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Abstract

Varying degrees of cognitive deficits affect over half of all HI\-1 infected patients. Because of
antiretroviral treatment (ART) regimens, the HIV-1 patient population is increasing in age. Very
few epidemiological studies have focused on sex-specific differences in HIV-1-associated
neurocognitive disorders (HAND). The purpose of this study is to examine any possible
differences between male and female mice in the progression of cognitive dementia during
persistent low-level HIV-1 protein exposure, mimicking the typical clinical setting in the post-
ART era. Eight to ten-month old HIV-1 Tg26(+/-) transgenic mice were utilized to assess for
specific learning and memory modalities. Initial physiological screening and fear conditioning
assessments revealed that Tg26 mice exhibited no significant differences in general behavioral
function, contextual fear conditioning, or cued fear conditioning responses when compared to their
wild-type (WT) littermates, regardless of sex. However, Barnes maze testing revealed significantly
impaired short and long-term spatial memory in males, while females had impaired spatial
learning abilities and short-term spatial memory. The potential cellular mechanism underlying
these sex-specific neurocognitive deficits was explored with hippocampal neurogenic analysis.
Compared to WT mice, both male and female Tg26(+/-) mice had fewer quiescent neural stem
cells and neuroblasts in their hippocampi. Male Tg26(+/-) mice had a more robust reduction of
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the quiescent neural stem cell pool than female Tg26(+/-) mice. While female WT mice had a
higher number of neural progenitor cells than male WT mice, only female Tg26(+/-) mice
exhibited a robust reduction in the number of neural progenitor cells. Altogether, these results
suggest that middle-aged male and female Tg26(+/-) mice manifest differing impairments in
cognitive functioning and hippocampal neurogenesis. This study emphasizes the importance of
understanding sex related differences in HAND pathology, which would aid in designing more
optimized therapeutic regimens for the treatment of HAND.
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INTRODUCTION

HIV-1 associated neurocognitive disorders (HAND) are a sequela of HIV-1 infection
currently afflicting approximately 36.9 million people worldwide. HAND manifests in over
50% of HIV-1 infected patients, even while adhering to the antiretroviral treatment (ART)
regimens (Ferrell and Giunta, 2014; Saylor et al., 2016). Specifically, in the post-ART era,
milder forms of HAND continue to plague the HIV-1 patient population (Ellis et al., 1997;
Heaton et al., 2010; Kaul et al., 2001; Kaul et al., 2005). Dysregulation of the blood-brain
barrier and the “Trojan Horse” mechanism of neuronal damage (Gonzalez-Scarano and
Martin-Garcia, 2005; Liu et al., 2002; Williams and Hickey, 2002) are commonly regarded
as potential contributors to the pathogenesis and progression of HAND. However, the
comprehensive cellular and molecular mechanisms underlying HAND pathogenesis remain
poorly understood.

To better understand HIV-1/HAND pathogenesis, several animal models have been
developed throughout the years. For example, the SIV-infected rhesus macaque models have
been utilized to characterize HAND disease progression and validate ART regimens (Bissel
et al., 2018; Calascibetta et al., 2016; Williams et al., 2008). Additionally, the HIV-1
transgenic rat has high levels of HIV-1 transcript expression in the lymph nodes, kidney,
thymus, spleen and brain (McLaurin et al., 2018a; Reid et al., 2001; Reid et al., 2016). Initial
neurological characterization revealed that these HIV-1 transgenic rats develop hind-limb
paralysis and circling-like behavior (Reid et al., 2001). Further neurocognitive tests such as
brainstem auditory evoked potentials, signal detection operant tasks, and Morris water maze
assessments demonstrated significant impairments in temporal processing (McLaurin et al.,
2018a; Moran et al., 2013a), sustained attention (McLaurin et al., 2017; McLaurin et al.,
2019), flexibility/inhibition (McLaurin et al., 2019; Roscoe et al., 2014), motivation
(Bertrand et al., 2018), learning, and memory (Lashomb et al., 2009; McLaurin et al., 2019;
Vigorito et al., 2015; Vigorito et al., 2007).

Several HIV-1 transgenic mouse models have been developed for the characterization of
neurological dysfunction in HAND, most notably the doxycycline-inducible glial fibrillary
acidic protein (GFAP)-Tat transgenic mouse (Fan et al., 2016) and the GFAP-gp120
transgenic mouse (Lee et al., 2011; Toggas et al., 1994). The doxycycline-inducible GFAP-
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Tat transgenic mouse and the GFAP-gp120 transgenic mouse only present the effects of a
single viral protein expressed in a single cellular type (astrocytes and/or neural stem cells).
Similar to the HIV-1 transgenic rat model, the HIV-1 Tg26 transgenic mouse model can
recapitulate the effects of the entire HIV-1 proviral genome on physiological and cognitive
function (Dickie et al., 1991; Putatunda et al., 2018). This mouse line contains a replication-
deficient truncated HIV-1 NL4-3 genome in all cellular types (Dickie et al., 1991).
Consequently, only 7 out of the 9 viral proteins are expressed, such as Tat, gp120 (env), Nef,
Gag (p17), Vpr, Vpu and Rev (Carroll et al., 2016; Kopp et al., 1992; Lu et al., 2006).
Because the replication-deficient HIV-1 proviral DNA randomly integrates into the host
genome, and proviral transcription is spontaneously driven by the HIV-1 long terminal
repeats (LTRS) or in response to niche factor stimulation; these HIV-1 Tg26 mice serve as a
clinically-relevant model for the study of the latent HIV-1 provirus (aviremia) during the
ART era. Our recent study demonstrated that HIV-1 Tg26 mice have early and late-stage
neurogenic deficits, when compared to their wild-type (WT) littermates (Putatunda et al.,
2018).

While there have been significant advances in the understanding of HAND pathogenesis, sex
differences in HIV-1 infection and subsequent neurocognitive dysfunction have been largely
underrepresented and inconsistent in clinical studies (Burlacu et al., 2018; Griesbeck et al.,
2016; McLaurin et al., 2017; McLaurin et al., 2018b; Qiao et al., 2019; Scully, 2018; Ziegler
and Altfeld, 2016; Ziegler and Altfeld, 2017). This gap in knowledge is significant, as over
51% of the HIV-1 patient population worldwide are women (McLaurin et al., 2017). For
example, only 23% of HIV-1 patients enrolled in the CHARTER clinical study were female
(Heaton et al., 2010), and the Multicenter AIDS Cohort Study (MACS) focused solely on
the evolution of HAND in male HIV-1 patients (Becker et al., 2015). Given that the two
largest epidemiological studies on HAND focus mainly on male HIV-1 seropositive
individuals (McLaurin et al., 2017), it is imperative that sex-specific differences in HAND
progression be further examined in pre- clinical and clinical studies (Maki et al., 2018;
Royal et al., 2016; Scully, 2018). So far, the effects of biological sex on dopaminergic
neuronal function (Bertrand et al., 2018; Javadi-Paydar et al., 2017), frontal-subcortical
synaptic connectivity (McLaurin et al., 2018b), and signal detection (McLaurin et al., 2017)
have been characterized in HIV-1 transgenic rats.

As described above, two labs reported the effects of persistent HIV-1 proteins on learning
and memory, and their sex dependence in HIV-1 transgenic rats. However, there are no
reports on potential neurocognitive impairments in HIV-Tg26 mice. In this study, we aimed
to test whether HIV-1 Tg26 mice have impairments in learning and memory, as well as
reduced hippocampal neurogenesis. We also determined whether these potential changes are
significantly different between male and female mice. A comprehensive analysis on general
behavioral functioning, cognitive abilities, and adult neurogenesis was performed in male
and female middle-aged HIV- 1 Tg26(+/-) mice and their wild-type (WT) littermates. The
middle-aged mice may better model human condition because older HIV-1 patients are at a
higher risk for cognitive decline than younger HIV-1 positive patients (Fazeli et al., 2014;
Maartens et al., 2014; Valcour et al., 2004). Specifically, HIV-1 patients exhibit precocious
aging by an average of about 5 years compared to their peers (Gross et al., 2016). Our
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studies demonstrate sex-related differences in the types and severities of cognitive decline
and neurogenic deficits in HIV-1 Tg26(+/-) mice, compared to WT littermates.

MATERIALS AND METHODS

Transgenic Mice

HIV-1 Tg26 transgenic mice backcrossed onto a pure C57BL/6J background were utilized in
this study (Dickie et al., 1991). Previous studies have demonstrated that Tg26 mice
generated on the FV/B background developed aberrant kidney pathology. As a result, most
mice were moribund between 2 and 6 months of age (Dickie et al., 1991; Kopp et al., 1992).
Since Tg26 mice on the C57BL/6J background do not develop kidney disease and have
longer life expectancies (Gharavi et al., 2004; Mallipattu et al., 2013; Zhong et al., 2005), we
generated Tg26 mice on a complete C57BL/6J background by backcrossing FVVB/N-
Tg(HIV)26AlIn/Pklt] mice (Jackson Lab, #022354) with C57BL/6J mice (Jackson Lab,
#000664) for at least 8 generations. This same backcrossing procedure was performed in a
similar manner with HIV-1 transgenic rats to prolong their life expectancies (McLaurin et
al., 2018a). Throughout the study, the Tg26 mice were maintained as heterozygotes (+/-),
since Tg26 homozygous (+/+) mice rarely survive to weaning (Dickie et al., 1991). For this
study, the Tg26(+/-) mice and their wild-type (WT) littermates were aged out to 8-10
months old, since most patients on ART have longer life expectancies, and are more
susceptible to the milder forms of HAND (Smit et al., 2015; Smith et al., 2012). Both sexes
were analyzed for behavioral and neurogenic changes. All procedures involving mice were
in compliance with the 2018 American Veterinary Medical Association Guidelines and the
Temple University Institutional Animal Care and Use Committee (IACUC).

Mouse Neurobehavioral Testing

SHIRPA Screen: The SHIRPA (SmithKline Beecham, Harwell, Imperial College, Royal
London Hospital Phenotype Assessment) was developed in 1997 as a quick screen for any
abnormal phenotypes in mice and rats. There are three specific screens for these mice, each
with increasing levels of complexity (Brooks and Dunnett, 2009; Rogers et al., 1997). The
first behavioral screen examined superficial behavioral and morphological mouse
characteristics. The second screen examined specific sensorimotor responses, and the third
screen assessed responsiveness to external stimuli as well as more complex motor functions
(Brooks and Dunnett, 2009).

Contextual and Cued Fear Conditioning: Fear conditioning studies were conducted in
a previously described manner (Di Meco et al., 2016; Joshi et al., 2013; Joshi et al., 2014).
All testing was conducted in a fear conditioning chamber with black methacrylate walls, a
speaker, and a metal grid floor (Startle and Fear Combined System, Harvard Apparatus,
Holliston, MA, USA), and was carried out over 2 days. On day 1, mice were placed in the
conditioning chamber for a total of 6 minutes. Two minutes into the testing, a 100-dB sound
was administered for thirty seconds before the mouse received a 0.5-mA foot shock for 10
seconds. This sound/foot shock administration was repeated at the 3 and 4-minute marks.
After the 6 minutes elapsed, the mouse was taken out of the chamber. The next day, the mice
were tested for contextual and cued recall. During the contextual recall phase of the test, the
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mouse was placed back into the testing chamber for 5 minutes, during which no sound tones
or foot shocks were administered. The cued recall phase of the test took place two hours
later. During this time, the wall colors were changed from black to white, and a vanilla
extract scent was placed in the chamber. The mouse was placed back into this chamber for 6
minutes. The same 100-dB tone was administered for 30 seconds at the 2, 3, and 4-minute
marks without any foot shocks. The percentage of time the mouse spent freezing was used as
a metric for analyzing the contextual and cued response to these aversive stimuli.

Barnes Maze: The Barnes Maze was developed as a dry-land alternative to the Morris
Water Maze to assess spatial memory acquisition and retention in both rats and mice
(Barnes, 1979; Rosenfeld and Ferguson, 2014). Because there is no strong aversive stimulus
on the rodents that could confound the results (eg. swimming), this is a more ideal
alternative to spatial memory testing for our purposes (Holscher, 1999; Miyakawa et al.,
2001). A commercially available Barnes maze with 20 holes around the periphery was
utilized (Stoelting Co. Cat.# 60170). The maze itself was isolated from the rest of the room
with black curtains to exclude any external cues which could confound the results (Barbe et
al., 2016). Before the 4 days of acquisition training, a habituation phase took place, during
which the mouse was placed onto the maze and given 1 minute to find the escape hole. If the
mouse failed, the experimenter gently guided the mouse to the escape hole and sequestered
it there for 1 minute. The acquisition trials were performed after the habituation phase.
During these trials, the mouse was placed on the maze, and given 5 minutes to explore. If the
mouse found the escape hole before 5 minutes elapsed, the trial was ended. After the mouse
found the escape hole, it was kept there for 1 minute, while the maze was cleaned with 70%
isopropanol. These trials were performed 4 times per day with each mouse (Harrison et al.,
2006), with an inter-trial interval of 3 minutes (Barbe et al., 2016). On day 5, the short-term
memory retention test was performed. During this time, the escape hole was blocked, and
the mouse explored the maze for 5 minutes. The long-term memory retention test was
performed 13 days after the habituation day, which was considered the day 14 retention.
Mouse movements were tracked by an overhead CCD monochrome camera and analyzed
with ANY-Maze Tracking Software (RRID: SCR_014289) as described previously (Barbe et
al., 2016).

Immunohistochemistry/Hippocampal Neural Lineage Analysis

For immunohistochemistry, mice were euthanized with an overdose of pentobarbital solution
and transcardially perfused with 4% paraformaldehyde. The brains were dissected, post-
fixed overnight in the same fixative, and cryopreserved with buffered 30% sucrose. Each
coronal brain section at a 40 um thickness was collected in a serial manner, and stored at
—20°C. Then standard immunofluorescent staining was performed. Briefly, free-floating
brain sections were washed 3 times with 0.5% Triton X-100/TBS and blocked for 30
minutes in blocking buffer containing 2% BSA in TBS with 0.5% Triton X-100. Then,
primary antibodies were added and the sections were incubated overnight at 4°C. After 3
washes, the brain sections were treated with the corresponding Alexa fluorophore-
conjugated secondary antibodies in blocking buffer for 1 hour at room temperature. After
washing and DAPI counterstaining (Sigma Aldrich Cat. # D9542), brain sections were
mounted onto glass microscope slides and coverslipped with Fluoroshield (Sigma Aldrich
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Cat. # F6182). Image acquisition and analysis was performed with the Leica SP8 confocal
system. The following primary antibodies were used: chicken anti-Glial fibrillary acidic
protein (GFAP, 1:500, Aves Labs Cat. # GFAP, RRID: AB_2313547), Goat Sox2 (1:250,
Santa Cruz Biotechnology Cat. # sc-54517, RRID: AB_2195807), rabbit anti-Ki67 (1:500,
Abcam Cat. # ab92353, RRID: AB_2049848), and goat anti-Doublecortin (DCX, 1:500,
Santa Cruz Biotechnology Cat. # sc-8066, RRID: AB_2088494).

To assess /n vivo hippocampal neurogenic dynamics, specific antibody combinations were
used to label different cellular types. Generally, GFAP and Sox2 co-localization is used to
histologically delineate neural stem cells (NSCs) while Sox2 immunoreactivity only labels
neural progenitor cells (NPCs) (Beckervordersandforth et al., 2017). Additional Ki67
expression would help distinguish quiescent NSCs from the actively dividing NSCs
(Boldrini et al., 2018; Encinas et al., 2011; von Bohlen Und Halbach, 2007). Doublecortin
(DCX) is a microtubule- associated protein that is prominently expressed in neuroblasts, and
becomes lost once the neuroblast terminally differentiates into a neuron, which usually
expresses NeuN and Bl11- tubulin. Quiescent NSCs (qNSCs), actively proliferating NSCs
(aNSCs), NPCs, and neuroblasts were quantified in an unbiased stereological manner as
described previously (Beckervordersandforth et al., 2017; Fan et al., 2016; Lee et al., 2011).

Statistical Analysis

RESULTS

Sample sizes and sexes for all mice used in these studies are listed in either the results,
figures, or the figure legends. The SHIRPA data, fear conditioning data, and hippocampal
neurogenesis data sets were analyzed with a one-way ANOVA, followed by a Tukey
multiple comparison post-hoc test for statistical significance. For the Barnes Maze
behavioral data sets, a two-way ANOVA with linear mixed-effects models were used to
compare genotype differences by fitting all repeated measures by sex. The Barnes maze
statistical analyses were separated by the acquisition phases (to analyze learning ability), and
the retention probe phases (to analyze short and long-term memory). All statistical tests
were performed using GraphPad Prism 6.0 Software (RRID: SCR_002798) and SAS 9.4
(SAS Institute Inc., Cary, NC). Thresholds for statistical significance were set at p < 0.05, <
0.01, and < 0.001.

No Overt Morphological and Reflexive Differences Were Observed in HIV-1 Tg26(+/-) Mice

To assess any potential differences in general behavioral functions between WT and Tg26(+/
-) mice, a SHIRPA screening was performed when the mice were at the age of 8 months
old. Morphological screening showed that male mice had significantly higher body mass
than female mice, regardless of genotype (F3 35 = 7.39, p = 0.0006) (Figure 1A). A
significant difference was observed in body lengths among male and female WT and
Tg26(+/-) mice (F3 36 = 5.43, p = 0.0035) (Figure 1B). Further post-hoc analysis revealed
that only female Tg26(+/-) mice had significant reductions in body length, when compared
to their female WT littermates (g = 3.993, p < 0.05). These results suggest that the Tg26(+/
-) genotype had no effect on body weights in both sexes, but reduced body lengths in female
mice. Further screening for physiological function showed that male and female Tg26(+/-)
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mice exhibited similar gastrointestinal motilities, since the number of fecal boli produced in
a span of three minutes was similar between genotypes (F3 36 = 1.991, p = 0.13) (Figure 1C).
Finally, male and female Tg26(+/-) mice had similar touch escape responses (F3 36 = 0.60, p
= 0.62) (Figure 1D) and toe pinch responses (F3 36 = 1.69, p = 0.62) (Figure 1E) when
compared to their sex-matched WT littermates.

Altogether, these sets of data demonstrate that male mice weighed more than female mice,
regardless of genotype, and that only female Tg26 mice had diminished body lengths. The
relative similarities in gastrointestinal motility and reflexive testing demonstrate that any
confounding effects on subsequent neurocognitive testing would be minimized.

HIV-1 Tg26 Mice Exhibited No Differences in Contextual and Cued Fear Responses when
Compared to WT Mice

Episodic memory is impaired during HIV-1 infection, affecting up to 60% of all HIV-1
patients (Rippeth et al., 2004). In fact, deficits in episodic memory function have been
shown to be one of the most sensitive predictors of HAND progression (Carey et al., 2004).
To model any changes in episodic memory in our Tg26(+/-) mouse model, a contextual and
cued fear conditioning paradigm was employed (Maren et al., 2013) on middle-aged (8
months old) WT and Tg26(+/-) mice. During the contextual and cued fear conditioning
tests, percent of time spent freezing was used as a metric for determining how the mice
learned in their environment (Di Meco et al., 2016; Joshi et al., 2013; Joshi et al., 2014).
There were no observable differences in contextual fear conditioning responses (F3 17 =
0.89, p = 0.47) (Figure 2A) or cued fear conditioning responses (F3 13 = 0.69, p = 0.57)
(Figure 2B) between male or female WT and Tg26(+/-) mice. These results suggest that
Tg26(+/-) mice do not show any significant abnormalities in episodic memory function
compared to WT mice.

HIV-1 Tg26(+/-) Mice Demonstrated Sex-Specific Deficits in Spatial Memory Acquisition,
Short Term Memory Retention, and Long-Term Memory Retention

In addition to episodic memory, spatial learning and memory functions have been linked to
hippocampal neurogenesis (Deng et al., 2010). To assess any possible changes in spatial
learning and memory in middle-aged (9—-10 month old) Tg26(+/-) mice, the Barnes maze
testing paradigm was employed (Barbe et al., 2016). During the acquisition phase, male
Tg26(+/-) mice did not show any statistically significant differences in the primary latency
to enter the target hole (Figure 3A) (F1 275 = 0.26; p = 0.61) as compared with male WT
littermates. The distance traveled on the maze also did not differ between WT and Tg26(+/-)
mice (Figure 3B) (F1 310 = 0.06; p = 0.81). Interestingly, male Tg26(+/-) mice traveled
significantly slower on the maze during the acquisition period than male WT mice (Figure
3C) (F1,267 = 18.07, p < 0.0001). Further assessment of the path efficiency to the target zone
validated the similarities between WT and Tg26(+/-) mice during the acquisition phase of
testing (Figure 3D) (F1 233 = 0.44; p = 0.51). These sets of data demonstrate that male
Tg26(+/-) mice did not show any significant differences in primary latency to initial target
entry, total distance traveled, or path efficiency to target entry during the memory acquisition
phase. However, the observation that male Tg26(+/-) mice moved significantly slower raises
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the possibility that male Tg26(+/-) mice exhibit a higher level of uncertainty when deciding
to enter the target hole.

In contrast, female Tg26(+/-) mice exhibited a robust deficit in the primary latency to enter
the target hole during the acquisition phase (Figure 3E) (F1 2g7 = 14.79; p = 0.0001). Further
post hoc linear mixed-effects modeling testing revealed a significant increase in their latency
to enter the target on day 3 (tgg = 2.04, p = 0.04), while on day 2 (tgg = 1.94 p = 0.06),
trending tendencies were observed. The robust deficits in latency to target entry during the
acquisition phase of training coincided with a significantly longer distance traveled on the
maze (Figure 3F) (F1 316 = 8.13; p < 0.0001). Linear mixed-effect modeling revealed that
female Tg26(+/-) mice traveled longer distances than their female WT counterparts on day
1 (tgp = 3.11, p = 0.0025), 2 (tgo = 2.82, p = 0.006), 3 (tgo = 2.23, p = 0.03), and 4 (tgp =
2.95, p = 0.004) of acquisition training. However. female Tg26(+/-) mice traveled at similar
speeds as female WT mice on the maze (Figure 3G) (F1 316 = 1.12, p = 0.29). With similar
movement speeds on the maze, female Tg26(+/-) mice demonstrated significant decreases
in path efficiency to the target zone (Figure 3H) (F1 285 = 5.24; p = 0.0016). On day 1 (tg4 =
-2.16, p=0.03) and 3 (tg4 = 2.1, p = 0.04), significant deficits in path efficiency to the
target zone were the most robust, while insignificant trends were observed on acquisition
day 2 (tg4 = —1.92, p = 0.06) and 4 (tg4 = —1.85, p = 0.07) (Figure 3H). Altogether, these sets
of data demonstrate that female Tg26(+/-) mice have robust deficits in spatial learning
ability, which was not observed with male Tg26(+/-) mice.

During the short (24 hour) and long-term (14 day) probe phases of testing, there were no
differences in the latency to enter the target hole, total distance traveled, and path
efficiencies for both male and female Tg26(+/-) mice, when compared to their WT
littermates. Male Tg26(+/-) mice showed slight, yet statistically insignificant differences in
short and long-term memory retention during the probe testing session (Figure 3A) (F1 32 =
3.41; p = 0.07). This similarity in primary latency correlated with similar distances traveled
on the maze as well (Figure 3B) (F1 36 = 0.34; p = 0.56). Finally, male Tg26(+/-) mice and
male WT mice moved at around the same speed on the maze (Figure 3C) (F1 36 =0.35, p =
0.56), and demonstrated similar path efficiencies to the target zones during the probe phase
of testing (Figure 3D) (F1 30 = 1.64; p = 0.21). Like the male Tg26(+/-) mice, female
Tg26(+/-) mice revealed statistically insignificant differences in latency to initial target
entry during the short or long-term probe phases of the test (Figure 3E) (Fq 41 =3.17;p =
0.08). Additionally, no significant differences in the amount of distance traveled on the
Barnes maze (Figure 3F) (F1 42 = 0.40; p = 0.53), speed traveled (Figure 3G) (F137=0,p =
0.97) or the target path efficiencies (Figure 4H) (F1 30 = 1.64; p = 0.21) were observed
between female WT and Tg26(+/-) mice.

To assess whether Tg26(+/=) mice recognized the target hole in relation to the other holes on
the maze, the number of times the mice entered each hole was measured during the short
term (24 hours) and long term (14 days) probe sessions. This reference error metric is a
more robust and reliable method to assess hippocampal-dependent spatial memory (Attar et
al., 2013; Harrison et al., 2006). During the 24-hour probe testing session, two-way ANOVA
analysis revealed a statistically significant interaction between genotype and the hole visited
(Figure 4A) (F19 360 = 7.03; p = 0.0068) for the male cohort of mice. Further post hoc linear
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mixed-effects modeling analysis showed that Tg26(+/-) mice entered the target hole
significantly less than WT mice, indicating a deficiency in short-term recognition of the
target hole (t34o = 2.43, p = 0.02). Interestingly, male Tg26(+/-) mice entered the R9 hole
more frequently than their male WT littermates (t342 = 2.31, p = 0.02), indicating that male
Tg26(+/-) mice made more errors in trying to recognize the target hole. During the 14-day
probe testing session, there was a marginally significant interaction between genotype and
the hole visited (F1g 359 = 1.5; p = 0.08) for the male cohort of mice (Figure 4B). Further
linear mixed-effects modeling revealed that male Tg26(+/-) mice entered the target hole
much less than male WT mice (t3p3 = —3.28, p = 0.0012), further supporting the conclusion
that male Tg26(+/-) mice demonstrated significant impairments in long-term memory.
Likewise, female Tg26(+/-) mice had a statistically significant deficit only in the short-term
memory to recognize the target hole compared to female WT mice (Figure 4C) (F1 338 =
4.36; p = 0.04; post hoc linear mixed-effects modeling t3z, = -2.11, p = 0.04). No overt
long-term memory retention impairments were observed between female WT and Tg26(+/-)
mice, as they seemed to recognize and enter the target hole in a relatively similar manner
(Figure 4D) (F19 340 = 0.81; p = 0.69).

Altogether, the Barnes Maze test results demonstrate that female, but not male, Tg26(+/-)
mice manifested spatial memory acquisition deficits (indicative of a learning disability).
Male Tg26(+/-) mice demonstrated short and long-term memory deficits, while only female
Tg26(+/-) mice had short-term memory deficits.

Sex-Specific Hippocampal Neurogenic Deficits Correlated to Cognitive Abnormalities

The results from our behavioral testing battery demonstrated differences in the degrees of
cognitive decline between male and female Tg26(+/-) mice, when compared to WT mice.
These changes could possibly be attributed to differing hippocampal neurogenic dynamics.
To assess this potential correlation, /7 vivo hippocampal neurogenic analysis was performed
in mice that were tested in the Barnes Maze. Immunohistochemistry with GFAP, Sox2, and
Ki67 was performed in both WT (Figure 5A) and Tg26(+/-) (Figure 5B) mice to assess the
levels of gNSCs, aNSCs, and NPCs (Boldrini et al., 2018; Encinas et al., 2011).
Interestingly, the number of gqNSCs was significantly different between the four groups of
mice compared (F3 74 = 4.53, p = 0.0057) (Figure 5C). Further analysis revealed that only
male Tg26(+/-) mice had significant reductions in gqNSCs (q = 4.56, p < 0.05). Female
Tg26(+/-) mice had a trending, but statistically insignificant decrease in gNSCs (g = 2.39,
no significance). Both male and female Tg26(+/-) mice had low, but similar levels of
proliferating NSCs (F3 73 = 1.13, p = 0.34) (Figure 5D). NPC analysis revealed a statistically
significant difference between groups (F3 74 = 4.77, p = 0.0043) (Figure 5E). Further post-
hoc analysis revealed that female WT mice had more NPCs than male WT mice (q = 4.84, p
< 0.01). However, the Tg26(+/-) genotype only had an effect on female mice (q =4.34, p <
0.05), and not on male mice (q = 1.44, no significance).

To assess neuronal differentiation in these aged mice, subgranular zones (SGZs) from WT
(Figure 5F) and Tg26(+/-) (Figure 5G) mice were analyzed for DCX immunoreactivity
(specific for neuroblasts and immature neurons). Quantification revealed a significant
difference in the number of neuroblasts formed (F3 72 = 6.17, p = 0.0009) (Figure 5H).
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Further statistical analysis revealed that both male Tg26(+/-) mice (q = 4.56, p < 0.05) and
female Tg26(+/-) mice (q = 3.98, p < 0.05) had deficits in neuroblast formation. Taken
together, these results suggest that chronic HIV-1 infection may induce an accelerated
exhaustion of the NSC pools, and cause significant deficits in neuronal differentiation during
adult neurogenesis. However, only female Tg26(+/-) mice had an impairment in NPC
formation.

DISCUSSION

In the ART era, HIV-1 infection continues to elicit mild to moderate forms of HAND (Ellis
et al., 1997; Heaton et al., 2010). Several mechanisms have been characterized that explain
some of the pathogenesis underlying HAND. Recently, compromised adult neurogenic
changes have been proposed as a newer mechanism for HIV-induced central nervous system
(CNS) injury (Balinang et al., 2017; Fan et al., 2016; Ferrell and Giunta, 2014; Putatunda et
al., 2018; Saylor et al., 2016). Here, our studies demonstrate that middle-aged Tg26(+/-)
mice have sex-specific deficits in several behavioral modalities. Specifically, the highlights
include: (1) male Tg26(+/-) mice demonstrated mild short and long-term spatial memory
deficits; (2) female Tg26(+/-) mice manifested spatial learning and mild short-term spatial
memory impairments; (3) accelerated depletion of the hippocampal NSC pool and the
neuroblast pool in middle-aged male and female Tg26(+/-) mice; and (4) male Tg26(+/-)
mice displayed an increased exhaustion of the NSC pool, while female Tg26(+/-) mice
exhibited a dramatic reduction of the pre-existing higher levels of NPCs. To our knowledge,
these studies are the first of their kind to characterize sex- specific neurobehavioral deficits
in a novel mouse model of chronic stress from multiple HIV-1 viral proteins at an older age.
These findings highlight the importance of biological sex differences in HIV-1 pathogenesis
and therapeutic evaluation (Burlacu et al., 2018; Griesbeck et al., 2016; McLaurin et al.,
2017; McLaurin et al., 2018b; Qiao et al., 2019; Scully, 2018; Ziegler and Altfeld, 2016;
Ziegler and Altfeld, 2017).

Currently, most studies assessing neurocognitive dysfunction induced by HIV-1 Tat or gp120
in GFAP-driven transgenic mouse models have focused on the males (Fitting et al., 2014;
Hahn et al., 2015; Kesby et al., 2015; Maung et al., 2014). One study in GFAP-Tat
transgenic mice demonstrated that male mice display decreased forelimb grip strength and
increased anxiety-like behavior when compared to their female counterparts. Female GFAP-
Tat transgenic mice also had less astrogliosis and preserved dendritic spine density
compared to males, implying that male GFAP-Tat transgenic mice are more vulnerable to
CNS damage than female mice (Hahn et al., 2015).

Our initial SHIRPA screen revealed that both male and female Tg26(+/-) mice did not show
any overt gastrointestinal or reflexive deficits, when compared to their WT biological sex-
matched littermates. This preservation in overall physiological function was consistent with
the findings in both male and female HIV-1 transgenic rats (McLaurin et al., 2017; Moran et
al., 2012; Moran et al., 2013b; Roscoe et al., 2014). This allowed us to confidently proceed
with neurobehavioral testing since other physiological processes which could confound
subsequent analysis were likely minimized.
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Episodic memory has been shown to be impaired due to HIV-1 infection (Carey et al., 2004;
Rippeth et al., 2004). To model possible changes in episodic memory in the Tg26(+/-)
model, contextual and cued fear conditioning was employed. We did not observe any
significant deficits in fear conditioning in HIV-1 Tg26(+/-) mice, regardless of age or sex.
These results are in direct contrast to the data reported in male and female HIV-1 transgenic
rats (McLaurin et al., 2018a) and in male doxycycline-inducible GFAP-Tat transgenic mice
(Fitting et al., 2013). The discrepancy between our results in the Tg26 mouse and the HIV-1
transgenic rat may be attributed to the differences in the behavioral paradigms utilized. For
example, the HIV-1 transgenic rats were assessed for episodic memory function by
intrasession habituation in an open field chamber (McLaurin et al., 2018a), which may elicit
differing degrees of responses when compared to a contextual and cued fear conditioning
paradigm. Additionally, rats and mice with the same transgene may have differences in
behavioral responses due to intrinsic species- specific differences (Bonthuis et al., 2010).
Finally, doxycycline induction in the GFAP-Tat mice may induce higher levels of Tat
expression in the CNS than that observed in HIV-1 patients undergoing ART. Therefore, it is
not surprising that doxycycline-inducible GFAP-Tat transgenic mice exhibit more robust fear
conditioning deficits than Tg26(+/-) mice.

Further behavioral testing with a Barnes maze paradigm demonstrated that male and female
Tg26(+/-) mice showed differing learning and memory impairments, which is consistent
with sex-specific behavioral differences in the HIV-1 transgenic rat (McLaurin et al., 2018a).
First, female Tg26(+/-) mice exhibited robust deficits in memory acquisition, while male
Tg26(+/-) mice showed relatively preserved learning abilities. Second, female Tg26(+/-)
mice had no deficits in long-term memory in contrast to male Tg26(+/-) mice, although
male and female Tg26(+/-) mice demonstrated short-term impairments in finding the
specific target hole. To date, most neurobehavioral studies assessing fear conditioning or
spatial learning/memory function in doxycycline-inducible GFAP-Tat mice, GFAP-gp120
mice, and HIV-1 transgenic rats have only been conducted using male rodents (Carey et al.,
2012; Fitting et al., 2014; Kesby et al., 2015; Maung et al., 2014; Vigorito et al., 2015).
Given that sex-specific differences in HIV-1/HAND incidence have been documented
(Griesbeck et al., 2016; Hagen and Altfeld, 2016; Qiao et al., 2019; Scully, 2018), it is
imperative that any possible sex-specific differences in learning and memory deficits be fully
elucidated in HIV-1 animal models (McLaurin et al., 2018a).

The cellular mechanism behind the sex-specific neurobehavioral deficits caused by HIV-1 or
viral proteins remains poorly understood. Here, we explored the potential contribution of
adult neurogenesis, because this is a process affected in HIV-1 infection (Balinang et al.,
2017; Fan et al., 2016; Kaul, 2008; Lee et al., 2011; Putatunda et al., 2018; Schwartz et al.,
2007). Hippocampal neurogenesis is strongly linked to spatial learning and memory function
(Epp et al., 2013; van Praag et al., 1999). The behavioral paradigms utilized in this study
were mainly dependent on hippocampal neurogenic function. For example, contextual and
cued fear conditioning tests have been extensively utilized to correlate adult hippocampal
neurogenic impairments with potential neurocognitive and emotional disorders (Kitamura et
al., 2009; Seo et al., 2015). Sex-specific differences in adult neurogenesis and its correlation
with cognition have been extensively documented (Galea et al., 2013; Heberden, 2017; Ponti
et al., 2018; Yagi and Galea, 2019), although the overall conclusion remains controversial.
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Generally, males outperform females on hippocampus-dependent tasks (Chow et al., 2013;
Yagi et al., 2016), and females are more likely to experience greater cognitive decline in
Alzheimer’s disease and depression (Yagi and Galea, 2019). Some studies showed
significant sex-dependent effects on NSC proliferation (Tzeng et al., 2014) but others failed
to find sex differences in mice (Amrein et al., 2004; Lagace et al., 2007). For the survival of
adult newborn neurons in the hippocampus, no significant sex differences were identified in
most studies (Amrein et al., 2004; Barker and Galea, 2008; Lagace et al., 2007; Lee et al.,
2014), though some studies showed better survival of immature neurons in males (Dalla et
al., 2009; Hillerer et al., 2013). In this current study, male Tg26(+/-) mice exhibited more
prolonged exhaustion of quiescent NSC pool than female mice while significant reduction of
NPCs occurred only in female Tg26(+/-) mice.

Several explanations could account for the sex-specific differences in HI\V-induced
neurocognitive impairment and neurogenic deficits (McLaurin et al., 2018a; McLaurin et al.,
2017; Scully, 2018). For example, subtle differences in the levels of neuroinflammation
between males and females may account for differences in behavioral phenotypes (Potter et
al., 2019; Scully, 2018). Genetic differences in sex chromosome-encoded genes (Dunford et
al., 2017; van Lunzen and Altfeld, 2014) and host restriction factors (Szaniawski et al.,
2019) may also potentially affect HAND pathogenesis. Different levels of sex hormones
during the estrous cycle could possibly influence the observed sex difference in HIV-1
Tg26(+/-) mice. Although the cycling of sex hormones may mainly affect HIV-1 infection
due to morphological changes of vaginal mucosa, higher estrogen levels may induce higher
levels of HIV-1 transcriptional suppression or interferon-alpha production (Scully, 2018).
Tracking estrous cycles or ovariectomies in HIV-1 Tg26(+/-) mice may help to delineate the
effects of sex hormones on neurocognition and neurogenesis.

While the HIV-1 Tg26(+/-) mouse is an elegant model that closely mimics ART-controlled
and aviremic HIV-1 patients, several caveats remain. For example, proviral gene expression
is ubiquitous across all cellular types (Dickie et al., 1991; Gharavi et al., 2004; Kopp et al.,
1992). However, many studies have demonstrated that HIV-1 infection and viral gene
integration is limited to only a few cellular reservoirs, notably CD4* T-lymphocytes and
macrophages (Saylor et al., 2016). Additionally, anywhere between 10 and 20 copies of the
replication-deficient proviral genome are present in each cell, which is much higher than the
1-4 proviral copies per cell found in HIV-1 infected patients (Jung et al., 2002). However,
even though the virus is replication-deficient in Tg26(+/-) mice, behavioral deficits, renal
disease, and cardiovascular pathologies have manifested themselves (Bryant et al., 2018;
Cheung et al., 2019; Cheung et al., 2015; Johnstone et al., 2013; Kearns et al., 2017). These
results have all been corroborated in the HIV-1 transgenic rat (Lashomb et al., 2009;
McLaurin et al., 2019; Vigorito et al., 2015; Vigorito et al., 2007) and the EcoHIV-infected
mouse (Gorantla et al., 2012; Gu et al., 2018; Kim et al., 2019; Olson et al., 2018).

In conclusion, our results demonstrate the presence of sex specific cognitive and neurogenic
deficits in HIV-1 Tg26(+/-) mice. These findings are consistent with the sex-specific
behavioral deficits seen in HIV-1 transgenic rats (McLaurin et al., 2018a; McLaurin et al.,
2017) and HIV-1 infected patients (Burlacu et al., 2018). Further studies are needed to assess
whether /n vivo excision of the HIV-1 proviral genome (Yin et al., 2017) could possibly
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reverse the cognitive and hippocampal neurogenic deficits observed in HIV-1 Tg26(+/-)
mice. This would further solidify the potential link between hippocampal neurogenesis and
behavioral outcomes.
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Highlights
Reduced spatial learning ability in female, but not male Tg26(+/-) mice
Short-term and long-term memory deficits in male Tg26(+/=) mice
Short-term, but not long-term memory deficits in female Tg26(+/-) mice

Sex-specific adult neurogenic impairments in Tg26(+/=) mice
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Figure 1. HIV-1 Tg26(+/-) transgenic mice do not manifest any significant abnormalities in
physiological and reflexive functions.
Before learning and memory testing, wild-type (WT) and Tg26(+/-) mice were screened for

any morphological, sensorimotor, and reflexive differences. Male mice had a larger body
mass than female mice (A), yet only female Tg26(+/-) mice had diminished body length (B)
when compared to their female WT littermates. Defecation incidence (C), touch escape
responses (D), and toe pinch responses (E) remained similar, between genotype and
biological sex. Data is presented as the Mean + SEM from 8 to 11 mice per genotype/sex. **
p < 0.01 indicates significant decrease compared to corresponding WT littermate. + p < 0.05
and ++ p < 0.01 indicate significant changes compared to the corresponding males.
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Figure 2. Tg26(+/-) mice exhibit similar contextual and cued fear conditioning responses as WT

mice.

Eight-month old male and female mice were tested for percent of total time spent on
freezing during a contextual (A) and cued (B) fear conditioning paradigm. Data is
represented as the Mean + SEM from 4 to 8 mice per group.
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Figure 3. Female Tg26(+/-) mice exhibit more robust spatial learning impairments during a
Barnes maze testing paradigm.

The primary latency (A, E) to enter the target hole was measured during the acquisition and
probe phases of testing to assess for spatial memory acquisition and retention between
middle-aged (9-10 months old) WT and Tg26(+/-) mice. Additionally, total distance
traveled on the maze (B, F), running speed (C, G) and path efficiency (D, H) to initial target
hole entry was measured during the acquisition and probe phases of testing. Data is
presented as the Mean + SEM of 8-12 animals per genotype/sex. *p < 0.05, **p < 0.01,
***p < 0.001 indicate significant changes compared to the corresponding WT littermate.
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Figure 4. Male Tg26(+/-) mice demonstrate short-term and long-term memory retention deficits
(A), while female Tg26(+/-) mice specifically manifest short-term memory retention impairments
(B).

The number of times WT or Tg26(+/-) mice (9—-10 month old) visited each hole on the

Barnes maze was recorded during the 24-hour probe phase and the 14-day probe phase to
assess whether the mice could remember where the target hole was located. Data is
presented as the Mean + SEM of 8-12 animals per genotype/sex. * p < 0.05, ***p < 0.001
indicate significant changes compared to the corresponding WT littermate.
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Figure 5. Middle-aged Tg26(+/-) mice exhibit sex-specific deficits in hippocampal neurogenesis.
A-B, Representative confocal images showing more GFAP*/Sox2* gNSCs (white arrows) in

WT SGZs (A) than Tg26(+/-) SGZs (B), with the corresponding stereological analysis for
gNSCs, (C), aNSCs (D), and NPCs (E). Representative confocal images showing more DCX
* neuroblasts in WT SGZs (F) than Tg26(+/-) SGZs (G), with the stereological
quantification for neuroblasts (H). Data is presented as the Mean + SEM of indicated
positive cells per SGZ from 2 to 4 mice per genotype/sex, with 6 to 8 hippocampal sections
per mouse being utilized for quantification. *p < 0.05, ** p < 0.01 indicates significant
increase in female mice compared to the corresponding male mice. Scale barsin A, B, F, G:
50 pm.
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