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ABSTRACT 

 

While antiretroviral therapy (ART) regimens have significantly decreased the mortality rate in 

patients with HIV-1 infection and subsequent opportunistic infections, the co-morbidities 

continue to rise. Some of these co-morbidities include cardiomyopathies, metabolic dysfunction, 

accelerated aging, and most notably, neurocognitive deficits. HIV-1 associated neurocognitive 

disorders (HAND) denote a spectrum of neurocognitive deficits that are either asymptomatic in 

nature (asymptomatic neurocognitive impairments, ANI), mild to moderate in intensity (mild 

neurocognitive disorders, MND), or robust in nature (HIV-associated dementia, HAD). Thanks 

to the development of ART regimens, the incidence of HAD dramatically decreased. However, 

the emergence of ANI and MND continues to increase in the HIV-1 patient population.  

While the multifaceted nature behind the central nervous system (CNS) neuropathology of HIV-

1 infection is not completely understood, dysregulated blood-brain barrier (BBB) integrity and 

the “Trojan-Horse” type mechanism of HIV-1 infection have been proposed as the cellular 

mechanisms underlying HAND. HIV-1 infects CD4+ T-lymphocytes and monocytes in the 

peripheral circulatory system. After these infected cells cross the BBB into the CNS, they release 

toxic viral proteins and viral particles onto microglia and astrocytes. These glial cells become 

activated, and release a plethora of inflammatory cytokines that further damage neurons via 

dysregulated neurotransmitter homeostasis, synaptodendritic damage, and calcium-mediated 

apoptotic pathways. At the same time, the virus may establish a state of latency in these 

microglia, perivascular macrophages, and astrocytes, which would allow for the long-term 

persistence of HIV-1 in the CNS. Recently, several studies have demonstrated that neural stem 

cells (NSCs) are capable of being productively and latently infected with HIV-1. This may be 
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due to the fact that the hippocampal subgranular zone (SGZ), the subventricular zone (SVZ), and 

the circumventricular organs are highly vascularized, allowing potential direct contact of HIV-1 

with NSCs. Additionally, the “Trojan” T-cells and macrophages could possibly release viral 

particles directly onto NSCs, and also transmit the virus through the formation of immunological 

synapses with NSCs. Therefore, the central hypothesis in this dissertation is that NSCs may 

serve as a novel CNS reservoir through which HIV-1 infection persists, and subsequently 

lead to neurocognitive impairments through dysregulating adult neurogenesis. 

Adult neurogenesis is a dynamic process that describes the generation of new neurons and glial 

cells from NSCs and neural progenitor cells (NPCs). This process mainly takes place in two 

areas of the brain: the SVZ around the lateral ventricles, and the SGZ within the dentate gyrus of 

the hippocampus. New neurons generated in these two neurogenic niches integrate into their 

respective circuitries to modulate olfactory stimuli and aid in memory acquisition/consolidation 

processes. Most of previous studies on the role of HIV-1 in neurogenesis focused on single viral 

proteins rather than the entire integrated proviral genome, and did not correlate these neurogenic 

deficits to neurobehavioral outcomes. Therefore, the overall objective of the studies proposed in 

this dissertation is to further validate the feasibility and efficiency of HIV-1 infection in 

NSCs at both the in vitro and in vivo levels, and explore the correlation of HIV-induced 

adult neurogenic deficits with neurocognitive dysfunction. 

The first set of studies utilized an EcoHIV reporter virus to infect mouse NSCs both in vitro and 

in vivo. This was done because the native HIV-1 virus is incapable of infecting non-human cells, 

while EcoHIV has been engineered to infect murine cells using the gp80 envelope protein. Our 

initial studies revealed that EcoHIV preferentially infected NSCs rather than NPCs. Additionally, 

a 3-day live imaging study revealed that some NSCs were infected at different time points when 
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compared to other cells. This raised credence to the possibility that these infected NSCs/NPCs 

were generating new viruses which were seeding new infection. NSCs were also capable of 

propagating higher levels of EcoHIV transcription after treatment with latency reversing agents. 

Furthermore, EcoHIV infection persisted in a small number of astrocytes during the 

differentiation process. Subsequent studies assessed whether differentiated neurons and glial 

cells were vulnerable to EcoHIV infection. Our studies showed that only a small percentage of 

astrocytes and oligodendrocytes were infected by EcoHIV. Throughout these studies, 

differentiated neurons were shown to be resistant to HIV-1 infection. These in vitro findings 

were further validated in vivo. Histological analysis revealed that NSCs were more vulnerable to 

EcoHIV infection than NPCs. Notably, a small percentage of neuroblasts harbored EcoHIV, 

though microglia cells were infected at a significantly higher number. Altogether, these findings 

further solidify NSCs as a novel reservoir through which HIV-1 infection can persist in the CNS. 

Such findings raised the possibility that HIV-1 in NSCs may dysregulate neurogenesis. 

The next set of studies in this dissertation elucidated the possible role of HIV-1 infection or viral 

protein productions in NSCs in regulating adult neurogenesis. Specific parameters analyzed 

included NSC quiescence, early-stage and middle-stage lineage differentiation, and late-stage 

neuronal maturation. We performed a series of in vitro and in vivo studies using the HIV-1 Tg26 

transgenic mouse model, which mimics HIV-1 patients suffering from low-level and chronic 

stress from HIV-1 viral proteins in the ART era. NSC culture studies from HIV-1 Tg26 

transgenic mice and their wild-type (WT) littermates revealed that Tg26 mouse NSCs were 

unable to form as many primary neurospheres as WT NSCs. Additionally, when the NSCs were 

stratified by size, Tg26 NSCs formed lower numbers of smaller-sized primary neurospheres and 

more larger-sized primary neurospheres. These findings demonstrated that low-level chronic 
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HIV-1 infection robustly reduces the NSC pool, and hampers the initial differentiation process 

from NSCs to NPCs. In vitro differentiation analyses revealed that compared to WT NSCs, Tg26 

NSCs had a lower propensity to differentiate towards a neuronal phenotype, and instead 

generated more astrocytes. These findings were further confirmed through in vivo hippocampal 

neural lineage analysis in the SGZs of both WT and Tg26 mice. Subsequent retroviral labeling 

studies in the SGZ revealed that newborn dentate granule neurons in Tg26 mice had lower 

dendritic complexity and decreased apical dendritic spine density, when compared to dentate 

granule neurons from WT mice. These studies further demonstrated that adult neurogenesis is 

dysregulated upon persistent HIV-1 challenge or infection in NSCs.  

Further studies sought to examine if HIV-1 Tg26 transgenic mice had any cognitive deficits. We 

specifically focused on middle-aged WT and Tg26 mice, since the HIV-1 patient population is 

increasing in age thanks to ART regimens, and thus are more susceptible to cognitive decline 

than younger HIV-1 patients. We also took into account the factor of biological sex into the 

behavioral studies. Five types of behavioral assessments revealed sex-specific deficits in Tg26 

mice. Specifically, male Tg26 mice exhibited social novelty deficits, and short and long-term 

spatial memory impairments. On the other hand, female Tg26 mice only manifested spatial 

learning deficits and short-term spatial memory impairments. Both male and female Tg26 mice 

had preserved physiological and reflexive functioning, in addition to intact contextual and cued 

fear conditioning responses. We speculated that these sex-specific differences were due to 

defects in adult neurogenesis during aging. Through hippocampal neurogenic analysis, we 

showed that middle-aged male Tg26 mice had an accelerated depletion of the NSC pool and 

decreased number of neuroblasts. Middle-aged female Tg26 mice have decreased pools of NSCs 

and NPCs, as well as decreased number of neuroblasts. 
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In conclusion, we have effectively demonstrated that HIV-1 is capable of infecting NSCs at 

relatively low efficiencies. While differentiated neurons were incapable of sustaining HIV-1 

infection, a small percentage of differentiated astrocytes, oligodendrocytes, neuroblasts, and 

microglia were susceptible to infection. These results led us to investigate the role of 

dysregulated adult neurogenesis in HIV-1 Tg26 mice, and if this process led to the progression of 

HAND. Our comprehensive in vitro and in vivo studies demonstrated that HIV-1 induced NSC 

quiescence, inhibited neuronal differentiation, and promoted astroglial lineage differentiation. 

Additionally, newborn dentate granule neurons in Tg26 mice had lower dendritic complexity and 

dendritic spine densities. Finally, both male and female Tg26 mice had varying degrees of 

cognitive deficits, which was attributed to differing hippocampal neurogenic dynamics during 

the aging process. Further studies should explore how to restore the neurogenic process during 

aging in these Tg26 mice. Transcriptomic analysis, such as single cell RNA-sequencing studies, 

could also possibly assist in further understanding HIV-1 proviral expression changes in 

differing cellular types along the NSC lineage progression.  
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CHAPTER 1 – INTRODUCTION 

 

The Epidemiology and Biology of HIV-1 

Human immunodeficiency virus (HIV) is a specific retrovirus that attacks the human immune 

system. If left unchecked, prolonged HIV-1 infection results in the progressive acquired 

immunodeficiency syndrome (AIDS). Since the start of the HIV/AIDS pandemic in 1981, close 

to 35 million people have died as a result of HIV infection. In 2016 alone, close to 1 million 

people have died from HIV/AIDS. Additionally, as of 2016, approximately 36.7 million people 

are living with HIV infection. Epidemiological studies revealed that Africa has the highest 

burden of total and new HIV infections worldwide (http://www.who.int/en/news-room/fact-

sheets/detail/hiv-aids).  

Currently, two specific HIV strains have been discovered and characterized: HIV-1 and HIV-2. 

Unlike most retroviruses, HIV is spherical in structure, with a diameter of about 120 nm (6). The 

virus contains two 9.7 kb single-stranded RNA segments that each encode for nine specific 

genes: Gag, Pol, Vif, Vpu, Vpr, Tat, Rev, Env, and Nef (7). The virus also contains three 

proteins that are essential for the initial viral replication process: integrase, protease, and reverse 

transcriptase (8). 

These specific viruses arose as a result of simian immunodeficiency virus (SIV) zoonotic 

infections from primates. HIV-1 was transmitted from apes and chimpanzees, while HIV-2 was 

transmitted from sooty mangabey monkeys (9, 10). These two HIV strains are clinically 

indistinguishable, though functional studies revealed that HIV-2 has a lower transmission rate 

and causes a slower disease progression than HIV-1 (10). 
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The HIV-1 pandemic is the result of four specific transmission events, each termed M (main), O 

(outlier), N (non M, non O), and P (from gorilla transmission). Group M is considered to be the 

main transmission event, and underlying cause of the HIV-1 pandemic. The Group O event was 

discovered in 1990, and is largely restricted to a few West African countries. This event 

constitutes around 1% of the global HIV-1 infection incidence (11-13). The Group N 

transmission event was first documented in 1998, and has only resulted in 13 total infections in 

Cameroon (14, 15). Finally, the Group P transmission event is the most recent outbreak, yet its 

incidence is the lowest. Since 2009, only two cases from Cameroon have been documented (16, 

17). 

The Group M HIV-1 virus is further classified into nine different subtypes: A-D, F-H, J, and K. 

Each of these subtypes have regional specificity, while subtypes B and C have the highest 

incidence rates. For example, the HIV-1 subtype B strain is prevalent in Australia, western 

Europe, and North America (9), while the subtype C strain is prevalent throughout Africa and 

Asia (18). 

The complete mechanism behind HIV-induced immunological disease is still incompletely 

understood. However, several functional studies have revealed that HIV-1 has a preferred 

tropism towards CD4+ T lymphocytes and macrophages (19). This can be explained by the 

robust interaction between the HIV-1 glycoproteins gp120 and gp41 and the CD4 ligand, along 

with the C-X-C chemokine receptor type 4 (CXCR4) and the C-C chemokine receptor type 5 

(CCR5) co-receptors on the target cells (19). HIV-1 viruses that are macrophage tropic primarily 

use the CCR5 co-receptor for infection, and are designated as R5-tropic viruses. These viral 

strains are responsible for initial infection (20). Conversely, HIV-1 strains that preferentially use 

the CXCR4 co-receptor for cell entry are T-cell tropic, and are classified as X4-tropic strains 
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(21). Consequently, all cellular events downstream of HIV-1 infection result in progressive CD4+ 

T-lymphocyte depletion, progressive immunocompromise, and opportunistic infections that are 

characteristic of AIDS (9, 10). 

 

The Epidemiology of HIV-1 Associated Neurocognitive Disorders 

Given the significant epidemiological and public health concerns HIV-1 infection/AIDS caused, 

several scientific advances have helped to convert HIV-1/AIDS from a fatal viral infection to a 

chronic, yet manageable disease. One of the most important advances is the development of 

antiretroviral therapies (ART) in 1996. Once administered as a monotherapy, new ART regimens 

have evolved so that several drugs could be administered with a lower pill burden to inhibit HIV-

1 replication at several stages of the viral life cycle. For example, nucleoside and non-nucleoside 

reverse transcriptase inhibitors (NRTIs/NNRTIs) were developed to inhibit the reverse 

transcription of the proviral RNA into cDNA. Integrase inhibitors were developed to hamper 

viral cDNA integration into the host genome, while a plethora of proteases and viral entry 

inhibitors hamper HIV-1 viral entry as well as viral protein production. Altogether, the FDA 

approved 24 drugs to be used to combat HIV-1 infection (22). As a result, mortality rates from 

HIV-1 infection/AIDS progression and its subsequent opportunistic infections have decreased 

significantly in the ART era (2).  

However, even with the development of ART, patients began developing varying levels of 

cognitive dementia, which came to be collectively coined as HIV-associated neurocognitive 

disorders (HAND). HAND is a spectrum of neurocognitive impairments that are described as 

asymptomatic neurocognitive impairment (ANI), mild neurocognitive disorder (MND), and 

HIV-associated dementia (HAD) (23). Patients are diagnosed with ANI if they have manifested 
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slight impairments in more than two neurocognitive domains, with very minimal alterations in 

daily lifestyles. Patients with MND also show slight impairments in more than two 

neurocognitive domains. However, these impairments impede with their everyday lifestyles. 

Patients with HAD have robust impairments in more than two neurocognitive domains, and are 

completely unable to function independently (23).  

Before the development of ART, HAD was the most common, and deadliest form of HAND. 

During a clinical study conducted by the Multicenter AIDS Cohort Study (MACS), 20% of all 

HIV-1 patients enrolled before 1991 met the diagnostic criteria for HAD (24). However, between 

2001 and 2003, only 5% of HIV-1 patients enrolled manifested HAD (Figure 1.1) (25). 

Thankfully, these promising epidemiological studies showed that the ART diminished HAD 

incidence. While this data is optimistic, 15-55% of all HIV-1 infected patients still develop 

milder/moderate forms of HAND (2, 4, 24).  
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While ANI or MND are not quite as severe as HAD, patients with these forms of HAND still 

have the chance of developing worsened cognitive prognosis. The results from the central 

nervous system (CNS) HIV Antiretroviral Therapy Effects Research (CHARTER) group 

demonstrated that patients with ANI at baseline testing were more likely to develop a worsened 

cognitive prognosis at follow-up evaluations than patients with normal cognitive performance 

(26). This lends credence to the possibility that there are microstructural alterations in the brain 

which can develop even before symptoms manifest. Interestingly, imaging studies showed that 

HIV-1 can induce structural changes in the brain almost 100 days after primary infection, before 

the onset of symptoms (27). 

 
Figure 1.1 – Incidence of different HAND subtypes before and after the start of 

the ART era in 1996. Data for the pre-ART era was obtained from a 1995 HIV-1 

Neurobehavioral Research Center study (3), and data for the post-ART era was 

obtained from the 2010 CHARTER study (4). Reproduced from (5) with permission.  
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The Cellular Neuropathology Underlying HAND  

The development of ART has significantly changed the histopathological progression of HAND. 

The patients with HAD exhibited varying degrees of encephalitis in their brains, as assessed post 

mortem. After the start of the ART era, the incidence of encephalitis in HIV-1 patients was 

decreased from 54% to 15% (28). While overt neuronal loss was a histological characteristic of 

HAND patients before the ART era, the veracity of this assumption is waning. Several functional 

studies in animal models have shown that while neurons themselves are not lost, their 

functionality is significantly compromised (2). 

The complete mechanism by which HIV-1 causes neuronal damage as well as systemic 

neurophysiological alterations is still not completely understood. The general consensus is that 

HIV-1 infects the brain through a Trojan Horse-type mechanism. HIV-1 infects CD4+ T 

lymphocytes and monocytes in the peripheral circulatory system. This infection has been shown 

to be directly dependent on the CD4 receptor in addition to viral co-receptors CXCR4 and CCR5 

(29). However, event after HIV-1 infection in the periphery has been established, it may take 

some time for the virus to invade the CNS. A 1992 case study by Davis and colleagues 

demonstrated that HIV-1 can infiltrate the CNS almost 15 days after initial infection, even while 

the patient was on ART (30). This CNS infiltration is attributed to infected monocytes being able 

to cross the blood-brain barrier and then actively release virus/viral particles into the CNS. This 

secondary infection leads to activation of resident glial cells, such as microglia and astrocytes. 

These activated cells create an inflammatory environment through the release of several viral 

proteins (such as Tat, gp120, Rev, etc) and pro-inflammatory cytokines. These factors may 

damage neurons through the production of reactive oxygen species, increased membrane 

depolarization, and disruption in neurotransmitter homeostasis (Figure 1.2) (29). 
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While many studies support this indirect Trojan-Horse mechanism for HIV-1 induced neuronal 

damage, the possibility of direct neuronal infection by HIV-1 remains controversial. This could 

be explained by two reasons. One might be the lack of CD4 expression on neurons (31), even 

though they express the HIV-1 co-receptors CXCR4 and CCR5 (32). While CD4-independent 

 
Figure 1.2 – The Trojan horse mechanism of HIV-1 CNS pathology. In the periphery, HIV-1 

infects CD4+ T lymphocytes (green cells) and monocyte (red cells). These infected cells cross the 

blood-brain barrier and differentiate into macrophages and activated T-cells. These cells can then 

release viral proteins and virions onto astrocytes and microglia. Additional inflammatory components 

and microbial toxins can further activate these astrocytes and microglia. Subsequent activation results 

in their functional compromise, and subsequent neuronal damage/death through mechanisms that 

include viral protein-induced synaptodendritic damage, and glutamate excitotoxicity. Reproduced 

from (2) with permission. 
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mechanisms of infection may exist, they are not as commonly reported in the literature (33). 

Another reason could be that neurons express higher levels of HIV-1 specific host restriction 

factors than other cellular types in the CNS. Several well-characterized HIV-1 host restriction 

factors include the Tripartite Motif 5 (TRIM5) family of proteins, the Apolipoprotein B mRNA-

editing enzyme catalytic polypeptide-like 3 (APOBEC3) family of proteins, the Myxovirus 

Resistance Protein (MxB), Bone Marrow Stromal Cell Antigen 2 (BST2, or Tetherin), and 

SAMHD1 (34). While expression of these host restriction factors is highly restricted to immune-

lineage cells, the Human Protein Atlas revealed higher levels of expression of TRIM5 and 

SAMHD1 in neurons than glial cells, which may explain why HIV-1 infection is undetectable in 

neurons (29, 34).  

 

Latent Infection in the CNS Contributes to HAND Persistence 

The formation of a latent reservoir allows HIV-1 to persist throughout a patient’s lifetime, even 

while on ART regimens. As of now, several cellular reservoirs have been characterized to harbor 

low-level chronic HIV-1 infection, which contributes to a barrier to a sterile HIV-1 cure. 

Examples of these reservoirs include: resting memory CD4+ T-lymphocytes, microglia, 

monocytes/macrophages, and astrocytes (35). Out of all of these reservoirs, the resting memory 

CD4+ T-lymphocyte population contains the largest latent HIV-1 viral load (36).   

During the initial stages of CNS infiltration, HIV-1 predominantly infects perivascular 

macrophages, microglia, and astrocytes. These cellular types satisfy most of the criteria for an 

HIV-1 reservoir, as described by Blankson and colleagues (37). For example, these cellular types 

have been shown to harbor integrated HIV-1 provirus, through methods such as in situ 

hybridization and laser capture microdissection coupled with PCR (38-41). Additionally, all of 
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these cellular types exhibit significantly longer half-lives. Specifically, perivascular macrophages 

have a half-life of about three months (42), while microglial cells and astrocytes have a half-life 

ranging from several months to years, potentially upwards of an entire lifetime (43, 44). Also, 

these cells harbor the specific molecular machinery to facilitate the HIV-1 provirus into a latent 

state. For example, the CNS-derived HIV-1 long term repeat (LTR) promoter has lower basal 

transcriptional activity due to mutations in the core promoter region (45). Robust suppression of 

SIV LTR activity has also been corroborated in SIV infection models, as IFN-β induced the 

expression of a dominant-negative form of C/EBP-β in the CNS (46). In HIV-1 post-mortem 

brain specimens, CTIP2, HP1, MeCP2, and HDAC1 levels were all elevated, giving rise to the 

possibility that they may play a role in silencing HIV-1 expression in the CNS (47).  

Since astrocytes are the most abundant cell type in the CNS (48), their role in HAND has been 

explored for many years. However, productive and latent HIV-1 infection in astrocytes remain 

controversial (49-53). Early immunohistochemical studies using post-mortem brain tissues from 

HAD patients identified the presence of HIV-1 proteins in hippocampal astrocytes (54). Highly 

sensitive PCR analysis of single laser-captured astrocytes revealed HIV-1 viral DNA in up to 

19% of astrocytes from HAD patients (55-57). Even in asymptomatic individuals, HIV-1 DNA 

was detected in laser-captured astrocytes (39). Most in vivo studies only demonstrated the 

detection of early viral transcripts, such as Nef (58-62). Several in vitro studies also showed 

contradicting conclusions. For example, primary astrocytes or astrocytic cell lines can be 

infected either productively (63) or non-productively (31, 59, 64-66) with HIV-1. However, 

some studies even showed that astrocytes remain completely resistant to HIV-1 infection (67, 

68). Nevertheless, persistent productive infection of HIV-1 in astrocytic cell lines (69) or 

primary human astrocytes (50) may contribute to the pathogenesis of HAND in the ART era 
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(50). The restricted HIV-1 infection in astrocytes may result from a block in the virus life cycle 

either at the level of viral entry (65, 70, 71), or a defect in Rev function (72-74). Endocytosis (63, 

75) and cell-to-cell interactions (33, 52, 76, 77) have been identified as possible mechanisms of 

HIV-1 entry in astrocytes, despite the lack of CD4 expression in astrocytes (33, 78, 79). Latent 

HIV infection in astrocytes has been also controversial. Early studies in stable cell lines after 

HIV-1 cDNA transfection showed latency and reactivation-like properties (49, 80-83). 

Subsequent studies with latency-reversing agents demonstrated the epigenetic regulation of HIV-

1 latency in primary astrocytes (64, 84) and human NSC-derived astrocytes (85). Recent reports 

demonstrated human astrocytes sustain long-term productive HIV-1 infection without the 

establishment of reversible viral latency (50). Although the frequency of HIV-infected astrocytes 

is very low, the large number of total astrocytes, the cell-to-cell transmission and the long-term 

productive HIV infection may justify the important contribution of long-lived astrocytes to 

HAND persistence.     

 

Adult Neurogenesis Takes Place Throughout Life 

Adult neurogenesis describes the generation of new neurons and glial cells mainly in two 

specific locations in the adult CNS: the subventricular zone (SVZ) lining the lateral ventricles 

and the subgranular zone (SGZ) lining the inner dentate gyrus of the hippocampus. In the SVZ 

neurogenic niche, slowly proliferating radial glial cells (GFAP/Sox2 expressing B cells) 

differentiate into rapidly proliferating transit-amplifying cells (Sox2 expressing C cells), which 

then differentiate into neuroblasts (Doublecortin-expressing A cells) (86). These neuroblasts then 

tangentially migrate to the olfactory bulb using a tunnel of astrocyte networks called the rostral 

migratory stream (87). After migration, these neuroblasts detach from the stream, and terminally 
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differentiate into either periglomerular neurons or olfactory granule cells, which radially migrate 

into the granule cell layer of the olfactory bulb to modulate olfactory stimuli processing (86, 88). 

In the SGZ, the neurogenic process is similar, except the migration distance of neural 

stem/progenitor cells (NSC/NPC) is much shorter than that for SVZ neurogenesis. As the NSCs 

terminally differentiate into mature dentate granule neurons, they radially migrate into the 

granule cell layer of the dentate gyrus and extend mossy fibers towards the CA3 region of the 

hippocampus. In both neurogenic niches, NSCs represent only a small population of quiescent 

and slowly dividing cells, whereas NPCs are a larger population of amplifying, rapidly dividing 

cells (89). NSCs/NPCs are always mixed in culture conditions because NSCs continuously 

differentiate into NPCs.  In vivo studies have identified the presence of quiescent (type 1a) and 

actively proliferating NSCs (type 1b) (90). The types of cells in each stage can be identified with 

cell-specific markers (Figure 1.3). For example, GFAP, Sox2, and Nestin immunoreactivity 

marks NSCs (GFAP+), while NPCs only express Nestin and Sox2, respectively. Type 1b cells 

are Nestin+/GFAP+/Sox2+/Ki67+ immunoreactive, while type 1a cells are 

Nestin+/GFAP+/Sox2+/Ki67-. Additionally, mature astrocytes express GFAP and S100, but lose 

Sox2 and Nestin expression. Finally, oligodendrocytes have been characterized to express MBP 

and O4. 
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Inflammatory Cytokines Regulate Adult Neurogenesis Through Several Distinct Mechanisms 

The adult neurogenic process is regulated by several intrinsic and extrinsic factors, up to but not 

including: mood states, exercise, and injury. However, one of the most important modulators of 

adult neurogenesis are neuroinflammatory stimuli (91). In normal physiological conditions, 

microglia are immune cells that surveil the CNS for external pathogens as well as endogenous 

damage (92, 93). There is a high concentration of microglia in the SVZ and SGZ niches, 

indicating that these cells tightly regulate the neurogenic process. During CNS injury, microglia 

secrete a variety of cytokines and chemokines that have been shown to modulate adult 

 
Figure 1.3 - Schematic of the hippocampal neurogenesis progression. Neural stem cells 

(NSC) and their progeny cells express stage-specific markers along the differentiative process. 

Specifically, Type 1a (quiescent) and 1b (active) NSCs express Nestin, GFAP, and Sox2. 

Additional transcription factors that are expressed are BLBP, Tbr2, Tis21, and MCM2. Type 

1b NSCs, neural progenitor cells (NPC), and neuroblasts express Ki67, as they are proliferative 

in nature. NPCs lose GFAP expression, but retain Nestin, Sox2, Tbr2, Tis21,  and MCM2 

expression. Neuroblasts express Doublecortin (DCX) and lower levels of NeuroD, while 

granule neurons express β-tubulin III, Calbindin, NeuN, HuD, and MAP2. 
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neurogenesis, some of which include: IL-1 (α and β) (94), TNFα (95), IFN-γ (96), IGF-1 (97), 

IL-4 (98), and LIF (99). 

IL-1α has been shown to promote the differentiation of mesencephalic NSCs into dopaminergic 

neurons (100, 101) while having an inhibitory effect on postnatal hippocampal neurogenesis 

(102). IL-1β decreased NSC proliferation and neuronal differentiation, which was reversed by 

treatment with IL-1 receptor antagonist (103, 104) and an NFκB pathway inhibitor (105). 

However, IL-1β treatment promotes astroglial lineage differentiation (106). Most studies 

involving TNFα showed increased glial lineage differentiation and decreased neuronal lineage 

differentiation. For example, treating human fetal striatal, hippocampal, or cortical NSCs/NPCs 

with TNFα induced higher levels of apoptosis, promoted glial lineage differentiation, and 

hampered neuronal differentiation (107-109). In mouse SVZ NSCs, treatment with TNFα 

resulted in NFκB-induced neuronal lineage differentiation, which was reversed by treatment with 

an NFκB inhibitor (110). These conflicting reports could be attributed to differences in species 

where the NSCs/NPCs were derived from, the type of NSCs/NPCs used (embryonic vs. adult), as 

well as the concentrations of TNFα used. Human hippocampal NSC treatment with IFN-γ did not 

alter neuronal lineage differentiation, but increased astroglial lineage differentiation (107). 

However, in rat striatal NPCs, IFN-γ treatment reduced NSC/NPC proliferation and enhanced 

apoptosis (111). Several studies have shown that IGF-1 promotes NSC proliferation and 

differentiation, as well as regulating neuronal maturation in both the SVZ and SGZ (112). 

Finally, IL-4 decreases NSC proliferation (94), while LIF promotes NSC self-renewal (99, 113). 

While the roles of these inflammatory mediators are well characterized in modulating the 

neurogenic process, they also play an important role in modulating the spread of HIV-1 

infection. IL-1α and IL-1β have been shown to reactivate latent HIV-1 in U1 cells in a dose 
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dependent manner (114). Additionally, EcoHIV infection levels were higher in IL-1 receptor 

knockout mice when compared to wild-type mice (115). TNFα has been shown to reactivate 

HIV-1 expression in latently infected cells through an NFκB dependent mechanism (116), while 

IFN-γ has been shown to enhance natural killer cell and CD8+ T-lymphocyte responses to 

combat HIV-1 infection (117). Additionally, IGF-1 and LIF has been shown to inhibit HIV-1 

replication in vitro (118, 119). Finally, IL-4 has been shown to increase HIV-1 replication in 

CD4+ T-lymphocytes (120). These sets of data suggest that inflammatory mediators not only 

directly impair neurogenesis, but also facilitate the spread of HIV-1 throughout the CNS. 

Therefore, inflammatory modulation of adult neurogenesis may be integral to the pathological 

progression of HAND.  

 

Evidence for Productive and Latent HIV-1 Infection of Neural Stem Cells - From Cell Lines to 

Human Hippocampi 

Recently, there is an increasing set of literature demonstrating the productive and latent infection 

of NSCs by HIV-1, which may induce the formation of a reservoir for viral persistence. Several 

prerequisites are needed for a target cell to serve as an HIV-1 viral reservoir. The first is that the 

cells must contain a replication-competent integrated provirus. Secondly, the virus must have a 

mechanism for escaping biochemical decay and establish long-term persistence. The third 

requirement is that the cells must have the molecular machinery to help the HIV-1 provirus to 

enter a transcriptionally silent (aka. latent) state. The fourth requirement is that the cells must be 

capable of reactivating the latent provirus to re-seed new rounds of infection (35, 37). 

Early studies using both CXCR4 and CCR5-tropic strains of HIV-1 showed that primary human 

neuroblasts derived from fetal olfactory tissue and a neuroblastoma cell line are susceptible to 
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HIV-1 infection (121, 122). Another study utilizing a human NSC line (HNSC.100) 

demonstrated an effective infection of HIV-1 (123). Viral release lasted for over 2 months and 

the cell-associated HIV markers (proviral DNA, early HIV transcripts) persisted throughout the 

entire observation period (115 days), suggesting a long-term productive and latent infection 

(123). These previous findings were further validated by a recent study utilizing an immortalized 

human embryonic ReNcell VM NSC line and a mouse NE-4C NSC line infected with HIV-1 and 

EcoHIV, respectively (124). While these findings were significant, all of these studies were done 

in immortalized cell lines, which are not as clinically relevant as primary NSCs.  

One preliminary study that utilized primary NSCs to assess productive and latent HIV-1 

infection was conducted by Lawrence and colleagues in 2004. They showed that two CXCR4-

tropic HIV-1 strains (HIVNL4-3 and HIVIIIB) were capable of infecting human fetal brain-derived 

primary NSCs/NPCs in vitro. This infection was productive, as viral release from these cells 

peaked at 3-6 days post infection. Even though viral production was undetectable after 10 days 

post infection, treatment with TNFα reactivated the virus in the NSCs/NPCs (125). These 

findings were significant, as this was the first study which implicated NSCs as a possibly new 

latent reservoir in the CNS, through which latent HIV-1 infection can persist, and be reversed by 

treatment with latency-reversing agents such as TNF. Interestingly, this latency formation was 

independent of HIV-1/CD4 binding, because transfection of an HIV-1 pNL4-3 vector induced a 

similar latency-like phenomenon (125). Another new study with human primary NSCs expanded 

on these initial in vitro findings to assess whether a CCR5 tropic viral strain (HIV-1BaL) could 

productively infect human fetal NSCs/NPCs. Their detailed analysis revealed that not only could 

HIV-1 productively infects NSCs, but that the infection could be transferred to non-infected 

NSCs (126). These findings support a CD4-independent cell-to-cell interaction mechanism for 
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HIV-1 infection in NSCs, similar to that which has been proposed for astrocytes. This further 

bolstered the notion that NSCs can propagate HIV viral production, although the types of the 

propagating cells after the initial HIV infection remain to be determined. A newer study 

demonstrated that EcoHIV was capable of infecting mouse primary NSCs/NPCs (124). 

Interestingly, both neurons and glial cells differentiated from EcoHIV-infected mouse primary 

NSCs/NPCs retained higher numbers of integrated/latent EcoHIV proviral DNA copies at 2 

weeks post infection. This latent reservoir (integrated proviral DNA) remained responsive to 

treatment with the latency-reversing agent SAHA to express HIV-1 RNA transcripts and p24 

protein (124). Although the differentiated cellular types (neurons, astrocytes or 

oligodendrocytes) that generated these viral products after reactivation need further 

characterization, the latent reservoir in NSC-derived astrocytes would be very important in 

understanding the pathogenesis of HAND persistence. These latently infected astrocytes have 

been shown to transmit the HIV virus to other cell populations, such as microglia/macrophages 

and T-lymphocytes to induce a fully productive infection (127). Astrocytes are also capable of 

retaining long-term productive HIV-1 infection (50). The presence of the integrated HIV DNA in 

terminally differentiated neurons was also an interesting finding, which corroborated previous 

reports that integrated HIV DNA was detected in neurons of pediatric HIV-1 patients (128, 129).  

While many of these pioneering in vitro studies have demonstrated that productive and latent 

HIV-1 infection exists in human NSCs (124-126), only one clinical study discovered the 

presence of the HIV-1 proviral genome in both the SVZs and SGZs of 4 pediatric AIDS patients 

(Figure 1.4) (1). However, more solid in vivo evidence is urgently needed. Recent development 

of RNA/DNAScope technology (130-133) and digital droplet PCR analysis (134) may allow for 

more sensitive detection of HIV-1 DNA and RNA in even the smallest cellular reservoirs in 
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ART-controlled HIV-1 patients. Alternatively, human induced pluripotent stem cell-derived 

brain organoids may serve as a novel ex vivo model to validate HIV-1 infection in NSCs (135). 

Since a small number of GFAP+ cells are susceptible to HIV-1 infection and NSCs are also 

GFAP+ cells, a better understanding of the similarity and diversity for HIV-1 infection between 

NSCs and astrocytes may provide a new therapeutic strategy for HAND.  

 

 
Figure 1.4 – HIV-1 mRNA is detected in Nestin positive neural stem/progenitor 

cells of a four-year old pediatric NeuroAIDS patient post mortem. The SVZ brain 

tissue from a pediatric NeuroAIDS patient was processed for Nestin 

immunohistochemistry and in situ hybridization with an antisense probe complimentary 

to 90% of the complete HIV-1 genome. The 10x (A) and 63x (B) magnification reveal 

the presence of Nestin positive NSCs in the SVZ. The 63x magnification reveals the 

abundant presence of the HIV-1 probe around the lateral ventricles (C). 100x 

magnification reveals the morphological details of the Nestin positive cell (D) and the 

presence of HIV-1 mRNA within this cell (E). Panel (F) shows a more focused and 

merged image of this HIV-1 co-localization in the Nestin+ NSC/NPC. Reproduced from 

(1) with permission. 
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HIV-1 Infection or Viral Proteins Induce Neurogenic Deficits at the In Vitro and In Vivo Levels 

Persistent HIV-1 infection in NSCs may alter their self-renewal, tri-potential differentiation, and 

survival. Early studies in human primary NSCs and hippocampal slices demonstrated that HIV-1 

viral coat proteins or cerebrospinal fluid from HIV-1 patients inhibited the differentiation of 

NSCs into NPCs by inducing NSC quiescence (136). Early studies in an HNSC.100 cell line 

showed that HIV-1 infection inhibited neuronal differentiation and promoted astrocytic lineage 

differentiation (123). A recent study showed that HIV-1 infection not only decreased neuronal 

lineage differentiation, but compromised the morphological arborization of differentiated 

neurons (124). However, another in vitro study has shown that active HIV-1 infection of human 

NSCs promotes both neuronal and astroglial lineage differentiation (126). This discrepancy may 

result from different viral strains and experimental conditions.  

The first study to assess the effects of HIV-1 viral proteins on neurogenesis was conducted in 

2007 by Okamoto and colleagues (137). While treatment of rat NSCs with gp120 did not induce 

apoptosis or necrosis, their proliferation was significantly reduced at the in vitro and in vivo 

levels due to stimulation of the p38-MAPK signaling cascade (137). However, gp120 did not 

induce any differences in neuronal differentiation or astrocytic differentiation. Further studies 

examining the role of HIV-1 gp120 on neurogenesis were conducted using a GFAP-gp120 

transgenic mouse (138), in which the gp120 is constitutively expressed in GFAP+ cells 

(astrocytes and NSCs). Initial analysis revealed significant astrogliosis and synaptodendritic 

damage, when compared to non-transgenic control mice (138). While this study was essential to 

understanding the role that gp120 played in HIV-1 induced neuropathology, only mature 

astrocytes were examined.  Since NSCs also express GFAP (139), adult neurogenesis could 

possibly be impaired in these mice. Further studies validated the expression of gp120 in NSCs 
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using immunohistochemical analysis (140). GFAP-gp120 mice had significant decrease in NSC 

proliferation and neuroblast/neuron production in the SGZ, which was rescued by exercise or 

Paroxetine treatment. However, using retroviral labeling technology, the authors showed that 

newborn dentate granule neurons in GFAP-gp120 transgenic mice exhibited increased dendritic 

arborization and length when compared to newborn dentate granule neurons in the non-

transgenic littermates, which was also rescued by exercise and Paroxetine treatment (140). 

However, the retroviral-labeling studies should be interpreted with caution, because these results 

contradict the clinical findings of synaptodendritic damage seen in HIV-1 infected patients (2). 

One explanation for these discrepancies could be the birth-dating strategy employed after 

retroviral injection. In the Lee et al. study, the mice were euthanized either one or two weeks 

after retrovirus injection into the dentate gyrus (140). Several pioneering studies that employed 

retroviral-labeling of NSCs/NPCs in the dentate gyrus showed that the labeled cells only 

differentiated into functional dentate granule neurons four weeks after initial injection (141, 

142). It is possible that the retrovirus-labeled cells that were analyzed were neuroblasts, not 

necessarily mature dentate granule neurons. Therefore, more studies may focus on the formation 

and functionality of newborn neurons in GFAP-gp120 transgenic mice. Interestingly, these mice 

do show typical neurogenic deficits, such as decreased NSC/NPC proliferation and decreased 

neuronal lineage differentiation at the in vivo level (140). These deficits in neurogenesis have 

been shown to be reversed by modulation of the endocannabinoid system. In fact, treating 

GFAP-gp120 mice with the CB2 agonist AM1241 enhanced NSC/NPC proliferation, decreased 

apoptosis, and promoted higher levels of neuronal differentiation, when compared to untreated 

GFAP-gp120 mice (143). Additionally, a follow up study conducted by the same group showed 

that genetic deletion of the fatty acid amide hydrolase (FAAH) in GFAP-gp120 mice rescued 
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gp120-induced neurogenesis in a similar manner as AM1241 treatment (144). These findings are 

consistent with previous reports implicating the neuroprotective role of endocannabinoid 

signaling in the CNS (145-147).  

Several studies have also implicated the HIV-1 Tat protein in impairing adult neurogenesis. The 

first in vitro study implicating Tat in neurogenesis showed that increasing doses of Tat decreased 

secondary neurosphere size, decreased NSC proliferation, and decreased neuronal lineage 

differentiation without inducing any changes in NSC viability (148). This study showed that the 

deficits in NSC proliferation are attributed to decreased cyclin D1 expression and ERK1/2 

pathway activation (148). Another in vitro study showed that HIV-1 Tat impaired the 

proliferation of human embryonic NSCs through disruption of the p38/JNK MAPK signaling 

pathways (149). However, pre-treatment of these NSCs with platelet-derived growth factor-BB 

(PDGF-BB) attenuated the Tat-induced proliferation deficits by stimulating the p38/JNK MAPK 

pathways (149). Another study showed that Tat expression increased TRIM32 expression and 

nuclear co-localization in NSCs, resulting in proliferative deficits in HIV-1 infected patients 

(150). These studies were integral in understanding the pathways affected in Tat-induced NSC 

proliferative deficits. To understand the role Tat played in modulating neurogenesis at the in vivo 

levels, the doxycycline-inducible GFAP-Tat transgenic mouse was utilized. This mouse was 

genetically engineered in such a manner that the Tetrocycline responsive element is placed ahead 

of the mouse GFAP promoter, allowing for Tat expression in GFAP+ cells upon doxycycline 

induction (151). Upon doxycycline treatment, the inducible GFAP-Tat mice exhibited a smaller 

NSC pool, decreased NSC/NPC proliferation, decreased neuronal lineage differentiation, and 

increased astrocytic lineage differentiation, when compared to untreated GFAP-Tat mice (152). 

These deficits are consistent with the neurogenic studies conducted in GFAP-gp120 mice (140, 
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143, 144). These mice were also used to assess the mechanism behind the increased preference 

for astrocytic lineage differentiation of NSCs. The authors found that increased STAT3 

activation in GFAP-Tat mice lead to an increase in GFAP expression in NSCs (153), which 

further confirmed an in vitro study elucidating the role behind Tat-induced astrocytic lineage 

differentiation in cortical NSCs/NPCs (154). 

 

Transgenic Rodent Models of HAND  

Since the start of the HIV/AIDS pandemic, several animal models have been generated to help 

understand HIV-1/HAND pathogenesis. For example, SIV infected rhesus macaque models have 

been utilized to characterize HAND disease progression and to validate ART regimens (155, 

156). However, breeding and maintenance of non-human primate cohorts is extremely 

expensive. As such, several rodent models have been generated to help recapitulate the 

pathology of HAND. One such model that was generated is the HIV-1 transgenic rat. This was a 

rat model in which 20-25 copies of a replication-deficient HIV-1NL4-3 genome was integrated into 

all cellular types (157). The transgene is driven by the HIV-1 LTR, which integrated into 

chromosomes 2 and 9, and has the highest levels of expression in the lymph nodes, kidney, 

thymus, and spleen (157, 158). These HIV-1 transgenic rats developed gross immunodeficiency, 

cataracts, muscle atrophy, and skin lesions. Initial neurological characterization revealed that 

transgenic rats developed hind-limb paralysis and circling-like behavior (157). Further 

neurological characterization of these mice demonstrated that they had deficits in spatial learning 

and memory, as demonstrated by Morris water maze testing (159-161). Given the immunological 

and neurological deficits observed, this makes the HIV-1 transgenic rat an appropriate model to 

study the molecular and cellular mechanisms underlying HAND. Unfortunately, there are very 
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few transgenic rats that are commercially available, when compared to the variety of transgenic 

mice that are used in genetic research. As a result, genetic manipulation in rats is relatively more 

arduous than in mice. Given this caveat, three transgenic mouse models were generated. 

The first transgenic mouse model developed in the HAND field is the GFAP-gp120 transgenic 

mouse. This mouse was engineered in such a manner that gp120 from the HIV-1LAV viral clone 

was expressed solely in GFAP+ cells (138). Two founder mouse lines were developed, a high 

gp120-expressing line and a low gp120-expressing line. In both of these lines, varying degrees of 

astrogliosis, microglial activation, synaptodendritic damage, and neuronal apoptosis were 

observed in the neocortex (138). Subsequent studies have shown that these mice have increased 

levels of CCR5, CXCR4, and other pro-inflammatory cytokines in the CNS (162).  

Subsequent neurological characterization of these GFAP-gp120 transgenic mice revealed lower 

ambulatory activity than non-transgenic mice, and made more target entry errors during the 

training phase of a Barnes maze memory task (162). Additionally, during the probe phase of the 

Barnes maze behavioral task, the GFAP-gp120 mice showed a less efficient target search 

strategy (162). Further characterization of these mice revealed that while their performances in 

novel object recognition and novel object location tasks remained intact, their performances in an 

object-in-place recognition task was impaired (163). While Barnes maze testing revealed that 

latencies to initial target entry did not differ between GFAP-gp120 mice and their non-transgenic 

littermates during the training phase, they made more errors during the reversal learning task on 

the first day of memory testing (163). Altogether, the literature suggests that while GFAP-gp120 

transgenic mice exhibit significant histopathological features of NeuroAIDS, the behavioral 

deficits characterized in this model are relatively mild. These results may be due to the fact that 

only the low-expressor GFAP-gp120 mouse line is commercially available (Jackson Lab) (138). 
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Another well-characterized mouse model of HAND is the doxycycline inducible GFAP-Tat 

transgenic mice. In 2003, this mouse model was characterized to have astrocyte-specific 

expression of HIV-1 Tat upon doxycycline induction. Levels of Tat protein detected were 

directly proportional to the dose of doxycycline administered. An average of three to ten copies 

of the transgene were present in each GFAP+ cell (151). Initial characterization of this mouse 

described hunching, body tremors, ataxia, seizures, impaired motor coordination, and premature 

death (151). Further histopathological brain analysis revealed cortical and cerebellar 

degeneration, astrogliosis, synaptodendritic damage, and neuronal apoptosis (151). Additionally, 

infiltrating T-lymphocytes and monocytes were detected in the CNS, which further confirmed 

that Tat expression alone was sufficient to induce the same neuropathology observed in HAND 

patients (4, 151, 164). Subsequent neurobehavioral studies revealed that doxycycline induction 

induced robust deficits in contextual fear conditioning, Morris water maze escape tasks, and 

Barnes maze latency to escape (165-167). Altogether, these results demonstrate that Tat may 

have more of a neurotoxic effect than gp120 alone.  

Another transgenic model of HIV-1 infection was the HIV-1 Tg26 transgenic mouse. This is a 

transgenic mouse model that is similar to the HIV-1 transgenic rat, in which multiple copies of a 

replication-deficient HIV-1NL4-3 transgene exist in all cellular types. While no previous 

neuropathology was characterized, these mice are known for developing a kidney disease which 

is observed in HIV-1 infected patients (168). 

  

 Hypothesis and Specific Aims 

Collectively, the literature shows that adult neurogenesis is compromised in HIV-1 infected 

patients in the pre and post-ART era (1, 150, 169). Additionally, the HIV-1 viral proteins gp120 
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and Tat exert differential effects on adult neurogenesis at the molecular, cellular and 

neurobehavioral levels. However, these seminal studies focused on single viral proteins (Tat or 

gp120) in a specific cellular type (GFAP+). HIV-1 patients in the ART era have the entire HIV-1 

proviral genome integrated into their cells. Therefore, studies entailing any neurogenesis and 

cognitive changes that mimic the clinical situation are urgently needed. As such, the hypothesis 

and specific aims of this study are as follows: 

Hypothesis – Neural stem cells and their progeny cells may serve as a reservoir for productive 

and latent HIV-1  infection, thus contributing to cognitive deficits through hampering the adult 

neurogenic process. 

Specific Aim 1: Examine the permissiveness of neural stem cells to HIV-1 infection, 

latency and reactivation, as well as its effects on neural lineage differentiation. 

Specific Aim 2: Characterize any changes in adult neurogenesis in HIV-1 Tg26 

transgenic mice. 

Specific Aim 3: Examine the effects of any neurogenic changes on learning and 

memory function in HIV-1 Tg26 transgenic mice. 

 Even though spatial learning and memory deficits have been demonstrated in the HIV-1 

transgenic rat (159, 161), they have never been correlated to any changes in adult neurogenesis. 

Additionally, no studies assessing neurogenic or neurobehavioral changes have been performed 

in HIV-1 Tg26 mice. For the purposes of the studies proposed in this dissertation, an EcoHIV-

eGFP reporter virus will be used in mouse primary NSCs for Specific Aim 1, and the HIV-1 

Tg26 transgenic mouse will be the primary mouse model utilized in the experiments for Specific 

Aims 2 and 3. 
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CHAPTER 2 – ECOHIV INFECTION OF MOUSE NSCs AND THEIR PROGENY 

CELLS 

 

Introduction 

Several cellular reservoirs have been characterized to harbor low-level chronic HIV-1 infection, 

which contributes to a barrier to a sterile HIV-1 cure. Examples of these reservoirs include: 

resting memory CD4+ T-lymphocytes, monocytes/macrophages, microglia, and astrocytes (35). 

Out of these reservoirs, the resting memory CD4+ T-lymphocyte subset contains the largest latent 

HIV-1 viral load (36). While microglia and perivascular macrophages have been extensively 

studied in the context of HAND, astrocytes have started to garner much more attention recently, 

especially in the context of HIV-1 infection (170).  However, the productive and latent HIV-1 

infection of astrocytes remain controversial (49-53).  

Several studies have shown that GFAP+ cells are prone to HIV infection (56, 171-173). Analysis 

performed on HAND patients (35, 55, 66, 174-176) and SIV-infected macaques (177) 

demonstrated that the frequency of HIV-1 infected GFAP+ cells is around 1-5%, which is very 

similar to the bona fide frequency of NSCs in adult brain (110, 178-180). Given that NSCs also 

exhibit GFAP immunoreactivity (181-186), quiescent and long-lived NSCs in the brain (89, 187) 

may serve as a reservoir for HIV-1 infection. While the HIV co-receptors CCR5 and CXCR4 are 

expressed in NSCs (126, 188-190), CD4 expression is absent (191). Therefore, HIV-1 infection of 

NSCs takes place through CD4-independent mechanisms, just like astrocytic HIV-1 infection.   

Currently, most HAND studies have targeted mature neurons, which have been extensively 

characterized to be vulnerable to HIV-induced neurodegenerative insults (2, 192). However, very 

few studies have actually looked at NSC homeostasis/maintenance in the brain. This is rather 
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surprising, considering that compromised adult neurogenesis has been shown to be an underlying 

substrate for HAND (193, 194). In fact, damage to nascent or immature neurons may contribute 

to the milder forms of HAND (169, 195). While neurons have been shown to be incapable of 

productive HIV infection, the opposite is true for NSCs (192, 196). Several studies have proved 

that HIV can infect NSCs in vitro and in vivo (1, 123, 125, 126).  

Specifically, two recent studies have characterized the extent of HIV-1 infection in NSCs/NPCs 

in response to opiate and methamphetamine exposure (124, 126). However, they did not address 

the type of cells (NSCs or NPCs) that HIV infection preferentially resides. Additionally, they did 

not examine whether NSC progeny cells could be infected, which could potentially re-seed the 

initial NSC infection and propagate the progression of HAND. The purpose of the studies proposed 

here are to examine the in vitro and in vivo permissiveness of HIV infection in NSCs versus NPCs, 

and characterize the ability of NSCs and their progeny cells to sustain HIV infection. 

 

Materials and Methods 

Culturing of Mouse Neural Stem Cells 

The microdissection and culture of mouse NSCs was performed in accordance with previously 

published protocols (110, 197). First, the mice were euthanized by cervical dislocation, and their 

brains were rapidly dissected and placed in dissection wash buffer (Hanks Buffered Salt Solution 

containing 0.6% glucose, 10 mM HEPES, 2 mM L-Glutamine, and 1% Penicillin/Streptomycin, 

all from Corning CellGro). Their SVZs were microdissected with a scalpel and small scissors, 

placed in wash buffer, and digested with Type IV Collagenase (Worthington Biochemical, Cat. # 

CLS-4) and 0.05% Trypsin (Thermo Fisher Scientific Cat. # 25300054) diluted in wash buffer. 

After tissue digestion, the SVZ tissue was gently triturated with a P1000 pipette tip until a 
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homogenous cell suspension was achieved. The NSCs were then seeded in NSC culture media 

consisting of 0.2% Heparin (Stem Cell Technologies Cat. # 07980, diluted 10,000x), 20 ng/ml 

epidermal growth factor (EGF) (Stem Cell Technologies Cat. # 78016), 10 ng/ml basic fibroblast 

growth factor (bFGF) (Stem Cell Technologies Cat.# 78003), 2 mM L-Glutamine (Corning 

CellGro), and 1% Penicillin/Streptomycin (Corning CellGro) in DMEM/F12 media (Corning 

CellGro). Primary neurospheres were grown in culture for 7 days, at which time the NSCs were 

pooled and utilized for further downstream applications. 

 

EcoHIV-eGFP Viral Production and Stereotaxic Injection into the Mouse SVZ 

EcoHIV was utilized in this study since native HIV-1 cannot infect murine cells (198). 

Packaging of the eGFP-containing EcoHIV virus was performed on HEK293T cells in 

accordance with previously established protocols (199). Briefly, 15 μg of the pNL4-3-EcoHIV-

eGFP vector (a gift from Dr. Won-Bin Young) was co-transfected via the calcium phosphate 

method, with 15 μg of pVSVG per one 100 mm dish when the HEK293T cells were 70-80% 

confluent. At 48 and 72 hours after transfection, the cell media, which contained infectious 

EcoHIV-eGFP viral particles, was collected and pooled together for concentration via 

ultracentrifugation at 25,000 RPM for 2 hours at 4°C. The viral pellet was resuspended in PBS, 

and agitated overnight on a shaker in 4°C. Viral titering was performed on HEK293T cells, with 

titers ranging up to 1 x 108 colony-forming units (cfu)/ml. 

Stereotaxic surgery was performed on 8 week old mice.  Before the injections, the mice were 

anesthetized with Avertin (Sigma Aldrich Cat. #T48402-25G, 180 µl/10 g body weight). Surgery 

was initiated when a lack of tactile response was observed. The mice were mounted onto a 

stereotaxic frame, and the head was shaved to expose the scalp. Afterwards, two shallow holes 
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were drilled into the skull using a dental drill (0.5 mm drill bit) at the following stereotaxic 

coordinates: 

AP: +0.4 mm from bregma; lateral = ± 1.0 mm 

After the holes were drilled, 2 μl of the concentrated EcoHIV-eGFP virus was injected at each of 

these stereotaxic coordinates with a 10 μl Hamilton microsyringe:   

AP: +0.4 mm from bregma; lateral = ± 1.0 mm; ventral: -2.5 mm 

After the stereotaxic injections were completed, the wound was closed with sterile surgical 

sutures. The mice were euthanized four weeks after surgery to assess viral spread across the 

SVZ. 

 

In Vitro Live Imaging Protocol for Assessing EcoHIV-eGFP Infection Dynamics of NSCs 

To assess the long-term EcoHIV-eGFP infection dynamics over time, 20,000 NSCs were seeded 

in each well of a Matrigel-coated 8-well chamber slide. Six hours after seeding, the NSCs were 

infected with EcoHIV-eGFP virus at an MOI of 4. The next day, the chamber slide was utilized 

for live imaging using the Leica TCS SP8 confocal microscopy system. Live imaging took place 

from 24 hours after infection to four days after infection under proliferation culture conditions. 

Four random fields per well at a 10x objective using tiling stage technology were used for 

imaging, resulting in a total of 32 random fields for EcoHIV-eGFP infection analysis. After the 

conclusion of the live imaging, the cells were fixed in 4% paraformaldehyde for 25 minutes, and 

multilabeled ICC analysis was performed to assess the type of eGFP expressing cells. 

 

Immunofluorescence Protocols for Cultured Cells and Mouse Brain Tissue 
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The following antibodies were used in this study: chicken anti-Glial fibrillary acidic protein 

(GFAP, IHC and ICC 1:500, Aves Labs Cat# GFAP, RRID:AB_2313547), Goat Sox2 (IHC and 

ICC 1:250, Santa Cruz Biotechnology Cat# sc-54517, RRID:AB_2195807), rabbit anti-Ki67 

(IHC 1:500, Abcam Cat# ab92353, RRID:AB_2049848), rabbit anti-GFP (IHC 1:1000, 

Molecular Probes Cat# A-6455, RRID:AB_221570), goat anti-Doublecortin (DCX,1:500, Santa 

Cruz Biotechnology Cat# sc-8066, RRID:AB_2088494), rabbit anti-β3 tubulin (Tuj1, ICC 

1:1000, Sigma-Aldrich Cat# T2200, RRID:AB_262133), and goat anti-Myelin Basic Protein 

(MBP, ICC 1:500, Santa Cruz Biotechnology Cat# sc-13914, RRID: AB_648798). 

The IHC and ICC procedures have been conducted in a similar manner as described previously 

(110). For ICC, cells were fixed in 4% paraformaldyhyde in PBS for 20 minutes. After three 

consecutive PBS washes, the cells were permeabilized for 30 minutes with 0.5% Triton X-100 

mixed with PBS. After permeabilization, the cells were blocked with 2% bovine serum albumin 

(BSA) dissolved in PBS with 0.1% Triton X-100 for 1 hour. NSCs were then treated with 

primary antibodies diluted in blocking buffer overnight at 4°C. NSCs were washed three times 

with PBS, then treated with the appropriate Alexa fluorescent secondary antibodies at room 

temperature for 1 hour, followed by counterstaining with DAPI for 5 minutes and coverslipping 

with Fluoroshield (Sigma-Aldrich). Fluorescent confocal microscopy images were acquired and 

analyzed using the Leica SP8 confocal system.  

Mouse brain tissue was collected and processed for IHC in accordance with a previously 

published protocol (110). After being overdosed on Avertin, the mice were perfused with 1x 

PBS, then with 100 mL of ice cold 4% paraformaldehyde. The brains were dissected out and 

post-fixed in 4% paraformaldehyde overnight at 4°C. Afterwards, the brains were placed in 30% 

sucrose at 4°C until the brains sank to the bottom of the vial, indicating optimal 



30 
 

cryopreservation. Coronal sections of the brain were cut in a serial manner at 40 µm for 8 sets 

using a cryostat (Leica CM 3050S model). For IHC, floating brain sections (40 m) were washed 

three 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 three washes, the brain sections were treated 

with the corresponding Alexa fluorescent labeled 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 then coverslipped with 

Fluoroshield (Sigma Aldrich Cat. #F6182). Image acquisition and analysis was also performed 

with the Leica SP8 confocal system. 

 

Quantification Methods 

For the quantification of EcoHIV-eGFP infection of NSCs after 5 days of live imaging, 32 

random fields (4 random fields per well in an 8-well chamber slide) were utilized for analysis. 

To quantify the rate of infection after 5 days, the number of GFP+ cells over total DAPI+ nuclei 

was used to get an absolute percentage of total infection. Afterwards, the number of NSCs 

(GFAP+/Sox2+ immunoreactivity) and NPCs (GFAP-/Sox2+ immunoreactivity) that expressed 

GFP were quantified as absolute percentage of total GFP+ cells per field. This stratified the 

EcoHIV-eGFP infection percentage between NSCs and NPCs. 

To quantify the latent infection of NSCs and the rate of reactivation, NSCs were infected with 

EcoHIV-eGFP at an MOI of 4 for easier visualization of viral infection. Three random 20x fields 

per well, for 2 wells were used for quantification of GFP+ cells (infected cells) over total cells 



31 
 

present in the field. Quantification took place every other day after infection. This resulted in the 

absolute percentage of infection over time. 

For the in vivo experiments, 8 SVZ sections per mouse (two mice used in the study) were used 

for the percent of infected NSCs, NPCs, neuroblasts, and microglia. 

 

Statistical Analysis 

All statistical analysis was performed using GraphPad Prism 6.0. An unpaired two-tailed 

student’s t-test was performed between non-infection and EcoHIV-eGFP infection groups. The 

p-value thresholds for statistical significance were set at < 0.05, < 0.01 and < 0.001.  

 

Results 

EcoHIV Virus Productively and Preferentially Infects Mouse Neural Stem Cells Under 

Proliferative Conditions In Vitro 

Productive in vitro infection of NSCs has been documented in the literature (1, 123-126). To 

further validate these findings, we first infected mouse NSCs with EcoHIV-eGFP at an MOI of 

4, and then performed a three-day long live imaging study of mouse NSCs after infection. A 

higher MOI was utilized to allow for an easier visualization of EcoHIV infection. We observed a 

dynamic change in HIV-1-infected NSCs at a relatively low level. Interestingly, EcoHIV 

infection increased the motility of NSCs, as infected NSCs moved in and out of the imaging 

window (Figure 2.1). Several rounds of EcoHIV infection were observed, because not all eGFP-

positive cells appeared at exactly the same time, and the percentage of eGFP-positive cells 

continued to rise between 30 hours and 72 hours after the initial infection (Figure 2.1). At 24 

hours after EcoHIV-eGFP infection, the presence of eGFP-positive cells was nonexistent. Low-
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level infection was only observed at around 30 hours post-transduction, at which point, the 

infection rate robustly increased. There was a significant increase in the EcoHIV infection rate 

between 36 and 48 hours after infection (t62 = 5.696, p < 0.0001), and from 48 to 60 hours (t62 = 

3.368, p = 0.0013) after infection. At 60 hours post-infection, the EcoHIV-eGFP infection rate 

persisted at a constant rate towards the end of the live-imaging study (Figure 2.1).  
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Figure 2.1 – Representative live eGFP images under DIC at selected time points after 

transduction, showing the slow and persistent infection of the EcoHIV-eGFP reporter virus. 

Scale Bar: 150 µm 
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To identify the types of EcoHIV-eGFP infected cells, multilabeled ICC was performed at the end 

of the live imaging experiment. The total infection efficiency at Day 5 concurred with the live 

imaging data. The presence of GFAP expression in Sox2 cells was used to distinguish NSCs 

from NPCs (110, 200). In accordance with previous reports, the majority of the mixed culture 

cells were NSCs. Among the EcoHIV-eGFP-infected cells, ~80% were NSCs with both GFAP 

and Sox2 immunoreactive (Figure 2.2.A), implying that EcoHIV significantly preferred NSC 

infection over NPC infection (Figure 2.2B) (t82 = 13.19, p < 0.0001). These findings solidify that 

NSCs are capable of serving as productive reservoir for HIV-1 infection, albeit at a lower rate. 

 

 

EcoHIV Virus Latently Infects Mouse Neural Stem Cells 

To determine if EcoHIV infection forms the latency in NSCs, we performed epi-fluorescent 

microscopy to monitor daily the number of EcoHIV-eGFP-positive cells for 8 days in the 

presence of latency-reversing agents at the last day. Mouse NSCs/NPCs were seeded in Matrigel-

 
Figure 2.2 – EcoHIV is capable of infecting NSCs under proliferative conditions. NSCs were 

transduced with an EcoHIV-eGFP reporter virus at an MOI of 4. After a period of 5 days, the cells 

were fixed, and immunocytochemistry was performed to histologically label NSCs (GFAP/Sox2) and 

NPCs (Sox2). The eGFP signal was used as a reporter for EcoHIV transduction (A). Histological 

analysis revealed that a significant majority of NSCs were infected, while only a few NPCs retained 

EcoHIV infection (B). Data is taken from 6 random fields per well over an entire 8-well chamber 

slide. Scale Bar: 75µm 
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coated wells of a 96-well plate (10,000 cells/well), and infected with the EcoHIV-eGFP virus at 

an MOI of 4 (Figure 2.3A, B). The percentage of eGFP-positive cells over total cells was 

calculated every two days over a period of 8 days. There was a transient increase in the level of 

infection between days 2 and 4 after infection (t10 = 2.459, p = 0.0338), after which the number 

 

of eGFP-positive cells persisted at a constant rate (Figure 2.3C). This plateau may reflect the 

dynamic balance between the latency formation and new rounds of infection infection. The 

presence of the latency formation was validated by the significant viral reactivation via the 

treatment of latency-reversing agents TNF and PMA. At 9 days post-infection, NSCs/NPCs 

were treated with a combination of TNFα and PMA (Figure 2.3B), or with DMSO (Figure 

2.3A) as a negative control. Ten days after infection, the extent of EcoHIV reactivation was 

 
Figure 2.3 – EcoHIV infection transiently increases over time, but is robustly activated 

by latency reversal agents. Representative images of EcoHIV-eGFP infected NSCs treated 

either with DMSO (A) or TNFα/PMA (B). EcoHIV-eGFP expression only significantly 

increased between 2 and 4 days after infection, at which the level of infection persisted 

throughout time (C). Treatment of NSCs with TNFα/PMA robustly reactivates EcoHIV-eGFP 

expression in NSCs, further validating their possible role as a cellular reservoir (D). 
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examined by quantifying the percentage of GFP+ cells. Unsurprisingly, treatment with TNFα and 

PMA robustly reactivated the EcoHIV-eGFP reporter (Figure 2.3D) (t16 =3.602, p = 0.0024). 

Altogether, these findings suggest that NSCs/NPCs harbor latent HIV infection. 

 

Astrocytes Continue to Harbor EcoHIV Infection In Vitro 

Given that EcoHIV infects NSCs and form latency under proliferative conditions, we next sought 

to examine which cell types sustain EcoHIV infection.  At 24 hours after EcoHIV-eGFP 

infection at an MOI of 2, the NSCs were differentiated by withdrawal of specific growth factors 

(EGF/bFGF) for a period of 5 days before ICC with neural lineage cell type-specific antibodies. 

As predicted, three lineage differentiations were observed as neuron, astrocytes and 

oligodendrocytes (Figure 2.4). The EcoHIV-eGFP infection was present only in a very small 

 

percentage of astrocytes (Figure 2.4B) but absent in Tuj1-positive neurons (Figure 2.4A) and 

MBP-positive oligodendrocytes (Figure 2.4C). These results suggest that NSC-derived 

astrocytes retained EcoHIV infection or its reporter expression during the 5-day differentiation 

process, but neurons and oligodendrocytes were incapable of sustaining the reporter expression 

or EcoHIV infection. 

 
Figure 2.4 – EcoHIV infection remained detectable in glial cells after NSC differentiation. Mouse 

NSCs were infected with a native EcoHIV-EGFP reporter virus at an MOI of 2 for 24 hours, and then 

differentiated for 5 days. ICC analysis revealed that while neurons were incapable of sustaining 

EcoHIV infection (A), a small number of astrocytes (B) and oligodendrocytes (C) were persistently 

infected with EcoHIV. 
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NSC-derived astrocytes and oligodendrocytes are susceptible to EcoHIV infection 

While these results were quite promising, our next question was to examine the permissiveness 

of differentiated NSCs to EcoHIV infection. To address which types of NSC-derived neural cells 

are susceptible to EcoHIV infection, we first differentiated NSCs for 5 days, and then infected 

the well-differentiated neural cells with EcoHIV-eGFP at an MOI of 2. The differentiation 

continued for an additional 3 days before the cells were fixed for ICC. Total EcoHIV-eGFP 

infection rate of the differentiated neural cells was at 2.51 ± 0.55%. Among the infected cells, 

very few GFAP+ “astrocytes” and MBP+ oligodendrocytes (Figure 2.5A-B) were susceptible to 

 

 
Figure 2.5 - Differentiated NSCs are susceptible to EcoHIV infection. NSCs were 

differentiated for a period of 5 days via bFGF/EGF withdrawal. Afterwards, EcoHIV infection 

was performed at an MOI of 2. 24 hours later, the NSCs were differentiated for an additional 3 

days before being fixed. ICC was performed to assess for EcoHIV infection in astrocytes (A), 

oligodendrocytes (B), and neurons (C). Analysis revealed that a significant majority of EcoHIV-

infected cells were non-NSC lineage derived (D). Scale Bar: 100 µm 
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EcoHIV-eGFP infection, but no eGFP positivity can be detected in all Tuj1-labeled neurons 

(Figure 2.5C). Interestingly, a significant majority of EcoHIV infected cells were not neurons, 

astrocytes, or oligodendrocytes identified by the utilized markers (Figure 2.5C). 

 

NSCs and Their Progeny Cells are Capable of Being Infected with EcoHIV In Vivo 

Given our in vitro findings that NSCs and their progeny cells were capable of being infected with 

EcoHIV, we wanted to validate these findings in vivo. To do this, EcoHIV was stereotaxically 

injected into the SVZ, around the lateral ventricles of two adult mice, and SVZ neurogenic 

process was assessed 4 weeks after injection. We demonstrated that EcoHIV-eGFP reporter virus 

did successfully infect a small number of cells within the SVZ (Figure 2.6C, 7C and 8A). Four 

 

 
Figure 2.6 - Localized injection of EcoHIV resulted in efficient transduction of NSCs and 

NPCs. EcoHIV-eGFP was stereotaxically injected into the SVZs of wild-type mice. Seven days 

after injection, the mice were euthanized, and IHC analysis was performed to assess EcoHIV 

infection in NSCs (GFAP/Sox2) and NPCs (Sox2) (A-D). IHC analysis revealed that a 

significant majority of GFP+ cells were NSCs (E). Data is taken from 2 mice, with 8 SVZ 

sections being utilized for analysis. Scale Bar: 100 µm 
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weeks after the viral injection, some NSCs and NPCs in the SVZ (Figure 2.6A-D) retained the 

eGFP reporter. Interestingly, significantly more NSCs were able to sustain the EcoHIV infection 

in vivo when compared to NPCs (Figure 2.6E) (t26 = 3.036, p = 0.0054).  

 

These results further validate our in vitro data which showed that NSCs are more susceptible to 

EcoHIV infection than NPCs. Further lineage analysis revealed that a small number of DCX-

positive neuroblasts retained the eGFP expression or EcoHIV-eGFP viral infection (Figures 2.7-

2.8). We also observed abundant EcoHIV-eGFP infection in microglia within the SVZ, which 

was significantly more than neuroblasts (Figure 2.7E) (t26 = 2.971, p = 0.0063). 

 

Altogether, our in vivo results demonstrate the feasibility of low-level EcoHIV persistent 

infection and/or viral reporter expression in NSCs and their progeny NPCs. Interestingly though, 

 
Figure 2.7 - In vivo analysis revealed that EcoHIV can transduce neuroblasts and microglia. 
IHC analysis was performed to assess EcoHIV infection in NSCs (DCX) and microglia (Iba1) (A-

D). A significantly higher proportion of GFP+ cells were microglia (E). Data is taken from 2 mice, 

with 8 SVZ sections being utilized for analysis. Scale Bar: 100 µm 
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we observed a low level of neuroblast infection, which is consistent from a pre-ART clinical 

finding in 1997 (122). 

 

 

Discussion 

Mild to moderate forms of HAND persist in the ART era due to the decreased ART 

bioavailability in the CNS, which make it hard to completely suppress or eradicate latent HIV in 

 
Figure 2.8 - Confocal analysis revealed that the EcoHIV infection manifests in 

microglia. GFP staining was used to confirm EcoHIV transduction (A) while Iba1 

immunoreactivity confirmed that the cells were microglia (B). The merged image is 

shown in (C) with a closer inset shown in (C’). 

 



40 
 

the brain (4). Recently, astrocytes have been the focus of attention when it comes to studying the 

HIV-latent cellular reservoirs in the brain. Histologically, astrocytes are identified by the 

expression of the intermediate filament marker GFAP, which is also a marker for NSCs (181-

186). In fact, the roles of NSCs, NPCs, and astrocytes in the context of HIV-1 

infection/reactivation remain controversial, partially due to technical challenges in discriminating 

the cell types with confidence. In the last decade, a number of studies identified the presence of 

HIV-1 infection and latency in GFAP+ cells (35, 171, 172), which cannot distinguish astrocytes 

from NSCs. Just like astrocytes, NSCs have been reported to be susceptible to HIV-1 infection 

both in vitro (35, 85, 123, 125) and in vivo (1). However, the number of NSCs and astrocytes 

containing HIV-1 and exhibiting proviral reactivation is limited (201). The frequency (< 1-5%) 

of HIV-infected GFAP+ cells in HAND patients (55, 174-176) is actually quite similar to the 

bona fide frequency of NSCs in the adult brain (110, 178-180, 202). In cultured NSCs/NPCs, 

very few cells were shown to support HIV-1 infection or reactivation (123, 125). Interestingly, a 

recent study demonstrated the high potential of HIV-1 latency formation in human NSCs and 

their progeny GFAP+ cells (85), which could be reversed by TNFα and SAHA. This significant 

finding indicated that NSCs could behave like T-cell reservoirs in the context of HIV-1 infection, 

latency, and reactivation (85).  In the past, very few studies actually attempted to delineate the 

difference in HIV-1 infection and latency between NSCs and NPCs due to technical challenges 

in distinguishing them. In fact, most of the previous results are likely from the detected 

NSCs/NPCs and their progeny lineages (85, 203). Therefore, in this study, we hypothesized that 

quiescent and slow-dividing NSCs may constitute a persistent reservoir in the CNS (204).  

The salient findings of this study include: (1) EcoHIV exhibiting a higher preference for NSC 

infection than NPC infection; (2) NSCs/NPCs exhibiting the capability to reactivate EcoHIV 



41 
 

expression after latency-reversing agent treatment; (3) differentiated astrocytes and 

oligodendrocytes being vulnerable to EcoHIV infection; (4) a small percentage of neuroblasts 

and a robust proportion of microglia infected with EcoHIV. These findings further solidify the 

premise that NSCs and their progeny cells may serve as a newly characterized reservoir for HIV 

infection, which could further contribute to the milder forms of HAND.  

Productive and latent infection of NSCs/NPCs has been documented. For example, human fetal 

NSCs have been demonstrated to have limited p24 release after infection with CXCR4-tropic 

trains of HIV-1 (125). Additionally, HIV-1 proviral DNA was detected in NSCs up to 115 days 

after initial infection (123). However, NSCs and NPCs always grow in mixed culture in vitro 

(110, 197). Consequently, no study has delved further into examining whether NSCs or NPCs 

are preferential to HIV-1 infection. Here, we not only demonstrate productive and latent 

infection of NSCs/NPCs, but we observed that NSCs are more vulnerable to EcoHIV infection 

than NPCs at the in vitro and in vivo levels. This was rather surprising, since both NSCs and 

NPCs express CXCR4 and CCR5 (126). This could be possibly attributed to differing levels of 

CXCR4 and CCR5 expression on NSCs and NPCs, but this speculation warrants further 

investigation. Interestingly, through our live-imaging studies, we noticed that infected NSCs and 

NPCs were extremely motile in vitro. A previous study demonstrated that stimulation of the 

p38/MAPK cascade increases the migration of adult NSCs in vitro and in vivo (205). 

Additionally, treatment of NSCs with gp120 inhibits proliferation by stimulation of the 

p38/MAPK cascade as well (137). Even though the EcoHIV virus does not have the gp120 in its 

genetic backbone, it may be possible that the increased motility of infected NSCs may be 

attributed to gp80 modulating the p38/MAPK cascade. However, this and other potential 

mechanisms need to be further investigated. 
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Through our in vitro infection time course study, we observed that the EcoHIV-eGFP reporter 

signal was detected at around 30 hours post-infection. The eGFP-positive signal intensity peaked 

at around 3 days after initial infection, after which the infection rate persisted towards the end of 

the time course study. These results are consistent with a previous study in which two CXCR4-

tropic HIV-1 viruses infected human fetal NSCs (125). However, in that study, viral expression 

was decreased to undetectable level by 10 days after initial infection. This could possibly be due 

to intrinsic differences in latency establishment between EcoHIV and native HIV-1, even though 

treatment with TNF and PMA reactivated the virus. A recent study demonstrated that EcoHIV 

can productively and latently seed infection in the brain, which can result in cognitive 

impairment (206). However, further studies need to be done to assess if these NSCs are actively 

producing viral particles which could infect other cells. Additionally, multilabeled ICC could be 

performed to see if reactivation is restricted towards NSCs or NPCs. Because NPCs are a more 

rapidly proliferating pool than NSCs, it is highly probable that further EcoHIV viral propagation 

could occur in NPCs, and the virus could be released to infect neighboring cells. 

NSCs are multipotent in nature, capable of generating neurons, astrocytes, and oligodendrocytes 

when they exit the proliferative phase of their life cycles. While many studies have demonstrated 

in vitro and in vivo infection of NSCs/NPCs and their effects on differentiation (123-126), they 

have not studied whether the infection can be sustained throughout the differentiation process. 

Through the in vitro differentiation studies, we demonstrate that EcoHIV infection sustained 

itself in a very small number of astrocytes, even though neurons and oligodendrocytes did not 

harbor any active EcoHIV infection. However, NSC-derived astrocytes and oligodendrocytes 

were able to be infected by EcoHIV, while neurons were not. A previously published study 

demonstrated that 14-day differentiated neurons and glia harbored proviral DNA through qPCR 
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analysis. They were also capable of generating new viral particles, as assessed by p24 ELISA 

(124, 207). Therefore, in our in vitro studies, it may be possible that differentiated neurons may 

have integrated the EcoHIV proviral genome without actively expressing the virus. However, in 

vivo histological analysis demonstrated that EcoHIV is able to be detected in DCX+ neuroblasts. 

This could be due to NSCs being actively infected, and retaining the signal throughout the 

differentiation process. This highlights the differences between in vitro culture systems and in 

vivo histology. Nevertheless, single-cell RNA-sequencing analysis (207) of EcoHIV infected 

cells in vitro and in vivo must be conducted to effectively characterize the different cellular types 

that can potentially harbor EcoHIV infection. Another interesting finding from our histological 

analysis was that a large proportion of microglia have been infected with EcoHIV. This is 

consistent with several reports characterizing microglial susceptibility to HIV-1 infection (115, 

206, 208).   

In conclusion, our results demonstrate that NSCs are more vulnerable to EcoHIV infection than 

NPCs. The NSC/NPC pool can harbor latent infection, since treatment with latency reversal 

agents can robustly increase EcoHIV transcription. Additionally, a small percentage of 

differentiated glial cells can harbor EcoHIV infection, while neurons are spared from HIV-1 

infection or viral protein expression. These findings lead us to conclude that NSCs and their 

progeny cells can serve as a productive and latent reservoir for EcoHIV infection. As a result, 

this could potentially lead to downstream changes in adult neurogenesis, which may be an 

underlying mechanism for the milder forms of HAND. This possibility is further explored in 

Chapter 3. 
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CHAPTER 3 – ADULT NEUROGENIC DEFICITS IN HIV-1 TG26 MICE 

 

Introduction 

Since the start of the antiretroviral treatment (ART) era, HIV-1 associated co-morbidities have 

manifested in the clinical population, most notably HIV-associated neurocognitive disorders 

(HAND), accelerated aging, cardiovascular diseases, and metabolic dysfunction (209). HAND 

continues to affect over 50% of all HIV-1 infected patients, even while undergoing ART 

treatment (164, 194). This disorder describes a specific spectrum of neurocognitive impairments 

including asymptomatic neurocognitive impairment (ANI), mild neurocognitive disorder 

(MND), and HIV-associated dementia (HAD) (23). Although the incidence of HAD has 

decreased due to ART, the incidence of MND continues to rise (4, 210-212). It is widely 

accepted that a key contributing factor of neuronal dysfunction in HIV infection is attributed to 

the “Trojan Horse” mechanism of HIV-1 neuroinvasion via infected immune cells into the 

central nervous system (CNS) (213-215). However, recent reports point to the possibility that 

chronic neuroinflammation from HIV-1 negatively impacts adult neurogenesis, thus contributing 

to the evolution of HAND (192, 194). 

Neurogenesis describes the process in which neuronal and glial cells are generated from neural 

precursors, which include NSCs and NPCs. This process takes place during prenatal 

development and throughout adult life (216, 217). In the context of adult neurogenesis, there are 

two main neurogenic niches: the SGZ in the dentate gyrus of the hippocampus, and the SVZ 

lining the lateral ventricles (86, 218, 219).  In both neurogenic niches, slowly proliferating NSCs 

differentiate into rapidly proliferating NPCs, which then differentiate into neuroblasts and 

glioblasts that subsequently form neurons and glial cells respectively. Subsequently, these 
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newborn neurons integrate into neural circuits to modulate olfactory processing and memory 

acquisition/maintenance (86).  

Neurogenesis is important to study in the context of HAND, because HIV-1 virions have been 

found in the hippocampal formation of a pediatric AIDS patient (1), and reduced neurogenesis 

has been observed in both HIV-1 infected patients and SIV-infected macaques (136, 169). More 

importantly, NSCs have been shown to be targets of active HIV-1 infection (124-126, 137, 152, 

220, 221). Additionally, well-known antiretroviral drugs such as AZT, Efavirenz, and a mixed 

ART cocktail containing Tenofovir, Emtricitabine, and Raltegravir inhibit NSC proliferation and 

differentiation in vitro and in vivo at pharmacologically relevant doses (222-224).   

While previous studies hallmark the roles of active viral infection or viral protein production in 

neurogenic dysfunction (126, 137, 140, 144, 152), the role of chronic/latent HIV-1 infection in 

the CNS remains poorly understood. Here, we utilized the HIV-1 Tg26 mouse model to evaluate 

adult neurogenesis. The Tg26 mouse line expresses 7 of the 9 HIV-1 viral proteins under the 

viral LTR promoter (168, 225-227). Because the replication-deficient proviral HIV-1 DNA 

randomly integrates into the host genome, and the viral transcripts are spontaneously driven by 

the LTRs, the Tg26 mice serve as an appropriate model for studying the long-term effects of 

viral proteins on the host. This model is clinically relevant to ART-controlled HIV-1 infected 

patients who lack active viral replication, but suffer from continuous stress from HIV-1 viral 

protein exposure. The aims of this study are to characterize the effects of the combined HIV-1 

viral proteins on adult neurogenesis. 
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Materials and Methods 

Transgenic Mice  

The Institutional Animal Care and Use Committee (IACUC) at Temple University (Philadelphia, 

PA) approved all procedures detailed in this study that required the use of vertebrate animals 

prior to initiating any experimental objectives. Additionally, all methods were performed in full 

compliance with Temple University’s IACUC policies and the National Institutes of Health 

(NIH) ethical guidelines. Inbred HIV-1 Tg26 transgenic mice (Jackson Lab, #022354) and their 

wild type (WT) sex and age-matched littermates were utilized in this study. These mice harbor 

truncated HIV-1 NL4-3 genome with a 3.1kb deletion in the Gag and Pol regions, rendering the 

latent provirus replication deficient (168). The Tg26 mice were originally generated on the FV/B 

background, and develop a well-characterized kidney disease. As a result, most mice are 

moribund between 2 and 6 months of age (168, 225). Since Tg26 mice on the C57BL/6J 

background do not develop kidney disease and have longer life expectancies (228-230), we 

generated Tg26 mice on a complete C57BL/6J background by backcrossing FVB/N-

Tg(HIV)26Aln/PkltJ  mice (168) with C57BL/6J mice (Jackson Lab, #000664) for at least 8 

generations. Since Tg26 homozygous (+/+) mice are runted and rarely survive to weaning (168), 

the Tg26 mice were maintained as heterozygotes (+/-) throughout the study. Mice were utilized 

between 8-12 weeks old for all the proposed studies. 

 

Quantitative Reverse Transcription PCR (RT-qPCR) 

Total RNA was extracted from the brains of four Tg26 mice. Specifically, the SVZs, SGZs, 

olfactory bulbs, and kidneys were microdissected and stored in Trizol reagent (Thermo Fischer 

Scientific). The kidneys have been characterized to express proviral transcripts and served as an 
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appropriate positive control for our studies (168, 225). Littermated wild-type (WT) mice were 

used as negative controls. The RNA was then purified with the Direct-zol RNA Miniprep Kit 

according to the manufacturer’s instructions (Zymo Research Cat. # R2052). Equal amounts (100 

ng) of RNA from each sample was used for reverse transcription with the High Capacity cDNA 

Reverse Transcription Kit (Thermo Fischer Scientific Cat.# 4368814), and 2 ng of cDNA was 

applied for qPCR using specific primers (Table 3.1, Figure 1A) targeting partial gag (p17), tat 

(spliced and unspliced variants), env (gp120), vpu, and nef based on previously published reports 

(199, 231). Absolute quantification assays were performed using an HIV-1 pNL4-3 plasmid, or 

reverse transcribed 2 kb and 4 kb HIV-1 cDNA fragments as the standards.  

 

Immunohistochemistry (IHC) and Immunocytochemistry (ICC)  

The following antibodies were used in this study: chicken anti-Glial fibrillary acidic protein 

(GFAP,IHC and ICC 1:500, Aves Labs Cat# GFAP, RRID:AB_2313547), Goat Sox2 (IHC and 

ICC 1:250, Santa Cruz Biotechnology Cat# sc-54517, RRID:AB_2195807), rabbit anti-Ki67 

(IHC 1:500, Abcam Cat# ab92353, RRID:AB_2049848), rabbit anti-eGFP (IHC 1:1000, 

Molecular Probes Cat# A-6455, RRID:AB_221570), goat anti-Doublecortin (DCX,1:500, Santa 

Cruz Biotechnology Cat# sc-8066, RRID:AB_2088494) and rabbit anti-β3-tubulin (Tuj1, ICC 

1:1000, Sigma-Aldrich Cat# T2200, RRID:AB_262133). 

The IHC and ICC procedures have been conducted in a similar manner as described previously 

(110). For ICC, cells were fixed in 4% paraformaldyhyde in PBS for 20 minutes. After three 

consecutive PBS washes, the cells were permeabilized for 30 minutes with 0.5% Triton X-100 

mixed with PBS. After permeabilization, the cells were blocked with 2% bovine serum albumin 

(BSA) dissolved in PBS with 0.1% Triton X-100 for 1 hour. NSCs were then treated with 
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primary antibodies diluted in blocking buffer overnight at 4°C. NSCs were washed three times 

with PBS, then treated with the appropriate Alexa fluorescent secondary antibodies at room 

temperature for 1 hour, followed by counterstaining with DAPI for 5 minutes and coverslipping 

with Fluoroshield (Sigma-Aldrich). Fluorescent confocal microscopy images were acquired and 

analyzed using the Leica SP8 confocal system.  

For IHC, floating brain sections (40 m) were washed three 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 three washes, the brain sections were treated with the corresponding Alexa fluorescent 

labeled 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 then coverslipped with Fluoroshield (Sigma Aldrich Cat. #F6182). Image 

acquisition and analysis was also performed with the Leica SP8 confocal system. 

To assess in vivo hippocampal neurogenic dynamics, specific antibody combinations were used 

to label different cellular types. Generally, GFAP and Sox2 co-localization is used to 

histologically mark NSCs while Sox2 positivity only to mark NPCs (232). Additional Ki67 

immunoreactivity would help distinguish quiescent NSCs from the actively dividing NSCs (233). 

DCX is an intermediate filament marker that is prominently expressed in neuroblasts and 

becomes lost once the neuroblast terminally differentiates into a neuron, which usually express 

NeuN and 3-tubulin. All these cell types during adult neurogenesis were quantified in an 

unbiased stereological manner as described previously (140, 152, 232). 

 

In Vitro NSC Stemness and Differentiation Assay 
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The isolation and culture of NSCs from 8-12 week old WT or Tg26 mice were performed as 

described previously (110, 197). First, the mice were euthanized by cervical dislocation, and 

their brains were rapidly dissected and placed in dissection wash buffer (Hanks Buffered Salt 

Solution containing 0.6% glucose, 10mM HEPES, 2 mM L-Glutamine, and 1% 

Penicillin/Streptomycin, all from Corning CellGro). Their SVZs were microdissected placed in 

wash buffer and digested with Type IV Collagenase (Worthington Biochemical, Cat. # CLS-4) 

and 0.05% Trypsin (Thermo Fisher Scientific Cat. # 25300054) diluted in wash buffer. After 

tissue digestion, the SVZ tissue was gently triturated with a P1000 pipette tip approximately 20 

times until a homogenous cell suspension was achieved. The NSCs were then seeded in NSC 

culture media consisting of 0.2% Heparin (Stem Cell Technologies Cat. # 07980) (diluted 

10,000x), 20 ng/ml epidermal growth factor (EGF) (Stem Cell Technologies Cat.# 78016), 10 

ng/ml basic fibroblast growth factor (bFGF) (Stem Cell Technologies Cat.# 78003), 2 mM L-

Glutamine (Corning), and 1% Penicillin/Streptomycin (Corning) in DMEM/F12 media 

(Corning). Primary neurospheres were grown in culture for 7 days, followed by microscopy and 

imaging to determine size and quantity of the neurospheres present.  

The primary neurospheres were further digested with Accutase (Sigma) to obtain a single cell 

suspension for in vitro lineage differentiation studies as described previously (110, 197). Briefly, 

20,000 NSCs were seeded in 4 well Matrigel-coated 8-well chamber slides per genotype in NSC 

proliferation media. The next day, neural differentiation was induced by removal of bFGF and 

EGF (110, 234) and maintained for 5 days before fixation in 4% paraformaldyhyde. ICC was 

performed with antibodies against DCX (neuroblasts), 3-tubulin (neurons), and GFAP 

(astrocytes). Confocal images were taken at 5-8 fields per well and the percentage of 

differentiated cells over DAPI-positive cells was quantified in a genotype-blinded manner. 
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Retrovirus Production and Stereotaxic Injection into the Hippocampus 

Packaging of the eGFP-containing retrovirus was performed in GP2-293 cells (Clonetech Cat. # 

631458) in accordance with previously established protocols (141, 142). Briefly, 15 μg of the 

pUX-eGFP vector (a gift from Dr. Shaoyu Ge at State University of New York) was co-

transfected via the calcium phosphate method with 15 μg of pVSVG per one 100 mm dish when 

the GP2-293 cells were 70-80% confluent. At 48 and 72 hours after transfection, the cell media, 

which contained infectious retroviral particles, was collected and pooled together for 

concentration via ultracentrifugation at 25,000 RPM for 2 hours at 4°C. The viral pellet was 

resuspended in PBS, and agitated overnight on a shaker in 4°C. Viral titering was performed on 

HEK293T cells, with titers ranging up to 1 x 108 colony-forming units (cfu)/ml. 

Stereotaxic surgery was performed on 10 week old mice.  Before the injections, the mice were 

anesthetized with Avertin (Sigma Aldrich Cat. #T48402-25G) (180 µl/10 g body weight). 

Surgery was initiated when lack of tactile response was observed. The mice were mounted onto a 

stereotaxic frame, and the hair on the head was shaved to expose the scalp. After dissection of 

the scalp, four shallow holes were drilled into the skull using a dental drill (0.5 mm drill bit) at 

the following stereotaxic coordinates: 

AP: -2.0 mm from bregma; lateral = ± 1.5 mm 

AP: -3.0 mm from bregma; lateral = ± 2.5 mm 

After the holes were drilled, 2 μl of concentrated retrovirus was injected at each of these 

stereotaxic coordinates with a 10 μl Hamilton microsyringe:   

AP: -2.0 mm from bregma; lateral = ± 1.5 mm; ventral: -2.0 mm 

AP: -3.0 mm from bregma; lateral = ± 2.5 mm; ventral: -3.0 mm 
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After the stereotaxic injections were completed, the wound was closed with sterile surgical 

sutures, and the mice were returned back to their cages until further analysis at 4 weeks after 

injection.  

 

Confocal Imaging and Sholl/Dendritic Spine Analysis of Retroviral-eGFP Labeled Dentate 

Granule Neurons 

Imaging of eGFP-labeled dentate granule neurons for Sholl Analysis and dendritic spine analysis 

was performed using a Leica SP8 confocal microscopy system. For Sholl analysis, images were 

taken at a 63x objective with a Z-stack thickness of 1.0 µm. For dendritic spine analysis, images 

were acquired with a 63x objective with a Z-stack thickness of 0.2 µm. For each granule neuron, 

3-4 apical dendritic segments totaling approximately 200 µm were used for dendritic spine 

analysis as described previously (235). Neurolucida360 software (MBF Bioscience, RRID: 

SCR_001775) was used for Sholl and dendritic spine analysis, using maximum projection Z-

stack images of the granule neurons or dendritic spines (236). 

 

Statistical Analysis 

All statistical analysis was performed using GraphPad 6.0. An unpaired two-tailed student’s t-

test was performed between two groups of different treatments or genotypes. The p-value 

thresholds for statistical significance were set at < 0.05, < 0.01 and < 0.001.  

 

Results 

HIV-1 Tg26 transgenic mice express viral mRNA in the neurogenic regions 
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Various transgenic animal models have been used for the study of HIV-1 (164). While the HIV-1 

transgenic rat has shown varying levels of proviral gene expression in the CNS (237), no studies 

to date have characterized the extent of proviral gene expression in the brains of HIV-1 Tg26 

mice. To this end, absolute quantitative PCR was performed using the primers targeting specific 

viral transcripts (Figure 3.1A, Table 3.1) in the neurogenic regions. With this method, varying 

copy numbers of transcripts for partial gag (p17), tat (unspliced and spliced variants), env 

(gp120), vpu, and nef were detected in Tg26 mice (Figure 3.1B), specifically in the SVZ and 

SGZ neurogenic regions. The unspliced tat1 transcript showed the highest level of expression in 

all the neurogenic zones and the kidney. The env (gp120), the spliced tat2, and the nef transcripts 

Table 3.1 – List of Primers Used for RT-qPCR and Tg26 Mouse Genotyping 

Gene Target Direction Sequence (5’ to 3’) 

Partial Gag (p17) 
T760 – Forward caccGGATAGATGTAAAAGACACCA 

T946 – Reverse ACCTGGCTGTTGTTTCCTGTGTC 

Env (gp120) 
T876 – Forward CCGAAGGAATAGAAGAAGAAG 

T691 – Reverse caccgAGAGTAAGTCTCTCAAGCGG 

Tat2 (Spliced Variant) 
T1002 – Forward TGGAAGCATCCAGGAAGTCAGCC 

T1003 – Reverse TTCTTCTTCTATTCCTTCGGGCC 

Tat1 (Unspliced Variant) 
T1002 – Forward TGGAAGCATCCAGGAAGTCAGCC 

T1007 – Reverse GAGAAGCTTGATGAGTCTGACTG 

Nef 
F3.3 – Forward CCGAAGGAATAGAAGAAGAAG 

R3.3 – Reverse CTTGTAGCACCATCCAAAGG 

Vpu 
T1002 – Forward TGGAAGCATCCAGGAAGTCAGCC 

R1.3 – Reverse GTGGTGGTTGCTTCCTTCC 

PCR for Mouse 

Genotyping 

T361 – Tg26 Forward caccGATCTGTGGATCTACCACACACA 

T363 – Tg26 Reverse caccGCTGCTTATATGCAGCATCTGAG 
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showed the second highest levels of expression, though it is interesting to note that their 

expression levels were relatively similar. Finally, the p17 gag transcript and the vpu transcript  

showed the lowest levels of expression in the neurogenic zones and the kidney. However, Ct 

values for the vif or vpr transcripts were not detected in the tested tissues or the kidney samples,  

most likely due to their relatively low expression levels. The PCR efficiency for vif and vpr was 

validated using the cDNA from the HIV-1 latent J-Lat cell line. Interestingly, the expression 

 
Figure 3.1 - HIV-1 Tg26 transgenic mice express viral mRNA in neurogenic regions. A, Diagram 

of the truncated HIV-1 NL4-3 proviral genome in HIV-1 Tg26 mice, showing a deletion of 3.1 kb 

DNA spanning a majority of the Gag and Pol genes, and the predicted presence of 7 viral gene 

transcripts. B, RT-qPCR analysis of viral gene transcripts in neurogenic regions of HIV-1 Tg26 mice. 

Equal amount of RNA from the SVZs, SGZs, olfactory bulbs (OB), and kidneys of HIV-1 Tg26 mice 

was reverse transcribed, with 2 ng of the generated cDNA used for real-time PCR with primers 

covering p17 gag, tat1 (unspliced variant), tat2 (spliced variant), env (gp120), vpu, and nef.  Samples 

were collected from 4 HIV-1 Tg26 mice, and reactions were run in triplicate. Values are expressed as 

Mean ± SEM. 
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levels of all the viral gene transcripts in the kidney were less than two-fold higher than the 

expression levels in the neurogenic zones in the Tg26 mice with a pure C57BL/6J background. 

 

Neural Stem Cells (NSCs) from HIV-1 Tg26 transgenic mice exhibit in vitro NSC quiescence and 

neuronal lineage differentiation deficits  

To explore whether Tg26 transgenic mice exhibit early and late differentiation deficits, NSCs 

were dissected out from both Tg26 mice and WT littermated mice in accordance with previously  

established protocols (110). The stemness assay (110) revealed significantly fewer number of 

primary neurospheres in Tg26 mice than that of littermated WT mice (Figure 3.2A-B) (t6 = 

5.836; p = 0.0011, 2-tailed Student’s t-Test). When the primary neurospheres were stratified by 

size (Figure 3.2B), Tg26 mouse NSCs formed significantly less smaller-sized (<75 µm) 

neurospheres (t5 = 4.049; p = 0.0098), but significantly more large-sized neurospheres (>150 

µm.) (t6= 2.829; p = 0.0281). Since larger sized neurospheres typically contain more NSCs and 

smaller sized neurospheres contain more NPCs (110, 197, 237, 238),  these results suggest that 

Tg26 NSCs have significantly increased quiescence, implying that Tg26 mouse NSCs exhibit 

deficits in initial differentiation of NSCs to NPCs. 

After the initial differentiation of NSCs to NPCs, the differentiation of NPCs to neuroblasts, and 

finally the immature/mature neural cells continues throughout middle/late stages of adult 

neurogenesis (86). To explore whether the chronic stress induced by HIV-1 viral proteins 

affected neural lineage differentiation, multi-labeled ICC analysis of cultured differentiated 

NSCs was performed.  
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As shown in Figure 3.2C-D, Tg26 NSCs were unable to form as many neuroblasts (t48=3.222; p 

= 0.0023) and neurons (t58 = 6.4989; p < 0.0001,) as WT NSCs. However, Tg26 NSCs had an 

increased incidence of astrocyte formation (t58 = 3.889; p = 0.0003). These results show that 

Tg26 NSCs exhibit hampered neuronal differentiation and aberrant astrocytic differentiation.  

 
Figure 3.2 - In vitro stemness and neural lineage differentiation are impaired in HIV-1 Tg26 

transgenic mice. A, B. Fewer number of primary neurospheres but higher proportion of larger sized 

neurospheres in Tg26 mice. Representative tiled images of SVZ-derived primary neurospheres at 7 

days in vitro are shown (A) and the number of the size stratified primary neurospheres was quantified 

using ImageJ software (B). Data is presented as the Mean ± SEM from 4 mice per genotype. C, D. 

Reduced neuronal lineage differentiation but increased astroglial lineage differentiation in Tg26 

mouse NSCs/NPCs.  Dissociated NSCs/NPCs from primary neurospheres were differentiated for 5 

days followed by immunocytochemistry with cell lineage-specific antibodies to assess for neuroblast 

(DCX) and neuronal (3 tubulin) differentiation, and astrocytic (GFAP) formation (C). Tg26 mouse 

NSCs were unable to form as many neuroblasts or neurons as wild type (WT) mouse NSCs, but 

instead formed more astrocytes (D). The quantitative differentiation data is presented as the Mean ± 

SEM from 4 mice per genotype, with 5-8 random fields per mouse for each cellular marker. Scale Bar 

in A: 300 µm and inset 150 µm. Scale Bar in C: 50 µm. *p < 0.05, **p < 0.01, ***p < 0.001  
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HIV-1 Tg26 mice exhibit hippocampal neurogenic deficits in vivo 

To validate the in vitro findings that Tg26 NSCs exhibit stemness and neuronal differentiation 

impairments, multilabeled fluorescent IHC with cell-specific markers and confocal imaging 

analysis (Figure 3.3A) were performed in serial brain sections from WT and Tg26 mice.  

 

 

 

Stereological quantification (Figure 3.3B) showed that the SGZs of Tg26 mice had significantly  

 
Figure 3.3 - Tg26 mice exhibit hippocampal neurogenesis deficits. A. Representative confocal 

image showing the quiescent and active NSCs (qNSCs, aNSCs) and NPCs in the SGZ. B. 

Stereological quantification revealed that Tg26 mice had decreased NSC proliferation and less NPC 

formation in their SGZs than that   in wild type (WT) mice. C. Representative tiled confocal images 

showing DCX-positive neuroblasts in WT and Tg26 SGZs. D. Stereological quantification revealing 

that Tg26 mice had less neuroblast formation. Data in B and D represent the Mean ± SEM from 5-6 

mice per genotype. Scale Bar in A and C: 50 µm. *p < 0.05, **p < 0.01, ***p < 0.001 indicate 

statistical changes compared with corresponding WT. 



57 
 

higher amounts of quiescent NSCs (t7 = 2.887; p = 0.0234) and significantly lower levels of NSC 

proliferation (t9 = 7.507; p < 0.0001). Additionally, Tg26 mouse SGZs showed fewer numbers of 

NPCs than WT mouse SGZs (t8 = 3.787; p = 0.0053). Finally, Tg26 mouse SGZs had lower 

neuroblast formation (Figure 3.3C-D), as depicted by significantly fewer numbers of DCX 

immunostained cells in the SGZ (t9 = 4.607; p = 0.0013). 

Altogether, these studies suggest that Tg26 mice have significantly increased NSC quiescence 

and impaired initial differentiation of NSCs into NPCs as well as decreased neuronal lineage 

differentiation in vivo. This further confirms the in vitro results from the primary neurosphere 

assays and the in vitro lineage differentiation assays. 

 

Newborn dentate granule neurons in HIV-1 Tg26 mice exhibit dendritic arborization deficits, 

decreased dendritic length, and decreased dendritic spine density 

Both the in vitro and in vivo studies, as described above, have shown that HIV-1 transgenic viral 

proteins significantly perturbed NSC initial differentiation and neuroblast/neuronal linage 

differentiation during adult neurogenesis. Next, experiments were performed to determine 

whether chronic stress from HIV-1 viral proteins in Tg26 mice had effects on late-stage neuronal 

maturation. Therefore the maturation of newborn granule neurons in the dentate gyrus was 

analyzed using a well-established retroviral-eGFP labeling technology (140-142). Here, actively 

dividing cells (i.e. active NSCs, proliferating NPCs and a few dividing neuroblasts) were labeled 

instantly with the eGFP reporter after stereotaxic injection of the retrovirus into the dentate 

gyrus. The fate of the labeled cells was mapped at different times after injection as described 

previously (140-142). Studies have shown that maturation of newborn granule neurons from 
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SGZ NSCs can be viewed by eGFP IHC and confocal image analysis approximately 4 weeks 

after retroviral injection in mice (141).  

To identify any potential effects of chronic HIV-1 viral protein stress on dendritic arborization 

and spinogenesis during neuronal maturation (141), Sholl analysis on eGFP-labeled granule 

neurons in SGZ of WT and Tg26 mice at 4 weeks after retroviral injection into the dentate gyrus 

was performed using Neurolucida360 software (Figure 3.4A).  

 

 

 
Figure 3.4 - Newborn dentate granule neurons in Tg26 mice have lower dendritic complexity 

and length. A. Representative retroviral-eGFP labeled dentate granule neurons from WT and Tg26 

mice with the Sholl analysis. B. Quantitative data of Sholl intersections. C-E. Retroviral-eGFP 

labeled dentate granule neurons in WT and Tg26 mice were also assessed for total dendritic length 

(C), dendritic surface area (D), and dendritic volume (E). Data is presented as the Mean ± SEM 

from 4 mice per genotype, with 6-8 granule neurons being analyzed per mouse. Scale Bar in A: 50 

µm. *p < 0.05 and **p < 0.01 indicate statistical changes compared with corresponding WT. 
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The eGFP-labeled newborn neurons in Tg26 mice exhibited significantly lower levels of 

dendritic arborization and complexity (Figure 3.4B) at 20 µm (t56 = 2.557; p = 0.0133), 30 µm 

(t56 = 3.116; p = 0.0029), 40 µm (t64 = 2.753; p = 0.0077), 50 µm (t56 = 2.590; p = 0.0122), 60 

µm (t56 = 2.115; p = 0.0389), 70 µm (t56 = 2.401; p = 0.0197), 160 µm (t31 = 2.492; p = 0.0182), 

and 170 µm (t27 = 2.411; p = 0.0230) away from the cell soma. This decrease in dendritic 

complexity also correlated with Tg26 granule neurons having a lower dendritic length (Figure 

3.4C) (t48 = 2.035; p = 0.0474).  

However, total dendritic surface area and dendritic volume remained unchanged (Figure 3.4D-

E). In addition to dendritic arborization deficits, several studies have shown that HIV-1 infected 

patients exhibit synaptodendritic damage, even while on ART (239, 240). To examine whether 

Tg26 mouse dentate granule neurons have any changes in dendritic spine integrity, dendritic 

spine density analysis was conducted to assess any differences in total spine density, thin spine 

density, stubby spine density, and mushroom spine density (Figure 3.5A). The eGFP-labeled 

granule neurons from HIV-1 Tg26 mice had significantly less apical dendritic spine densities (t43 

= 5.681; p < 0.0001) compared to that from WT mice (Figure 3.5B). Dendritic spines come in a 

variety of shapes and sizes, with the more common classifications being designated as thin 

spines, stubby spines, and mushroom-shaped spines (236). Quantification of these specific spine 

types revealed that Tg26 granule neurons had a significantly lower thin spine density (Figure 

3.5C) (t40 = 2.047; p = 0.0473) and stubby spine density (Figure 3.5D) (t41= 2.884; p = 0.0062). 

However, quantification of mushroom spine density revealed that there were no differences 

between WT and Tg26 granule neurons (Figure 3.5E). This data suggests that low level chronic 

HIV-1 expression induces synaptodendritic damage in a manner similarly seen in HIV-1 infected 

patients (210). 
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Discussion 

In the ART era, HIV-1 infection continues to elicit mild to moderate forms of HAND, more 

notably ANI and MND (4, 210). Many mechanisms have been characterized that explain some of 

the pathogenesis underlying ANI/MND, but recently, compromised adult neurogenic changes 

have been proposed as a newer mechanism for HIV-induced CNS injury (126, 152, 164, 194). 

The salient findings of this study include: (1) varying levels of HIV-1 proviral transcripts in the 

neurogenic zones of HIV-1 Tg26 mice; (2) deficits in NSC differentiation into NPCs in vitro and 

in vivo; (3) decreased neuronal lineage differentiation in vitro and in vivo; and (4) impairment of 

neuronal maturation and spinogenesis in newborn dentate granule neurons. These findings 

 
Figure 3.5 - Newborn dentate granule neurons in Tg26 mice harbor decreased 

apical dendritic spine density. A. Diagram of spine patterns and representative 

images of retroviral-eGFP labeled apical dendritic arbors from WT and Tg26 granule 

neurons. B-E, Quantitative analysis of total dendritic density as well as densities for 

specific spine types. Data is presented as the Mean ± SEM from 4 mice per genotype, 

with 6-8 granule neurons being analyzed per mouse. Scale Bar in A: 6.25 µm.  *p < 

0.05, **p < 0.01, ***p < 0.001 indicate statistical changes compared with 

corresponding WT. 
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solidify the HIV-1 Tg26 mouse model as an appropriate approach to study the milder forms of 

HAND, which are clinically relevant to the HIV-1 latently infected population under ART today 

(4, 241).  

Several pioneering studies have shown mosaic levels of HIV-1 proviral expression in peripheral 

organs such as the spleen, thymus, kidney and muscle of Tg26 mice (168, 225, 242). However, 

no previous studies have assessed viral gene expression in the brain of Tg26 mice. To our 

knowledge, we are the first group to show the presence of the unspliced and spliced transcripts of 

HIV-1 viral genes not just in the brain, but specifically in different neurogenic niches. Our RT-

qPCR analysis revealed mosaic levels of p17 Gag, Tat (unspliced and spliced variants), Env 

(gp120), Vpu, and Nef transcripts in the different neurogenic zones. These mosaic levels of 

proviral gene transcript expression are consistent with previous reports in HIV-1 transgenic rats 

using the same truncated pNL4-3 construct with all the transcripts driven by the HIV-1 5’-LTR 

promoter (237). Interestingly, the unspliced Tat1 transcript showed a dramatically higher 

expression level than the spliced Tat2 transcript and other viral transcripts, implying that Tat1 

might be the major contributor to CNS neurotoxicity (243-245). Due to replication-deficiency, 

the expression of these viral transcripts is relatively lower but constitutively persistent, 

implicating its clinical relevance to HIV-1 chronic infection in the ART era. The presence of 

HIV-1 viral transcripts in neurogenic zones also supports an earlier clinical finding by in situ 

hybridization in the SVZ and SGZ of a post-mortem patient with severe NeuroAIDS showing 

that HIV-1 RNA transcripts localized to the neurogenic zones (1). Further studies using more 

sensitive technologies such as RNA/DNAscope (131, 133) and barcoded single cell sequencing 

(246, 247), are warranted to distinguish the cellular distribution of HIV-1 viral transcripts in the 

neurogenic zones.  
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Most cases of HAND consist of subtle or milder forms of neurocognitive disease. Since 

neurogenic defects have been shown to contribute to many subtle neurocognitive changes after 

CNS injury or neurodegenerative diseases (248, 249), it has been hypothesized that neurogenic 

impairment may contribute to the more subtle forms of HAND. This neurogenic impairment by 

HIV-1 single viral proteins have been demonstrated by several previous studies using in vitro 

cell cultures (125, 126, 137) and in vivo transgenic animal models (140, 144, 152, 165, 239). For 

example, treating cultured NSCs/NPCs with Tat has been shown to inhibit NSC proliferation and 

differentiation through attenuation of the ERK pathway (148) and the  p38-MAPK pathway 

(149), or through Notch pathway activation (152). Additionally, treating NSCs/NPCs with gp120 

suppresses NSC proliferation via activation of p38 MAPK pathway (137). In this study, we 

performed a more comprehensive evaluation of impaired neurogenesis at both the in vitro and in 

vivo levels using a clinically-relevant HIV-1 transgenic mouse model that harbors 7 of 9 HIV-1 

viral genes. Our in vitro NSC stemness assays revealed a significantly diminished NSC pool in 

Tg26 mice compared to their WT littermates, as assessed by the reduced number of the primary 

neurospheres generated. Additionally, we found that chronic HIV-1 viral protein stress increased 

the formation of larger-sized primary neurospheres, implying the impairment of initial 

differentiation of NSCs into NPCs. Primary neurospheres contain a mixed population of de novo 

NSCs and NPCs (110, 197), and larger sized neurospheres represent the existence of the tri-

potential, self-renewing NSCs (178, 238). These in vitro findings were validated in vivo, as Tg26 

mouse SGZs had a higher level of quiescent NSCs, while having a diminished proliferating NSC 

population as well as a lower NPC pool. This increased NSC quiescence due to the hampered 

initial activation and differentiation into NPCs is consistent with previous reports on cultured 
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NSCs treated with Tat and other viral proteins (148-150, 250, 251), and using in vivo animal 

models (136, 137, 150, 204, 250).   

NSCs/NPCs terminally differentiate into neurons and glial cells. This lineage differentiation 

process is regulated by a series of environmental niche factors. Inflammatory mediators such as 

cytokines, chemokines, etc., have been widely shown to regulate this tri-potential lineage 

differentiation pattern in varying ways. The direct effects of chronic HIV-1 infection or viral 

proteins on NSC lineage differentiation have yet to be comprehensively understood. Our in vitro 

and in vivo neural lineage differentiation studies have shown that Tg26 NSCs have a decreased 

affinity towards neuronal lineage differentiation, but exhibit increased astroglial lineage 

differentiation. Similar effects have been observed in cultured NSCs/NPCs treated with Tat (148, 

252), direct HIV infection (204), as well as in mice with HIV encephalitis (154), doxycycline-

inducible GFAP-Tat transgenic mice (152) and GFAP-gp120 mice (140, 143). However, a recent 

in vitro study has shown that active HIV-1 infection of human NSCs promotes both  neuronal 

and astroglial lineage differentiation, when compared to uninfected human NSCs (126). One 

possible explanation could be intrinsic mechanistic difference between various HIV-1 strains: the 

CCR5-tropic HIV-1 BaL viral strain in previous study (126) vs the CXCR4-tropic NL4-3 strain 

in Tg26 mice. CCR5-tropic viruses represent the predominant viral population right after initial 

infection, but CXCR4 tropic viruses are associated with progressive CNS injury (253, 254). In 

the clinical setting, CXCR4 tropic viruses may contribute more to the milder forms of HAND 

than R5 tropic viruses (164), which would make our in vivo HIV Tg26 mouse model more 

clinically relevant. Another explanation may be the type of infection being performed: active 

infection vs. low-level chronic/latent infection. The supernatant from HIV-acutely infected 

PBMCs  may induce a more robust and confounding effect on NSC differentiation due to the 
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combination of active virial particles, HIV viral proteins, growth factors and inflammatory 

mediators secreted by the infected cells (126).  

Adult neurogenesis is a process that describes the generation of neural lineage cells from NSCs 

and NPCs. However, it is important to recognize the importance of neuronal maturation and 

synaptic integration into this process. As of now, no studies have examined the effects of chronic 

HIV-1 infection and proviral protein stress on newborn neuronal formation and maturation. 

Retroviral-eGFP labeling of newborn granule neurons in the dentate gyrus revealed that Tg26 

mouse granule neurons have significantly decreased dendritic morphology, decreased total 

dendritic length, and decreased dendritic spine densities. These findings are notable, as these are 

the first findings to implicate chronic viral infection in dendritic arborization deficits in newborn 

dentate granule neurons. Our observed decrease in dendritic spine density in dentate granule 

neurons is consistent with a previous study analyzing dendritic spine damage in Layer II/III 

pyramidal prefrontal cortical neurons of both HIV transgenic rats and gp120 infused rats (235). 

Our Neurolucida360 studies elaborated further the detrimental effects on various types of 

dendritic spines (thin, stubby, or mushroom spines) instead of only total dendritic spine density 

(235). Additionally, our Sholl analysis identified dendritic morphological deficits of newborn 

hippocampal dentate granule neurons in Tg26 mice, while no differences in pyramidal cortical 

neuron dendritic length or branching were examined in HIV-1 transgenic rats (235). This 

abnormal dendritic arborization in HIV Tg26 mouse dentate granule neurons also supports a 

previous study using similar retroviral labeling technology of newborn dentate granule neurons 

in GFAP-gp120 mice (140). However, further electrophysiological and circuit tracing 

experiments are needed to assess any functional differences in the new born matured granule 
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neurons between WT and Tg26 mice. Additionally, the molecular mechanisms behind the 

abnormal dendritic spine density in HIV-1 Tg26 mice remain to be determined.  

In conclusion, our in vitro and in vivo studies demonstrate that HIV-1 Tg26 transgenic mice 

manifest early-state and late-stage neurogenic deficits, when compared to their WT littermates. 

Additionally, these neurogenic deficits lead to deficient dentate granule neuron morphology as 

well as decreased dendritic spine densities. These neurogenic deficits may possibly play a role 

modulating learning and memory function in these mice. Further studies in Chapter 4 seek to 

demonstrate any possible cognitive deficit that may manifest in our Tg26 mouse model. 
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CHAPTER 4 – SEX-SPECIFIC NEUROGENIC DEFICITS AND NEUROCOGNITIVE 

DISORDERS IN AGED HIV-1 TG26 TRANSGENC MICE 

 

Introduction 

HIV-1 associated neurocognitive disorders (HAND) are a sequela of HIV-1 infection that 

manifests in about 50% of all HIV-1 infected patients, even while adhering to ART regimens 

(164, 194). While the incidence of the more severe forms of HAND decreased due to ART, the 

emergence of the milder forms of HAND continue to increase (4, 210-212). Even though the 

dysregulation of blood-brain barrier and the “Trojan Horse” mechanism of neuronal damage 

(213-215) are the most commonly accepted models to characterize HAND at the cellular level, 

several aspects of HIV-1 related neuropathology remain poorly understood.  

Because of ART regimens, almost 73% of HIV-1 positive individuals will be over the age of 50 

years old by 2030 (255). Additionally, several studies have demonstrated that older HIV-1 

patients are at a higher risk for cognitive decline than younger HIV-1 positive patients (9, 256, 

257). HIV-1 patients exhibit precocious aging by 5 years on average than their peers (258). 

Therefore, current studies on HAND neuropathology need to take into account the biological 

aspect of aging on the disease progression (259, 260). Additionally, clinical studies focusing on 

HAND progression in male and female HIV-1 patients have been incomplete. Specifically, only 

23% of all HIV-1 patients enrolled in the CHARTER study were female (4), and the MACS 

cohort focused solely on the evolution of HAND in male HIV-1 patients (25). Given that the two 

largest epidemiological studies on HAND focus mainly on male HIV-1 seropositive individuals 

(261), it is imperative that sex-specific differences in HAND progression be further examined in 

pre-clinical and clinical studies. This is important, since HIV-1 infected women have been 
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speculated to be at higher risk for cognitive dysfunction than HIV-1 infected men, due to factors 

such as psychosociability and mental health problems (262, 263).   

Given the importance of elucidating the effects of HIV-1 on neurological disease progression, 

several HIV-1 transgenic rodent models have been utilized for the characterization of neurogenic 

dysfunction in HAND, most notably the doxycycline inducible GFAP-Tat transgenic mouse 

(152), the GFAP-gp120 transgenic mouse (138, 140), and the HIV-1 transgenic rat (157). While 

in vivo studies in these rodent models have effectively demonstrated varying degrees of 

neurocognitive dysfunction, they have not taken into account the effects of longitudinal aging 

and biological sex on HAND progression (140, 152). Additionally, the doxycycline-inducible 

GFAP-Tat transgenic mouse and the GFAP-gp120 transgenic mouse only take into account the 

effects of a single viral protein expressed in a single cellular type. Consequently, these murine 

models do not completely recapitulate the effects of the entire HIV-1 proviral genome. While 

sensory and motor deficits manifested in both male and female HIV-1 transgenic rats during 

aging (158), complete assessments on episodic memory, social memory, and spatial memory 

were not performed. 

To further understand the role of chronic and latent HIV-1 infection in the pathogenesis of 

HAND, we utilized the HIV-1 Tg26 transgenic mouse model. This mouse line contains a 

replication-deficient HIV-1 NL4-3 truncated genome in all of their cells (168). These mice 

express Tat, gp120 (env), Nef, Gag (p17), Vpr, Vpu and Rev (225-227). Because the replication-

deficient HIV-1 proviral DNA randomly integrates into the host genome, and the viral 

transcription is spontaneously driven by the HIV-1 LTR or in response to niche factor 

stimulation, these mice serve as an appropriate and clinically-relevant model for the study on the 

long-term role of HIV-1 proviral proteins from latent HIV-1 provirus during the ART era. There 
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is a critical need to model any changes in neurocognitive function due to aging and biological 

sex differences in these mice. In this study, we performed a comprehensive analysis on the 

general behavioral function, neurocognition and adult neurogenesis in HIV-1 Tg26 mice and 

their WT littermates. Biological sex was taken into account as an important variable throughout 

the study. Our studies demonstrate the sex-specific differences in the types and degrees of 

cognitive decline and neurogenic deficits in HIV-1 Tg26 mice. 

 

Materials and Methods 

Transgenic Mice  

HIV-1 Tg26 transgenic mice backcrossed onto a pure C57BL/6J background were utilized in this 

study (168). The Tg26 mice were originally generated on the FV/B background, and develop a 

well-characterized kidney disease. As a result, most mice die between 2 and 6 months of age 

(168, 225). Since Tg26 mice on the C57BL/6J background do not develop kidney disease and 

have longer life expectancies (228-230), we generated Tg26 mice on a complete C57BL/6J 

background by backcrossing FVB/N-Tg(HIV)26Aln/PkltJ  mice (168) with C57BL/6J mice 

(Jackson Lab, #000664) for at least 8 generations. This same backcrossing procedure was 

performed in a similar manner as with HIV-1 transgenic rats to prolong their life expectancies 

(158). Throughout the study, the Tg26 mice were maintained as heterozygotes (+/-), since Tg26 

homozygous (+/+) mice are runted and rarely survive to weaning (168). The Tg26 mice and their 

wild-type (WT) littermates were aged out to 8-10 months old, since most patients on cART are 

have longer life expectancies, and are more susceptible to the milder forms of HAND (255, 264). 

All procedures involving mice are in compliance with the 2018 American Veterinary Medical 

Association Guidelines and the Temple University IACUC. 
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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 (265, 266). The first behavioral screen is one just to examine superficial 

behavioral and morphological mouse characteristics. The second screen is one that examines 

specific sensorimotor responses, and the third screen seeks to assess excitability to external 

stimuli as well as more complex motor functions (265). 

Three Chamber Social Interaction Testing: The three chamber social interaction assay was done 

in a similar manner as (267). The three phases of this test consist of the habituation period, the 

sociability period, and the social novelty period. Each of these phases were 10 minutes in length, 

run consecutively after the previous phase finished. During the habitation phase, the test mouse 

was placed in the middle chamber, and allowed to explore the three chambered system. After the 

habituation period ended, the test mouse was moved to the center chamber, and a random female 

mouse was enclosed in a mini wire cage and placed in one of the side chambers. The test mouse 

was then allowed to explore for 10 minutes. After this sociability phase ended, the test mouse 

was removed, and another random female mouse was placed in another mini wire cage, and 

placed in the other side chamber. The test mouse was then placed in the middle chamber, and 

allowed to explore/interact with the other mice for 10 minutes. The amount of time spent in each 

chamber was recorded with ANY-Maze tracking software. 

Contextual and Cued Fear Conditioning: Fear conditioning studies were conducted in a 

previously described manner (268-270). All testing was conducted in a fear conditioning 

chamber with black methacrylate walls, a speaker, and a metal grid floor (Startle and Fear 
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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 100dB sound was administered for thirty seconds before the mouse received a 

0.5mA foot shock for 10 seconds. This sound/foot shock interval was repeated at the three and 

four 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 mouse was placed back into the testing chamber for 6 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 to 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 100dB tone was administered for thirty seconds at the two, three, and four minute 

marks without any foot shocks being administered. 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 (271, 272). 

Because there is no strong aversive stimulus on the rodents that could confound the results (ie. 

swimming), this is a more ideal alternative to spatial memory testing for our purposes (273, 274). 

A commercially available Barnes maze with 20 holes around the periphery was used (Stoelting 

Co. Cat.# 60170). The maze itself was blocked off from the rest of the room with black curtains 

to exclude any external cues which could confound the results (275). The first day of testing was 

the habituation day, in which the mouse was placed onto the maze and given one minute to find 

the escape hole. If the mouse didn’t succeed, the experimenter gently guided the mouse to the 
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escape hole and kept it there for one minute. Days two, three, four were the acquisition trials. 

During this time, the mouse was placed on the maze, and given five minutes to explore. If the 

mouse found the escape hole before the five minutes were over, the trial ended then. After the 

mouse found the escape hole, it was kept there for one minute, while the maze was cleaned with 

70% isopropanol. Four of these trials per day were done with each mouse (276), with an intertrial 

interval of three minutes (275). On day five, 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 day. The mouse movements were tracked by an overhead CCD 

monochrome camera and analyzed with ANY-Maze Tracking Software as described previously 

(275). 

 

Immunohistochemistry/Hippocampal Neural Lineage Analysis  

For multilabeled immunohistochemistry, mice were euthanized with an overdose of 

pentobarbital solution and transcardially perfused with 4% paraformaldehyde. The brains were 

dissected, postfixed overnight in the same fixative, and cryopreserved with buffered 30% 

sucrose. Coronal 40 m thick brain sections were cut and collected in a serial manner and stored 

at -20C. Then standard multiple-labeled immunofluorescent staining was performed. Briefly, 

floating brain sections were washed three times with 0.5% Triton X-100/TBS and blocked for 30 

minutes in a 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 three washes, the 

brain sections were treated with the corresponding Alexa fluorescent labeled secondary 

antibodies in blocking buffer for 1 hour at room temperature. After washing and DAPI 
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counterstaining (Sigma Aldrich Cat. #D9542), brain sections were mounted onto glass 

microscope slides and then coverslipped with Fluoroshield (Sigma Aldrich 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 in vivo hippocampal neurogenic dynamics, specific antibody combinations were used 

to label different cellular types. Generally, GFAP and Sox2 co-localization is used to 

histologically mark NSCs while Sox2 positivity only to mark NPCs (232). Additional Ki67 

immunoreactivity would help distinguish quiescent NSCs from the actively dividing NSCs (200, 

233, 277). DCX is an intermediate filament marker that is prominently expressed in neuroblasts 

and becomes lost once the neuroblast terminally differentiates into a neuron, which usually 

express NeuN and Tuj1. Quiescent NSCs (qNSCs), active NSCs (aNSCs), NPCs, and 

neuroblasts were quantified in an unbiased stereological manner as described previously (140, 

152, 232). 

 

Statistical Analysis 

Sample sizes and genders for all mice used in these studies are listed in either the results, figures, 

or the figure legends themselves. For most of the data generated, with the exception of the 3-

Chamber Social Interaction Assay and the Barnes Maze behavioral testing, statistical 

significance was determined with a two-tailed Student’s t test to compare effects between the 
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WT and the Tg26 genotypes. The Barnes maze statistical analyses were separated by the 

acquisition phases (to assess learning ability), and the probe phases (to assess short and long-

term memory). For the 3-Chamber Social Interaction data sets and 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 gender (275). 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. 

 

Results 

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 8 months of age. Morphological and 

anatomical screening showed that male Tg26 mice had similar body mass and body length as 

their WT littermates (Figure 4.1A-B). Screening for physiological function showed that male 

Tg26 mice exhibited similar gastrointestinal motility as well, since the number of fecal boli 

produced in a span of three minutes was similar between genotypes (Figure 4.1C). Interestingly, 

male Tg26 mice had a lower, but statistically insignificant response to touch (Figure 4.1D) 

(t17=1.995; two tailed T-test p = 0.0624), while the response to having their toes pinched elicited 

similar responses between WT and Tg26 mice (Figure 4.1E). Like the male mice, female Tg26 

mice had similar body weights (Figure 4.1F) and body lengths (Figure 4.1G). Testing responses 

to environmental stimuli revealed that female WT and Tg26 mice had similar gastrointestinal 

motilities as well as similar responses to an external touch stimulus (Figure 4.1H-I). Finally, 

female WT and Tg26 mice showed similar responses to toe pinching stimuli (Figure 4.1J). 
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Altogether, these sets of data showed that there are no obvious anatomical or physiological 

differences between WT and Tg26 mice, which could potentially influence or confound any 

results from subsequent neurocognitive testing.  

 

 

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

Compared to WT Mice 

Episodic memory has been shown to be impaired due to HIV-1 infection, affecting up to 60% of 

all HIV-1 patients (278). In fact, deficits in episodic memory function have been shown to be one 

of the most sensitive predictors of HAND progression (279). To effectively model, any changes 

in episodic memory in our Tg26 mouse model, a contextual and cued fear conditioning paradigm 

 
Figure 4.1 - HIV-1 Tg26 transgenic mice exhibit no significant abnormalities in general 

behavioral functions. Before learning/memory testing, wild-type (WT) and Tg26 mice were 

screened for any sensorimotor and reflexive differences. Between male WT and Tg26 mice, there 

were no differences in body mass (A), body length (B) or defecation incidence (C). Tg26 mice had a 

slightly decreased touch escape reflex (D), while the toe pinch response remained normal (E). No 

significant abnormalities were observed in female WT and Tg26 mice when tested for these 

parameters (F-J). Data is presented as the Mean ± SEM from 8 to 12 mice per genotype. 
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was employed (280) on middle-aged (8 months old) WT and Tg26 mice. During the contextual 

and cued fear conditioning tests, percent of time spent for freezing was used as a metric for 

determining how the mice learned in their environment (268-270). At eight months of age, both 

male (Figure 4.2A) and female (Figure 4.2B) Tg26 mice exhibited no apparent differences in 

contextual or cued fear conditioning when compared to their WT littermates. Taken together, 

these results suggest that Tg26 mice do not show any significant abnormalities in associative 

learning compared to WT mice, regardless of sex or age. 

 

 

Male HIV-1 Tg26 Mice Exhibit Impaired Social Novelty 

The three chamber social interaction assay has been used to assess sociability and social memory 

in several inbred and genetic mutant mice (281, 282). Normal inbred WT mice exhibit sociability 

as well as social novelty (283). Any changes in these behaviors have been shown to be indicative 

of social memory dysfunction usually associated with autism or schizophrenia-like disorders 

(281-283). Thus, the three-chamber assay was performed to determine whether chronic HIV-1 

 
Figure 4.2 – Middle -aged Tg26 mice exhibit the same contextual and cued fear conditioning 

responses as WT mice. Eight-month old male (A) and female (B) mice were tested for percent of 

total time spent on freezing during a contextual and cued testing paradigm. Data is represented as 

the Mean ± SEM.  
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viral protein stress induces any potential impacts on sociability or social novelty in male (Figure 

4.3A-C) or female (Figure 4.3D-F) mice at 8 months of age. During the habituation phase of the 

testing, both WT and Tg26 mice tended to explore each of the three chambers in a relatively 

 

similar fashion (Figure 4.3A, D). During the sociability phase, both WT and Tg26 mice showed 

a strong but similar inclination to socialize with a female test mouse (Figure 4.3B, E). These 

data indicate that there were no significant differences in habituation and sociability between WT 

and Tg26 mice at both gender. However, male Tg26 mice had significant social novelty 

impairments, as they spent significantly more time with the familiar test mouse, when compared 

 
Figure 4-3 - Male Tg26 mice exhibit an impaired social novelty response in a three chamber 

social interaction assay. A-C, males; D-E, females. Eight-month old mice were habituated to the 

three chamber apparatus (A, D), with the total time spent in each chamber being recorded. During 

the sociability phase (B, E), a female test mouse (Mouse-1) was placed in one chamber, and the 

target WT and Tg26 mice were assessed for total time spent with Mouse-1 as opposed to the other 

chamber. In the social novelty phase (C, F), another female test mouse was placed in another 

chamber, and the WT and Tg26 mice were assessed for the total time spent with either the familiar 

mouse or the novel mouse.  Data is presented as the Mean ± SEM of 6-10 animals per genotype. * p 

< 0.05 indicates significant increase compared to corresponding WT littermate.  
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to the novel test mouse (Figure 4.3C) (t28 = 2.680; p = 0.0122). In contrast, the female Tg26 

mice did not display any significant differences in social novelty (Figure 4.3F). Altogether, 

these results demonstrate that a deficit in social novelty was evident in male, but not female 

Tg26 mice. 

 

HIV-1 Tg26 Mice Show 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 function have been linked to 

hippocampal neurogenesis (284). 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 

(275). During the acquisition phase, male Tg26 mice did not show any statistically significant 

differences in the primary latency to the target hole (Figure 4.4A) (F1,278 = 0.26; p = 0.6082) 

from male WT littermates. The distance traveled on the maze did not differ between WT and 

Tg26 mice (Figure 4.4C) (F1,310 = 0.06; p = 0.8117). Interestingly, male Tg26 mice traveled 

significantly slower on the maze than male WT mice (Figure 4.4E) (F1,284 = 9.44, p = 0.0023). 

Further examination of the path efficiency to the target zone validated the similarity between WT 

and Tg26 mice during the acquisition phase of testing (Figure 4.4G) (F1,233 = 0.44; p = 0.5092). 

Overall, these sets of data reveal that male Tg26 mice do not exhibit 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, even though the primary latency to the target 

entry remained similar between the male WT and Tg26 mice, the finding that Tg26 mice moved 

significantly slower raises the possibility that male Tg26 mice exhibit a higher level of 

uncertainty when deciding to enter the target hole during the acquisition phase of testing. 



78 
 

     

 
Figure 4.4 - Female Tg26 mice exhibit more robust spatial learning impairments 

during a Barnes maze testing paradigm. A, C, E, G: males; B, D, F, H: females. The 

primary latency (A, B) 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 (C, D), running speed (E, F) and path efficiency (G, H) to initial target hole entry 

was measured during the acquisition and probe phases of testing. Data is presented as the 

Mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 indicate significant changes compared to 

the corresponding WT littermate.  
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In contrast, female Tg26 mice exhibited a robust deficit in the primary latency to enter the target 

hole during the acquisition phase (Figure 4.4B) (F1,287 = 14.79; p = 0.0001). Further post hoc 

linear mixed-effects modeling testing revealed a significant increase in the latency to enter the 

target on Day 3 (t86 = 2.04, p = 0.0439), while on day 2 (t86 = 1.94 p = 0.0563), trending 

tendencies were observed.  Interestingly, the robust deficits in latency to target entry during the 

acquisition phase of training are directly correlated to a significantly longer distance traveled on 

the maze (Figure 4.4D) (F1,316 = 8.13; p < 0.0001). Specifically, linear mixed-effects modeling 

revealed that female Tg26 mice traveled longer distances than their female WT counterparts on 

days 1 (t92 = 3.11, p = 0.0025), 2 (t92 = 2.82, p = 0.006), 3 (t92 = 2.23, p = 0.0278), and 4 (t92 = 

2.95, p = 0.0041) of acquisition training. However, female Tg26 mice traveled at similar speeds 

as female WT mice on the maze (Figure 4.4F) (F1,315 = 1.25, p = 0.2598). Nevertheless, even 

with similar running speeds on the maze, female Tg26 mice also demonstrated significant 

decreases in path efficiency to the target zone (Figure 4.4H) (F1,285 = 5.24; p = 0.0016). On Days 

1 (t84 = -2.16, p = 0.0336) and 3 (t84 = -2.1, p = 0.0385), significant deficits in path efficiency to 

the target zone were the most robust, while insignificant trends were observed on acquisition 

days 2 (t84 = -1.92, p = 0.0579) and 4 (t84 = -1.85, p = 0.0685) (Figure 4.4H). Altogether, these 

sets of data reveal that female Tg26 mice have robust deficits in spatial learning ability than 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 4.4A) (F1,32 = 3.41; p = 0.0741). This similarity in 
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primary latency correlated with a similar distances traveled on the maze as well (Figure 4.4C) 

(F1,36 = 0.34; p = 0.5623). Finally, male Tg26 mice had a similar running speed on the maze 

(Figure 4.4E) (F1,35 = 0.75, p = 0.3917) and similar path efficiencies to the target zones during 

the probe phase of testing compared to WT mice (Figure 4.4G) (F1,30 = 1.64; p = 0.2094). 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 4.4B) (F1,41 = 

3.17; p = 0.0825). Additionally, no significant differences in the amount of distance traveled on 

the Barnes maze (Figure 4.4D) (F1,42 = 0.40; p = 0.5303), speed traveled (Figure 4.4F) (F1,35 = 

0.03, p = 0.8744) or the target path efficiencies (Figure 4.4H) (F1,30 = 1.64; p = 0.2096) 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 the hippocampus-dependent spatial memory (276, 285). During the 24-

hour probe testing session, two-way ANOVA analysis revealed a statistically significant 

interaction between genotype and the hole visited (Figure 4.5A) (F19,360 = 2.03; p = 0.0068) for 

the male cohort of mice. Further post hoc linear mixed-effects modeling analysis showed that 

Tg26 mice entered the target hole significantly less than WT mice, indicating a deficiency in 

short-term ability to recognize the target hole (t342 = 2.43, p = 0.0155). Interestingly, male Tg26 

mice entered the R9 hole more frequently than their male WT littermates (t342 = 2.31, p = 

0.0213), indicating that male Tg26 mice made more errors in trying to recognize the target hole. 
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Also, during the 14-day probe testing session, there was a statistically significant interaction 

between genotype and the hole visited (F19,339 = 1.72; p = 0.0316) for the male cohort of mice 

(Figure 4.5B). Further linear mixed-effects modeling revealed that male Tg26 mice entered the 

target hole less significantly less than male WT mice (t323 = -3.28, p = 0.0012), further 

supporting the conclusion that male Tg26 mice exhibit 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 4.5C) (F1,338 = 4.36; 

p = 0.0375; post hoc linear mixed-effects modeling t342 = -2.11, p = 0.036). No overt long term 

memory retention impairments were observed between female WT and Tg26 mice, as they 

 
Figure 4.5 - Male Tg26 mice exhibit short-term and long-term memory retention deficits, 

while female Tg26 mice manifest only short-term memory retention impairments. A-B, males; 

C-D, females. The number of times 9-10 month-old WT or Tg26 mice visited each hole on the 

Barnes maze was recorded during the 24-hour probe phase (A, C) and the 14-day probe phase (B, 

D) to assess whether the mice could remember where the target hole was located. Data is presented 

as the Mean ± SEM. * p < 0.05, **p < 0.01 indicate significant changes compared to corresponding 

WT littermate.  
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seemed to recognize and enter the target hole in relatively similar manners (Figure 4.5D) (F1,340 

= 0.18; p = 0.6714).  

Collectively, these Barnes Maze test results demonstrate that female, but not male Tg26 mice 

exhibited spatial memory acquisition deficits (indicative of a learning disability). However, male 

Tg26 mice exhibited short and long-term memory deficits, while female Tg26 mice only had 

short-term memory deficits. 

 

Sex-Specific Hippocampal Neurogenic Deficits Correlate to Behavioral Abnormalities 

The results from our battery of behavioral assays indicated sex-specific differences in the 

degrees of cognitive decline in Tg26 mice, when compared to WT mice. These changes could be 

due to differing hippocampal neurogenic dynamics. To assess this correlation, in vivo 

hippocampal neurogenic analysis was performed in mice that were tested in the Barnes Maze. 

Frozen brain sections from both WT (Figure 4.6A) and Tg26 (Figure 4.6B) mice were 

immunostained for GFAP, Sox2, and Ki67 to assess the levels of qNSCs, aNSCs, and NPCs 

(200, 277). Both male (t39 = 2.850; p = 0.0070) and female (t35 = 2.034; p = 0.0495) Tg26 mice 

had significantly lower levels of qNSCs than their WT counterparts (Figure 4.6E), while had 

lower, yet statistically insignificant levels of aNSCs as compared to their WT littermates (Figure 

4.6E). Additionally, only female Tg26 mice had a significant decrease in the number of NPCs 

(t35 = 3.406; p = 0.0017) compared to their WT counterparts, while female WT mice had 

significantly more NPCs than male WT mice (t27 = 3.793; p = 0.0008) (Figure 4.6E). To assess 

neuronal differentiation in these aged mice, SGZs from WT (Figure 4.6C) and Tg26 (Figure 

4.6D) mice were analyzed for DCX immunoreactivity (specific for neuroblasts and immature 

neurons). Both male Tg26 mice (t36 = 2.854; p = 0.0071) and female Tg26 mice (t36 = 3.307; p = 
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0.0021) had significantly lower numbers of DCX+ cells in their SGZs, when compared to their 

WT littermates (Figure 4.6F). Taken together, these results suggest that chronic HIV-1 infection 

may induce the accelerated exhaustion of the NSC pools during aging and cause significant 

deficits in neuronal differentiation during adult neurogenesis. Female Tg26 mice had an 

additional impairment in the generation of NPCs. 

 

 
Figure 4.6 - Middle-aged Tg26 mice exhibit sex-specific deficits in hippocampal neurogenesis. 
A-D, Representative tiled confocal images showing neural stem/progenitor cells (NSCs/NPCs) (A, 

B) and neuroblast (C, D). E, F, Stereological quantification for quiescent NSCs (qNSCs), active 

NSCs (aNSCs), NPCs (E), and neuroblasts (F) showing hippocampal neurogenic dynamics in 10-

month old WT and Tg26 mice. Data is presented as the Mean ± SEM from 2 to 4 mice per 

genotype, with 6 to 8 hippocampal sections per mouse being utilized for quantification. *p < 0.05, 

**p < 0.01 indicate significant decreases in Tg26 mice compared to corresponding WT littermates. 
+++ p < 0.001 indicates significant increase in female mice compared to corresponding male mice. 

Scale bars in A-D: 200 µm.  
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Discussion 

In the ART era, HIV-1 infection continues to elicit mild to moderate forms of HAND, more 

notably ANI and MND (4, 210). Many mechanisms have been characterized that explain some of 

the pathogenesis underlying ANI/MND, but recently, compromised adult neurogenic changes 

have been proposed as a newer mechanism for HIV-induced CNS injury (126, 152, 164, 194). 

Here, our studies demonstrate that Tg26 mice exhibit sex-specific deficits in specific behavioral 

modalities during aging. Specifically, the highlights of our study include: (1) preserved 

physiological and reflexive function in both male and female Tg26 mice; (2) preserved 

contextual and cued fear conditioning responses in both male and female Tg26 mice; (3) male 

Tg26 mice exhibiting social novelty impairments; (4) male Tg26 mice manifesting short and 

long-term spatial memory deficits; (5) female Tg26 mice exhibiting spatial learning and short-

term spatial memory impairments; (6) an accelerated depletion of the hippocampal NSC pool 

and the neuroblast pool in aged male and female Tg26 mice; and (7) male Tg26 mice displaying 

an increased exhaustion of the NSC pool while female Tg26 mice exhibiting dramatic reduction 

of the pre-existing high levels of NPCs during aging (Table 4.1). To our knowledge, these 

studies are the first of their kind to characterize sex-specific and aging-relevant neurobehavioral 

deficits in a novel mouse model of chronic stress from multiple HIV-1 viral proteins. These 

findings highlight the importance of biological sex differences in HIV-1 pathogenesis and 

therapeutic evaluation (286-290).  
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This study had two specific objectives. The first goal was to model any differences in cognitive 

function in aged WT and Tg26 mice, with biological sex being a main discriminating factor. The 

second goal of this study was to understand the cellular mechanisms behind the sex-specific 

deficits in episodic memory and spatial learning and memory processes caused by HIV-1 

infection. The rationale behind this study design was because sex differences in HIV-1 infection 

and subsequent neurocognitive dysfunction have been largely underrepresented and inconsistent 

Table 4.1 – Summary of the Behavioral and Hippocampal Neurogenic Lineage 

Assessments Performed on Middle-Aged HIV-1 Tg26 Mice 

 

Behavior/Histology 

Assessment 

Male Tg26 Change (Relative 

to Male WT Control) 

Female Tg26 Change 

(Relative to WT Control) 

SHIRPA No Change No Change 

Contextual Fear 

Conditioning 
No Change No Change 

Cued Fear Conditioning No Change No Change 

3-Chamber Social Interaction 

Testing 
Impaired Social Novelty No Change 

Barnes Maze Spatial 

Learning Assessment 
No Change Deficit 

Barnes Maze Short-Term 

Memory Retention 
Deficit Deficit 

Barnes Maze Long-Term 

Memory Retention 
Deficit No Change 

Quiescent NSCs 

(GFAP+/Sox2+/Ki67-) 
Deficit Deficit 

Proliferating NSCs 

(GFAP+/Sox2+/Ki67-) 
No Change No Change 

NPCs (GFAP-/Sox2+) No Change Deficit 

Neuroblasts Deficit Deficit 
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in clinical studies. This gap in knowledge is significant, as over 51% of the HIV-1 patient 

population worldwide are female (261). Additionally, very few pre-clinical and clinical studies 

have longitudinally assessed the effects of aging on the HIV-1 patient population (4, 158, 261). 

So far, most studies involving neurocognitive dysfunction induced by HIV-1 Tat or gp120 in 

GFAP-driven transgenic mouse models have specifically focused on male rodents (162, 163, 

239, 291). Only one study in GFAP-Tat transgenic mice has demonstrated that male mice display 

decreased forelimb grip strength and increased anxiety-like behavior when compared to female 

transgenic mice. Additionally, female GFAP-Tat transgenic mice have 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 (291). Given the gap in knowledge 

when it comes to sex-specific effects of HAND, we first assessed both WT and Tg26 mice for 

general physiological functioning.  

Our initial SHIRPA screen revealed that both male and female Tg26 mice did not exhibit any 

overt physiological or reflexive deficits, when compared to their WT sex-matched littermates. 

This preservation in overall physiological function was consistent with the findings in both male 

and female HIV-1 transgenic rats (261, 292-294). This allowed us to confidently move forward 

with our neurobehavioral testing battery without worrying about health issues confounding the 

subsequent studies. 

Episodic memory has been shown to be impaired due to HIV-1 infection (278, 279). So to model 

any changes in episodic memory in our Tg26 model, contextual and cued fear conditioning was 

employed.  While both male and female HIV-1 transgenic rats have demonstrated deficits in 

episodic memory (158), we did not observe any significant deficits in fear conditioning in our 

HIV-1 Tg26 mice, regardless of age and sex. The discrepancy between the results in the Tg26 
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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 (158), 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 (295). 

Even though no differences in episodic memory were detected in male or female Tg26 mice, we 

were able to demonstrate that male Tg26 mice exhibited significant impairments in social 

novelty, when compared to male WT mice. In our studies, the social novelty assessments were 

the first signs of any form of cognitive impairment in these mice (283).  While social memory 

has been shown to be mainly modulated by the CA2 region of the hippocampus (296, 297),  

newborn dentate granule neurons have been shown to extend mossy fibers to CA2 pyramidal 

neurons (298). This process indicates that hippocampal function seemed more functionally 

compromised in male Tg26 mice rather than female 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 (158). First, female Tg26 mice 

exhibited robust deficits in memory acquisition, while male Tg26 mice showed preserved 

learning abilities. Second, female Tg26 mice had no deficits in long-term memory in contrast to 

male Tg26 mice, although both sexes of Tg26 mice exhibited impairments in short-term 

memory. As of now, most neurobehavioral studies assessing fear conditioning or spatial learning 

and memory function in doxycycline-inducible GFAP-Tat mice, GFAP-gp120 mice, and HIV-1 

transgenic rats have only been conducted using male rodents (160, 162, 163, 165, 239). Given 
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that sex-specific differences in HIV-1/HAND incidence have been documented (287, 299), it is 

imperative that any possible sex-specific differences in learning and memory deficits be fully 

elucidated in HIV-1 animal models (158). 

Since sex-specific neurobehavioral deficits have been demonstrated in these aged HIV-1 Tg26 

mice, we wished to explore the cellular mechanisms behind this deficit. We focused on adult 

neurogenesis, because this is a process that has been shown to be affected in HIV-1 infection (1, 

126, 140, 152, 192). Additionally, the behavioral paradigms utilized in this study were all 

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 (300, 301). Additionally, the 

three chamber social interaction paradigm is CA2/hippocampal neurogenic dependent (297, 

298). Finally, hippocampal neurogenesis is strongly linked to spatial learning and memory 

function (302).  

Our results demonstrate that both aged male and female Tg26 mice have varying degrees of 

cognitive deficits and hippocampal neurogenic deficits. This is hardly surprising, since sex-

specific differences in neurogenesis have been extensively documented. For example, male 

Sprague Dawley rats have better spatial memory acquisition abilities than female rats in a Morris 

water maze task (303, 304). Conversely, female rats achieved trace conditioning in fewer trials 

than male rats, and this was correlated with an increased density of newly formed neurons in the 

dorsal and ventral dentate gyrus (305). These results effectively demonstrate that females have a 

stronger relationship between the activation of new neurons with memory than do male mice. 

This may be due to the fact that estradiol plays a neuroprotective function in the brain (306). 

However, during aging, the levels of estradiol decrease, which may explain why women are 
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more prone to Alzheimer’s disease pathology than men (307). In this current study, aged male 

Tg26 mice exhibited more prolonged cognitive deficits than female mice. This discrepancy may 

be due to differences in sex hormonal function during HAND and Alzheimer’s disease 

pathology. While HAND and Alzheimer’s disease have some similarities in cellular pathology 

(308), viral infection may pose a confounding factor in understanding how estradiol levels 

modulate learning and memory during neurodegeneration.  However, this speculation needs to be 

further explored in Tg26 mice. Unpublished observations from our lab demonstrate that Tg26 

mice exhibit neurogenic deficits and decreased dendritic spine densities in newborn dentate 

granule neurons when compared to their WT littermates (Putatunda et al., In Submission). 

In conclusion, our results demonstrate the presence of sex specific behavioral and neurogenic 

deficits in HIV-1 Tg26 mice. These findings are consistent with the sex-specific behavioral 

deficits seen in HIV-1 transgenic rats (158, 261) and in HIV-1 infected patients (288). Several 

reasons could explain the sex-specific deficits in HIV-induced cognitive dementia and 

neurogenic deficits. For example, subtle differences in the levels of neuroinflammation between 

males and females may account for differences in behavioral phenotypes (286). Additionally, 

differing levels of sex hormones may modulate HAND disease progression through immune cell 

function. For example, higher estrogen levels may induce higher levels of HIV-1 transcriptional 

suppression or higher levels of interferon-alpha production (286). However, these speculations 

warrant further investigation in the HIV-1 Tg26 mouse model. 
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CHAPTER 5 – CONCLUSIONS, PERSPECTIVES, AND FUTURE DIRECTIONS 

 

In this dissertation, we performed a comprehensive evaluation of the potential for NSCs to 

harbor HIV-1 infection, and result in downstream neurogenic deficits and subsequent cognitive 

decline. In Chapter 2, we evaluated the ability for NSCs to harbor HIV-1 infection under 

proliferative and differentiative conditions. Under proliferative conditions, EcoHIV was able to 

infect NSCs/NPCs at a rate of around 3-4%. There was a transient increase in the level of 

infection between two and four days after initial infection, but then it leveled off afterwards. 

However, treatment of infected NSCs with TNFα and PMA robustly increased the reactivation 

rates of EcoHIV, when compared to DMSO-treated controls. These results are significant, as 

they demonstrate that low-level infection of NSCs is sufficient to establish a latent reservoir. 

Additionally, just like other HIV-1 cellular reservoirs, HIV transcription can be robustly 

reactivated with latency-reversal agent treatment. While subsequent differentiation studies 

revealed that neurons were not capable of sustaining EcoHIV infection, a small percentage of 

astrocytes and oligodendrocytes harbored active infection. However, these results do not exclude 

the possibility that that neurons and other cellular types could harbor EcoHIV infection. Further 

studies should be done to assess if EcoHIV DNA is integrated into these neurons. For example, 

FACS sorting EcoHIV-infected cells and performing single-cell RNA-sequencing studies 

afterwards could help us understand which cellular types could be harboring EcoHIV infection. 

Nevertheless, these results suggest that NSCs and their progeny cells to harbor HIV infection at 

rather low rates. While viral load in these cells were relatively low, these findings led us to 

speculate that downstream neurogenic insults may lead to cognitive decline observed in HIV-1 

patients. 
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In Chapter 3, we perform a comprehensive set of in vitro and in vivo studies to assess whether 

low-level chronic HIV-1 infection affects NSC stemness, differentiation, and late-stage neuronal 

maturation. Previous studies focusing on HIV-1 and neurogenesis have only focused on single 

viral proteins (Tat or gp120) expressed in only GFAP+ astrocytes and NSCs. Unfortunately, 

these in vivo mouse models do not accurately recapitulate the clinical situation, in which HIV-1 

patients under ART have the entire HIV-1 proviral genome integrated into several cellular types. 

To this end, we focused on the HIV-1 Tg26 mouse, which closely mimics the low-level HIV-1 

proviral production seen in ART-controlled HIV-1 patients. Using this mouse model, we 

demonstrate that HIV-1 induces NSC quiescence, hampers neuronal differentiation, and 

increases astrocytic lineage differentiation. Additionally, we demonstrate that newborn dentate 

granule neurons in Tg26 mice exhibit decreased apical dendritic spine densities, which correlates 

with the synaptodendritic damage observed in HIV-1 patients. Further studies would help to 

elucidate the molecular mechanisms behind HIV-1 induced increased quiescence, decreased 

NSC proliferation, and decreased neuronal lineage differentiation. Considering that previous 

studies have implicated aberrant Notch (152) and p38/MAPK pathway (137) activation in 

attenuating NSC proliferation, it may be possible that NSCs in these Tg26 mice may be affected 

in a similar manner. Additionally, our data demonstrated that Tg26 mice had higher levels of 

quiescent NSCs and lower numbers of NPCs, when compared to WT mice. This finding 

effectively demonstrates that the initial differentiation process from an NSC to an NPC may be 

affected. Further studies could examine the role of the TRIM32 protein in regulating this early 

differentiation process since symmetric and asymmetric division may be affected. Considering 

its role in promoting neuronal differentiation, it has a higher localization in NSCs that are about 

to undergo differentiation, making it an ideal marker for symmetric versus asymmetric NSC 
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division (309, 310). In fact, treatment of NSCs with Tat actually promotes TRIM32 translocation 

to the nucleus, and hampered NSC differentiation (150). So anti-TRIM32 based therapies may 

help to promote NSC proliferation and differentiation in the Tg26 mouse. Finally, mechanistic 

studies would need to help promote neuronal lineage differentiation and/or decrease astrocytic 

lineage differentiation. For example, inhibition of STAT3 could help decrease astrocytic 

differentiation in Tg26 mice (153). Also, decreased neuronal lineage differentiation and dendritic 

spine damage on mature dentate granule neurons could be attributed to lower levels of 

neurotrophins around the neurogenic niche. In fact, since gp120 has been shown to decrease the 

mature form of BDNF in the CNS (311), it may be possible that Tg26 mice may just have lower 

levels of BDNF, and manipulating this pathway could help to increase the number of new and 

more complex neurons in the dentate gyrus. These are just a few examples of several different 

mechanisms that could help reverse the neurogenic deficit observed in Tg26 mice. 

Since neurogenesis is a substrate for subsequent cognitive behavioral functions, we performed 

behavioral assessments on Tg26 mice and their WT littermates in Chapter 4. Interestingly, for 

the first time, we demonstrate sex-specific differences in the types and degrees of cognitive 

deficits observed in Tg26 mice. While physiological screening and contextual/cued fear 

conditioning testing revealed no differences between WT and Tg26 mice, only male Tg26 mice, 

but not female Tg26 mice, demonstrated social novelty impairment. Additionally, Barnes maze 

testing revealed that while male Tg26 mice had no spatial learning disabilities, they manifested 

short and long-term spatial memory impairments. Conversely, female Tg26 mice showed spatial 

learning disabilities and short-term memory deficits. Further hippocampal neurogenic lineage 

analysis of these aged mice revealed that both male and female Tg26 mice had decreased 
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quiescent NSC and neuroblast pools, while only female Tg26 mice had decreased levels of 

NPCs.  

These studies demonstrate that the manifestation of HAND may be more complicated than 

expected. While we demonstrated that adult neurogenesis is a substrate underlying HAND, there 

were sex-specific differences in both neurogenic deficits as well as cognitive deficits. Further 

studies would need to examine the sex-specific differences in HAND. For example, hormones 

such as estrogen, progesterone, and testosterone may have differing effects on CNS function 

during latent HIV-1 infection. Furthermore, while our behavioral studies took place in aged 

mice, the confounding effect of estrous cycle timing would need to be determined in examining 

the progression of HAND in female Tg26 mice. Nevertheless, throughout these studies, we 

effectively solidify the HIV-1 Tg26 mouse as a more clinically appropriate mouse model to 

study the milder forms of HAND. 

Even though adult neurogenesis has been demonstrated to be affected in the Tg26 mouse, these 

mice could also be utilized to understand how HIV-1 vertical transmission affects embryonic and 

pediatric development. This is important, because a little over 3 million children are living with 

HIV-1 infection and subsequent HAND-like symptoms worldwide (312). Even though vertical 

transmission rates are low in the ART era, the exact mechanisms underlying the incidence and 

severity of vertical transmission are relatively unknown. Because the replication-deficient NL4-3 

transgene randomly integrates into several loci in the host’s genome, these mice could serve as 

an excellent model to study embryonic and postnatal neurogenesis, and possibly model 

developmental deficits. 

Finally, neurogenic deficits need to be validated in more clinically-relevant models of HIV-1 

infection. The examination of neurogenesis needs to be demonstrated in a mouse model of active 
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HIV-1 infection (eg. an EcoHIV infected mouse) and chronic infection (eg. a CD34-

immunoreconstituted mouse infected with native HIV-1). Subsequent studies could also examine 

how to boost neurogenesis in HIV-1 infected mice to see if there is a rescue of neurogenic and 

behavioral function. Currently, gene-editing technology has garnered much attention in the field 

of HIV-1 cure strategies. Notably, our lab has optimized CRISPR/Cas9 technology to effectively 

eradicate the HIV virus in several mouse models of HIV-1 infection (199). One interesting 

direction to take would be to examine if our CRISPR/saCas9 quadruplex gene therapy can 

effectively excise the HIV-1 provirus from NSCs and their progeny, and possibly reverse the 

cognitive deficits demonstrated in our Tg26 mouse model. This would further demonstrate that 

not only would this technology be an effective cure, but also serve as a prophylactic treatment 

for HAND and possibly other HIV-1 co-morbidities. 
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