, the tank was covered with
a black curtain to hide surrounding visual cues. Each mouse was
trained over a single session of five trials with 5min inter-trial
intervals. During each trial, the mouse was allowed to swim until
it climbed on the platform or for a maximum of 60 s, whichever
was earlier. This pre-training was done so that the mice could
learn the motor components of the task such as swimming and
climbing onto a platform, and to reduce the bias of anxiety to a
new environment during the subsequent phases [2] Acquisition
phase: mice were then tested for their ability to locate a hidden
platform using spatial cues around the room over four sessions
(one session/day). Each session consisted of five trials, at 2-min
intervals. For each trial, the mouse was placed at one of four
different starting points at the edge of tank and had to swim to the
platform, which remained at the same location. The mouse was
allowed to swim until it reached the platform or for a maximum
of 90 s. Path length (distance taken to reach the platform) over all
sessions was used as the primary measure of performance. The
swim speed was calculated by dividing path length by the latency
(to reach the platform) for each trial.

Discrimination Reversal
The discrimination reversal testing assessed memory with a
T-maze as described previously (45). Briefly, the T-maze was
constructed of acrylic with black sides to hide spatial cues for the
mouse and clear tops for the tester to observe the mouse. The
maze consisted of three compartments: a start box (10 × 6.3 ×

6 cm), which extended into the stem (17.5 × 6.3 × 6 cm), and
two arms (14.5 × 6.3 × 6 cm), each separated by acrylic flaps
manually operated by the tester. The maze rested on a metal grid
wired to deliver 0.69mA scrambled shock to the feet. Mice were
acclimated to the testing room for a minimum of 10min prior
to testing. Each mouse was tested in three sessions separated by
1 h. At the beginning of each trial, the mouse was placed in the
start box, and the start flap was removed for the mouse to enter
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the stem. During the first trial of the first session, the mouse
received a mild shock (0.69mA) on entering an arm (preferred
arm) and was allowed to avoid it by running to the other arm,
which then became the correct arm for the remainder of first
session. For subsequent trials, shock was initiated 5 s after the
opening of the start flap if the mouse had not entered the correct
arm or immediately upon entry into the incorrect arm. The shock
continued until the correct arm was entered or for a maximum
of 60 s. Once the mouse entered the correct arm, the flap was
closed to prevent escape, and the mouse was moved after 10 s, by
detaching the arm, into a holding cage for 1min before beginning
the next trial. This trial paradigm continued until the mouse
fulfilled the correct avoidance criterion, i.e., running directly to
the correct arm within 5 s, in four of the five consecutive training
trials including the last two. In the second and third sessions,
there was a reversal in correct arm such that the mouse was
required to run to the other arm compared to the one it was
trained for in the previous session. The ability of the mice to learn
is inversely proportional to number of trials required to fulfill the
avoidance criteria.

Cardiac Perfusion, Euthanasia, and Tissue
Harvesting
Mice were euthanized by i.p. injections of 100 mg/kg ketamine
hydrochloride (100 mg/ml, Putney, Inc, Portland, ME) and 10
mg/kg xylazine (20 mg/ml, Akorn, Inc, Lake Forest, IL) followed
by cardiac perfusion using 1X phosphate buffer saline. For
animals that underwent behavior testing, each harvested brain
was cut in three parts. Posterior half of one hemisphere was used
for RNA isolation and subsequent gene expression testing. The
posterior half of the other hemisphere was snap frozen prior to
protein isolation as described below. The frontal lobe sections
were fixed in 4% PFA for future use. Brain tissues of additional
mice that received either DOX injections or food at the similar
frequencies or duration, respectively, as the mice in the behavior
studies were used to elucidate if gene expression patterns
observed in different parts of the brain were comparable, namely
right hemisphere (RH), left anterior (LA) and left posterior (LP)
(Supplementary Figures 1, 3).

RNA Isolation, cDNA Synthesis, and
Real-Time PCR
Tissue was homogenized with Trizol (Sigma Aldrich). The
homogenates (1mL Trizol/∼100mg tissue weight) were
centrifuged to remove debris, and viscous supernatants were
used for RNA isolation. Total RNA was isolated using phenol-
chloroform extraction method, treated with DNAse (Thermo
Fisher, Waltham, MA) as per manufacturer’s instructions
to digest genomic DNA, and then reverse transcribed into
cDNA template for real-time PCR. TaqManTM Fast Advanced
Master Mix (Cat no. 4444557, Applied Biosystems, Foster
City, CA) and Applied Biosystems TaqMan gene expression
assays for TIMP-1 (Cat no. Mm01341361), TIMP-2 (Cat no.
Mm00441825), MMP-2 (Cat no. Mm00439498), MMP-9 (Cat
no. Mm00442991), interleukin (IL)-1β (Cat no. Mm00434228),
tumor necrosis factor (TNF)-α (Cat no. Mm00443258), CCL2

(Cat no. Mm00441242), IL-6 (Cat no. Mm00446190), IL-
17 (Cat no. Mm00439618), GFAP (Cat no. Mm01253033),
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Cat
no. 4352339E), beta-actin (Cat no. Mm01205647_g1) and
phosphoglycerate kinase (PGK)-1 (Cat no. Mm00435617) were
used for gene expression analysis by real-time PCR. Each 20
µL PCR reaction consisted of 100 ng of cDNA, 1X TaqManTM

Fast Advanced Master Mix, 1X probes for both experimental
and housekeeping gene targets. The samples were incubated
at 95◦C for 5min for polymerase activation, followed by 40
cycles of denaturation and annealing-extension at 95◦C for 1 s
and 60◦C for 20 s. Each sample was measured in triplicates.
The threshold cycle (CT) values were converted into 11CT

to obtain fold-change in expression as compared to treatment
WT controls (behavior injection WT n = 7, behavior food
WT n = 13, gross brain region injection WT n = 3, gross
brain region food WT n = 5). We noted a difference in basal
GAPDH expression, a commonly used housekeeping control,
between both strains (Supplementary Table 1). Subsequently,
we tested two other housekeeping genes, i.e., β-actin and PGK-1.
PGK-1 was selected to be used as a housekeeping control for
gene expression comparisons between strains, based on least
difference between the two strains.

For Tat mRNA measurements, mRNA was isolated from total
RNA using Dynabeads mRNA direct purification kit (Cat no.
61012, Thermo Fisher). Primers used for Tat detection were 5′

ggaagcatccaggaagtcag 3′ and 5′ ggaggtgggttgctttgata 3′ with 5′

cctcctcaaggcagtcagac 3′ used as probe. Tat mRNA expression
was evaluated using TaqManTM Fast Virus 1-Step Mastermix
(Cat no. 4444432, Applied Biosystems). GAPDH was used as
an internal housekeeping control. Each 20 µL PCR reaction
consisted of 20 ng of mRNA, 1X Fast Virus 1-Step Mastermix,
1X probes for Tat and GAPDH gene targets. The samples were
incubated at 50◦C for 5min, 95◦C for 20 s, followed by 40 cycles
of denaturation and annealing-extension at 95◦C for 3 s and 60◦C
for 30 s. Each sample was measured in triplicates. The ratios of
threshold cycle (CT) values of Tat and GAPDH were used for
quantitative assessments.

Protein Isolation and Simple Western
Tissue was homogenized in 2 µL RIPA buffer (Thermo Fisher)
per mg tissue using a red bead lysis kit with a mix of zirconium
beads (Cat no. REDE5, Next Advance, Troy, NY) and the Bead
Mill 4 (Fisher) at speed 4 for 3min. Several WT and iTat
brain sections from the food group were homogenized using
at 5 µl RIPA/ 1mg tissue using the PRO200 homogenizer
(PRO Scientific, Oxford, CT). However, some of these lysates
were too dilute for further analysis. The homogenates were
centrifuged for 10min at 10,000 g to remove the beads and debris.
Protein concentrations of the clarified lysates were determined
by the BCA protein assay microplate method (Thermo Fisher)
according to manufacturer’s instructions. Brain lysates were
diluted to 2 mg/ml and assayed by simple western (Protein
Simple, San Jose, CA) according to their standard protocol.
HIV-1 Tat was detected with a rabbit polycolonal antibody (Cat
no. ab43014, lot no. GR3264810-9, abcam, Cambridge, MA) at
a 1:10 dilution using the 2-40 kDa separation and anti-rabbit
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detection modules. HIV-1 IIIB Tat recombinant protein was
obtained through the NIH AIDS Reagent Program, Division
of AIDS, NIAID, NIH and used as a positive control and
standard across WES assays. GAPDH was detected using a
monocolonal mouse antibody 6C5 (Cat no. sc32233, lot no.
K0315, Santa Cruz Biotechnology, Dallas, TX) at a 1:5000
dilution using the 12-230 kDa separation and anti- mouse
detection modules. Brain HIV Tat levels were normalized to
the HIV-1 Tat positive control column before normalization
to GAPDH.

Statistical Analysis
All data are presented asmean± SEM.Differences betweenmean
values were determined using analyses of variance (ANOVA) or
T-test. Tat mRNA and protein levels in iTat mice between two
induction paradigms were analyzed using a two-sided T-test. All
behavior and gene expression data were subjected to two-way
ANOVA, with Treatment Time (acute vs. prolonged) and Strain
(WT vs. iTat) as between group factors. Additionally, Water
maze and body weight data were subjected to three-way ANOVA,
with Treatment Time and Strain as between-group factors, and
duration or session as within group factors. Planned individual
comparisons between groups were made using the single degree-
of-freedom F tests. The alpha level was set at 0.05 for all analyses.
Statistical analyses for behavioral tests and gene expression post
behavior testing were performed using Systat 13 (Figures 2–7).
Gene expression data for Tat mRNA, protein and brain region-
specific gene expression in additional mice were analyzed using
Prism 8.0 (Figure 1, Supplementary Figures 1, 3).

RESULTS

Evaluating Tat Transgene Expression
Acute Tat expression was induced using DOX injection method,
similar to previous studies investigating Tat-mediated behavioral
changes in iTat mice (36, 38, 39). Additionally, prolonged
Tat expression was induced via food, which was also used in
this model previously (43). Tat gene expression was quantified
in mRNA isolated from iTat mouse brain tissues using
one-step PCR. Preliminary assessments for acute induction
model indicated that, Tat expression increased significantly
with increased number of DOX injections increased from six
injections to ten injections and reduced sharply after a week
while remaining at detectable levels (Supplementary Figure 1B).
Further, Tat expression was higher in the left posterior (LP)
brain region (p = 0.013 and p = 0.023, respectively), compared
to right hemisphere (RH) and left anterior (LA) with the i.p.
induction method, while prolonged food-based method did
not show changes in Tat expression in different gross brain
regions (Supplementary Figure 1C). In the mice that underwent
behavior studies, relative tat gene expression was evaluated in
brain harvested at the end of the study. Tat mRMA levels were
higher in acute iTat brains (injection) compared to prolonged
iTat brains (Figure 1B) (#p = 0.026). Tat gene expression was
undetectable in WT brain tissues (data not shown). Similar to
mRNA levels, Tat protein levels were significantly higher than

DOX-injected iTat mice compared to DOX-fedmice (∗p= 0.013)
(Figure 1C).

Elevated Plus Maze (EPM)
Anxiety was measured using the percent time spent in the open
arms of the EPM (Figure 2A). In the injected group, the iTat
mice spent less time than their WT controls in the open arms
(p < 0.05), while in the food group, there was no significant
difference between the iTat mice and their WT controls. Overall,
the DOX fed mice spent less time in the open arms than the
DOX injected mice, and the iTat mice, regardless of treatment,
spent less time in the open arms than theWT. These observations
were supported by an ANOVA, which revealed significant main
effects of Treatment Time (p = 0.002) and Strain (p = 0.014) on
the percent time spent in the open arms; however, there was no
significant interaction between the two factors (p= 0.170).

Distance traveled by the mice in the maze was measured
to determine if activity affected the time spent in the arms
(Figure 2B). There was no difference between any of the groups,
which was supported by a lack of significant main effects of
Treatment Time (p = 0.342), Strain (p = 0.339), or their
interaction (p= 0.586).

Locomotor Activity (LMA)
The effects of Treatment Time and Strain on the horizontal,
vertical, and spatial components of spontaneous activity are
presented in Figure 3. In the injected group, there was no
difference between the iTat and the WT, while in the food
group, the iTat traveled less distance than the WT (p < 0.050)
(Figure 3A). The two-way ANOVA revealed a significant main
effect of Treatment Time (p = 0.034), but no effect of Strain
(p = 0.202) or an interaction between Strain and Treatment
Time (p= 0.071).

The number of rearing counts served as a measure for vertical
activity and is presented in Figure 3B. In the injection group,
the iTat mice had higher rearing counts compared to their WT
(p < 0.050), while in the food group, there was no difference
between iTat andWT. This finding was supported by a significant
interaction of Treatment Time and Strain (p = 0.040). The two-
way ANOVA also yielded a significant main effect of Treatment
Time (p= 0.030) but no effect of Strain (p= 0.180).

In Figure 3C, the amount of time spent in the center of
the apparatus is presented. In both injected and food groups,
the time spent in the center was comparable between WT and
iTat. Overall, there was no difference between the WT and iTat
mice; however, the injected mice spent more time in the center
than the food mice. These observations are supported by a two-
way ANOVA yielding a main effect of Treatment Time (p =

0.029), and no effect of Strain (p = 0.516) or interaction of the
two factors (p= 0.322).

Given the differences observed in acute vs. prolonged iTat
mice, we further evaluated if these were driven by Sex as a
secondary analysis. However, in a three-way ANOVA using on
all measures of LMA there was no significant interaction of Sex
with Strain or Treatment. We also looked at averages for each
and similar trends were seen in both sexes supporting the lack of
interaction reported by the analyses.
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FIGURE 2 | Higher anxiety levels were observed in iTat mice compared to Treatment Time WT controls in elevated plus maze testing. Anxiety levels were measured by

(A) the percent time spent in the open arms and (B) total distance covered on the maze in iTat and WT mice. The WT mice (n = 6, open circles) and the iTat mice (n =

12, open squares) received acute induction by DOX i.p. injections, while the WT mice (n = 13, solid circles) and the iTat mice (n = 13, solid squares) received

prolonged induction via DOX food. Each bar represents the mean ± SEM. *p < 0.050 for same Treatment Time comparisons between Strains by two-way ANOVA

using Treatment Time and Strain as variables.

FIGURE 3 | Prolonged HIV-1 Tat expression led to slower ambulation, reduced vertical activity, and reduced center time compared to acute Tat expression in iTat mice.

(A) Horizontal Distance, (B) Vertical Activity, and (C) Center Time in iTat and WT mice were measured. Average per minute values for each parameter were plotted. The

WT mice (n = 7–8, open circles) and the iTat mice (n = 10–11, open squares) received acute induction by DOX i.p. injections, while the WT mice (n = 13, solid circles)

and the iTat mice (n = 13, solid squares) received prolonged induction via DOX food. Each bar represents the mean ± SEM. *p < 0.050 for same Treatment Time

comparisons between Strains, #p < 0.050 for same Strain comparisons across Treatment Time by two-way ANOVA using Treatment Time and Strain as variables.
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FIGURE 4 | Morris water maze performance indicated faster swim speeds in iTat mice during acute vs. prolonged HIV-1 Tat expression. (A) Path length and (B)

swimming speed were assessed in iTat and WT mice over four sessions. Each data point represents the mean ± SEM from an average of four trials per session. One

session is equivalent to 1 day. The WT mice (n = 7, solid line with open circles) and the iTat mice (n = 11, solid line with open squares) received acute induction by

DOX i.p. injections, while the WT mice (n = 13, dashed line with solid circles) and the iTat mice (n = 13, dashed line with solid squares) received prolonged induction

via DOX food.

FIGURE 5 | Prolonged HIV-1 Tat expression increased trials to reach avoidance criteria in iTat mice in discrimination reversal test. The T-maze test measured the

number of total trials taken by iTat and WT mice to reach discriminated avoidance criteria during three sessions. The WT mice (n = 7, open circles) and the iTat mice (n

= 11, open squares) received acute induction by DOX i.p. injections, while the WT mice (n = 12, solid circles) and the iTat mice (n = 13, solid squares) received

prolonged induction via DOX food. Each bar represents the mean ± SEM, TTC: total trials to criteria, TTC1: Acquisition session, TTC2, TTC3: Reversal session, *p <

0.050 for same Treatment Time comparisons between Strains, #p < 0.050 for same Strain comparisons across Treatment Time by two-way ANOVA using Treatment

Time and Strain as variables.

Morris Water Maze (MWM)
Spatial memory was assessed measuring path length and
swim speed of mice to locate a hidden platform under the
water surface (Figure 4A). All mice learned to locate the

platform across sessions, and a similar pattern of learning
efficiency was observed across the groups. This was supported
by a significant effect of Session (p < 0.05) and a lack
of interaction between Session and any other factors (all
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FIGURE 6 | Key pro-inflammatory biomarkers gene expression remained comparable with acute and prolonged HIV-1 Tat induction in iTat mice. (A) IL-1β (B) TNF-α

(C) CCL2, (D) IL-6, and (E) GFAP mRNA levels were measured in iTat and WT mouse brain tissues by real-time PCR. The WT mice (n = 7, open circles) and the iTat

mice (n = 11, open squares) received acute induction by DOX i.p. injections, while the WT mice (n = 12–13, solid circles) and the iTat mice (n = 12–13, solid squares)

received prolonged induction via DOX food. Each bar represents the mean ± SEM, *p < 0.050 for same Treatment Time comparisons between Strains, #p < 0.050

for same Strain comparisons across Treatment Time by two-way ANOVA using Treatment Time and Strain as variables.

p > 0.400) following a repeated measure ANOVA. In the
injected group, there was no difference between iTat and
WT, while in the food group, the iTat took longer path
length at every session than the WT. This observation was
not supported by a main effect of Strain (p = 0.089) or
Treatment Time (p = 0.516), or an interaction between the
two factors (p= 0.399).

Swim speed was analyzed and is presented in Figure 4B.

The swim speed of the mice varied across sessions (p < 0.010),
but the other factors did not have an effect across sessions
(all p > 0.2). Overall, the iTat mice swam faster than the
WT mice in both paradigms, and the injected mice seemed
to swim faster than the food mice, but it was mostly due
to the injected iTat mice. These observations were supported
by a main effect of Strain (p < 0.001), a main effect of
Treatment Time (p = 0.049), and no interaction between
two factors (p= 0.676).

Discrimination Reversal (T-Maze)
Data from the first session of the discriminated avoidance
task (TTC1) represent a measure of learning/acquisition and
the subsequent two sessions represent a measure of cognitive
flexibility (TTC2, TTC3) (Figure 5). During the acquisition
session, even though the food iTat mice seem to take more
trials to reach criterion it did not reach significance. Neither
strain nor treatment time seem to affect the performance
of the mice during acquisition, which is supported by lack
of main effects or interaction following a two-way ANOVA
(all p > 0.132) (Figure 5). During the first reversal session
(TTC2), there was no difference between the two genotypes
in the injected group. However, in the food group, the iTat
mice took more trials to reach criterion compared to the
WT (p < 0.05). A two-way ANOVA yielded a main effect
of Strain (p = 0.021) which was mostly due to the effect in
the food group, and there was no main effect of Treatment
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FIGURE 7 | Acute vs. prolonged HIV-1 Tat induction dysregulated MMP/TIMP balance in iTat mice. (A) TIMP-1, (B) TIMP-2, (C) MMP-9, (D) and MMP-2 gene

expression was measured in iTat and WT mice. The WT mice (n = 7, open circles) and the iTat mice (n = 11, open squares) received acute induction by DOX i.p.

injections, while the WT mice (n = 12–13, solid circles) and the iTat mice (n = 12 – 13, solid squares) received prolonged induction via DOX food. Each bar represents

the mean ± SEM, *p < 0.050 same Treatment Time comparisons between Strains, #p < 0.050 for the same Strain comparisons across the treatments by two-way

ANOVA using Treatment Time and Strain as variables.

Time or an interaction (all p > 0.226). In the last reversal
session (TTC3), the injected iTat mice took less trials than
the WT, while the food iTat mice took more trials than

the WT to reach criterion. This observation was supported
by a significant interaction between Strain and Treatment
Time (p= 0.041).

Frontiers in Neurology | www.frontiersin.org 10 December 2020 | Volume 11 | Article 593188

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Joshi et al. iTat Behavior and MMP/TIMP Balance

Evaluating Expression of Proinflammatory
Cytokines and Gliosis
The mRNA levels of a number of proinflammatory cytokines
including IL-1β, TNF-α, and CCL2 were comparable among
all treatment groups (Figures 6A–C). Subsequently, a two-way
ANOVA failed to show main effects of Treatment Time and
Strain or their interaction on their gene expression (all p> 0.305).
The gene expression of IL-6 was significantly reduced in iTat
mice compared to Treatment Time WT controls, respectively
(both p < 0.050) (Figure 6D). Further, the IL-6 expression was
significantly higher in DOX-fed iTat mice (p = 0.044) compared
to DOX-injected iTat mice. A two-way ANOVA indicated a main
effect of Strain (p < 0.001), but there was no effect of Treatment
Time or interaction of the two-factors. Gene expression of
another known inflammatory cytokine IL-17 was undetectable in
both WT and iTat mice (data not shown). As the Tat transgene
expression is driven by the GFAP promoter and elevated
GFAP expression is a marker of astrogliosis, we measured if
there were transcriptional changes in GFAP expression. While
GFAP mRNA expression in acute and prolonged Tat expressing
mice was comparable to their respective WT controls, acute
Tat expressing mice showed significantly higher GFAP mRNA
expression when compared to prolonged Tat-expressing mice (p
< 0.05) (Figure 6E). This was also reflected in a main effect of
Strain approaching significance (p = 0.062); however, there was
no effect of Treatment Time (p = 0.097) and its interaction with
Strain (p= 0.298) on GFAP gene expression.

Gene Expression of MMP/TIMP Balance
Components
Simultaneously, we evaluated the MMP/TIMP balance in iTat
mice, by measuring TIMP-1, TIMP-2, MMP-9, and MMP-2
gene expression profiles (Figure 7). Among inducible proteins
regulating the MMP/TIMP axis, TIMP-1 mRNA levels increased
significantly in acute Tat-expressing mice compared to their
WT controls, while prolonged Tat expressing iTat mice showed
comparable expression to their respective WT mice (Figure 7A).
More importantly, TIMP-1 expression was significantly lower in
prolonged Tat-expressing iTat mice compared to their acute Tat-
expressing counterparts. These trends were reflected in the two-
way ANOVA, which showed main effects of Treatment Time (p
= 0.015) and Strain (p = 0.043) as well as their interaction on
TIMP-1 gene expression (p = 0.009). Acute Tat-expressing iTat
mice had higher TIMP-2 mRNA expression compared to their
WT control (Figure 7B). The levels of MMP-9 and MMP-2 were
higher in iTat mice compared to their WT (Figures 7C,D). A
two-way ANOVA indicated a main effect of Strain (all p < 0.011)
on TIMP-2, MMP-9, and MMP-2 levels; however, there were no
effects of Treatment Time and its interaction with Strain (all p
> 0.134). The changes in mRNA expression were also analyzed
as MMP/TIMP ratios for iTat mice (Table 1). Both MMP-2 and
MMP-9 ratios to TIMP-1 were higher in the prolonged Tat-
induction paradigm compared to acute Tat-expressing iTat mice.
On the other hand, MMP-2 ratio to TIMP-2 was comparable
across Treatment Time for iTat mice. Our preliminary studies
also established that relative changes in the mRNA expression of

TABLE 1 | MMP/TIMP ratios in acute and prolonged DOX-treated iTat mice

injected and fed with DOX, respectively.

Ratio iTat Inj iTat Food

n = 11 n = 13

MMP-9/TIMP-1 0.95 (0.38) 1.24 (0.3)#

MMP-2/TIMP-2 1.26 (0.28) 1.20 (0.2)

MMP-2/TIMP-1 1.05 (0.38) 1.34 (0.25)#

MMP-9/TIMP-2 1.13 (0.32) 1.11 (0.21)

TIMP-1, TIMP-2, MMP-9, and MMP-2 mRNA fold change values presented in Figure 7

were used to obtain the above ratios in iTat mice. The ratios were calculated from themean

of relative fold change calculated for iTat mice, relative to their treatment time matched

WT controls. Each row represents the mean ± Standard Deviation #p < 0.05 for same

Strain comparisons across Treatment Time by one-way ANOVA.

MMP/TIMP components remained consistent in different parts
of the brain (Supplementary Figure 3) and changes observed
following behavior studies were consistent in mice that did
not undergo behavior, highlighting that there was no effect of
behavior studies and/or gross brain regions on the changes
reported here.

DISCUSSION

The iTat mice used in this study (26, 46) and a similar inducible
HIV-1 Tatmodel (35, 47) have been used to evaluate behavior (36,
38, 43, 48) and/or gene expression (49, 50) following either DOX
i.p. injections or food. In this study, both DOX-administration
methods, i.e., i.p. injections and food, were used simultaneously
to mimic acute vs. prolonged Tat induction, respectively. A
previous study concurrently evaluated acute and prolonged
effects of Tat in Sprague-Dawley rats; however, resulting changes
from both methods were not directly compared (31). Further,
induction methods consisted of direct Tat injection in the brain
for acute effects, while chronic expression was achieved via
injection of SV40-derived vector expressing Tat (31). Thus, to the
best of our knowledge, this is the first report directly comparing
two different HIV-1 Tat induction methods to evaluate changes
in behavior and gene expression in a rodent model.

We showed that Tat induction in iTat mice led to mild
behavioral deficits when compared to WT controls including
one or more of the following trends [1] higher anxiety levels
depicted by reduced time spent in the open arms of EPM
[2] altered ambulation during LMA [3] higher swim speeds
in MWM [4] altered learning in T-maze. Simultaneously, we
also depicted that gene expressions of [1] select inflammatory
cytokines were unchanged, [2] MMPs were elevated, [3] TIMPs
were altered depending on the duration of Tat exposure,
subsequently impacting the brain MMP/TIMP balance. Lastly,
when Treatment Time was considered as a variable, DOX-
injected iTat mice were distinctly different as compared to DOX-
fed iTat mice in terms of behavior and gene expression.

Psychiatric conditions including anxiety disorders are
frequently observed in PLWH (51). HIV-1 proteins including Tat
and glycoprotein120 (gp120) are implicated in direct or indirect
mechanisms that manifest into anxiety-like symptoms (52).
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Indeed, several previous reports investigated Tat-induced anxiety
and/or stress, including sex-specific differences, in transgenic
HIV-1 Tat rodent models (42, 43, 48, 53). Since our investigations
did not focus on sex-specific changes, we did not test for sex as
a confounding variable for anxiety. Paris et al. reported a DOX
i.p. dose- and duration-dependent increase in anxiety using
open field and marble burying tests in iTat mice (38). The data
from our studies is consistent in part with these findings, as we
observed increased anxiety in EPM in DOX-injected iTat mice
compared to their WT counterparts. However, such difference
in anxiety was not observed in DOX-fed iTat mice, despite a
much longer duration of Tat expression. Reduced ambulation
is also among metrics for increased anxiety (54). Additionally,
increased swim speed in MWM was associated with higher
stress in mice (55) as well as rats (56). Thus, data from this
study for DOX-injected vs. DOX-fed iTat mice, as compared
to their Treatment Time WT controls, collectively present two
overlapping, yet distinct behavioral phenotypes; related to higher
anxiety and stress. The DOX-injected mice spent less time in the
open arms of the EPM and swam faster in MWM but showed
no differences in spontaneous locomotor activity. On the other
hand, DOX-fed mice displayed lower ambulation in LMA and
swam faster in MWM; yet, showed no differences in EPM. In
turn, these findings indicate that there are multiple underlying
mechanisms that modulate the anxiety-like behaviors, which
are potentially regulated by varied Tat concentrations and/or
exposure durations.

Impaired motor skills, characterized by slowed movements
and incoordination, were among the symptoms of the
mild cognitive motor disorder (MCMD) as per the 1991
American Academy of Neurology criteria (57). In the revised
HAND classification system, commonly known as Frascati
criteria, motor skills testing was included in the cognitive
neuropsychological assessments (4). Further, motor symptoms
such as leg weakness and unsteady gait were observed in mild
forms of HAND (4). In this context, the lowered ambulation
observed in DOX-fed mice was consistent with previous reports
measuring ambulation using same test and model (43) as well
as a different HIV-1 Tat model, which measured ambulation
using open field test (48). In parallel, the DOX-injected iTat mice
showed similar ambulation, center time, and higher vertical
activity as compared to their Treatment Time controls. Thus,
we observed Treatment Time-specific difference in iTat mice
for all three measures of LMA. It might be argued that these
differences were impacted by body weight since the DOX-fed
mice had an average 33% higher body weight. However, such
distinction was not observed in DOX-injected and -fed WT
mice, despite exhibiting a similar weight difference. Thus, it
can be inferred that the differential Tat exposure led to distinct
locomotor changes in iTat mice.

Lastly, we used MWM and T-maze to study spatial learning
and memory, and cognitive flexibility. We did not observe
robust changes between iTat and WT mice by either induction
paradigm, except the DOX-fed iTat mice demonstrated poorer
learning during the second reversal trial in T-maze. These
data were in contrast to previous literature that found distinct
memory and cognitive impairments (36, 43, 58, 59). It is possible

that differences observed in behavioral trends in this study
compared to previous reports could be attributed to different
readouts in a test, such as MWM conducted over 4 days in this
study vs. 18 days in a previous study (43), or due to differences
in two strains of Tat mice, which differ in Tat copy number
(42). Additionally, two induction paradigms present different
handling requirements and it is not known if additional handling
of mice during injection may change their response to behavior.

Our approach to mimic acute Tat expression using i.p.
injections was based previous reports that depicted dynamic
dose- and frequency-dependent changes in Tat expression (36,
38). In contrast, studies employing DOX-containing chow
ranging from 3 weeks to 1 year have emphasized on the paradigm
mimicking a chronic, low level inflammation, and leading to
detrimental effects including reduced brain volume, increased
ventricular volume, gliosis, inflammatory cytokine expression,
and neuronal damage (42, 43, 48, 50). In this regard, our study
provides a first direct comparison of Tat expression by two
DOX administration methods. As stated earlier, the objective
for evaluating behavior prior to studying MMP/TIMP axis
in these mice was to evaluate if the behavioral changes are
consistent in both induction paradigms and if the observed
phenotype would be analogous to symptoms observed in HAND
patients. Both paradigms resulted in changes including increased
anxiety, motor and/or learning deficits. However, higher Tat
levels resulting from DOX i.p. injections did not translate into
relatively increased deficits when compared to mildly elevated
Tat expression via DOX-containing chow. Further, the high
expression obtained with DOX-injections reduced rapidly and
there was a high attrition rate observed. Alternately, the food-
based induction provided a mild, yet sustained expression over
a longer time with minimal to no attrition. These observations
highlight that Tat induction method should be selected carefully
depending on the goals of the study.

Previous reports documented that Tat-induced behavioral
impairments were sex dependent and males were more
vulnerable than female mice (48, 60). Further, direct intervention
with progesterone reduced anxiety-like effects in ovariectomized
female iTat mice indicating direct effect of sex hormones in
modulating Tat-induced behavioral impairments (53). In this
context, we performed a preliminary analysis of our data to
evaluate sex-based differences in behavior. It was observed
that characteristic behavioral deficit phenotype may be more
prominent in male mice compared to female mice. However,
further testing with more mice and thorough analysis will be
required to evaluate these trends further.

Despite milder symptoms observed in PLWH during the
ART era, underlying neuropathogenesis remains persistent
and complex involving multiple underlying processes such as
gliosis, elevated inflammatory factors, and neurotoxicity (6).
Alterations in the tightly regulated brain MMP/TIMP balance is
among the phenomena associated with neuroinflammation and
intensively studied in multiple neurological conditions (8, 61).
The principal MMP-driven mechanisms contributing to HAND
pathogenesis include blood-brain barrier (BBB) breakdown,
inducing neuronal dysfunction, and myelin degradation (11).
The effects of MMPs are inhibited by TIMPs, mainly TIMP-1
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and TIMP-2. TIMP-1 is produced in response to injury by
multiple cell types including reactive astrocytes (62) and reactive
astrogliosis is one of the hallmarks of chronic neuroinflammation
characteristic of HAND (63). Therefore, it is essential to
understand brain TIMP-1 regulation in the HAND-relevant
iTat model.

It must be noted that the iTat mouse model produces only
one viral protein, i.e., HIV-1 Tat, in a specific cell type, i.e.,
astrocytes. Astrocytes are highly relevant in HAND pathology,
as they are infected by HIV, possess an ability to harbor
virus, and remain a latent viral reservoir in the brain (64–
66). Astrocytes are also capable of producing viral proteins
such as Nef and Tat (67, 68). Transcriptomic analysis in an
in vitro model of latently infected human astrocytes found
upregulated neuroinflammatory pathways including interferon
signaling, death receptor signaling, and activation of pattern
recognition receptors (69). Another recent study demonstrated
that astrocyte-derived HIV trafficked out of CNS and was found
in peripheral organs in a transgenic mousemodel (3). Thus, while
it is not possible to mimic HAND in its entirety in iTat mice,
it remains a clinically relevant model to understand impact of
astrocytes on neuroinflammation in HAND.

We and several others depicted inflammatory biomarkers
TNF-α- or IL-1β-mediated MMP and/or TIMP expression
regulation in vitro or in vivo, particularly in astrocytes (24, 70–
72). Further, Tat-mediated upregulation of TNF-α was linked
to MMP regulation and subsequent neurotoxicity (33, 73). In
a study that found altered MMPs and TIMPs levels in the
CSF and blood of HAND patients, TNF-α and CCL2 were
among top three altered proinflammatory cytokines (23). A
recent study in a similar Tat-transgenic model demonstrated
increase in TNF-α, IL-1β, CCL2, IL-6, and IL-17 gene expression
in the cortex with prolonged Tat expression (50). Contrary to
these findings, the basal levels of IL-1β, TNF-α, CCL2 were
comparable to respective WT controls in our studies. In parallel,
IL-6 mRNA expression was reduced in iTat mice compared to
WT mice and IL-17 was not detected in the brains of both
WT and iTat mice. Our results suggest that Tat expression
may not directly upregulate these select inflammatory cytokines
transcriptionally in this model. It remains to be seen if the
baseline expression levels of these cytokines regulate MMPs and
TIMPs transcriptionally in addition to Tat-driven mechanisms.
Simultaneously, it is also possible that using PGK-1 as a
housekeeping gene instead of commonly used GAPDH may
alter the gene expression results and the presented data must be
interpreted accordingly.

Lastly, we observed marginal increases in GFAP transcription
in iTat mice that were not significant compared to WT
controls. However, GFAP gene expression in DOX-injected iTat
mice was higher than DOX-fed mice. Dr. He and colleagues
demonstrated a Tat-induced GFAP protein elevation in iTat
mice in several reports (46, 49). Our data corroborate this
on a transcriptional level since changes in GFAP in acute vs.
prolonged Tat expression correspond with relative Tat levels in
both paradigms.

All four tested MMPs and TIMPs were elevated in DOX-
injected iTat mice, which showed a higher Tat expression.

In parallel, DOX-fed iTat mice, with lower Tat expression,
indicated comparable levels of inducible proteins TIMP-1,
MMP-9, as well as, TIMP-2. These results suggest that Tat-
induced transcriptional changes in MMP/TIMP axis might
be driven by reversible, negative feedback mechanisms. This
hypothesis is also supported by the results observed in
our preliminary experiments. In the preliminary experiments,
mice euthanized 1 day after six DOX injections showed
robust changes in MMP and TIMP gene expression. In
comparison, increases in gene expression of MMPs and TIMPs
were not as robust in DOX-injected mice that underwent
behavior and were harvested 2 weeks after the last DOX
injection. Further, both TIMP-1 and TIMP-2 have known
neurotropic and neuroprotective effects (74, 75), and their return
normal levels during prolonged inflammation tipped the scale
toward MMPs.

These results validated our hypotheses that TIMP-1 is a
key regulator in maintaining the brain MMP/TIMP balance
and it is differentially regulated during acute vs. prolonged
inflammatory stimuli. It was documented that TIMP-1
and TIMP-2 preferentially inhibit MMP-9 and MMP-2,
respectively (74). In this context, the MMP-9/TIMP-1 ratio was
investigated extensively in multiple neurological conditions
such as multiple sclerosis (76, 77), stroke/ischemia (78, 79),
and Alzheimer’s disease (80). Our data confirms that both of
these ratios are relevant in the context of HAND as MMP-
2/TIMP-2 ratio remains higher in iTat mice compared to WT
mice irrespective of the duration of Tat exposure whereas
elevated MMP-9/TIMP-1 may be used to predict prolonged
inflammation in this model. There are a couple of potential
caveats that should be considered in the context of presented
data. First, previous reports documented DOX induced
transcriptional inhibition of MMPs (81) and hence using a
DOX-inducible transgenic model for studying gene expression
of MMP/TIMP axis may not be appropriate. However, we
used appropriate WT controls that were either injected or
fed with DOX, potentially eliminating DOX-specific effects
from interpretation. Further, despite high amounts of DOX
administration, significant changes were observed in MMPs.
Second, our study does not indicate a direct Tat-mediated
regulation of MMP/TIMP balance and further investigations
will be required to delineate specific underlying mechanisms.
Overall, our data emphasizes the potential role of MMP/TIMP
axis during Tat-mediated neurotoxicity.

A previous report documented that CSF MMP-9 and MMP-2
had deleterious effects on verbal fluency and motor speed
parameters, respectively (82). More recently, we reported
that plasma levels of TIMP-1 correlated significantly with
neurocognitive performance measures including complex
attention, cognitive flexibility, psychomotor speed, and executive
function in HIV+ cohort. In this regard, it is logical to
speculate the impact of MMP/TIMP axis on behavioral
changes observed in iTat mice. This hypothesis is supported
by previous studies, which found impact of MMP/TIMP
axis components on rodent behavior. In particular, TIMP-
1 was shown to impact memory and cognition in mice in
an olfactory maze test (83, 84) and MMP-9 knockout mice
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exhibited lower anxiety in EPM and higher vertical activity
in an open field test (85). The MMP-9/TIMP-1 balance was
also associated with altered neuronal plasticity and memory
in rodent models (86, 87). Further, increased MMP levels are
also linked to long-term memory (85, 87) as well as learning
impairments (83, 84), and altered synaptic plasticity (86). Since
the link between dysregulated intracellular mechanisms and
behavioral phenotypes in HAND is not yet well-established,
we infer that our data provides a potential novel direction for
HAND investigations.

CONCLUSION

As per recent reports, neurological complications in PLWH
have become less severe with impairments related to working
memory, executive functioning, and speed of information
processing (88). The mild behavioral impairments observed in
our studies provide a relevant model for future tests on the
effects of treatment and/or mitigating interventions. The gene
expression established that prolonged Tat expression tipped the
MMP/TIMP axis toward MMPs in iTat mice. Consistent with
our previous work, TIMP-1 expression increased with acute Tat
expression and was reduced in comparison during prolonged
Tat expression (24, 25). Considering the MMP-independent
neuroprotective functions of TIMP-1 (14, 15, 17, 89), these
findings support our hypothesis of TIMP-1 restoration as a
therapeutic strategy to treat or prevent neurological deficits
in HAND. Astrocytes are the primary producers of TIMP-1
in the brain following injury or inflammatory stimuli. Thus,
a tested, efficient, astrocyte-targeted gene therapy approach
(90, 91) to modulate TIMP-1 would be the most logical next
step. These future studies could have broader implications
not just for HAND, but other neurodegenerative conditions
as well.
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