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Abstract: Despite successful virologic control with combination antiretroviral therapy (cART), about
half of people living with the human immunodeficiency virus-1 (HIV) develop an HIV-associated
neurocognitive disorder (HAND). It is estimated that 50% of individuals who are HIV-positive in the
United States are aged 50 years or older. Therefore, a new challenge looms as individuals living with
HIV increase in age. There is concern that Alzheimer’s disease (AD) may become prevalent with an
earlier onset of cognitive decline in people living with HIV (PLWH). Clinical data studies reported
the presence of AD biomarkers in PLWH. However, the functional significance of the interaction
between HIV or HIV viral proteins and AD biomarkers is still not well studied. The main goal of
the present study is to address this knowledge gap by determining if the HIV envelope glycoprotein
120 (HIV-gp120) can affect the cognitive functions in the Tau mouse AD model. Male Tau and age-
matched, wild-type (WT) control mice were treated intracerebroventricularly (ICV) with HIV-gp120.
The animals were evaluated for cognitive function using a Y-maze. We found that HIV-gp120 altered
cognitive function in Tau mice. Notably, HIV-gp120 was able to promote a cognitive decline in
transgenic Tau (P301L) mice compared to the control (HIV-gp120 and WT). We provide the first
in vivo evidence of a cognitive interaction between an HIV viral protein and Tau mice.

Keywords: human immunodeficiency virus-1 (HIV); combination antiretroviral therapy (cART); HIV-
associated neurocognitive disorder (HAND); intracerebroventricularly (ICV); Alzheimer’s disease
(AD); central nervous system (CNS); cerebrospinal fluid (CSF); glycoprotein 120 (gp-120)

1. Introduction

Alzheimer’s disease (AD) is a devastating neurodegenerative disorder and one of the
most common causes of neurodegenerative dementia in the elderly. It is characterized
by a progressive impairment of cognitive functions. Currently, over 50 million people
worldwide live with AD-related dementia, and this number is expected to increase to
131.5 million by 2050 [1,2]. The disease is neuropathologically characterized by the de-
position of abnormal proteins, resulting in the formation of extracellular senile plaques
and intracellular neurofibrillary tangles (NFTs). The senile plaques contain primarily
neurotoxic amyloid-β (Aβ) whereas NFTs consist of abnormal hyperphosphorylated Tau
aggregates. Phosphorylated Tau disrupts the microtubule assembly, leading to defective
axonal transport, ultimately leading to synaptic starvation and neuronal death.

In 2018, an estimated 37.9 million people were living with human immunodeficiency
virus-1 (HIV) [3,4]. HIV-associated neurocognitive disorder (HAND) is a common primary
neurological disorder of the central nervous system, associated with an HIV infection.
Despite successful virologic control with combination antiretroviral therapy (cART), about
half of people living with HIV (PLWH) develop HAND. It is estimated that 50% of the
U.S. HIV-positive population is aged 50 years or older. Therefore, a new challenge looms
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as individuals living with an HIV infection age. There is concern that AD may become
prevalent, with an earlier onset of cognitive decline in PLWH.

Clinical data derived mostly from case studies reported the presence of AD biomarkers
in PLWH [5–7]. For example, a virally-suppressed female case (52 years old) demonstrated
AD neuropathology and age-related Tau astrogliopathy in the hippocampus [5]. Consistent
with AD, the 52-year-old demonstrated severe learning, memory, and daily function im-
pairments [5]. AD biomarkers (e.g., Aβ1–42, Tau) are found in the cerebrospinal fluid (CSF)
of HAND patients [8].

Preclinical data support a potential interaction between HIV viral proteins, such as
HIV envelope glycoprotein 120 (HIV-gp120), and AD biomarkers. For example, increased
Tau phosphorylation has been reported in HIV-gp120 transgenic mice [9]. The treatment
of primary hippocampal cell cultures with recombinant HIV-gp120 promoted Aβ1–42
secretion [10]. Aβ deposition was accelerated in HIV-gp120/APP/PS1 mice compared with
APP/PS1 mice in the dentate gyrus [11–15].

Despite this evidence, the functional significance of HIV or HIV viral proteins and
AD interaction is still poorly understood. The main goal of the present study is to address
this knowledge gap by determining if HIV-gp120 can affect the cognitive function in the
transgenic Tau mouse model.

2. Results
2.1. HIV-gp120 Promotes the Onset of Cognitive Deficit of Tau Mice

We used 4-month-old, an age prior to the onset of cognitive deficit, male Tau mice [16].
The HIV-gp120 dose we used does not produce cognitive decline by itself. Therefore, any
effect on cognition during this testing period was the result of HIV-gp120 and Tau interac-
tion and not their individual effects. The design of the experiment is shown schematically
in Figure 1A.

Male Tau and age-matched WT mice were treated ICV with HIV-gp120 IIIB (1 ng/2 µL)
or the control (heat-inactivated gp120 (90 ◦C for 30 min), 1 ng/2 µL) daily for 10 days. The
animals were evaluated in the Y-maze as we previously reported [17]. In comparison with
the control (inactivated HIV-gp120), HIV-gp120 (at a dose that has no effect on the Y-maze)
treatment induced a significant Y-maze spontaneous alternation deficit (Figure 1B, one-way
ANOVA, p < 0.001, number of mice, n = 6) in Tau mice. WT treated with HIV-gp120 or
inactivated HIV-gp120 had no effect on the cognitive function (Figure 1B, one-way ANOVA,
p > 0.05, n = 6). The fact that the control group (inactivated HIV-gp120 + Tau) did not show
any effect on the Y-maze test demonstrated that during the treatment time (10 days), the
Tau mice did not develop cognitive deficits (independent of HIV-gp120 action) that could
be confounded with HIV-gp120 action.

For enhanced rigor, we also monitored the mice for motor impairment that could
impact performance in the Y-maze and confound the assessment of cognition. A rotarod
apparatus (Panlab, Harvard Apparatus, Holliston, MA, USA) was used. Tau mice showed
a similar performance on the accelerating rotarod compared to same-aged WT (Figure 1C,
one-way ANOVA, p > 0.05, n = 6).
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Figure 1. (A) Experimental design. (B) HIV-gp120 promoted the onset of cognitive deficit of Tau 
mice. Effects of HIV-gp120 on motor coordination (C). *** p < 0.001, ns: not significant. Data are 
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HIV-gp120 and Tau Mice 

Figure 1. (A) Experimental design. (B) HIV-gp120 promoted the onset of cognitive deficit of Tau mice.
Effects of HIV-gp120 on motor coordination (C). *** p < 0.001, ns: not significant. Data are presented
as mean ± SEM.

2.2. Effect of Mitochondrial Division Inhibitor 1 (Mdivi1) on the Cognitive Interaction between
HIV-gp120 and Tau Mice

The design of the experiment is shown schematically in Figure 2A. Compared to
the vehicle (dimethylsulphoxide + saline), the pretreatment with mitochondrial division
inhibitor 1 (Mdivi1, 20 mg/kg intraperitoneal (i.p.) attenuated the effect of HIV-gp120 in
Tau mice in the Y-maze test (Figure 2B, one-way ANOVA, p < 0.001, n = 6). The Y-maze
test was conducted starting 1 hour post Mdivi1 injection [18]. The dose and treatment time
were based on the pharmacokinetics of Mdivi1 [18].
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Figure 2. (A) Experimental design. (B) Mdivi1 prevented the cognitive interaction between HIV-
gp120 and Tau mice. *** p < 0.001. Data are presented as mean ± SEM.

3. Discussion

In light of our research, we are reporting two key findings. First, HIV-gp120 alters the
cognitive function of Tau mice. Second, Mdivi1 prevents the cognitive interaction between
HIV-gp120 and Tau mice.

The brain is one of the first sites targeted by HIV. This virus enters the brain early in the
disease process and then continues to produce central nervous system (CNS) dysfunction
as the disease progresses. HIV enters target cells by binding its HIV envelope HIV-gp120.
This viral protein produces several neurobehavioral effects in rodents that are characteristic
of HIV/AIDS [19–22]. We used the Tau AD mouse model to determine any behavioral
interaction with HIV-gp120. Tau transgenic mice were generated with a human Tau P301L
mutation [23]. Signs of cognitive impairments were detected at 5 months [16]. Recently, we
found these effects became more dramatically impaired as the mice aged [24]. Here, we
injected HIV-gp120 directly into the brain and determined its effect on cognitive function
in Tau mice. We found that HIV-gp120 altered cognitive function in Tau mice. Notably,
HIV-gp120 was able to promote a cognitive decline in Tau mice compared to the control
(HIV-gp120 and WT).

A role of abnormal mitochondrial dynamics has been found to be an early event in
the AD disease process in studies using postmortem AD brains, AD cell cultures, and
AD mouse models [25–32]. HIV altered neuronal mitochondrial fission/fusion although
different patterns have been reported [33–35]. Exposure of human primary neurons to
HIV-gp120 accelerates the balance of mitochondrial dynamics toward fission (fragmented
mitochondria) and induces perinuclear aggregation of mitochondria and mitochondrial
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translocation of dynamin-related protein 1 (DRP1), leading to neuronal mitochondrial
fragmentation [35]. In vitro, recombinant HIV-gp120 decreased the total and active dy-
namin 1-like levels in primary neurons [33]. Our data show that the pretreatment with a
mitochondrial division inhibitor prevents the cognitive interaction between HIV-gp120 and
Tau mice. Based on this background and our pharmacological data, it seems as though the
HIV-gp120 promotes the onset of cognitive decline in Tau mice through a mechanism that
involves the enhancement of mitochondrial fragmentation, and this deficit can be rescued
with Mdivi-1. The focus on mitochondria does not negate the role of other mechanisms. For
example, clinical [1–4] and preclinical [5] data have shown neuroinflammation in the brains
of people with AD as well as in people living with HIV [6]. In AD, neuroinflammation,
instead of being a mere bystander activated by emerging senile plaques and neurofibrillary
tangles, contributes as much or more to the pathogenesis as do the plaques and tangles
themselves. Tau can induce inflammation [7] and studies show that microglial activation
contributes to Tau pathology during AD pathogenesis [8–11]. HIV-gp120 can also produce
neuroinflammation [12]. Therefore, a synergistic effect on neuroinflammation may account
for HIV-gp120, promoting cognitive decline in Tau mice.

In summary, the current studies provide in vivo evidence of a cognitive interaction
between an HIV viral protein and an AD mouse model. These data suggest that HIV and
AD are not independent conditions, but they can interact with each other when they are
comorbid. These data suggest a contribution of mitochondria in the cognitive interaction
between HIV-gp120 and Tau mice.

4. Methods
4.1. Animals

Experiments were performed using male transgenic Tau (P301L mutation) mice
(4 months old) from Taconic Farms (Cambridge City, IN, USA). Mice used in these ex-
periments were housed in groups (four per cage) under a 12:12 h light−dark cycle (lights
on at 07:00 and lights off at 19:00) and provided with standard mouse chow ad libitum.
All animal care and experimental procedures used in this study were approved by the
Institutional Animal Care and Use Committee (IACUC) of the Texas Tech University Health
Sciences Center and conducted in accordance with the National Institutes of Health’s
accepted guidelines found in the Guide for the Care and Use of Laboratory Animals.

4.2. Behavior

The Y-maze was used to quantify cognitive deficits and performed as described
earlier [17]. The Y-maze was performed with video tracking software (Ethovision) using an
overhead video camera system to automate behavioral testing. We first placed a mouse in
a randomly selected start arm of the Y-maze. Upon leaving the start arm, the mouse chose
between entering either the left or the right goal arm. With repeated trials, a mouse with
no cognitive impairment typically showed less of a tendency to enter a previously visited
arm. To determine the rates of spontaneous alternation, each mouse was allowed to explore
the Y-maze for 5 min. Spontaneous alternation was defined as successive entries into three
different passages (A, B, and C) without repetition (e.g., ABC or BCA but not ABA).

Motor impairment was tested using the accelerating rotarod test (Model LE8205,
Harvard Apparatus, Holliston, MA, USA). Mice were placed on a rotating rod revolving
at 4 RPM, which was programmed to accelerate to 40 RPM over the course of 5 min. The
latency to fall from the rotarod was recorded in seconds. Mice were trained for 3 days on
the rotarod before experimental testing began.

4.3. Cannula Implantation

Briefly, for cannula implantation (for intracerebroventricularly (ICV) administrations,
mice were anesthetized with isoflurane (4% induction and 2% maintenance) [36,37]. The
animals were placed in a digital stereotaxic alignment system (David Kopf Instruments,
Model 942), and a small incision was made on the skull in addition to a tiny hole to
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allow the insertion of sterile guide cannulas. A sterilized stainless steel guide cannula
(33-gauge (C3151), Plastics One Inc., Roanoke, VA, USA) was implanted (the stereotaxic
coordinates are as follows: 0.46 mm posterior to the bregma, 1 mm from the midline,
and 2 mm down from the surface of the skull). [36,37] Mice were assessed for health and
sickness-type behavior (e.g., change in body temperature and decrease in body weight)
routinely after surgery. After a 7-day recovery period, HIV-gp120 or inactivated HIV-gp120
was microinjected ICV via an internal cannula (Plastics One Inc., Roanoke, VA, USA) in
awake mice. The internal cannula (Plastics One Inc., Roanoke, VA, USA) was left in place
for an additional 90 s to allow diffusion. Immediately thereafter, a dummy cannula was
inserted into the cannula guide to prevent contamination.

4.4. Statistical and Histologic Analysis

Statistics were performed using Graph Pad Prism 9 (GraphPad Software, San Diego,
CA, USA). Spontaneous alteration and motor performance data were analyzed using one-
way analysis of variance (ANOVA) with the Bonferroni post hoc test. A p value of <0.05
was considered significant. At the end of the behavioral experiments, standard histological
procedures were used to verify the site of injection [36–39].

4.5. Drugs

HIV-gp120 IIIB was purchased from Biological Life Science (catalog # H6003-34E). The
mitochondrial division inhibitor 1 (Mdivi-1) (catalog # 338967-87-6), dimethylsulphoxide,
and saline were purchased from Sigma.
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