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Progesterone protects normative anxiety-like responding among
ovariectomized female mice that conditionally express the HIV-1
regulatory protein, Tat, in the CNS
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Abstract

Increased anxiety is co-morbid with human immunodeficiency virus (HIV) infection. Actions of
the neurotoxic HIV-1 regulatory protein, Tat, may contribute to affective dysfunction. We
hypothesized that Tat expression would increase anxiety-like behavior of female GT-tg bigenic
mice that express HIV-1 Tat protein in the brain in a doxycycline-dependent manner. Furthermore,
given reports that HIV-induced anxiety may occur at lower rates among women, and that the
neurotoxic effects of Tat are ameliorated by sex steroids in vitro, we hypothesized that 17p-
estradiol and/or progesterone would ameliorate Tat-induced anxiety-like effects. Among naturally-
cycling proestrous and diestrous mice, Tat-induction via 7 days of doxycycline treatment
significantly increased anxiety-like responding in an open field, elevated plus maze and a marble-
burying task, compared to treatment with saline. Proestrous mice demonstrated less anxiety-like
behavior than diestrous mice in the open field and elevated plus maze, but these effects did not
significantly interact with Tat-induction. Among ovariectomized mice, doxycycline-induced Tat
protein significantly increased anxiety-like behavior in an elevated plus maze and a marble
burying task compared to saline-treated mice, but not an open field (where anxiety-like responding
was already maximal). Co-administration of progesterone (4 mg/kg), but not 17p-estradiol (0.09
mg/kg), with doxycycline significantly ameliorated anxiety-like responding in the elevated plus
maze and marble burying tasks. When administered together, 17p-estradiol partially antagonized
the protective effects of progesterone on Tat-induced anxiety-like behavior. These findings
support evidence of steroid-protection over HIV-1 proteins, and extend them by demonstrating the
protective capacity of progesterone on Tat-induced anxiety-like behavior of ovariectomized
female mice.
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Introduction

The incidence of mood disorders (e.g., anxiety, depression) is greater among human
immunodeficiency virus (HIV)-positive individuals compared to the general population
(Bing et al. 2001; Evans et al., 2005; Kagee and Martin, 2010; Orlando et al., 2002; Pence et
al., 2007; Scharko, 2006), and greater than that reported for other terminal illnesses such as
cancer (Massie, 2004). Antiretroviral therapies have proven successful at reducing HIV
load, limiting viral transmission, prolonging lifespans and deferring progression of acquired
immunodeficiency syndrome (AIDS; Cohen et al., 2011). However, a growing number of
reports suggest these therapies cannot fully ameliorate the neurological dysfunction
associated with HIV infection (Boissé et al., 2008; Kraft-Terry et al., 2010; Mollace et al.,
2001; Pence et al., 2007), possibly due to the chronic activity of HIV proteins continually
produced from persistent viral reservoirs within the CNS (Chen et al., 2010; McArthur,
2004).

One viral factor that may influence affective dysfunction is the HIV-1 regulatory protein,
transactivating transcriptor (Tat). Tat drives efficient HIV transcription (Parada and Roeder,
1999) and replication (Jeang et al., 1991). Exposure to Tat protein produces neuronal
dysfunction (Maragos et al., 2002; Wallace et al., 2006; Zhu et al., 2009a, 2011) and
promotes cell death in vitro (Kruman et al., 1998; Magnuson et al., 1995; Nath et al., 1996;
Zhu et al., 2009b) and in vivo (Starling et al., 1999; Royal et al., 2012), suggesting possible
biological mechanisms by which HIV-1 Tat might influence neuropsychiatric status.
Consistent with this, intracerebroventricular injection of Tat increases depressive-like
behavior of male mice (Lawson et al., 2011) and we have recently demonstrated that
inducing brain-limited expression of Tat in transgenic male mice elevates anxiety-like
behavior in a manner consistent with Tat protein expression (Paris et al., 2013).

Although HIV is a leading cause of death among African-American women (Evans et al.,
2002), clinical investigations of HIV-related mood disorders are rarely stratified by gender
(Sordo del Castillo et al., 2010). Curiously, some clinical investigations have reported a
lower vulnerability to HIV-associated anxiety and depression among infected women
compared to men (Goggin et al., 1998; Lopes et al., 2012). The male gender may also be
predictive of affective disorder in cases of HIV (Orlando et al., 2002), a reversal of the
typically-observed sex difference (Kessler et al., 1993). Findings that the progression of
HIV-related neurological dysfunction may be reduced or delayed among women (Cabrera-
Mufioz et al., 2012a) suggest an effect perhaps influenced by sex steroids. Indeed, 17f-
estradiol (E,) and/or progesterone (P4) may protect against HIV cellular infection (Cabrera-
Mufioz et al., 2012b; Rodriguez-Garcia et al., 2013) and HIV progression (Cabrera-Mufioz
et al., 2012b), and have been shown in vitro to reduce HIV-1 Tat-mediated neurotoxicity
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(Kendall et al., 2005; Wallace et al., 2006). However, it is not known whether sex-steroid
hormones influence HIV-related anxiety.

To investigate this question, we utilized female GT-tg bigenic mice (Kim et al., 2003).
These animals conditionally express HIV-1 Tat protein in the brain when treated with
doxycycline (Carey et al., 2012; Paris et al., 2013. We hypothesized that central actions of
HIV-1 Tat would increase anxiety-like behavior in female mice, and endogenous cycling or
exogenous enhancement of E, and/or P4 would ameliorate these effects.

Material and Methods

These methods were pre-approved by the Institutional Animal Care and Use Committee at
the Torrey Pines Institute for Molecular Studies (Port Saint Lucie, FL) and were conducted
in accordance with ethical guidelines defined by the National Institutes of Health (NIH
Publication No. 85-23).

Subjects and housing

GT-tg bigenic mouse model—To assess the influence of central HIV-1 Tat protein on
affective behavior, doxycycline-inducible GFAP/Tat bigenic (GT-tg) mice (originally
derived by Dr. Johnny He, Indiana University School of Medicine, Indianapolis, IN) were
utilized. Briefly, separate lines of founder mice (C3HeB x FeJ offspring; original strains
obtained from The Jackson Laboratory, Bar Harbor, ME) were derived with a GFAP-
localized doxycycline-inducible promoter (G-tg) or human Tat;_gg doxycycline-controlled
(T-tg) transgene. Transgenic lines were crossed onto a C57BL/6J background to produce
stabile transgene expression and mated to produce the GT-tg bigenic model (Kim et al.,
2003). When transgene expression is induced via doxycycline administration, astrocyte-
derived HIV-1 Taty_gg protein is expressed selectively in the GT-tg mouse brain, but not in
peripheral tissues, and the copy numbers of the Tat transgene correlate with Tat RNA
expressed (Kim et al., 2003). The expression of Tat;_gg protein in the GT-tg brain is
dependent on the dose- and duration of doxycycline treatment (Carey et al., 2012; Paris et
al., 2013). Tat expression in this model recapitulates clinical findings of HIV characterized
by central macrophage/monocyte infiltration, T-lymphocyte infiltration, neuronal cell death
(Kim et al., 2003), as well as dose-dependent reductions in limbic gray matter density
(Carey et al., 2013), reductions in cognitive performance (Carey et al., 2012), increased
anxietylike responding among males (Paris et al., 2013), and enhancement of
psychostimulant reward (Paris et al., 2014).

Housing—Female GT-tg mice (N = 210) were generated in our colony in the Torrey Pines
Institute for Molecular Studies vivarium (Port Saint Lucie, FL). GT-tg breeders have been
previously back-crossed 7 generations onto the C57BL/6J strain. Mice (approximately 70
days of age) were housed 4 — 5 / cage and were maintained in a temperature- and humidity-
controlled room on a 12:12 h light / dark cycle (lights off at 19:00 h) with ad libitum access
to food and water.
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Determination of estrous cycle phase

In Experiment 1 (Fig. 1, left panel), estrous cycle phase was determined as previously
described (Paris et al., 2011). Briefly, epithelial tissue was collected via vaginal lavage and
was assessed under a light microscope at 50 X and 200 X magnification. Proestrous
(majority presence of nucleated epithelial cells), estrous (majority presence of cornified
cells), metestrous (similarly proportioned cornified and leukocytic cells), and diestrous
(majority presence of leukocytic cells) cycle phases were identified daily for 7 consecutive
days prior to inclusion in the study. Transitions between cycle phase often occur overnight
(Bronson and Vom Saal, 1979). As such, cycle phase was determined at the beginning of the
light phase (~09:00 h) of the light / dark cycle so that mice could be assessed and tested in
the afternoon (~13:00 h) on the day of diestrus (when concentrations of estrogens are
beginning to rise and progestogens have fallen to nadir) or the day of proestrus (when
concentrations of estrogens have peaked and progestogens are rising to peak; Michael, 1976;
Scharfman and MacLusky, 2006; Schumacher et al., 2014; Wood et al., 2005). Testing at
these times cannot parse the individual effects of E; vs. P4, but is associated with a reduction
of anxiety-like responding in the proestrous, compared to the diestrous, phases of the cycle
that co-occur with elevated circulating E, and progestogens (Koonce et al., 2012; Frye and
Rhodes, 2006). Mice that did not demonstrate a 4 — 5 day estrous cycle were excluded (n =
8). To avoid confounds of carryover performance issues within the same assay, mice were
behaviorally tested only once: either in the next proestrous or diestrous cycle phase that
followed pharmacological manipulation.

Surgical manipulation

Chemicals

In Experiment 2 (Fig. 1, right panel), mice were ovariectomized (OVX) via bilateral flank
incisions while under isoflurane (4 %) anesthesia. Mice were allowed 7 days for surgical
recovery and endogenous hormone washout. Following surgery, mice were monitored to
ensure weight gain, muscle tone, and proper neurological response and general health
(Crawley and Paylor, 1997). Three mice failed to recover and were excluded from the study.
After recovery, mice underwent pharmacological manipulation (described below) for an
additional 7 days prior to testing.

For both experiments, doxycycline hyclate, obtained from Sigma-Aldrich (St. Louis, MO),
was dissolved in sterile 0.9 % saline, diluted to a concentration of 100 mg/kg (0.1 ml volume
administered per 10 g body weight), and administered once daily for 7 consecutive days.
Studies of doxycycline dose (0, 25, 50, or 125 mg/kg, i.p.) and treatment duration (0, 1, 3, 5,
7, or 14 days) have revealed this dosing regimen to optimally express central HIV-1 Tat
protein in the GT-tg bigenic brain (Carey et al., 2012; Paris et al., 2013) commensurate with
behavioral (Carey et al., 2012; Paris et al., 2013, 2014) and neurodegenerative (Carey et al.,
2013) changes.

Steroid hormone replacement

Seven days following OV X, mice in Experiment 2 began treatment with saline (0.9 %, i.p.
for 7 days) or doxycycline (100 mg/kg, i.p. for 7 days) and were co-administered dual
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vehicles subcutaneously (0.1 ml volume administered per 10 g body weight). Note that two
vehicles were used; one injection of oil as the carrier for E5, and one injection of 10% EtOH
in oil as the carrier for P4. Additional sets of mice instead received E, (one injection of Ep,
0.09 mg/kg in oil, and one injection of 10% EtOH in oil), P4 (one injection of oil and one
injection of P4, 4 mg/kg in 10% EtOH in oil), or E»/P,4 (one injection of E5, 0.09 mg/kg in
oil, and one injection of P4, 4 mg/kg in 10% EtOH in oil) daily for 7 days (Fig. 1, right
panel). Ovariectomy largely depletes circulating E, and P4 concentrations (with trace
remaining steroids primarily secreted from the adrenals), contributing to lower
concentrations in the brain. The greatest elevations in rodent anxiety-like behavior are
observed after ovariectomy/adrenalectomy > ovariectomy > diestrus cycle phase > proestrus
cycle phase (with the last demonstrating the lowest anxiety-like responding; Frye and Paris,
2011). When administered acutely, this steroid hormone dosing approximates circulating
and central E, and P4 concentrations that are observed in the proestrous phase of the estrous
cycle (Walf et al., 2006). Herein, we administered these steroids chronically in conjunction
with saline or doxycycline to ascertain whether supra-physiological sex steroid
concentrations could influence the effects of Tat.

Behavioral assays

For both experiments, testing was conducted in a battery of assays for anxiety-like behavior
(open field, followed by elevated plus maze, followed by marble burying; Fig. 1). All mice
were tested in the same order of the three tasks, given that the use of multiple anxiety assays
increases confidence of the behavioral constructs assessed, and similar anxiety testing
batteries have demonstrated minimal carry-over effects between assays (Crawley and
Paylor, 1997; Lad et al., 2010; Mcllwain et al., 2001). In between tasks, mice were returned
to their housing cage for only as much time as it took to clean the previously-used
apparatuses (approximately 2 min between each task to clean the open field and elevated
plus maze with quatricide; 15 g/L). Each mouse was tested in their own marble burying
apparatus, which were set up prior to testing each day, with enough apparatuses for all mice
to be tested on that day. At the end of the testing day, used marbles were cleansed with
quatricide and cages used for marble burying were cleaned.

Open field test—The open field test assesses anxiety-like behavior and ataxia (Hall and
Ballachey, 1932; Paris et al., 2013, 2014). Briefly, mice were placed in the lower left corner
of a square Plexiglas box (46 x 46 x 30 cm) and allowed to explore for 5 min. Movement
was monitored and digitally encoded by a Noldus (Leesburg, VA) EthovisionPro3 image
capture software package. A greater latency to, and lesser frequency of, entries into the
brightly-lit center (~24 cm square) were considered indices of greater anxiety-like behavior.
The velocity (cm / s) of exploration was further utilized as an index of locomotor behavior.

Elevated plus maze test—The elevated plus maze assesses anxiety-like behavior (Lister,
1987) and consisted of black Plexiglas with two open arms (30 x 3.5 cm) and two enclosed
arms of the same size (14 cm high walls). The four arms were connected by a central square
(6 x 6 cm square) and were elevated approximately 74 cm from the ground. Briefly, mice
were placed in the center square and allowed to explore for 5 min. A greater amount of raw
time and a greater proportion of time (%) spent on the brightly-lit open arms of the elevated
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plus maze was considered an index of anxiety-like behavior. The percentage of open arm
entries were also calculated but did not significantly differ across gonadally-intact or OV X
groups. The total number of arm entries was utilized as an index of locomotor behavior.

Marble burying test—The marble burying test utilizes spontaneous digging behavior,
characteristic of rodents, to assess anxiety-like/compulsive behavior (Broekkamp et al.
1986; Paris et al., 2013; Poling et al. 1981). Briefly, mice were individually placed in a
standard mouse housing cage (28 x 16 x 13 cm) with 20 marbles (1.5 cm diameter; evenly
spaced in 5 rows of 4) located on a 5 cm layer of woodchip bedding. Mice were introduced
to the cages and allowed to behave. After 30 min, the number of marbles that were
completely buried were counted. A greater number of buried marbles was considered an
index of greater anxiety/compulsive-like behavior.

Statistical analyses

Results

Dependent measures on behavioral tasks were assessed via separate two-way analyses of
variance with hormone status (Expt. 1: proestrous or diestrous; Expt. 2: vehicle, E5, Py, or
E,/P4) and conditional Tat-induction status (Expts. 1 and 2: saline or doxycycline) as
factors. Fisher’s Protected Least Significant Difference post-hoc tests determined group
differences following main effects. Interactions were delineated via simple main effects and
main effect contrasts with alpha controlled for multiple comparisons. Analyses were
considered significant when p < 0.05. To indicate the proportion of variance each effect
accounted for, n?2 is reported following omnibus inferential test statistics. Cohen’s d is
reported for each post-hoc comparison to estimate effect size.

Expt. 1: Induction of HIV-1 Tat protein increases anxiety-like behavior across the estrous

cycle

After one week of regular estrous cycling, GT-tg females were administered saline or
doxycycline for 7 days (Fig. 2a). Neither saline nor doxycycline administration disrupted
estrous cyclicity (1 — 2 days in the proestrous cycle phase were observed among all mice
during the 7 days of saline or doxycycline treatment). In week 3, mice were assessed for
anxiety-like behavior on the next day of proestrus (at a time when both E, and P4 levels are
elevated) or diestrus (at a time when both E; and P4 levels are low). Mean time from the end
of saline or doxycycline treatment to the time of testing was 2.8 £+ 0.5 days across a range of
1-7 days.

Conditionally inducing HIV-1 Tat expression in the brain of female GT-tg mice increased
anxiety-like behavior. Compared to uninduced controls, there were significant main effects
for Tat-induced females irrespective of estrous cycle phase to display a significantly greater
latency to enter the brightly-lit center of an open field [F(1,76) = 7.22, p < 0.05, n 2 = 0.083]
(Table 1), to make fewer entries into the brightly-lit center of an open field [F(1,76) = 4.73,
p < 0.05, n 2 = 0.055] (Fig. 2b), to spend less time [F(1,76) = 9.03, p < 0.05, n; 2 = 0.092]
(Fig. 2c) and a lesser proportion of time [F(1,76) = 8.87, p < 0.05, 1 2= 0.093] (Table 1) on
the open arms of an elevated plus maze, and to bury more marbles in an anxiogenic marble
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burying task [F(1,76) = 36.19, p < 0.05, 2 = 0.319] (Fig. 2d). Estrous cycle differences in
anxiety-like behavior were also observed with proestrous mice entering the center of an
open field significantly sooner [F(1,76) = 3.99, p < 0.05, 1) 2 = 0.046] (Table 1), making
significantly more central entries in an open field [F(1,76) = 4.37, p < 0.05, 2 = 0.051]
(Fig. 2b), accumulating significantly more open arm time [F(1,76) = 11.06, p < 0.05, 1 2 =
0.113] (Fig. 2c) and spending a greater proportion of time on the open arms [F(1,76) = 9.48,
p < 0.05, 2 =0.099] (Table 1) of an elevated plus as compared to their diestrous
counterparts. No significant effects of doxycycline treatment or estrous cycle phase were
detected on the percentage of arm choices in the elevated plus maze or on motor function
(Table 1).

Expt. 2: Progesterone administration is protective against the anxiety-like effects of
central Tat induction

After one week of surgical recovery, OVX GT-tg females were administered saline or
doxycycline while receiving subcutaneous injections of vehicle, E,, and/or P4 (Fig. 3a).
Mice were assessed for anxiety-like behavior after 7 days of co-administration (14 days
from the time of surgery).

Doxycycline treatment did not significantly alter motor function (Table 2) or behavior in an
open field, although anxiety-like responding among OV X GT-tg control mice already
appeared maximal compared to performances of gonadally-intact mice (Fig. 2b). Steroid
hormone administration did influence anxiety-like and exploratory behavior with P4
administration significantly reducing the latency to enter the brightly-lit center of an open
field [F(3,111) = 3.46, p < 0.05, 12 = 0.083] (Table 2) compared to OVX mice administered
vehicle (p =0.008, d = 0.78) or E; and P4 jointly (p = 0.004, d = 0.80). Estradiol and P4 had
opposing effects on the velocity of open field exploration [F(3,111) = 3.07, p < 0.05, ) =
0.123] (Table 2) and the frequency of central entry [F(3,111) = 4.06, p < 0.05, )2 = 0.097]
(Fig. 2b). Compared to vehicle administration, E, significantly reduced exploration speed,
with (p = 0.02, d = 0.63) or without (p = 0.007, d = 0.66) co-administration of P4 (Table 2),
and E, administration significantly reduced the number of central entries (p = 0.02, d = 0.70)
made in an open field (Fig. 3b). Conversely, progesterone did not influence exploration
velocity (Table 2) and significantly enhanced the frequency of entries made into the center
of an open field compared to administration of E,, with (p = 0.04, d = 0.53) or without (p =
0.001, d = 0.83) co-administration of P4, but did not differ from vehicle administration (Fig.
3b).

Central HIV-1 Tat induction and systemic steroid hormone administration significantly
interacted to influence anxiety-like responding in an elevated plus maze [raw open arm time:
F(3,111) = 2.97, p < 0.05, n2 = 0.071, (Fig. 3c); % time on open arms: F(3,111) = 2.84, p <
0.05, 12 = 0.068, (Table 2)] or a marble burying task [F(3,111) = 5.44, p < 0.05, n2 = 0.098]
(Fig. 3d). Compared to uninduced controls, Tat-induced OV X mice demonstrated decreased
open arm time (Fig. 3c), a decreased proportion of time on open vs. closed arms (Table 2),
and increased marble burying behavior (Fig. 3d) when treated with systemic vehicle

(Praw open arm time = 0.047, d = 0.80; Pmarbles buried = 0-001, d = 1.42) or E (Praw open arm time
= 0.01, d = 0.97, p% open arm time = 0.02, d = 0.90, pmarb|es buried < 0.0001, d = 2.12). These
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effects of doxycycline treatment were ameliorated by administration of P4 which
significantly increased raw open arm time (Fig. 3c), as well as the proportion of open arm
time (Table 2), and decreased the number of marbles buried (Fig. 3d) compared to Tat-
induced OVX females that were administered either vehicle (praw open arm time = 0.004, d =
1.06; Po open arm time = 0.009, d = 0.96; Pmarbles buried = 0.006, d = 1.01) or E3 (Praw arm time
=0.004, d = 1.01; pos open arm time = 0-006, d = 0.93; Pmarbles buried = 0.003, d = 1.43). When
E, and P4 were co-administered, the protective effects of P4 were partially antagonized such
that Tat-induced reduction in the raw seconds (Fig. 3c) and the proportion (Table 2) of open
arm time on the elevated plus maze were still attenuated, but were no longer significantly
enhanced beyond Tat-induced control levels. Similarly, co-administration of E; and P4
appeared to reduce Tat-induced marble burying behavior by ~40 % compared to treatment
with vehicle or E, alone, but did not significantly attenuate marble burying behavior when
compared to uninduced E,/P,4-treated controls (p = 0.04, d = 0.87; Fig. 3d).

Discussion

The present findings upheld the hypothesis that exposure to HIV-1 Tat would increase
anxiety-like behavior of female GT-tg mice. Among naturally-cycling females (Expt. 1),
treatment with doxycycline under conditions previously shown to be efficacious in male
mice (Paris et al., 2013) significantly increased the latency to, and reduced the frequency of,
central entries in an open field, reduced the amount and proportion of open arm time
accumulated in an elevated plus maze, and increased anxiogenic marble burying
(summarized in Table 3, left panel). Despite some apparent resilience to Tat’s effects among
proestrous mice (which have elevated circulating and central E; and P, compared to
diestrous mice), doxycycline treatment did not significantly interact with estrous cycle phase
(summarized in Table 3, right panel). As such, endogenous, cyclical fluctuations in steroid
hormones were not enough to overcome the anxiogenic effects of the present Tat-induction
regimen. However, the hypothesis that exogenous steroid hormone administration would
ameliorate the anxiety-like effects of Tat induction was upheld (Expt. 2). Tat-induction
further increased anxiety-like behavior of OV X mice (in which circulating E, and P, are
largely depleted and central concentrations are lower than those observed among gonadally-
intact mice) in an elevated plus maze or a marble burying task (summarized in Table 3, left
panel) and daily co-administration of P, attenuated these effects (summarized in Table 3,
right panel). Conversely, the present E, regimen was not observed to protect against the
anxiogenic effects of Tat induction and partially antagonized the protective effects of P4
when both steroids were co-administered.

These data confirm and extend previous findings of sex steroid interactions with HIV and
HIV-1 Tat protein. Actions of E, and P4 may influence the course of HIV infection
(Cabrera-Mufioz et al., 2012ab). Apart from influences on HIV acquisition (wherein
synthetic hormones that reduce endometrial thickness may facilitate infection; Clemetson et
al., 1993; Mostad et al., 1997; Wang et al., 2004), sex steroids may ameliorate viral
progression once infection has occurred. Indeed, Tat-mediated toxicity is notably associated
with the upregulation of proinflammatory cytokines (Royal et al., 2012; Yadav and Collman,
2009) and/or NF-xB-regulated chemokines (EI-Hage et al., 2005; Vergote et al., 2006) that
can be inhibited by downstream actions of E, or P4 (Harkénen and VVé&nénen, 2006; Su et
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al., 2009). To a greater extent than E,, P4 may also exert direct actions on HIV replication.
In peripheral blood mononuclear cells, high-dose P4 consistently down-regulated HIV
replication whereas low-dose E, consistently up-regulated replication when cells came from
a female donor (Ragupathy et al., 2013). Beneficial effects were not observed in cells from
male donors and effects were variable amongst HIV subtypes (Ragupathy et al., 2013).
Differences in gender and HIV clade may contribute to conflicting data as to whether the
virological response (i.e., HIV copy numbers) is altered with endogenous changes that
influence peripheral steroid production, such as age. In support, some studies find
antiretroviral therapies to be less effective in geriatric populations, while others report no
difference or a greater response (reviewed in Imai et al., 2013). Accordingly, we
investigated changes in endogenous steroids by utilizing an in vivo animal model that
expresses only one viral protein (Tat) that may contribute to HIV-relevant mood disorders.
Notably, previous work with male GT-tg mice was shown to recapitulate neurological
effects of HIV infection including deficits in cognition (Carey et al., 2012), affect (Paris et
al., 2013), and vulnerability to psychostimulant reward (Paris et al., 2014), supporting the
face validity of the present female mouse model.

Some of the behavioral sequelae associated with HIV-1 Tat are thought to occur partly via
its effects to induce neuronal apoptosis in vitro (Nath et al., 1996; New et al., 1998) and in
vivo (Starling et al., 1999; Royal et al., 2012). In particular, Tat exerts neurotoxic effects in
vitro via NMDA receptor-mediated excitotoxicity (Magnuson et al. 1995; Haughey et al.,
1999) and promotes loss of hippocampal synaptic density via actions downstream of NMDA
receptors (Kim et al., 2008). These findings are germane to the present study, as we have
previously observed that male GT-tg bigenic mice exposed to Tat demonstrate volumetric
loss of gray matter in limbic brain regions associated with emotionality, including the
amygdala, amygdalo-hippocampal area, peri-/entorhinal cortex, and hypothalamus (Carey et
al., 2013). Anxiogenic effects of Tat on females may be associated with similar central
pathology given that these regions are steroid-sensitive, expressing all of the necessary
enzymes to metabolize the peripheral prohormones investigated (Melcangi et al., 1998).
Importantly, in vitro findings indicate that some Tat-mediated microstructural changes in the
hippocampus can be reversed (Kim et al., 2008), suggesting a potential therapeutic window
during which centrally-acting steroids may be efficacious.

Steroids may play a potential ameliorating role in the neurodegeneration and dysfunction
that is associated with HIV-1 Tat. In vitro findings support a protective role for both E; and
P, on Tat-induced neurotoxicity. In human or rat tissue cultures, 17p-estradiol ameliorates
the oxidative stress effects of combined Tat and the HIV glycoprotein, gp120, as well as
apoptosis caused by combined Tat, gp120, and psychostimulant drugs (Adams et al., 2010,
2012; Turchan et al., 2001; Wallace et al., 2006). While we did not observe protective
effects of the present E, regimen over Tat-mediated anxiety-like behavior, it should be noted
that this does not preclude cellular Epo-mediated protection or alternate dosing schedules that
may be efficacious. Similar to the present findings, others have reported high, chronic E; to
be anxiogenic among OV X mice (Morgan and Pfaff, 2001, 2002) whereas acute and lower
dosing regimens have marked effects to reduce anxiety-like behavior of rodents in testing
batteries such as the one presently used (Frye et al., 2008; Walf et al., 2009). Cholesterol or
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P, also demonstrated smaller dose-dependent effects to attenuate neurotoxicity caused by
Tat, gp120, and psychostimulants in vitro (Kendall et al., 2005). In concordance, we
observed the present P4 dosing regimen to protect mice from the anxiogenic effects of Tat.
The extent to which this indicates an amelioration of Tat-mediated brain pathology is
unknown; yet, preclinical evidence of the neuroprotective effects of P, for ischemic and
traumatic brain injury are well-elucidated (Sayeed and Stein, 2009; Sayeed et al., 2006),
leading to its clinical consideration in a NIH-sponsored Phase 111 clinical trial (Stein, 2013).
Future investigations aiming to directly manipulate central steroid formation and their
actions within implicated brain regions may provide insight into the important central sites
of steroid and Tat interaction.

It should be noted that nontraditional actions of progestogens overlap with targets of HIV-1
Tat, and may partly underlie observed protective effects. Progestogens dose-dependently
negatively modulate NMDA receptor activity associated with Tat-induced excitotoxicity
(Monnet et al., 1995; Smith, 1991), likely through an allosteric mechanism (Johansson et al.,
2005, Malayev et al., 2002). In particular, the P4 metabolite, allopregnanolone, binds
NMDA receptor-2B subunits (Johansson et al., 2005) and reduces NMDA receptor
excitation (Maurice et al., 2006) in cortical cells. Unlike P4, allopregnanolone acts at
extracellular membrane-bound neurotransmitter targets to exert rapid effects on behavior
(reviewed in Schumacher et al., 2014). Such nontraditional actions of progestogens are
important for regulating anxiety-like behavior of rodents (Bali and Jaggi, 2013; Frye and
Paris, 2011) and their utility in treating HIV-mediated neurotoxicity has been recently
proposed (Perumal and Dhanasekaran, 2012). Indeed, the rate-limiting enzyme necessary to
catalyze P4’s conversion to allopregnanolone is upregulated by E, (Micevych and Sinchak,
2011), indicating this nontraditional progestogen as a common product between these two
prohormones that may partly underlie their overlapping effects for neuroprotection and
behavior. Consistent with these observations, P4’s effects on chemokines in peripheral blood
mononuclear cells are independent of actions at progestin receptors (Cabrera-Mufioz et al.,
2012ab) suggesting the involvement of nontraditional sites of action. These data support the
present findings of P4-mediated protection over Tat-induced anxiety-like behavior of mice
and extend them to suggest a novel therapeutic target for P4 effects on HIV-1-related
pathology.

Given HIV’s transition to a chronic-care disease with the advent of antiretroviral therapies,
the incidence of associated mood disorders is expected to rise (McArthur et al., 2003;
Sacktor et al., 2002). For the first time, HIV-afflicted women are able to live to post-
menopause, characterized by erratic fluctuations in circulatory Ej, reduced gonadal P4, and
an increased incidence in affective disorder (Prior and Hitchcock, 2011; Soares, 2014). In
2011, 45-49 year olds were the largest group of women estimated to be living with HIV in
the United States (Imai et al., 2013). The effects of infection on the climacteric are under-
investigated; however, recent studies suggest that HIV-afflicted women transition to post-
menopause sooner and experience greater symptomology than non-afflicted controls
(Boonyanurak et al., 2012; Fan et al., 2008; Kanapathipillai et al. 2013; Rubin et al., 2014).
Moreover, antiretroviral therapies may contribute to the worsening of some post-menopausal
symptoms (Kanapathipillai et al. 2013). Moreover, HIV-infected premenopausal women
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have been found to have lower circulating E; compared to uninfected controls (Karim et al.,
2013). These findings are consistent with the notion that infection-related reductions in
circulating steroids may result in a concordant loss of neuroprotection and a possible
exacerbation of neuropsychiatric sequelae later in life. It is difficult to predict whether post-
menopausal women afflicted with HIV will benefit from the available hormone replacement
therapies currently used. Evidence indicates that non-metabolizing synthetic progestins may
actually worsen the progression of HIV (Baeten et al., 2005; Stringer et al., 2007, 2009),
whereas natural P4, may be beneficial (Vassiliadou et al., 1999). In the present study, we
observed chronic P4 co-administration with Tat-induction to be beneficial for anxiety-like
behavior among OV X mice, adding to its therapeutic potential which is already recognized
for its intravenous efficacy in treating brain injury (Stein, 2014). Admittedly, the
menopausal milieu is quite different from surgical ovariectomy and often presents with
greater E levels in circulation (Prior and Hitchcock, 2011). Given the number of survivors
now entering the climacteric, there is a critical need to identify hormone replacement
therapies that are beneficial for aging HIV-afflicted individuals.

The current findings are among the first to demonstrate a role for HIV-1 Tat on affective
behavior and further indicate a role for exogenous P4 protection, but must be considered
with some caveats. Assessing the effects of chronic manipulations can be challenging in a
naturally-cycling animal model. As such, in Expt. 1 it was necessary to accept a range of
days from treatment within which animals could be assessed in either the proestrous or
diestrous cycle phases. However, no animal was tested more than 7 days from the end of
Tat-induction and we have demonstrated Tat-mediated changes in several behavioral
measures to be stable for at least 14 days (Carey et al., 2012; Paris et al., 2013, 2014). In
Expt. 2, OVX depletes the primary source of circulating steroid, enhancing anxiety-like
behavior. As such, anxiety-like responding in the open field was increased among OVX
controls compared to gonadally-intact proestrous or diestrous mice and Tat-induction was
not observed to further increase anxiety-like behavior. However, additional anxiety tasks
were more resilient to the apparent “ceiling” effects observed in the open field allowing the
efficacy of exogenous steroid hormones to be assessed. Future investigations might further
discount these concerns by utilizing measures that can be directly correlated across tasks,
such as the latency to central entry in the open field and the latency to open arm entry in the
elevated plus maze. Furthermore, a variety of hormone-replacement regimens should be
examined. Herein, steroids were chronically-administered to OV X mice, potentially
accumulating in supraphysiological concentrations. Accordingly, we cannot delineate the
extent to which pharmacological (rather than physiological) effects of steroids at their
receptor targets contributed to the observed outcomes, nor whether longer treatment
durations (commensurate to clinical use) would yield the same effects on anxiety. Rodent
models of natural estropause do express a divergent central steroid milieu (Paris et al., 2011)
compared to OV X rodent models, and may be a more responsive model better suited for
hormone replacement studies (Walf et al., 2009). Finally, the identity of the active
metabolites and molecular targets that underlie these actions remain uncertain, requiring
future investigation.
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Conclusion

The present data are the first to demonstrate P4’s protective capacity over Tat-induced
anxiety-like behavior in a whole animal model. Induction of central HIV-1 Tat increased
anxiety-like behavior of female mice, irrespective of estrous cycle phase. Among OVX
mice, administration of P4, but not E,, throughout Tat-induction attenuated anxiogenic
effects.
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Expt. 1: Naturally-Cycling
Steroid Effects on HIV-1 Tat

80 GT-tg mice cycled for 7 days

|

Treatment for 7 days:

Proestrous  Diestrous Proestrous  Diestrous
(n=20) (n=20) (n=20) (n=20)

Tested in open field, elevated plus maze
and marble burying

Figure 1.

Page 19

Expt. 2: Exogenously-Administered
Steroid Effects on HIV-1 Tat

119 GT-tg mice ovariectomized with 7 days recovery

|

Co-treatment for 7 days:

/\/\

Vehicle EoER. Vehicle 5 Bk
(n=14) (n= 15) (n= 15) (n 16) (n=15) (n= 16) (n=16) (n 12)

Tested in open field, elevated plus maze
and marble burying

Depicts the experimental design for female GT-tg mice that were intraperitoneally-

administered saline (0.9 %) or doxycycline (100 mg/kg; to induce HIV-1 Tat) for 7 days
while naturally-cycling (left panel) or ovariectomized and co-administered subcutaneous
vehicle, 17B-estradiol (0.09 mg/kg), and/or progesterone (4 mg/kg; right panel). All mice
were assessed for anxiety-like behavior in an open field, elevated plus maze, and marble

burying task.
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Figure 2.
(A) Regularly estrous cycling female GT-tg mice were treated with 7 days of saline (as a

control; open bars) or doxycycline (to centrally induce HIV-1 Tat protein; striped bars) and
tested in the next proestrous (left bars) or diestrous (right bars) phase of their cycle (n =20/
group). Anxiety-like behavior was assessed in (B) an open field, (C) an elevated plus maze,
and (D) a marble burying task. * indicates significant main effect for doxycycline-treated
mice to differ from saline-treated mice. t indicates significant main effect for diestrous mice
to differ from proestrous mice, p < 0.05.
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Figure 3.
(A) GT-tg female mice were ovariectomized. After one week of recovery, mice (n =12 -

16 / group) were intraperitoneally treated with 7 days of saline (as a control; open bars) or
doxycycline (to centrally induce HIV-1 Tat protein; striped bars) while subcutaneously co-
administered vehicle, estradiol (0.09 mg/kg), and/or progesterone (4 mg/kg). Anxiety-like
behavior was assessed in (B) an open field, (C) an elevated plus maze, and (D) a marble
burying task. * indicates significant interaction wherein indicated doxycycline-treated group
differs from respective saline-treated control group. T indicates significant main effect for
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estradiol-administered mice to differ from vehicle-treated mice. ¥ indicates significant main
effect for progesterone-administered mice to differ from estradiol- or estradiol/progesterone-
administered mice. § indicates significant interaction wherein doxycycline/progesterone-
treated group differs from doxycycline/vehicle- or doxycycline-estradiol-treated groups, p <
0.05.
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Summary of major findings with anxiety-like effects of Tat-induction (left) among gonadally-intact and

Table 3
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ovariectomized mice presented separately from anti-anxiety-like effects of steroid hormone milieu (right)
among naturally-cycling and ovariectomized mice that were administered vehicle, estradiol (Ep; 0.09 mg/kg,

s.c.) and/or progesterone (P4; 4 mg/kg, s.c.).

Anxiety-Enhancing Effects of Tat

Anxiety-Ameliorating Effects of Elevated Hormonal

Induction Milieu
(vs. Saline) (vs. Reduced or Depleted Milieu)
Expt. 1: Expt. 2: Expt. 1: Expt. 2:

Gonadally-Intact
Mice

Ovariectomized
Mice

Gonadally-Intact
Mice

Ovariectomized Mice

-1 # marbles
buried

-1 # marbles
buried

Open Tat induction 1 (No effects) *Proestrous | *P4 | anxiety
Field anxiety anxiety
-1 latency to -} latency to -} latency to center vs.
center center vehicle or E2+P4
-| central -1 central -1 central entries vs. E; or
entries entries E2+P4
Elevated | eTat induction 1 eTat induction 1 | *Proestrous | eTat-induced P4 | anxiety
Plus anxiety anxiety anxiety
Maze i .
-} openarm -} openarm -1 open arm -1 open arm time vs. vehicle
time time time orE,
Marble Tat induction 1 Tat induction 1 (No effects) « Tat-induced P, | anxiety
Burying | anxiety anxiety

-} # marbles buried vs.
vehicle or E,
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