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Abstract 

HIV infection is a worldwide pandemic. A debilitating neurological consequence 

of HIV infection is progressive cognitive decline, known as HIV-associated 

neurocognitive disorders (HAND). HAND afflicts up to 50% of all HIV patients to varying 

degrees, and as survival of HIV patients improves with current antiretroviral therapies, 

the prevalence of HAND is also increasing. This, coupled with the lack of current 

effective HAND therapies, creates a dire need to understand the mechanisms underlying 

the cognitive decline associated with HIV. HAND symptoms correlate closely with 

processes of neuronal injury, which are early events that precede overt neuronal death. 

One such injurious process is synapse loss. The HIV protein transactivator of 

transcription (Tat) is a neurotoxic viral protein released from infected cells into the 

central nervous system. Tat contributes to the pathologies seen in HAND patients, and 

induces loss of excitatory synapses between rat hippocampal neurons in culture. Using 

an innovative live cell imaging assay, our laboratory has previously shown that Tat 

induces reversible synapse loss via a pathway that is distinct from cell death. 

In this dissertation, I outline three studies that stem from the current knowledge 

involving Tat-induced synapse loss. First, I assessed how subunit selectivity influenced 

N-methyl-D-aspartate (NMDA) receptor activity on the toxic effects of Tat. A 

pharmacological study showed that GluN2A-containing NMDA receptors had distinct and 

opposing effects as compared to GluN2B-containing NMDA receptors when modulating 

Tat-induced cell death, as well as Tat-induced synapse loss and subsequent synapse 

recovery. Intriguingly, inhibition of GluN2B-containing NMDA receptors induced synapse 

recovery after Tat-induced synapse loss, indicating a role for tonic suppression of 

recovery by GluN2B-containing receptors. 

Second, I determined the effects of Tat exposure on presynaptic terminals. Tat 
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induced loss of presynaptic terminals concurrent with loss of postsynaptic densities. This 

loss of presynaptic terminals was dependent on postsynaptic mechanisms, and the 

integrity of postsynaptic densities was required to maintain the presence of presynaptic 

terminals after Tat exposure. Tat-induced loss of presynaptic terminals was reversible, 

and this reversal was dependent on postsynaptic activity as well. 

Finally, I determined the molecular mechanisms of synapse recovery 

downstream of GluN2B-containing NMDA receptors. After Tat-induced synapse loss, 

GluN2B-containing NMDA receptors were persistently activated, suppressing synapse 

recovery by activation of neuronal nitric oxide synthase. The subsequent production of 

nitric oxide stimulated cGMP production by soluble guanylyl cyclase. Protein kinase G 

was activated and phosphorylated an actin-associated protein during persistent Tat 

exposure. 

These studies elucidated important information regarding the mechanisms by 

which HIV Tat exerts its neurotoxic effects, emphasizing the importance of subunit 

composition when determining toxic or beneficial effects of NMDA receptor activation as 

well as unmasking the importance of the postsynaptic density as the central target of 

Tat’s effects. Furthermore, these studies highlight the reversibility of synapse loss and 

uncover a new role for the canonical NO/cGMP/PKG pathway in modulating synapse 

recovery downstream of GluN2B-containing NMDA receptors. Tat-induced synapse loss 

and subsequent recovery can correlate to symptoms of cognitive decline seen in HAND. 

Targeting these mechanisms can shed new light on therapeutic strategies to treat HAND 

patients. 
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I. HIV virology and pathogenesis 

 Over 30 million people worldwide are currently infected with human 

immunodeficiency virus type 1 (HIV) (UNAIDS, 2010). HIV is a lentivirus from the family 

Retroviridae, a large group of single stranded RNA viruses (Morse et al., 2003). The viral 

structure of HIV is comprised of a lipid envelope that encases a dense core. Associated 

with this core is a capsid and nucleocapsid that contain duplicate copies of the HIV RNA 

genome, an approximately 10 kilobyte single strand of RNA complexed with various viral 

proteins necessary for replication (Morse et al., 2003). This RNA genome is tightly 

packaged within the virion core, and protected from degradation by RNAses present in 

bodily fluids. As a result of this durability, the measurement of HIV RNA levels is central 

to monitoring disease progression and patient response to therapy (Carpenter et al., 

2000). The HIV viral envelope contains the glycoproteins gp41 and gp120, which are 

essential for recognition of host cells that are positive for the CD4 receptor and a 

corresponding co-receptor, either CCR5 or CXCR4 (Wyatt et al., 1998; Greene and 

Peterlin, 2002). Binding of the envelope glycoproteins to the host cell receptors initiates 

fusion of the viral envelope with the target cell’s plasma membrane via a series of 

conformational changes mediated by a helix coiled-coil mechanism (Chan and Kim, 

1998). 

The HIV viral life cycle is characterized by ten distinct steps: attachment to the 

host cell, viral fusion with the host membrane, uncoating of the nucleocapsid, reverse 

transcription of the viral RNA genome, integration of viral cDNA into the host genome, 

transcription of viral RNA using host machinery, translation of viral proteins, assembly 

and budding of immature virus, and extracellular maturation (Greene and Peterlin, 2002; 

Morse et al., 2003; Stevenson, 2003). There are several nonstructural HIV proteins that 

regulate viral replication. One of these proteins is transactivator of transcription, or Tat, 
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which increases the transcription rate of viral cDNA by binding to RNA polymerase 

(Greene and Peterlin, 2002; Stevenson, 2003). Others include viral protein R (vpr), 

which enhances viral replication in nonreplicating cells, and virion infectivity protein (vif), 

which is essential to properly assemble the viron core (Cohen et al., 1990; Goncalves et 

al., 1996). Once the virus has replicated, it is released into the bloodstream to target 

other host cells and continue the replication process. HIV viral replication and turnover in 

infected calls can occur as often as every two days (Perelson et al., 1996). 

HIV is classified into nine separate subtypes, or clades, based on the diversity of 

the viral envelope: A, B, C, D, F, G, H, J, and K (Sacktor et al., 2007). The vast majority 

of HIV patients in the Americas, Australia, and Europe are infected with clade B, 

although it is distributed in varying degrees worldwide. In contrast, clade C, which 

comprises over 49% of worldwide HIV infections, is primarily found in southern and 

eastern Africa, India, Nepal, and China (Liner et al., 2007). The particular clade of HIV 

can affect its infectivity rates and its susceptibility to antiretroviral drugs, as well as the 

extent of disease progression. HIV clade B has been shown to be more neurotoxic in an 

in vivo model as compared to HIV clade C (Rao et al., 2008). Further viral classification 

of HIV divides the virus into two categories based on the specific host co-receptor that is 

required in addition of CD4 to facilitate binding of the viral envelope to the host cell, i.e., 

the viral tropism. T-tropic, or syncytium forming virus recognizes CXCR4, a G-protein 

coupled receptor. M-tropic, or macrophage-tropic virus recognizes CCR5, also a G-

protein coupled receptor. Dual tropic viruses have also been found that can bind to 

either co-receptor in addition to CD4 (Berger et al., 1999). The genetic and tropic 

diversity of HIV complicate the development of effective treatment for viral infection.  

HIV transmission occurs most commonly via sexual contact, sharing of 

contaminated needles and syringes, and transfusion of contaminated blood and other 
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bodily fluids (Chin and Ascher, 2000). HIV infection presents initially as an acute 

influenza-like illness, with symptoms such as fever, fatigue, and rash, which may persist 

for days to several weeks (Kahn and Walker, 1998). Subsequently, however, the 

infection may become asymptomatic for a period of years, until eventual progression to 

the late clinical stage known as Acquired Immunodeficiency Syndrome (AIDS) (Chin and 

Ascher, 2000; UNAIDS, 2010). AIDS is defined as the stage of HIV infection when the 

level of CD4-positive lymphocytes is either less than 200 cells per cubic millimeter, or 

less than 14% of total lymphocyte counts (Chin and Ascher, 2000). AIDS patients, due to 

the severity of lymphocyte depletion, are vulnerable to a spectrum of opportunistic 

infections, such as pneumocystis carinii pneumonia, Kaposi’s sarcoma, and 

mycobacterium tuberculosis (Morse et al., 2003). The systemic nature of HIV-induced 

immunosuppression indicates that nearly all organ systems are vulnerable; dermatologic 

lesions, oral and gastrointestinal infections, and a range of neurological disorders are 

commonly seen in AIDS patients (Morse et al., 2003). 

 

II. Treatment of HIV 

The recommended therapy for patients diagnosed with HIV is to immediately 

begin a multi-drug regimen known as highly-active anti-retroviral therapy (HAART); 

without HAART, the majority of HIV patients will eventually develop AIDS (Chin et al., 

2007; OARAC, 2013). HAART was introduced beginning in 1996-1998 as mainline 

therapy for HIV-infected patients (Kaplan et al., 2000). This therapy involves the 

combined administration of at least 3 separate antiretroviral drugs, including nucleoside 

reverse-transcriptase inhibitors, nonnucleoside reverse-transcriptase inhibitors, 

integrase inhibitors, and protease inhibitors (Kaplan et al., 2000; OARAC, 2013). All HIV 

antiretroviral drugs serve as viral inhibitors; they each target a distinct step in the HIV 
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viral life cycle to inhibit viral replication and infection of naïve cells. Since the advent of 

HAART, survival of HIV patients has drastically improved. HAART has decreased the 

diagnosis of opportunistic infections, decreased viral load, and increased lifespan of HIV 

patients (Kaplan et al., 2000; Sacktor et al., 2002; Tozzi et al., 2005b). Between 2004 

and 2009, there was a 19% decline in the number of deaths of HIV patients (UNAIDS, 

2010). However, there is currently no known cure for HIV infection, and since its 

classification in 1981 HIV and AIDS have killed over 20 million people worldwide 

(UNAIDS, 2010), making it one of the most devastating pandemics in human history. In 

addition to its many peripheral and immunological targets, HIV also infiltrates the central 

nervous system (CNS). HIV penetration of the CNS leads to a wide range of HIV-

associated neuropathologies, producing serious and debilitating neurological impairment. 

 

III. HIV-associated neurocognitive disorders 

 Cognitive symptoms associated with HIV infection are collectively known as HIV-

associated neurocognitive disorders, or HAND (Antinori et al., 2007). HAND is a 

progressive disease that encompasses a wide spectrum of symptoms. These can range 

from asymptomatic neurocognitive impairment (ANI) that can only be diagnosed 

clinically, and mild neurocognitive disorder (MND), to HIV-associated dementia (HAD). 

Patients are evaluated with a range of neuropsychological tests that evaluate verbal and 

language skills, working and executive memory and function, information processing, 

and sensory perception, among others (Antinori et al., 2007; Ellis et al., 2007). 

Symptoms associated with HAND can impair patients’ abilities to function independently 

on a daily basis (Heaton et al., 2004; Antinori et al., 2007). This makes HAND a 

significant complication of HIV infection, one that requires therapeutic intervention.  

 Currently, there is no consensus on a standard of treatment for patients 



 

 

6 

diagnosed with HAND, other than to continue their HAART regimen (McArthur et al., 

2010). HAART has been shown to relieve HIV-associated neurocognitive symptoms and 

decrease their severity, albeit temporarily and with variable results (Ferrando et al., 

1998; Suarez et al., 2001; Robertson et al., 2004). As a result, the number of HIV 

patients diagnosed with HAD has all but disappeared. However, as more and more 

patients live longer with HIV infection, the prevalence of patients also living with milder 

forms of HAND has increased, with estimates reaching as high as 50% of all HIV 

patients (Heaton et al., 2010). Furthermore, the initial efficacy of HAART in treating 

HAND symptoms eventually declines, with HAND symptoms persisting in patients whose 

viral loads are low (Tozzi et al., 2005b). Other CNS drugs are currently in clinical trials 

for efficacy in treating HAND, such as the clinically approved Alzheimer’s drug 

memantine (Schifitto et al., 2007b; Zhao et al., 2010) and the monoamine oxidase 

inhibitor selegiline (Schifitto et al., 2007a), but no approved pharmacotherapies have 

emerged. As a result, there is currently a lack of effective therapies to treat HAND 

symptoms. Therefore, there is a pressing need to elucidate the mechanisms that induce 

HAND symptoms so that targeted treatment may be developed. 

  

IV. Mechanisms of neuronal injury associated with HAND 

 The primary mechanisms by which HIV induces neurotoxicity are indirect; 

neurons do not express the receptors necessary for viral insertion and replication. 

Instead, infected neuroimmune cells such as macrophages and astroglia induce 

neurotoxicity in the CNS (Pulliam et al., 1991; Gendelman et al., 1994; Minagar et al., 

2002). HIV-infected cells stimulate production of inflammatory cytokines such as TNFα 

and IL-1β, and release toxic factors and viral proteins into the extracellular space (Genis 

et al., 1992; Speth et al., 2001). It is these cytokines and toxins that in turn induce 
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neurotoxic processes, including glutamate dysregulation and excessive calcium (Ca2+) 

influx. These processes eventually lead to neuronal death (Figure 1.1). 

 

 

Figure 1.1. HIV induces neurotoxicity indirectly. HIV infects neuroimmune cells such as 

macrophages (MΦ) and microglia. Infected cells release cytokines and viral proteins, which are 

the primary mediators of calcium (Ca
2+

) and glutamate dysregulation in neurons (Kaul et al., 

2001). Reproduced with permission, © 2001, Nature Publishing Group. 



 

 

8 

 While neuronal death is seen in HAND patients, clinical post-mortem studies 

have shown that the extent of neuronal death does not correlate with the rate and extent 

of cognitive decline in HAND patients (Adle-Biassette et al., 1999). Rather, it is earlier 

mechanisms of neuronal injury that correlate closely with HAND symptoms (Masliah et 

al., 1997; Everall et al., 1999; Sa et al., 2004). These injurious processes can include 

reduced synaptic density, pruning and beading of dendrites, and aberrant sprouting of 

spines, and are early events in HAND progression (Ellis et al., 2007). These irregularities 

in the neuronal network are disruptive to normal neuronal communication, and as a 

result, cognitive function. Immunohistological studies have shown that brain regions that 

are particularly susceptible to neuronal damage include the striatum and the 

hippocampus (Moore et al., 2006), areas of the brain that are particularly important for 

learning and memory as well as higher cognitive function. The idea that the correlative 

mechanisms of HAND are early events that precede overt neuronal death suggests that 

these injuries can be prevented or even reversed with the appropriate targeted therapies. 

 

V. HIV Tat: a neurotoxic viral protein  

There are a number of HIV proteins that have been shown to contribute to the 

neuronal injury seen in HAND, including the HIV transactivator of transcription (Tat). Tat 

was first identified in 1985 as an inductor of transcription in HIV-infected cells (Sodroski 

et al., 1985), and has been shown to be involved in many processes of neuronal injury, 

both in vitro and in vivo. It is a nonstructural viral protein that is part of the viral 

replication machinery and essential for viral replication (Dayton et al., 1986).  

Within the viral machinery, Tat’s primary role is to facilitate transcription 

elongation of the HIV genome. After transcription of the genome is initiated, Tat is 

recruited to the transcription complex, which includes the holoenzyme RNA 
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polymerase II, and binds to the Tat activation region (TAR) of the transcribed HIV RNA 

(Isel and Karn, 1999). Tat binding to TAR induces recruitment of the transactivator 

kinase complex (TAK), including the cyclin-dependent kinase 9 (CDK9) and cyclin T1 

(Garber et al., 1998; Wei et al., 1998). CDK9 becomes constitutively active, 

hyperphosphorylating the C-terminal domain of RNA polymerase II and activating the 

transcription complex, which goes on to transcribe the rest of the HIV genome (Isel and 

Karn, 1999). Tat’s transcriptional activities can increase synthesis of reporter genes 

more than 100-fold in infected cells (Sodroski et al., 1985). 

In addition to its facilitation of HIV transcription, Tat is also released by HIV-

infected cells and can modulate the expression levels of a host of heterologous genes, 

such as bcl-2 and tumor necrosis factor (Sastry et al., 1990; Zauli et al., 1995). 

Exogenous release and uptake of Tat protein occurs when cell death is minimal and Tat 

expression is high (Ensoli et al., 1993). One such mechanism by which Tat is taken up 

into cells is via the low-density lipoprotein receptor-related protein (LRP) (Liu et al., 

2000). Tat release into the extracellular space can promote HIV pathology in cells 

derived from AIDS patients (Ensoli et al., 1990), and contribute to increasing viral 

replication in latently infected cells (Green and Loewenstein, 1988), as well as activating 

uninfected immune cells to increase permissivity for infection by the HIV virus (Li et al., 

1997). Thus, in addition to its transcriptional activity within infected cells, extracellular Tat 

has pathogenic effects in the progression of HIV infection. 

Exogenous Tat is also released in the CNS by infected neuroimmune cells, such 

as monocytes. Application of Tat protein, both in vitro and in vivo, is neurotoxic, inducing 

toxic rises in intracellular calcium (Bonavia et al., 2001) and direct depolarization in 

neurons (Magnuson et al., 1995; Cheng et al., 1998), and striatal lesions and even overt 

lethality in rodent models (Sabatier et al., 1991; Hayman et al., 1993). These and other 
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studies conclude that HIV Tat is excitotoxic to neurons (Bansal et al., 2000; Haughey et 

al., 2001). Furthermore, Tat protein and mRNA are found in HAND patients (Hofman et 

al., 1994; Wiley et al., 1996; Del Valle et al., 2000; Hudson et al., 2000). Expressing Tat 

protein in vivo produces behavioral changes such as slowed cognitive movement, and 

neuropathologies such as increased cytokine production, neuronal apoptosis, and 

dendritic degeneration, pathologies similar to those seen in HAND patients (Kim et al., 

2003; Fitting et al., 2010). 

Tat’s neurotoxic properties are dependent on various domains in its protein 

structure. Tat is an 86 to 101 amino acid protein, composed of 2 exons. The first exon 

comprises the first 72 amino acids and is divided into five functional domains 

(Kuppuswamy et al., 1989; Jeang et al., 1999). The first three domains comprise the 

activation domain: the N-terminal domain (amino acids 1-21), the cysteine-rich domain 

that forms intramolecular disulphide bonds (aa 22-37), and the core domain (aa 38-47). 

The fourth domain is basic (aa 47-72), containing a RKKRRQRR motif and guiding 

nuclear localization of Tat protein. The fifth domain is the glutamine-rich C-terminal 

domain, which is central to Tat’s transactivation activity. The second exon of Tat (aa 72-

86, 101) is less studied, but has been shown to enhance Tat uptake into neuronal cells 

(Ma and Nath, 1997) and contains two distinct motifs, the RGD sequence and the 

ESKKKVE motif (Brake et al., 1990). Various studies show that several regions within 

the first exon of Tat are required for its neurotoxic effects, for example the cysteine-rich 

domain (Aksenov et al., 2009), aa 31-61 (Nath et al., 1996), aa 46-60 (Sabatier et al., 

1991), and aa 37-72 (Philippon et al., 1994) (Figure 1.2). 
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Figure 1.2. Structure and functional domains of HIV Tat protein. Regions of Tat that have 

been implicated in its neurotoxic effects are highlighted in red. 

 

Together, these studies show that HIV Tat is a neurotoxic viral protein that is 

released into the CNS of patients infected with HIV, and contributes to the symptoms of 

HAND. Therefore, it is essential to determine the mechanisms by which Tat induces 

neurotoxicity, so that effective treatments may be developed. 

 

VI. HIV Tat induces synapse loss 

Changes in synapses that occur in response to CNS penetration of HIV can be 

correlated to cognitive decline seen in HAND. In order to track synaptic changes, our 

laboratory developed a novel, live cell confocal imaging assay that allows us to track 

synapse number in a single neuron over a specified time interval (Waataja et al., 2008). 

Hippocampal neurons are transfected with plasmid expression vectors for two 

contrasting fluorophores (Figure 1.3). The first is DsRed, a red fluorescent protein that 

expresses ubiquitously and allows us to visualize the morphology of the neuron (Figure 

1.3, DsRed). The second is postsynaptic density protein 95 (PSD95) a scaffolding 

protein highly expressed at excitatory postsynaptic densities, fused to green fluorescent 

protein (PSD95-GFP), which expresses in a discrete punctate pattern (Figure 1.3, 

PSD95-GFP). Previous work showed that these PSD95-GFP puncta represent 

N-term        Cys rich     Core        Basic     Glu rich 
 

1-21           22-37          38-37          48-59          60-72            73-86/101 

Exon 1 Exon 2 

Activation domain 
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functional excitatory postsynaptic sites (Waataja et al., 2008). This process allows us to 

quantify the number of synapses present in a live neuron at a given time point (Figure 

1.3, Processed). Repeated imaging of the same neuron tracks changes in synapse 

number over a given time interval, in order to quantify the changes that ensue after 

treatment with drugs or toxic viral proteins such as HIV Tat. 

 

 

Figure 1.3. Live cell confocal imaging of fluorescently labeled synapses. Primary rat 

hippocampal neurons in culture are transfected with expression vectors for DsRed (left) and 

PSD95-GFP (center). DsRed fluorescence indicates neuronal morphology and serves as a mask 

for PSD95 puncta. PSD95-GFP expresses in a punctate pattern; PSD95 puncta represent 

functional excitatory postsynaptic sites. Neurons are imaged over an 8 µm z-stack, and a 

maximum projection for each fluorophore is created. PSD95-GFP puncta that fit the appropriate 

size and intensity criteria are quantified, dilated, and overlaid on the DsRed mask to produce a 

processed data image (right). 
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 Using the method described above, previous work from our laboratory showed 

that exogenous application of the HIV protein Tat induced a significant decrease in  the 

number of PSD95-GFP puncta over 24 hours (Kim et al., 2008), indicating a loss of 

excitatory synapses. This loss of synapses occurred prior to overt neuronal death, which 

was significant at 48 hrs, and was concentration-dependent. An exciting discovery 

during the course of this study was the result that Tat-induced synapse loss was 

reversible; treatment with a protein known as receptor-associated protein (RAP) induced 

a recovery of synapse number back to basal levels after Tat-induced synapse loss. 

 

VII. Mechanisms of HIV Tat-induced synapse loss and recovery (Kim et al., 

2008) 

 Tat induces synapse loss by binding to the low-density lipoprotein receptor-

related protein (LRP). LRP is a multiligand receptor whose primary function is endocytic 

clearance of ligands from the extracellular space (May et al., 2007). Tat binds to and is 

taken up into the neuron by LRP (Liu et al., 2000), and induces synapse loss by 24 

hours post-exposure. RAP is a competitive LRP antagonist (Bu and Rennke, 1996) that 

inhibited Tat-induced synapse loss when applied prior to Tat. Tat binding and uptake 

induces activation of the N-methyl-D-aspartate (NMDA) receptor, an ionotropic 

glutamate receptor. Pretreatment with the uncompetitive NMDA receptor antagonist 

MK801 (dizocilpine) also inhibited Tat-induced synapse loss. 

The NMDA receptor is a neuron-specific tetrameric ion channel composed of two 

GluN1 subunits and two GluN2 subunits (Furukawa et al., 2005). GluN2 subunits can be 

further categorized into four isoforms: 2A, 2B, 2C, and 2D, the two dominant isoforms in 

the hippocampus being GluN2A and GluN2B (Monyer et al., 1994; Cull-Candy et al., 

2001). NMDA receptor activation results in opening of the channel pore and Ca2+ influx 
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into the cell. Tat exposure induces Ca2+ influx into the postsynaptic density via LRP and 

the NMDA receptor to cause synapse loss; pre-treatment with the cell permeable Ca2+ 

chelator BAPTA-AM prevented Tat-induced synapse loss. In Chapter Two I describe the 

importance of NMDA receptor subunit composition to mechanisms of Tat-induced 

synapse loss and subsequent recovery. Selective antagonism of GluN2A-containing or 

GluN2B-containing NMDA receptors uncovered distinct and opposing roles of these 

subunits in mediating the neurotoxic effects of Tat. 

 NMDA receptor-mediated Ca2+ influx that is induced by Tat triggers two distinct 

pathways. Ca2+ activates neuronal nitric oxide synthase (nNOS). nNOS activation and 

subsequent nitric oxide (NO) production induces overt neuronal death by 48 hours post-

Tat exposure; pretreatment with the nNOS antagonist L-NAME was able to protect 

against Tat-induced neuronal death. However, L-NAME pretreatment did not inhibit Tat-

induced synapse loss, suggesting that synapse loss was mediated through a separate 

pathway. Moreover, Tat-induced neuronal death was not observed at 24 h, indicating 

that synapse loss occurred prior to overt cell death. 

NMDA receptor-mediated Ca2+ influx also induces ubiquitination of PSD95, 

mediated by the E3 ligase MDM2 (Colledge et al., 2003). Inhibition of MDM2 activity with 

the antagonist nutlin-3, or by co-expression of the MDM2 inhibitor Arf, prevented Tat-

induced synapse loss. MDM2 polyubiquitinates PSD95; mutation of PSD95-GFP to 

truncate the PEST sequence required for ubiquitination (Colledge et al., 2003) also 

prevented Tat-induced synapse loss. Ubiquitination and subsequent proteasomal 

degradation of PSD95-GFP results in the synapse loss we visualize using our imaging 

assay. 

Surprisingly, when neurons were pretreated with nutlin-3, there was no protective 

effect seen against neuronal death. On the contrary, there was a sensitization effect; in 
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the presence of nutlin-3, neuronal death was seen using lower concentrations of Tat 

than with Tat alone. This suggests that synapse loss may be a coping mechanism; 

neurons may downregulate excitatory synapses in the presence of an excitotoxic 

stimulus such as Tat in order to protect against neuronal death. 

 An exciting discovery of this study was that if neurons were treated with RAP 

after 16 hours in the continued presence of Tat, after Tat-induced synapse loss had 

already occurred, this treatment induced a recovery of synapse number back to basal 

levels by 24 hours. RAP was unique in its ability to induce recovery; treatments at 16 hrs 

with reagents that prevented synapse loss, such as MK801, were unable to induce 

synapse recovery. Additionally, merely washing out Tat protein at 16 hours did not 

induce recovery, and no spontaneous recovery was seen in the absence of treatment. 

 Thus, HIV Tat induces excitotoxic synapse loss in hippocampal neurons. This 

synapse loss occurs prior to Tat-induced neuronal death, is dependent on Tat binding to 

LRP and potentiating NMDAR activity, and is reversible by the LRP antagonist RAP 

(Figure 1.4). We hypothesize that the phenomenon of synapse loss is a protective 

mechanism initiated by neurons in an attempt to decrease excitatory input. The recovery 

of synapse number induced by RAP is a robust phenomenon, yet the mechanisms of 

this recovery are as yet unknown. RAP is a competitive antagonist at LRP, preventing 

Tat from binding to or being taken up by LRP. However, this mechanism of action is 

insufficient to explain how RAP could induce recovery after 16 h of Tat exposure, when 

Tat has presumably already been bound and taken up into the neuron. In Chapter Four I 

describe a PKG-dependent pathway downstream of NMDA receptor signaling that 

suppresses synapse recovery after chronic (16 h) Tat exposure. Inhibition of this 

pathway induced synapse recovery. 
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Figure 1.4. Mechanism of Tat-induced synapse loss and recovery. HIV Tat binds to LRP and 

is taken up by neurons. Tat uptake induces the formation of a complex with LRP, PSD95 and the 

NMDA receptor (NMDAR), inducing NMDAR-mediated Ca
2+

 influx. The rise in intracellular 

Ca2+ activates two separate pathways: synapse loss induced by polyubiquitination of PSD95 and 

subsequent proteasomal degradation, and cell death induced by NO production. The LRP 

antagonist RAP, the NMDAR antagonist MK801, the calcium chelator BAPTA-AM, and the 

MDM2 antagonist nutlin-3 can all prevent synapse loss. The nNOS inhibitor L-NAME can 

prevent cell death, but not synapse loss. Application of RAP after 16 h Tat exposure, and in the 

continued presence of Tat, induces recovery of synapse number by 24 h. Adapted from (Kim et 

al., 2008). 
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VIII. Summary of introduction and current studies 

 In summary, HIV infection is a worldwide pandemic. Adjunct to its detrimental 

effects on the immune system, HIV infection can penetrate the CNS and lead to a 

spectrum of cognitive symptoms. These symptoms, known as HAND, are poorly treated 

by mainline HIV therapies, creating a need for insight into the mechanisms of cognitive 

dysfunction mediated by HIV and its viral products so that improved therapies may be 

developed. The subject of this dissertation is the mechanisms of neurotoxicity produced 

by one such viral product, the HIV protein transactivator of transcription (Tat). Tat is a 

viral protein that is released in the CNS by infected cells, and has a variety of immune 

effects. 

 Tat is neurotoxic in a variety of in vitro and in vivo models. Tat induces overt 

neuronal death, and synapse loss, a neuropathology that correlates with cognitive 

decline. Our laboratory has developed a novel, fluorescence-based live cell confocal 

imaging assay that allows us to track the dynamic changes in synapse number for a 

single neuron over multiple time points. Previous work in our lab utilizing this assay 

showed that Tat induced synapse loss by 16 h that is sustained through 48 h. This loss 

was dependent on NMDA receptor activation and subsequent Ca2+ influx. Synapse loss 

occurred earlier than overt neuronal death and via a separate signaling pathway 

dependent on ubiquitination of PSD95 and subsequent proteasomal degradation. 

Synapse loss was reversible; treatment at 16 h with the LRP antagonist RAP induced a 

recovery of synapse number back to basal levels by 24 h. However, the mechanisms of 

RAP-induced synapse recovery are as yet unknown. 

 The work to date has laid the foundation for the studies outlined in this 

dissertation. I determined the role of NMDA receptor activity in Tat-induced neurotoxicity, 

and the importance of subunit composition in modulating the downstream effects of 
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Tat exposure. Selective inhibition of GluN2A-containing or GluN2B-containing NMDA 

receptors had distinct effects on Tat-induced cell death, as well as Tat-induced synapse 

loss and subsequent synapse recovery. Surprisingly, inhibition of GluN2B-containing 

NMDA receptors induced synapse recovery in the absence of RAP, indicating a role for 

GluN2B-containing receptors in suppression of synapse recovery.  

I also determined the dynamics of presynaptic terminals in response to Tat 

exposure. Tat exposure induced loss of presynaptic terminals concurrent with loss of 

postsynaptic densities. Tat-induced loss of presynaptic terminals required postsynaptic 

LRP and NMDA receptor activity, as well as E3 ligase-mediated degradation of 

postsynaptic proteins. Again, inhibition of GluN2B-containing NMDA receptors induced 

recovery of presynaptic terminals after Tat exposure. 

Finally, I elucidated the signaling pathway downstream of GluN2B-containing 

NMDA receptors that mediated suppression of synapse recovery after Tat-induced 

synapse loss. After 16 h Tat exposure, GluN2B-containing NMDA receptors were 

persistently activated, stimulating nNOS activation and NO production. This triggered 

production of cGMP and PKG activation, which phosphorylated VASP, an actin-

associated protein. Pharmacological or genetic inhibition of any step in this pathway 

induced synapse recovery. 

These studies highlight the mechanisms of Tat’s neurotoxic effects, which can 

contribute to the pathology of HAND. Determining the means by which Tat induces 

neuronal injuries such as synapse loss is crucial to developing improved therapies for 

HAND patients. 
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I. Introduction 

AIDS affects over 30 million people worldwide. Approximately 20% of HIV-

infected patients suffer from neurological symptoms ranging from mild cognitive and 

motor impairment to dementia, known collectively as HIV-associated neurocognitive 

disorders (HAND) (Ellis et al., 2007). HAND is an important complication of HIV infection 

of the brain because cognitive decline in some individuals progresses to where they are 

unable to perform basic functions of daily living (Kaul and Lipton, 2006; Hult et al., 2008; 

Minagar et al., 2008), and HIV patients showing neurocognitive impairment have shorter 

lifespans (Tozzi et al., 2005b). Despite the reduced incidence of severe dementia with 

widespread use of combined anti-retroviral therapies, increased diagnosis and 

prolonged life span of HIV patients increases the need for improved therapies to cope 

with the rising prevalence of HAND.  

Cognitive decline in HAND patients correlates with dendritic pruning and loss of 

synaptic spines (Wiley et al., 1999; Sa et al., 2004). The mechanism by which HIV 

infection leads to neurocognitive dysfunction is largely indirect because the virus infects 

macrophages and microglia in the central nervous system, but not neurons. Infected 

cells within the brain secrete inflammatory cytokines and shed viral proteins which in turn 

exert toxic effects on neurons (Genis et al., 1992; Speth et al., 2001). The HIV protein 

Transactivator of transcription (Tat) is shed by infected cells and induces neuronal 

injuries that include dendritic pruning, loss of spine density, synapse loss, and overt 

neuronal death (Liu et al., 2000; Eugenin et al., 2007; Kim et al., 2008; Fitting et al., 

2010). Moreover, introducing Tat into the brain produces neuropathological symptoms in 

vivo (Kim et al., 2003; Maragos et al., 2003), and Tat mRNA is found in the brains of 

HAND patients (Wiley et al., 1996; Hudson et al., 2000). 

Tat induces synapse loss via a pathway distinct from that leading to neuronal 
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death (Kim et al., 2008). Both processes are initiated by NMDA receptor activity, but 

synapse loss is mediated by the ubiquitin proteasome pathway and cell death is 

mediated by activation of nitric oxide synthase (NOS). Synapses lost following treatment 

with Tat can be recovered by treating with an antagonist to the lipoprotein receptor (Kim 

et al., 2008). We hypothesize that synapse loss is a reversible mechanism that protects 

the neuron from excitotoxic stimuli such as Tat. Indeed, preventing synapse loss actually 

sensitizes neurons to Tat-induced cell death (Kim et al., 2008). AIDS patients with HAND 

symptoms display cognitive improvement after starting treatment with antiretroviral 

therapy, suggesting that impairment is initially reversible (McArthur, 2004). Furthermore, 

lithium treatment increases the number of synapses in vitro (Kim and Thayer, 2009), and 

can improve neurological symptoms of HIV infection in vivo (Dou et al., 2005; Letendre 

et al., 2006). Perhaps inducing recovery of synapses can improve cognition in HAND 

patients. 

The location and subunit composition of NMDA receptors determines the survival 

versus death promoting effects of glutamate. Activation of GluN2A-containing NMDA 

receptors, which are preferentially localized to synapses, exerts pro-survival effects. In 

contrast, NMDA receptors that contain GluN2B subunits are predominantly extrasynaptic 

and their activation initiates cell death (Hardingham et al., 2002; Liu et al., 2004a; Liu et 

al., 2007). The activity of NMDA receptors at synaptic relative to extrasynaptic sites may 

be vital to initiating synapse loss, or alternatively, inducing recovery of synapses. 

However, the role of NMDA receptor subunit composition in the mechanism of Tat-

induced synapse loss, and subsequent recovery, has not been studied.  

Dizocilpine (MK801) is a potent and efficacious NMDA receptor antagonist that 

affords short term protection from acute excitotoxicity, but is poorly tolerated in vivo due 

to psychotomimetic effects (Muir and Lees, 1995; Manahan-Vaughan et al., 2008). 
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Memantine blocks NMDA receptors with rapid binding kinetics that enable it to 

preferentially block extrasynaptic NMDA receptors (Xia et al., 2010). It is well tolerated in 

humans and is clinically approved to improve cognition in Alzheimer’s patients (Reisberg 

et al., 2003). GluN2B-selective NMDA receptor antagonists such as ifenprodil (Williams, 

1993; Tovar and Westbrook, 1999) can selectively target receptors that participate in the 

toxic effects of NMDA receptor stimulation while sparing survival promoting GluN2A 

containing receptors (Hardingham et al., 2002; Liu et al., 2004a; Liu et al., 2007). In 

contrast, GluN2A-selective NMDA receptor antagonists such as TCN201 (Bettini et al., 

2010) might reduce survival. 

Here we examined the effects of dizocilpine, memantine, ifenprodil and TCN201 

on death and synapse loss and recovery following HIV Tat. With the exception of 

TCN201, all the NMDA receptor antagonists protected from Tat-induced cell death. 

Memantine and ifenprodil failed to affect synapse loss, while dizocilpine and TCN201 

were protective. Surprisingly, memantine and ifenprodil, but not dizocilpine or TCN201, 

induced recovery of synapses following exposure to Tat. 

 

II. Methods 

Materials. Materials were obtained from the following sources: the PSD95-GFP 

expression vector (pGW1-CMV-PSD95-EGFP) was kindly provided by Donald B. Arnold 

(Arnold and Clapham, 1999); the expression vector for DsRed2 (pDsRed2-N1) from 

Clontech (Mountain View, CA); HIV Tat (Clade B, recombinant) from Prospec Tany 

TechnoGene Ltd. (Rehovot, Israel); recombinant rat receptor associated protein (RAP) 

from Fitzgerald Industries International (Concord, MA); Dulbecco's modified Eagle 

medium (DMEM), fetal bovine serum, horse serum and propidium iodide (PI) from 

Invitrogen (Carlsbad, CA); memantine HCl, ifenprodil hemitartrate, and TCN201 from 
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Tocris (Ellsville, MO); penicillin/streptomycin, dizocilpine (MK801) and all other reagents 

from Sigma (St. Louis, MO). 

 

Cell culture. Rat hippocampal neurons were grown in primary culture as described 

previously (Shen and Thayer, 1998) with minor modifications. Fetuses were removed on 

embryonic day 17 from maternal rats, anesthetized with CO2, and sacrificed by 

decapitation. Hippocampi were dissected and placed in Ca2+ and Mg2+-free HEPES-

buffered Hanks salt solution (HHSS), pH 7.45. HHSS was composed of the following (in 

mM): HEPES 20, NaCl 137, CaCl2 1.3, MgSO4 0.4, MgCl2 0.5, KCl 5.0, KH2PO4 0.4, 

Na2HPO4 0.6, NaHCO3 3.0, and glucose 5.6. Cells were dissociated by trituration 

through a 5 ml pipette and a flame-narrowed Pasteur pipette, pelleted and resuspended 

in DMEM without glutamine, supplemented with 10% fetal bovine serum and 

penicillin/streptomycin (100 U/mL and 100 μg/mL, respectively). Dissociated cells were 

then plated at a density of 80,000-120,000 cells per dish onto a 25-mm-round cover 

glass (#1) glued to cover a 19 mm diameter opening drilled through the bottom of a 35 

mm Petri dish. The cover glass was precoated with Matrigel (200 μL, 0.2mg/mL) (BD 

Biosciences, Billerica, MA). Neurons were grown in a humidified atmosphere of 10% 

CO2 and 90% air (pH 7.4) at 37 oC, and fed at days 1 and 6 by exchange of 75% of the 

media with DMEM, supplemented with 10% horse serum and penicillin/streptomycin. 

Cells used in these experiments were cultured without mitotic inhibitors for at least 12 

days, resulting in a mixed glial-neuronal culture. Immunocytochemistry experiments 

demonstrated that these cultures were composed of 18  2 % neurons, 70  3 % 

astrocytes and 9  3 % microglia (Kim et al., 2011). 

 

Transfection. Rat hippocampal neurons were transfected between 10 and 12 days in 
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vitro using a modification of a protocol described previously (Kim et al., 2008). Briefly, 

hippocampal cultures were incubated for at least 20 minutes in DMEM supplemented 

with 1 mM kynurenic acid, 10 mM MgCl2, and 5 mM HEPES, to reduce neurotoxicity. A 

DNA/calcium phosphate precipitate containing 1 μg total plasmid DNA per well was 

prepared, allowed to form for 30 min at room temperature, and added to the culture. 

After a 90 minute incubation period, cells were washed once with DMEM supplemented 

with MgCl2 and HEPES and then returned to conditioned media, saved at the beginning 

of the procedure. Transfected neurons were imaged 48-96 hours post-transfection. 

Transfection efficiency ranged from 1-5%. 

 

Confocal imaging. Petri dishes containing transfected neurons were sealed with 

Parafilm, transferred to the stage of an inverted confocal microscope (Olympus Fluoview 

300, Melville, NY) and viewed through a 60X oil-immersion objective (NA=1.4). To 

enable repeated imaging of the same cell over a 24 h period, the location of the cell was 

recorded using micrometers attached to the stage of the microscope. Multiple optical 

sections spanning 8 µm in the z-dimension were collected (1 µm steps), and these 

optical sections were combined through the z-axis into a compressed z stack. GFP was 

excited at 488 nm with an argon ion laser and emission collected at 530 nm (10 nm band 

pass). DsRed2 was excited at 543 nm with a green HeNe laser and emission collected 

at >605 nm. The cell culture dish was returned to the CO2 incubator between image 

collections. Experiments studying synapse recovery were performed for 24 hours in the 

continuous presence of Tat, with or without the specified drugs added at 16 hours. 

 

Image processing. To count and label PSD95-GFP puncta an automated algorithm was 

created using MetaMorph 6.2 image processing software described previously 
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(Waataja et al., 2008). Briefly, maximum z-projection images were created from the 

DsRed2 and GFP image stacks. Next, a threshold set 1 s.d. above the image mean was 

applied to the DsRed2 image. This created a 1-bit image that was used as a mask via a 

logical AND function with the GFP maximum z-projection. A top-hat filter (80 pixels) was 

applied to the masked PSD95-GFP image. A threshold set 1.5 s.d. above the mean 

intensity inside the mask was then applied to the contrast enhanced image. Structures 

between 8 and 80 pixels (approximately 0.37 to 3.12 μm in diameter) were counted as 

PSDs. The structures were then dilated and superimposed on the DsRed2 maximum z-

projection for visualization.  

 

Toxicity. Cell death was quantified using propidium iodide (PI) fluorescence as 

previously described (Kim et al., 2008). Cell culture was performed as described above 

except that 50,000 to 60,000 cells per well were plated in 96-well plates and grown for 

12-14 days in vitro. The experiment was started at 12 days in vitro by replacing 100 µL 

(approximately 2/3 volume) of the cell culture medium with fresh DMEM containing 10% 

horse serum, penicillin/streptomycin, 70 µM PI and either Tat (50 ng/mL) or vehicle. The 

plate was placed in a FluoStar Galaxy multiwell fluorescent plate scanner (BMG 

Technologies GmbH, Offenburg, Germany) and maintained at 37 oC. PI fluorescence 

intensity measurements (excitation 544 nm ± 15 nm, emission 620 nm ± 15 nm) were 

taken at time 0 and 48 h. Between measurements, cells were returned to the incubator 

and kept at 37°C in 10% CO2. Drugs, when present, were applied 15 min before 

application of Tat and included in the media exchange. Each treatment was performed in 

triplicate; a set of 3 wells from a single plating of cells was defined as an individual 

experiment (n=1).  
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Immunocytochemistry. Hippocampal cultures prepared as described earlier were 

transfected with pGW1-CMV-PSD95-EGFP on day 12 in culture. Forty-eight hours after 

transfection, cover slips with cells were washed with tris-buffered saline (TBS) and fixed 

with Lana’s fixative (8% paraformaldehyde, 14% picrate, 0.16 M phosphate) for 10 min. 

The cells were washed with TBS, then permeabilized in TBS + 0.2% Triton X100 

(Sigma) for 10 min at room temperature. After permeabilization, the cells were incubated 

with mouse anti-GluN2A (1:200, Chemicon/Millipore, Billerica, MA, USA) or mouse anti- 

GluN2B (1:200, BD Transduction Laboratories, San Jose, CA, USA) in TBS + 0.2% 

Tween-20 (Sigma) for 1 h at room temperature. Cells were washed with TBS and 

labelled proteins visualized with tetramethyl rhodamine isothiocyanate (TRITC)-

conjugated goat anti-mouse antibody (Millipore, Billerica, MA, USA, 1:400) in TBS + 

0.2% Tween-20. Cover slips were mounted with Fluoromount (Southern Biotech, 

Birmingham, AL, USA) and imaged on an inverted confocal microscope (Olympus 

Fluoview 300, Melville, NY, USA) using a 60X oil-immersion objective (NA = 1.4). TRITC 

was excited at 543 nm, and emission collected at >605 nm. 

 

Statistics. For synapse loss and recovery studies, an individual experiment (n=1) was 

defined as the change in the number of PSDs from a single cell from a single coverslip. 

PSD counts were presented as mean  SEM. Each experiment was replicated over at 

least 3 separate cultures. For cell survival studies, each treatment was performed in 

triplicate; thus, a set of 3 wells from a single plating of cells was defined as an individual 

experiment (n=1). In all statistical analyses we used Student’s t-test for single or ANOVA 

with Tukey’s post-hoc test for multiple statistical comparisons (OriginPro v8.5, 

Northampton, MA).  
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III. Results 

Changes in the number of synapses between rat hippocampal neurons in culture 

were monitored by imaging neurons expressing PSD95-GFP and DsRed2, as previously 

described (Waataja et al., 2008). The PSD95-GFP fusion construct expressed in a 

punctate pattern. Processing of PSD95-GFP images identified PSDs as fluorescent 

puncta meeting intensity and size criteria (average puncta size=0.52 μm2) and in contact 

with a mask derived from the DsRed2 image (Figure 2.1, A). We have previously shown 

that fluorescent puncta co-localized with synaptically evoked local Ca2+ increases, 

functional neurotransmitter release sites and NMDA receptor immunoreactivity, 

indicating that they represent functional post-synaptic sites (Waataja et al., 2008). The 

number of PSD95-GFP puncta was calculated for a single neuron over multiple time 

points to assess changes in synapse number (Figure 2.1, B). In untreated neurons the 

number of synaptic sites increased by 24 ± 5% (n = 66) over 24 h. Treatment with 50 ng 

mL-1 Tat for 24 h evoked a 24 ± 4% (n = 37) decrease in the number of postsynaptic 

sites (Figure 2.1, B). 

 

Dizocilpine blocks Tat-induced changes in synapses and survival 

 Synapse loss induced by Tat is mediated by the NMDA receptor (Kim et al., 

2008). In Figure 2.1 B we show that treatment with dizocilpine prevented synapse loss 

evoked by 24 hour treatment with 50 ng/mL Tat. This protection was concentration 

dependent with an EC50 of 9.6 nM (Figure 2.1, C)  

NMDA receptor activity is also required for Tat-induced cell death (Eugenin et al., 

2007). Treatment with Tat induced neuronal death by 48 hours which we quantified by 

uptake of PI. 50 ng/mL Tat increased PI fluorescence to 52  15% (n = 13) of that 

evoked by 1 mM glutamate. Treatment with dizocilpine 15 minutes prior to and during 
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48 hour exposure to Tat afforded a concentration-dependent protection with an EC50 of 

10.4 nM (Figure 2.1, D). Figure 2.1 E shows representative images of PI fluorescence 

superimposed on differential interference contrast images of the hippocampal culture 

under control conditions and following 48 h treatment with Tat. Treatment with Tat for 24 

h, the time at which synapse loss was determined (Figure 2.1, B-C), did not significantly 

affect viability as determined by retention of the DsRed2 protein (Figure 2.1, B) and 

failure to take up PI (Kim et al., 2008). Thus, synapse loss precedes neuronal death and 

both synapse loss and death are reduced by similar concentrations of dizocilpine. 
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Figure 2.1. NMDA receptor activity is required for Tat-mediated neuronal death and 

synapse loss. Representative confocal images of neurons were collected and processed as 

described in Methods. Maximum projection images show a neuron expressing PSD95-GFP and 

DsRed2. PSD95-GFP puncta were identified by filtering compressed z-stacks (8 µm) of confocal 

images for fluorescent intensity and size and counted when in contact with a mask derived from 

the DsRed2 image. Labeled PSDs were dilated and overlaid on the DsRed2 image for 

visualization purposes (processed). The insets are enlarged images of the boxed region. Scale bars 

represent 10 µm. B, Processed images show neurons before (0 h) and after (24 h) no treatment 

(control), treatment with 50 ng/mL Tat (Tat), or treatment with 10 µM dizocilpine 15 min before 

and during treatment with Tat (Diz + Tat). The insets are enlarged images of the boxed regions. 

Scale bars represent 10 µm. C, Graph shows the % change in the number of PSD95-GFP puncta 

(mean ± SEM) for cells treated with 50 ng/mL Tat for 24 h in the presence of the indicated 

concentrations of dizocilpine (n ≥ 7 for each data point). The curve was fit with a logistic 

equation of the form %PSD change = A2 + (A1 - A2)/(1 + (X/EC50)p) where X = dizocilpine 

concentration, A1 = -28 ± 2% PSD change without dizocilpine, A2 = 17 ± 4% PSD change at a 

maximally effective dizocilpine concentration and p = slope factor. EC50 was calculated using a 

nonlinear, least squares curve-fitting program. EC50 and p were 9.6 nM and 0.5, respectively. D, 

Graph shows cell death in cultures treated with 50 ng/mL Tat for 48 h in the presence of the 

indicated concentrations of dizocilpine (n ≥ 5 for each data point). Cell death was quantified by 

PI fluorescence as described in Methods. PI fluorescence was normalized to that induced by 

treatment with 1 mM glutamate for 48 h, which kills virtually all neurons in this culture. The 

mean ± SEM % change in PI fluorescence is plotted against increasing concentrations of 

dizocilpine. The curve was fit with a logistic equation of the form % change in PI fluorescence = 

A1 + (A2 - A1)/(1 + (X/EC50)p) where X = dizocilpine concentration, A1 = -1 ± 5% PI 

fluorescence change at a maximally effective dizocilpine concentration, A2 = 54 ± 9% PI 

fluorescence change without dizocilpine, and p = slope factor. EC50 was calculated using a 

nonlinear, least squares curve-fitting program. EC50 and p were 10.4 nM and – 0.7, respectively. 

E, Representative images show differential-interference contrast micrographs of hippocampal 

neurons in culture with PI fluorescence (red) superimposed. Images from control and Tat-treated 

(50 ng/mL) cultures are shown before (0 h) and after (48 h) treatment. 
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Tat-induced loss of PSD95-GFP puncta is mediated by the low density 

lipoprotein receptor related protein (LRP) (Kim et al., 2008). The loss of postsynaptic 

sites was reversed by treatment with RAP, a competitive antagonist of LRP. Treating 

neurons for 16 h with 50 ng/mL Tat induced significant synapse loss (Figure 2.2, A) that 

was sustained for 24 h (Figure 2.2, B). Addition of dizocilpine (10 μM) at 16 h to cells 

treated with Tat did not affect the sustained loss (Kim et al., 2008). In contrast, adding 

RAP to Tat-treated cells at 16 h in the continuous presence of Tat produced a marked 

recovery of synaptic sites (n = 52) (Figure 2.2, A-B). Interestingly, the recovery of 

PSD95-GFP puncta induced by RAP was inhibited by adding 10 µM dizocilpine 15 

minutes prior to the addition of RAP at 16 h (n = 29) (Figure 2.2, A-B), indicating that 

NMDA receptor activity was necessary for the recovery process. We next determined 

the concentration-dependence for dizocilpine’s inhibition of synapse recovery. As shown 

in Figure 2.2 C, dizocilpine impaired synapse recovery with an EC50 of 24 nM. Taken 

together, these results show that NMDA receptor activity is not only required for Tat-

induced synapse loss and neuronal death, it is also required for recovery of synapses 

following Tat-induced loss. Moreover, dizocilpine attenuated Tat-induced synapse loss, 

Tat-induced cell death and RAP-induced synapse recovery with comparable potencies. 
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Figure 2.2. NMDA receptor activity is required for RAP-induced synapse recovery. A, 

Representative processed images of neurons before (0 h) and 16 and 24 h after treatment with 50 

ng/mL Tat. After 16 h exposure to Tat the cells were treated with 50 nM RAP alone (Tat + RAP) 

or RAP + 10 µM dizocilpine (Tat + RAP + Diz) (dizocilpine was applied 15 min before adding 

RAP). The insets are enlarged images of the boxed region. Scale bars represent 10 µm. B, Graph 

summarizes % change in number of PSDs in the absence (control) or presence of 50 ng/mL Tat 

for 24 h. After 16 h exposure to Tat cells were then left untreated or treated with 50 nM RAP 

alone or RAP + 10 µM dizocilpine. Data are expressed as mean ± SEM. ***, p < 0.001 relative to 

control at 16 h; #, p < 0.05 relative to 50 ng/mL Tat at 24 h (ANOVA with Tukey’s post-test). C, 

Graph shows the % change in the number of PSD95-GFP puncta (mean ± SEM) for cells treated 

with 50 ng/mL Tat for 24 h. 50 nM RAP was applied at 16 h in the presence of the indicated 

concentrations of dizocilpine (n ≥ 5 for each data point). The curve was fit with a logistic 

equation of the form % PSD change = A1 + (A2 - A1)/[1 + (X/EC50)p] where X = dizocilpine 

concentration, A1 = -26 ± 3% PSD change at a maximally effective dizocilpine concentration, A2 

= 5 ± 1% PSD change without dizocilpine and p = slope factor. EC50 was calculated using a 

nonlinear, least squares curve-fitting program. EC50 and p were 24.3 nM and – 0.9, respectively. 
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Memantine differentially affects survival and synapse loss 

Dizocilpine is a high affinity uncompetitive NMDA receptor antagonist developed 

as a neuroprotective agent, but not used clinically due to psychotomimetic side effects 

(Muir and Lees, 1995). Memantine is an uncompetitive NMDA receptor antagonist that in 

contrast to dizocilpine, is well tolerated and used clinically to improve cognition in 

patients with Alzheimer’s disease (Reisberg et al., 2003). Therefore, we decided to test 

the effects of memantine on Tat-induced cell death and synapse loss. Memantine (10 

μM) prevented Tat-induced neuronal death (Figure 2.3, A), similar to dizocilpine (n = 9). 

However, in contrast to dizocilpine, 10 μM memantine did not inhibit synapse loss 

induced by Tat (n = 13) (Figure 2.3, B-C). Even at 100 µM, a concentration 10-fold 

higher than that needed to prevent Tat-induced cell death, memantine had no effect on 

Tat-induced synapse loss (n = 5) (Figure 2.3, C).  
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Figure 2.3. Memantine prevents Tat-

induced cell death without affecting 

synapse loss. A, Cell death was measured 

with the PI fluorescence assay described in 

Methods. Bar graph summarizes PI uptake in 

neurons 48 h after no treatment (control), 

treatment with 1 mM glutamate, or treatment 

with 50 ng/mL Tat in the absence (untreated) 

or presence of 10 µM memantine as 

indicated. PI fluorescence was normalized to 

1 mM glutamate treatment. Data are 

expressed as mean ± SEM. *, p < 0.05 

relative to control, ###, p < 0.001 relative to 

Tat treatment alone (ANOVA with Tukey’s 

post-test). B, Representative processed 

images of neurons incubated with 10 µM 

memantine before (0 h) and after (24 h) no 

treatment (Mem alone) or treatment with 50 

ng/mL Tat (Mem + Tat). The insets are 

enlarged images of the boxed region. Scale 

bars represent 10 µm. C, Bar graph 

summarizes changes in PSD-GFP puncta 

(PSDs) after 24 h treatment under control 

conditions (solid bars) or following 

treatment with 50 ng/mL Tat in the absence 

or presence of the indicated concentration of 

memantine. Data are expressed as mean ± 

SEM. ***, p < 0.001 relative to control 

(Student’s t-test). 
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Memantine induces recovery of synapses 

We next examined the effect of memantine on the recovery of synaptic sites 

following Tat-induced loss. In contrast to dizocilpine, memantine significantly increased 

the number of synapses in Tat-treated cells. As shown in Figure 2.4 A and B, addition of 

10 μM memantine to cells treated with 50 ng/mL Tat for 16 hours evoked a recovery in 

the number of PSD95-GFP puncta (n = 13). Furthermore, memantine did not inhibit 

recovery of synapses induced by RAP. When memantine was applied 15 minutes prior 

to the addition of RAP at 16 h, the number of synapses still increased similar to cells 

treated with RAP alone at 16 h (n = 14) (Figure 2.4, C). Memantine induced synapse 

recovery following Tat-induced synapse loss and did not interfere with synapse recovery 

in the presence of RAP. One mechanism by which memantine might selectively inhibit 

NMDA receptor-mediated cell death while sparing NMDA receptor-induced synapse loss 

would be if these two processes were mediated by different subsets of NMDA receptors. 

Immunocytochemistry experiments found these hippocampal neurons in culture to 

express both GluN2A and GluN2B immunoreactivity (Figure 2.5).  

 



 

 

35 

 
 
Figure 2.4. Memantine evokes synapse recovery after Tat-induced loss. A, Representative 

processed images of a neuron before (0 h) and 16 or 24 h after treatment with 50 ng/mL Tat. 10 

µM memantine was applied after 16 h in the presence of Tat. The insets are enlarged images of 

the boxed region. Scale bars represent 10 µm. B–C, Graphs summarize % change in number of 

PSDs in the absence (control) or presence of 50 ng/mL Tat for 24 h. B, After 16 h exposure to Tat, 

cells were then left untreated or treated with 10 µM memantine. C, After 16 h exposure to Tat, 

cells were then left untreated, treated with 50 nM RAP alone or treated with RAP + 10 µM 

memantine. Memantine was added to neurons 15 min before 50 nM RAP. Data are expressed as 

mean ± SEM. ***, p < 0.001 relative to control at 16 h, #, p < 0.05 relative to 50 ng/mL Tat at 24 

h (ANOVA with Tukey’s post-test). 
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Figure 2.5. Hippocampal 

neurons in culture exhibit 

GluN2A and GluN2B 

immunoreactivity. Forty-

eight hours after transfection 

with the PSD95-GFP 

expression vector, 

hippocampal cultures were 

fixed and labelled with 

GluN2A and GluN2B-

selective antibodies (red) as 

described in Methods. 

PSD95-GFP puncta (green) 

co-localized with GluN2A 

and GluN2B immunoreactive 

puncta (merged, yellow). 

Note that non-transfected 

cells were also present in the 

field and thus not all 

immunoreactive puncta (red) 

co-localize with a PSD95-

GFP puncta. Scale bars 

represent 10 µm. 
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Ifenprodil differentially affects survival and synapse loss  

Memantine differs from dizocilpine in that it preferentially inhibits NMDA receptor 

activity at extrasynaptic sites (Xia et al., 2010). Because GluN2B subunits are 

predominantly localized to extrasynaptic sites and their activation triggers cell death (Liu 

et al., 2007), we hypothesized that memantine protected from Tat-induced neuronal 

death by preferentially inhibiting GluN2B-containing NMDA receptors while sparing 

synaptic plasticity induced by GluN2A-containing NMDA receptor activity. We tested this 

hypothesis with the use of the NMDA receptor antagonist ifenprodil. 

Ifenprodil is an uncompetitive antagonist that is selective for GluN2B-containing 

NMDA receptors at a concentration of 10 μM (Williams, 1993; Avenet et al., 1996). 

Ifenprodil (10 µM) prevented Tat-induced neuronal death (n = 13) (Figure 2.6, A). 

However, this concentration of ifenprodil did not inhibit synapse loss induced by Tat (n = 

9) (Figure 2.6, B-C). This result is similar to that seen with memantine, indicating that 

GluN2B-containing, or extrasynaptic NMDA receptors were not required for Tat-induced 

synapse loss. 
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Figure 2.6. Ifenprodil improves survival without 

inhibiting Tat-induced synapse loss. A, Cell 

death was measured with the PI fluorescence 

assay described in Methods. Bar graph 

summarizes PI uptake in neurons 48 h after no 

treatment (control), treatment with 1 mM 

glutamate or treatment with 50 ng/mL Tat in the 

absence (untreated) or presence of 10 µM 

ifenprodil as indicated. PI fluorescence was 

normalized to 1 mM glutamate treatment. Data 

are expressed as mean ± SEM. *, p < 0.05 

relative to control, #, p  < 0.05 relative to Tat 

treatment alone (ANOVA with Tukey’s post-

test). B, Representative processed images of 

neurons incubated with 10 µM ifenprodil before 

(0 h) and after (24 h) no treatment (Ifen alone) or 

treatment with 50 ng/mL Tat (Ifen + Tat). The 

insets are enlarged images of the boxed region. 

Scale bars represent 10 µm. C, Bar graph 

summarizes changes in PSD-GFP puncta (PSDs) 

after 24 h treatment under control conditions or 

following treatment with 50 ng/mL Tat in the 

absence (untreated) or presence of 10 µM 

ifenprodil. Data are expressed as mean ± SEM. 

**, p < 0.01 relative to control; ***, p < 0.001 

relative to control (Student’s t test). 
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Ifenprodil induces synapse recovery 

We next examined the effect of ifenprodil on the recovery of synaptic sites 

following Tat-induced loss. Similar to memantine, 10 μM ifenprodil significantly increased 

the number of synapses in Tat-treated cells (Figure 2.7, A-B). As shown in Figure 2.7 A, 

addition of 10 μM ifenprodil after a 16 hour treatment with 50 ng/mL Tat evoked recovery 

in the number of PSD95-GFP puncta (n = 11). Furthermore, 10 μM ifenprodil did not 

inhibit recovery of synapses when applied 15 min prior to the addition of RAP at 16 

hours (n = 9) (Figure 2.7, C). This result is similar to that seen with memantine. Ifenprodil 

has non-selective effects at high concentrations (Williams, 1993). However, we were 

unable to study the effects of ifenprodil at concentrations greater than 10 µM because 24 

hour exposure to a high concentration of ifenprodil (100 µM) was directly toxic to the 

neuronal culture.  
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Figure 2.7. Ifenprodil evokes synapse recovery after Tat-induced loss. A, Representative 

processed images of a neuron before (0 h) and 16 or 24 h after treatment with 50 ng/mL Tat; 10 

µM ifenprodil was applied after 16 h in the presence of Tat. The insets are enlarged images of the 

boxed region. Scale bars represent 10 µm. B–C , Graphs summarize % change in number of PSDs 

in the absence (control) or presence of 50 ng/mL Tat for 24 h. B, After 16 h exposure to Tat cells 

were then left untreated or treated with 10 µM ifenprodil. C, After 16 h exposure to Tat cells were 

then left untreated, treated with 50 nM RAP alone or treated with RAP + 10 µM ifenprodil. 

Ifenprodil was added to neurons 15 min before 50 nM RAP. Data are expressed as mean ± SEM. 

***, p < 0.001 relative to control at 16 h; #, p < 0.05 relative to 50 ng/mL Tat at 24 h (ANOVA 

with Tukey’s post-test). 
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TCN201 differentially affects survival and synapse loss 

 If the effects of memantine and ifenprodil on synapse loss and recovery differed 

from dizocilpine due to their GluN2B-selective actions, then a GluN2A-selective 

antagonist should produce opposite effects. TCN201 is selective for GluN2A-containing 

NMDA receptors at concentrations less than 50 µM (Bettini et al., 2010). TCN201 at a 

concentration of 10 µM did not protect against Tat-induced cell death (n = 11) (Figure 

2.8, A), in contrast to ifenprodil and memantine. However, this same concentration of 

TCN201 prevented Tat-induced synapse loss (n = 10) (Figure 2.8, B-C). These results 

suggest that activation of GluN2A-containing NMDA receptors are required for Tat-

induced synapse loss, but do not participate in Tat-induced cell death. 
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Figure 2.8. TCN201 inhibits Tat-induced 

synapse loss without affecting survival. A, 

Cell death was measured with the PI 

fluorescence assay described in Methods. Bar 

graph summarizes PI uptake in neurons 48 h 

after no treatment (control), treatment with 1 

mM glutamate, or treatment with 50 ng/mL 

Tat in the absence (untreated) or presence of 

10 µM TCN201 as indicated. PI fluorescence 

was normalized to 1 mM glutamate treatment. 

Data are expressed as mean ± SEM. **, p < 

0.01 relative to control (ANOVA with 

Tukey’s post-test). B, Representative 

processed images of neurons incubated with 

10 µM TCN201 before (0 h) and after (24 h) 

no treatment (TCN alone) or treatment with 

50 ng/mL Tat (TCN + Tat). The insets are 

enlarged images of the boxed region. Scale 

bars represent 10 µm. C, Bar graph 

summarizes changes in PSD-GFP puncta 

(PSDs) after 24 h treatment under control 

conditions or following treatment with 50 

ng/mL Tat in the absence or presence of 10 

µM TCN201. Data are expressed as mean ± 

SEM. ***, p < 0.001 relative to control; ###, 

p < 0.001 relative to 50 ng/mL Tat alone 

(ANOVA with Tukey’s post-test). 
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TCN201 does not induce synapse recovery 

 We next examined the effects of TCN201 on synapse recovery. When applied 16 

h after the application of 50 ng/mL Tat, 10 µM TCN201 showed no effect (n = 13) (Figure 

2.9, A-B). The significant reduction in the number of synapses observed at the time of 

TCN201 application (t=16 h) was sustained in the presence of drug, in contrast to the 

effects of ifenprodil and memantine which induced synapse recovery. Furthermore, 

when 10 µM TCN201 was applied 15 min prior to RAP, it prevented RAP-induced 

recovery of synapses (n = 10) (Figure 2.9, C), similar to the effects of dizocilpine. 

Taken together, these results indicate that memantine, as well as GluN2B-

selective concentrations of ifenprodil protect from Tat-induced cell death, fail to affect 

Tat-induced synapse loss and will precipitate a recovery of synapses lost following Tat 

treatment. In contrast, GluN2A-selective concentrations of TCN201 do not protect from 

Tat-induced cell death, yet inhibit Tat-induced synapse loss. TCN201 inhibited RAP-

induced synapse recovery. The NMDA receptor antagonist dizocilpine, which lacks 

subunit selectivity, inhibited all aspects of Tat-induced toxicity, synapse loss, and 

subsequent recovery.  
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Figure 2.9. TCN201 inhibits synapse recovery after Tat-induced loss. A, Representative 

processed images of a neuron before (0 h) and 16 or 24 h after treatment with 50 ng/mL Tat. 10 

µM TCN201 was applied after 16 h in the presence of Tat. The insets are enlarged images of the 

boxed region. Scale bars represent 10 µm. B–C, Graphs summarize % change in number of PSDs 

in the absence (control) or presence of 50 ng/mL Tat for 24 h. B, After 16 h exposure to Tat cells 

were then left untreated or treated with 10 µM TCN201. C, After 16 h exposure to Tat cells were 

then left untreated, treated with 50 nM RAP alone or treated with RAP + 10 µM TCN201. 

TCN201 was added to neurons 15 min before 50 nM RAP. Data are expressed as mean ± SEM. 

***, p < 0.001 relative to control at 16 h; #, p < 0.05 relative to 50 ng/mL Tat, then RAP at 24 h 

(ANOVA with Tukey’s post-test). 
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IV. Discussion and conclusions 

Dendritic pruning and loss of synaptic spines correlates with cognitive decline in 

patients with HIV associated dementia (Masliah et al., 1997; Everall et al., 1999). HIV 

neurotoxicity is mediated in part by viral proteins, such as Tat, shed by infected non-

neuronal cells (King et al., 2006). In this study we used a live cell, confocal imaging 

assay to track dynamic changes in synapse number in neurons exposed to the HIV 

protein Tat. Tat induced a marked loss of synapses by 24 h. Synapse loss following 16 

exposure to Tat was reversible, although prolonged exposure led to cell death by 48 h. 

All three events—death, synapse loss and synapse recovery—required NMDA receptor 

activity (Figure 2.10). We examined the effects of four NMDA receptor antagonists with 

distinct mechanisms of action on these processes. Dizocilpine blocked all three 

processes. Memantine and ifenprodil prevented Tat-induced cell death. These drugs 

failed to affect Tat-induced synapse loss but, if applied late after significant synapse loss 

was evident, memantine and ifenprodil induced a recovery of synapse number. In 

contrast, TCN201 inhibited Tat-induced synapse loss as well as RAP-induced synapse 

recovery, but could not induce recovery, nor protect against Tat-induced cell death. 

These results suggest specific roles for NMDA receptor subtypes in these processes. 

Furthermore, the pharmacology of synapse loss and recovery changed during the 

course of the neurodegenerative process. 
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Figure 2.10. Modulation of HIV Tat-induced changes in synapses and survival by subtype 

specific NMDA receptor antagonists. Summary scheme links effects of pharmacological agents 

to hypothesized functions mediated by GluN2A- and GluN2B-containing NMDA receptors. 

 

Considerable evidence implicates HIV Tat as a significant contributing factor in 

HAND. It is present in the serum of HAND patients, and Tat protein and mRNA levels in 

the parenchyma correlate with the severity of neurological symptoms (Wiley et al., 1996; 

Hudson et al., 2000). Intracerebroventricular injection of Tat induced behavioral 

alterations, impaired long-term potentiation and produced neuronal and glial toxicity 

(Bruce-Keller et al., 2003; Li et al., 2004). In vitro and in vivo studies have demonstrated 

that Tat induces dendritic pruning (Fitting et al., 2010), synapse loss (Kim et al., 2008) 

and cell death (Eugenin et al., 2007). The imaging-based assay employed for this study 

is well suited for evaluating synaptic changes induced by neurotoxins such as Tat. 

Because the assay tracks the number of synapses on the same cell before and during 

the course of toxin exposure, it is especially useful for studying the recovery of synapses. 

Thus, this cell culture model is suitable for studying the effects of neuroprotective agents 

on cell survival and synapse loss and recovery. 
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The uncompetitive NMDA receptor antagonist dizocilpine inhibited Tat-induced 

neuronal death, Tat-induced synapse loss and RAP-induced synapse recovery in a 

concentration-dependent manner. The EC50 values for all three effects were in the 10-25 

nM range, consistent with those reported previously for dizocilpine inhibition of synaptic 

transmission (Wong et al., 1986), and NMDA-induced cell death (Gill et al., 1987). 

Dizocilpine does not distinguish among NMDA receptor subtypes and while it is use-

dependent (Foster and Wong, 1987; Huettner and Bean, 1988), the prolonged 

exposures employed in this study would effectively block all receptors in the 

spontaneously active network that forms in culture. Thus, we conclude from the 

dizocilpine experiments that NMDA receptor activity is necessary for Tat-induced cell 

death, and for synapse loss and recovery. Tat-induced cell death was previously shown 

to require NMDA receptor mediated Ca2+ entry (Bonavia et al., 2001; Eugenin et al., 

2007). Tat-induced synapse loss was also previously shown to be triggered by NMDA 

receptor activity (Kim et al., 2008). NMDA receptor activity is required to remodel 

synapses (Shi and Ethell, 2006), and can promote synaptogenesis and stabilize 

synapses during development in a subunit-specific manner (Gambrill and Barria, 2011). 

Here we showed that NMDA receptor activity was required for the recovery of synapses 

lost during a neurodegenerative process. That synapse recovery might follow some of 

the same processes responsible for synapse formation during development is plausible. 

Dizocilpine is highly efficacious in acute neurotoxicity models (Gill et al., 1987). However, 

it is poorly tolerated in humans because of psychotomimetic side effects (Muir and Lees, 

1995; Manahan-Vaughan et al., 2008) consistent with inhibition of synaptic plasticity. 

Dizocilpine blocks long-term potentiation, (Coan et al., 1987), long-term depression 

(Massey et al., 2004) and, as shown here, synapse loss and recovery. Thus, dizocilpine 

inhibits the homeostatic regulation of synapses after toxic environmental changes.  
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Memantine, like dizocilpine, is an uncompetitive NMDA receptor antagonist. 

However, it is of lower potency and displays higher binding off-rate kinetics (Parsons et 

al., 1993; Chen and Lipton, 1997). The binding kinetics in particular are thought to confer 

selectivity to extrasynaptic NMDA receptors (Xia et al., 2010). The rapid kinetics spare 

transiently activated receptors involved in synaptic transmission while inhibiting 

extrasynaptic receptors preferentially activated following sustained elevation of 

glutamate. Extrasynaptic NMDA receptors that are thought to preferentially activate cell 

death processes can be activated by excess synaptic activity that produces glutamate 

spillover (Rusakov and Kullmann, 1998), or the tonic increase in extracellular glutamate 

produced by enhanced release or impaired uptake by astrocytes (Pasti et al., 2001). 

Sparing of synaptic NMDA receptors by memantine is consistent with our observation 

that it does not affect Tat-induced synapse loss but does prevent Tat-induced cell death. 

Reported EC50 values for memantine inhibition of NMDA-induced responses are in the 

low micro molar range (Chen and Lipton, 1997). However, the lower potency of 

memantine relative to dizocilpine cannot explain the failure of memantine of prevent Tat-

induced synapse loss because even at 100 μM, a concentration 10 times higher than 

that needed to prevent Tat-induced cell death, memantine failed to affect synapse loss. 

Memantine is approved for use in patients with Alzheimer’s disease to improve cognition. 

The drug is well-tolerated, presumably because it spares synaptic plasticity, but is of 

modest efficacy. Perhaps analogs with altered binding kinetics can be developed that 

spare synaptic activation of NMDA receptors, but display greater neuroprotective 

efficacy. Our observation that memantine reversed synapse loss induced by Tat is 

intriguing. Clearly the pharmacology of synapse loss and recovery has changed during 

the course of exposure to Tat. It is possible that the pattern of NMDA receptor activation 

changes following exposure to Tat such that it favors memantine binding. Alternatively, 
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excessive activation of extrasynaptic NMDA receptors might lead to receptor 

internalization (Roche et al., 2001; Nong et al., 2003) changing the relative balance of 

extrasynaptic to synaptic NMDA receptors. 

Ifenprodil exerts its selective effects via a mechanism different from that of 

memantine, although the functional outcome in our assays was comparable. Ifenprodil is 

an GluN2B-selective NMDA receptor antagonist; its affinity for GluN2B-containing NMDA 

receptors is 10 times higher than for GluN2A-containing NMDA receptors (Williams, 

1993). Ifenprodil and dizocilpine have similar binding kinetics (Black et al., 1996). Thus, 

subunit selectivity is responsible for its profile of antagonism, one that is distinct from 

dizocilpine and similar to memantine. The preferential localization of GluN2B subunits to 

NMDA receptors at extrasynaptic sites (Liu et al., 2007) is consistent with the similar 

effects observed with memantine. Activation of GluN2B-containing NMDA receptors 

triggers cell death processes possibly because binding sites for death-inducing signaling 

molecules such as NOS are present on the carboxyl tail of GluN2B subunits 

(Christopherson et al., 1999). GluN2A-containing NMDA receptors are highly localized to 

synapses, and their activation has been shown to promote survival (Liu et al., 2007). 

Sparing GluN2A-containing NMDA receptors might account for the failure of ifenprodil to 

prevent Tat-induced synapse loss if the pro-survival GluN2A subtype of receptor 

mediated loss of synapses as a protective mechanism. However, the ifenprodil-evoked 

increase in synapses following Tat-induced loss suggests that the abundance of 

GluN2B- relative to GluN2A-containing NMDA receptors changes over the course of 

exposure to Tat. A changing pharmacological profile over the course of disease has 

important implications for when to administer and how to design neuroprotective drugs. 

TCN201 exerted effects opposite to those elicited by the GluN2B preferring 

antagonists, memantine and ifenprodil. This observation is consistent with the 



 

 

50 

selectivity of TCN201 for GluN2A-containing NMDA receptors (Bettini et al., 2010). 

Previous reports demonstrated differential effects of GluN2A- versus GluN2B-prefering 

antagonists on synaptic plasticity (Ge et al., 2010) and a prominent role for NMDA 

receptors containing GluN2B, but not GluN2A, subunits in initiating cell death 

(Hardingham et al., 2002; Liu et al., 2004a; Liu et al., 2007). GluN2A-containing NMDA 

receptors participate in anxiety- and depression-like behaviors (Boyce-Rustay and 

Holmes, 2006) suggesting that they may be useful pharmacological targets. Our results 

caution that drugs targeting GluN2A-containing NMDA receptors may interfere with the 

synaptic changes that enable neurons to adapt to synaptically driven excitotoxicity. 

We hypothesize that synapse loss is a protective mechanism that enables the 

cell to cope with excitotoxic stimuli such as Tat by down regulating excitatory input. 

Synapse loss is triggered by Ca2+ influx via NMDA receptors with subsequent activation 

of an ubiquitin ligase (Colledge et al., 2003; Kim et al., 2008). This pathway is separate 

from the one driving cell death, which also requires NMDA receptor activation but is 

mediated by Ca2+ dependent nNOS activation (Kim et al., 2008). Tat-induced, NO-

mediated neuronal death is an apoptotic process (Kruman et al., 1998). Using the same 

hippocampal cultures and synapse and survival assays described here, we previously 

reported that inhibiting the ubiquitin-proteasome pathway with nutlin-3 prevented Tat-

induced synapse loss, but not Tat-induced neuronal death. Conversely, L-NAME, an 

nNOS inhibitor, did not inhibit synapse loss, but prevented neuronal death induced by 

Tat. In the presence of nutlin-3 the EC50 for Tat induced neuronal death was shifted to 

the left. Thus, the inhibition of PSD95 degradation by the ubiquitin proteasome pathway 

increases the sensitivity to Tat-induced death. The coupling of nNOS to GluN2B 

subunits is consistent with the ability of dizocilpine, memantine and ifenprodil, but not 

TCN201, to prevent Tat-induced cell death (Christopherson et al., 1999). The pro-
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survival role previously attributed to GluN2A-containing NMDA receptors is consistent 

with the idea that synaptic activity drives synapse loss by activation of GluN2A-

containing NMDA receptors and that this loss improves survival. We speculate that Tat 

and NMDA receptor antagonists shift the delicate balance between survival and full 

integration into synaptic circuits. 

Linking GluN2B subunits to NOS mediated death and GluN2A to the ubiquitin-

proteasome pathways and synapse loss does not adequately explain the recovery of 

synapses induced by application of memantine or ifenprodil after Tat-induced synapse 

loss. The recovery of synapses induced by block of GluN2B-containing NMDA receptors 

suggests that activation of these receptors suppress new synapse formation. The failure 

of these drugs to affect Tat-induced synapse loss when given before Tat and the 

induced recovery produced by their late application, suggest that the composition of 

functional NMDA receptors changes during exposure to Tat. NMDA receptors internalize 

following sustained activation (Roche et al., 2001; Nong et al., 2003) and synapse loss 

clearly reduces NMDA receptor levels. The mechanism by which these drugs can induce 

recovery has yet to be elucidated. Indeed, the mechanism by which RAP can induce 

synapse recovery is not yet known; RAP is classified as a competitive antagonist for 

LRP, but this mechanism alone cannot explain how synapse recovery occurs at a time 

point when Tat is presumably already internalized.  

We propose that memantine and ifenprodil, by inhibiting a select subset of NMDA 

receptors as compared to the broad actions of dizocilpine, display several properties 

desirable for neuroprotective drugs. They improve survival by preventing Tat-induced 

activation of cell death pathways. Memantine and ifenprodil did not interfere with Tat-

induced synapse loss which allows a potentially beneficial reduction in excitatory input. 

Surprisingly, these drugs induced the recovery of synapses lost during exposure to Tat. 
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These findings may be broadly applicable to other neurodegenerative processes with an 

excitotoxic component. 
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I. Introduction 

 Human immunodeficiency virus (HIV) infection is a worldwide epidemic that 

affects approximately 30 million people (Kaul et al., 2001). Neurocognitive deficits are a 

significant consequence of HIV infection and affect approximately 30-50% of HIV-

infected patients (Cysique et al., 2004; Tozzi et al., 2005a). Neurological symptoms 

range in severity from mild cognitive impairment to severe HIV-associated dementia, and 

are collectively known as HIV-associated neurocognitive disorders (HAND) (Ellis et al., 

2007). HAND is a major consequence of HIV infection; progression of these neurological 

symptoms often renders patients incapable of functioning without daily assistance (Kaul 

and Lipton, 2006; Hult et al., 2008; Minagar et al., 2008). Additionally, while the advent 

of combined anti-retroviral therapies has reduced the incidence of HIV-associated 

dementia, the increased lifespan of HIV-infected patients has increased the prevalence 

of HAND diagnoses, providing a compelling need to develop improved therapies to 

combat the rising incidence of HAND. 

 HIV induces neurotoxicity and subsequent neurocognitive deficits by an indirect 

mechanism. The virus infects macrophages and microglia, not neurons in the CNS, and 

these infected cells in turn secrete inflammatory cytokines and shed viral proteins that 

are toxic to neurons (Genis et al., 1992; Speth et al., 2001). One such toxic protein is the 

HIV Transactivator of transcription (Tat), which is shed by infected cells. Tat mRNA and 

protein are found in the CNS of HAND patients (Hofman et al., 1994; Wiley et al., 1996; 

Del Valle et al., 2000; Hudson et al., 2000) and Tat protein induces HAND 

neuropathologies in vivo (Kim et al., 2003; Fitting et al., 2010). In vitro effects of Tat 

include dendritic pruning, decreased spine density, and synapse loss (Liu et al., 2000; 

Eugenin et al., 2007; Kim et al., 2008). Clinical studies have shown that the extent of 

cognitive decline in HAND patients correlates closely with dendritic damage and 
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synapse loss, rather than overt neuronal death (Wiley et al., 1999; Sa et al., 2004). 

 Tat induces the loss of excitatory synapses via a mechanism that is distinct from 

that by which it elicits cell death (Kim et al., 2008). Tat binds to the low density 

lipoprotein receptor-related protein (LRP), and activates NMDA receptors. The 

subsequent postsynaptic calcium influx triggers two independent pathways. Loss of the 

postsynaptic density results from calcium-induced activation of an ubiquitin ligase. Cell 

death results from calcium-dependent activation of neuronal nitric oxide synthase 

(nNOS) (Kim et al., 2008). Interestingly, Tat-induced loss of postsynaptic densities is 

reversible. What is not known, however, is how loss and recovery of postsynaptic 

densities relates to the dynamics of presynaptic terminals during exposure to HIV Tat. 

 Synaptophysin is an abundant membrane glycoprotein found on synaptic 

vesicles at the presynaptic terminal (Wiedenmann and Franke, 1985; Rehm et al., 1986; 

Johnston and Sudhof, 1990). Synaptophysin is a calcium-binding protein that is 

nonessential for vesicle release (McMahon et al., 1996), and is a major component of 

small synaptic vesicles. It is recruited to presynaptic active zones during synaptogenesis, 

albeit later than precursor proteins such as Bassoon or Piccolo (Fletcher et al., 1991; 

Friedman et al., 2000; Ziv and Garner, 2004), and is thus a good marker for presynaptic 

terminals. 

In this study, we examined the effects of HIV Tat on presynaptic terminals by 

tracking the expression of a synaptophysin-GFP fusion protein. HIV Tat decreased the 

number of presynaptic terminals on hippocampal neurons in culture. Moreover, this loss 

was triggered by NMDA receptor activity, indicating that loss of presynaptic terminals 

was initiated by postsynaptic mechanisms. Tat-induced loss of presynaptic terminals 

was reversible, and this recovery was initiated by modulating NMDA receptor activity. 

These results suggest that Tat-induced synapse loss and recovery are driven by 
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postsynaptic mechanisms. 

 

II. Methods 

Materials. Materials were obtained from the following sources: the Syn-GFP expression 

vector (pSynaptophysin-GFP-C1) was kindly provided by Jane Sullivan (University of 

Washington, Seattle, WA); the expression vector for DsRed2 (pDsRed2-N1) from 

Clontech (Mountain View, CA); HIV Tat (Clade B, full length, recombinant) from Prospec 

Tany TechnoGene Ltd. (Rehovot, Israel) and through the NIH AIDS Research and 

Reference Reagent Program (HIV Tat protein (full length, Clade B) from Dr. John Brady 

and DAIDS, NIAID); recombinant rat receptor associated protein (RAP) from Fitzgerald 

Industries International (Concord, MA); Dulbecco's modified Eagle medium (DMEM), 

fetal bovine serum, and horse serum from Invitrogen (Carlsbad, CA); ifenprodil 

hemitartrate from Tocris (Ellsville, MO); penicillin/streptomycin, MK801, and all other 

reagents from Sigma (St. Louis, MO). For control experiments, Tat was heat-inactivated 

by incubation at 85°C for 30 min. 

 

Cell culture. Rat hippocampal neurons were grown in primary culture as described 

previously (Shen and Thayer, 1998). Fetuses were removed on embryonic day 17 from 

maternal rats euthanized by CO2 inhalation. Hippocampi were dissected and placed in 

Ca2+ and Mg2+-free HEPES-buffered Hanks salt solution (HHSS), pH 7.45. HHSS was 

composed of the following (in mM): HEPES 20, NaCl 137, CaCl2 1.3, MgSO4 0.4, MgCl2 

0.5, KCl 5.0, KH2PO4 0.4, Na2HPO4 0.6, NaHCO3 3.0, and glucose 5.6. Cells were 

dissociated by trituration through a 5 mL pipette and a flame-narrowed Pasteur pipette 

and resuspended in DMEM without glutamine, supplemented with 10% fetal bovine 

serum and penicillin/streptomycin (100 U/mL and 100 μg/mL, respectively). 
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Dissociated cells were then plated at a density of 100,000-120,000 cells per dish onto a 

25-mm-round cover glass (#1) glued to cover a 19 mm diameter opening drilled through 

the bottom of a 35 mm Petri dish. The cover glass was precoated with Matrigel (200 μL, 

0.2mg/mL) (BD Biosciences, Billerica, MA). Neurons were grown in a humidified 

atmosphere of 10% CO2 and 90% air (pH 7.4) at 37 oC, and fed on days 1 and 6 by 

exchange of 75% of the media with DMEM, supplemented with 10% horse serum and 

penicillin/streptomycin. Cells used in these experiments were cultured without mitotic 

inhibitors for at least 12 days, resulting in a mixed glial-neuronal culture. 

Immunocytochemistry experiments demonstrated that these cultures were composed of 

18  2 % neurons, 70  3 % astrocytes and 9  3 % microglia (Kim et al., 2011). 

 

Transfection. Rat hippocampal neurons were transfected between 10 and 12 days in 

vitro using a modification of a protocol described previously (Kim et al., 2008). Briefly, 

hippocampal cultures were incubated for at least 20 minutes in DMEM supplemented 

with 1 mM kynurenic acid, 10 mM MgCl2, and 5 mM HEPES, to reduce neurotoxicity. A 

DNA/calcium phosphate precipitate containing 1 μg total plasmid DNA per well was 

prepared, allowed to form for 30 min at room temperature, and added to the culture. 

After a 90 minute incubation period, cells were washed once with DMEM supplemented 

with MgCl2 and HEPES and then returned to conditioned media, saved at the beginning 

of the procedure. Transfected neurons were imaged 48-72 hours post-transfection. 

Transfection efficiency ranged from 1-5%. 

 

Confocal imaging. Petri dishes containing transfected neurons were sealed with 

Parafilm, transferred to the stage of an inverted confocal microscope (Olympus Fluoview 

300, Melville, NY) and viewed through a 60X oil-immersion objective (NA=1.4). To 
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enable repeated imaging of the same cell over a 24 h period, the location of the cell was 

recorded using micrometers attached to the stage of the microscope. Optical sections 

spanning 8 µm in the z-dimension were collected (1 µm steps), and were combined 

through the z-axis into a compressed z stack. GFP was excited at 488 nm with an argon 

ion laser and emission collected at 530 nm (10 nm band pass). DsRed2 was excited at 

543 nm with a green HeNe laser and emission collected at >605 nm. The cell culture 

dish was returned to the CO2 incubator between image collections. Experiments 

studying synapse recovery were performed for 24 hours in the continuous presence of 

Tat, with or without the specified drugs added at 16 hours. 

 

Image processing. To count and label Syn-GFP puncta an automated algorithm was 

created using MetaMorph 6.2 image processing software described previously (Waataja 

et al., 2008). Briefly, maximum z-projection images were created from the DsRed2 and 

GFP image stacks. Next, a threshold set 1 s.d. above the image mean was applied to 

the DsRed2 image. This created a 1-bit image that was used as a mask via a logical 

AND function with the GFP maximum z-projection. A top-hat filter (80 pixels) was applied 

to the masked Syn-GFP image. A threshold set 1.5 s.d. above the mean intensity inside 

the mask was then applied to the contrast enhanced image. Structures between 8 and 

80 pixels (approximately 0.66 to 6.64 μm in diameter) and in contact with the DsRed2 

mask were counted as presynaptic terminals. The structures were then dilated and 

superimposed on the DsRed2 maximum z-projection for visualization. All Syn-GFP 

puncta in the representative processed images displayed in the figures were included in 

the quantitative analysis. 

 

Immunocytochemistry. Hippocampal cultures were prepared as described above 
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and maintained for at least 12 days in culture. Cells on coverslips were transfected with 

an expression plasmid for Syn-GFP as described above. After 48 hrs, cells were washed 

with tris-buffered saline (TBS), and then fixed with Lana’s fixative (8% paraformaldehyde, 

14% picrate, 0.16 M PO4) for 10 min. The cells were washed with TBS, then 

permeablized in TBS + 0.2% Triton X100 (Sigma) for 10 min at room temperature. After 

permeablization, cells were incubated with mouse anti-Bassoon monoclonal antibody 

(1:200, Enzo Life Sciences, Farmingdale, NY) in TBS + 0.2% Tween-20 (Sigma) for 1 h 

at room temperature. Cells were washed with TBS and labeled with tetramethyl 

rhodamine isothiocyanate (TRITC)-conjugated goat anti-mouse antibody (Millipore, 

Billerica, MA, 1:400) in TBS + 0.2% Tween-20. Coverslips were mounted with DPX 

mountant (Sigma) and visualized on an inverted confocal microscope (Olympus 

Fluoview 300, Melville, NY) using a 60X oil-immersion objective (NA=1.4). TRITC was 

excited at 543 nm, and emission collected at >605 nm.  

 

Statistics. For synapse loss and recovery studies, an individual experiment (n=1) was 

defined as the change in the number of Syn-GFP puncta from a single cell from a single 

coverslip. Puncta counts were presented as mean ± SEM. Each experiment was 

replicated over at least 3 separate cultures. In all statistical analyses we used Student’s 

t-test for single or ANOVA with Tukey’s post-hoc test for multiple statistical comparisons 

(OriginPro v8.5, Northampton, MA).  

 

III. Results 

Synaptophysin-GFP labels pre-synaptic terminals 

The number of presynaptic terminals in rat hippocampal cultures was measured 

by confocal imaging of neurons transfected with an expression construct for the 
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presynaptic protein synaptophysin fused to GFP (Syn-GFP). Synaptophysin is part of the 

neurotransmitter release machinery and is an established marker for presynaptic 

terminals. The neurons were co-transfected with an expression construct for DsRed2, a 

red fluorescent protein that filled the neuron and enabled visualization of cell morphology 

(Figure 3.1, A, DsRed). Syn-GFP expressed in a distinct punctate pattern (Figure 3.1, A, 

Syn-GFP). Neurons were imaged on a laser scanning confocal microscope as described 

in Methods. Image processing identifed Syn-GFP puncta meeting size and intensity 

criteria in contact with DsRed2 fluorescence, using a previously described algorithm 

(Shin et al., 2012). These puncta were dilated and overlaid on the DsRed2 maximum 

projection for visualization purposes (Figure 3.1, A, Processed). The same neuron was 

repeatedly imaged over time and the number of Syn-GFP puncta counted at each time 

point to determine changes in number of presynaptic terminals impinging on a single cell. 

Syn-GFP puncta represented presynaptic terminals because they co-localized 

with Bassoon immunoreactivity (Figure 3.1, B). Bassoon is a scaffolding protein 

concentrated at presynaptic terminals (tom Dieck et al., 1998). 78 ± 4% of Syn-GFP 

puncta co-localized with Bassoon immunoreactivity, confirming that Syn-GFP expression 

in our culture accurately labels presynaptic terminals. The presynaptic terminals seen 

are a mixture of autapses resulting from an axon extending from the DsRed filled soma 

displayed in the field as well as boutons from axons emanating from cells outside the 

field of view. 
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Figure 3.1. Synaptophysin-GFP puncta represent presynaptic terminals. A, representative 

confocal images were collected and processed as described in Methods. Maximum z-projections 

show a neuron expressing DsRed2 (DsRed) and Syn-GFP. Syn-GFP puncta were identified from 

compressed z-stacks of confocal images by filtering for puncta size and fluorescence intensity. 

Puncta were dilated and overlaid on the DsRed maximum projection (Processed). Heavy 

intracellular labeling in the soma was not counted by the algorithm. Insets are enlarged images of 

the boxed regions. Scale bars represent 10 µm. B, representative confocal images of neurons 

expressing Syn-GFP and immunolabeled for Bassoon. Syn-GFP puncta co-localized with 

Bassoon immunoreactivity (Merge). Note that non-transfected cells were also present in the field, 

and thus not all Bassoon-immunoreactive puncta (red) co-localize (yellow) with a Syn-GFP 

puncta (green). Insets are enlarged images of the boxed regions. Scale bars represent 10 µm. 
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HIV Tat induces loss of Syn-GFP puncta 

We previously found that 24 hr exposure to the HIV Tat protein decreased the 

number of postsynaptic densities in hippocampal neurons in culture (Kim et al., 2008). 

Here, we studied the effects of Tat on presynaptic terminals. As shown in Figure 3.2 A, 

24 hr treatment with Tat produced a marked decrease in the number of Syn-GFP puncta. 

Treatments of this duration did not produce cell death (Kim et al., 2008), nor did Tat 

significantly alter cell morphology (Figure 3.2, A). Figure 3.2 B shows the time course for 

changes in the number of Syn-GFP puncta during exposure to 50 ng/mL Tat. HIV Tat 

induced an 8 ± 4% loss in the number of Syn-GFP puncta by 8 h, 8 ± 4% loss by 16 h, 

and 13 ± 4% loss by 24 h. This loss was significant relative to control values by 16 h, 

and sustained over a 48 h interval. This time course is similar to that seen for Tat-

induced changes in postsynaptic densities (Kim et al., 2008). In contrast to Tat-treated 

cells, control cells exhibited a 25 ± 12% increase in the number of Syn-GFP puncta over 

48 h. Heat-inactivated Tat did not induce a loss in the number of Syn-GFP puncta (26 ± 

8% increase, n = 6), confirming that Syn-GFP loss was due to functional HIV Tat protein. 
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Figure 3.2. HIV Tat induces 

loss of presynaptic terminals. 

A, representative processed 

images show neurons before (0 

h) and after (24 h) no treatment 

(Control) or treatment with 50 

ng/mL Tat (Tat). Insets are 

enlarged images of the boxed 

regions. Scale bars represent 

10 µm. B, Graph shows % 

change in number of Syn-GFP 

puncta over a 48 h interval (n ≥ 

6 for each time point). Neurons 

were either untreated (Control, 

black squares) or treated with 

50 ng/mL Tat (Tat, red circles) 

after the initial time point (t = 

0 h). *, p<0.05, **, p<0.01, 

***, p<0.001 vs. Control 

values at corresponding time 

point (ANOVA with Tukey’s 

post-test). All data are 

expressed as mean ± SEM. 
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Tat-induced Syn-GFP loss is dependent on post-synaptic activity 

Loss of postsynaptic densities is initiated by Tat binding to the low density 

lipoprotein receptor-related protein (LRP), and over-activating NMDA receptors. We 

sought to determine whether the same mechanisms were involved in Tat-induced Syn-

GFP loss. Tat (50 ng/mL) induced a 15  3 % loss of Syn-GFP puncta (Figure 3.3, A). 

Pre-treating neurons with the LRP antagonist receptor-associated protein (RAP, 50 nM) 

prior to Tat exposure, inhibited Tat-induced Syn-GFP loss (Figure 3.3, A-B). Additionally, 

pre-treating neurons with the NMDA receptor antagonist dizocilpine (MK801) (10 µM) 

prior to Tat exposure inhibited Tat-induced Syn-GFP loss. We previously showed that 

both RAP and MK801 inhibited Tat-induced loss of post-synaptic densities (Kim et al., 

2008). These data are consistent with the idea that loss of presynaptic terminals induced 

by Tat is driven by its activity on postsynaptic sites. 

Tat-induced loss of postsynaptic densities required ubiquitination of PSD95 and 

proteasomal degradation; inhibition of the E3 ligase MDM2 with the antagonist nutlin-3 

prevented Tat-induced loss of postsynaptic densities (Kim et al., 2008). Pretreating 

neurons with 1 µM nutlin-3 prior to Tat exposure inhibited Tat-induced Syn-GFP loss 

(Figure 3.4, A-B). These data indicate that ubiquitination of postsynaptic proteins is 

required for loss of presynaptic terminals during Tat exposure. 
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Figure 3.3. Tat-induced Syn-GFP loss 

requires postsynaptic activity. A, Bar graph 

summarizes % change in number of Syn-GFP 

puncta over 24 h under control conditions 

(open bars) or in the presence of 50 ng/mL 

Tat (solid bars) (n ≥ 9 for all groups). 

Neurons were imaged in the absence 

(Untreated) or the presence of 50 nM RAP or 

10 µM MK801 as indicated. ***, p < 0.001 

vs. Control; #, p<0.05 vs. Tat alone (ANOVA 

with Tukey’s post-test). All data are 

expressed as mean ± SEM. B, representative 

processed images of neurons before (0 h) or 

after (24 h) treatment with 50 ng/mL Tat. 

Neurons were either untreated (Tat alone), or 

pretreated with 50 nM RAP (RAP + Tat) or 

10 µM MK801 (MK801 + Tat). Insets are 

enlarged images of the boxed regions. Scale 

bars represent 10 µm. 
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Figure 3.4. Tat-induced Syn-

GFP loss requires E3 ligase 

activity. A, Bar graph 

summarizes % change in 

number of Syn-GFP puncta 

over 24 h under control 

conditions (open bars) or in the 

presence of 50 ng/mL Tat (solid 

bars) (n ≥ 9 for all groups). 

Neurons were imaged in the 

absence (Untreated) or the 

presence of 1 µM nutlin-3. ***, 

p < 0.001 vs. Control; #, p<0.05 

vs. Tat (ANOVA with Tukey’s 

post-test). All data are 

expressed as mean ± SEM. B, 

representative processed images 

of neurons before (0 h) or after 

(24 h) treatment with 50 ng/mL 

Tat. Neurons were either 

untreated (Tat alone), or 

pretreated with 1 µM nutlin-3 

(nutlin-3 + Tat). Insets are 

enlarged images of the boxed 

regions. Scale bars represent 10 

µm. 
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Tat-induced Syn-GFP loss is reversible 

Tat-induced loss of postsynaptic densities is reversible (Kim et al., 2008). 

Treating neurons with ifenprodil, an GluN2B subunit-selective NMDA receptor antagonist, 

during Tat exposure induced recovery of postsynaptic densities, whereas no 

spontaneous recovery was seen in the absence of drug (Shin et al., 2012). We sought to 

determine whether presynaptic terminals could also be recovered after Tat-induced loss. 

Neurons were treated with 50 ng/mL Tat for 16 hrs, and then treated with 10 µM 

ifenprodil. Application of ifenprodil induced a recovery in the number of Syn-GFP puncta, 

whereas no recovery was seen without ifenprodil treatment (33 ± 8% with ifenprodil; -16 

± 5% with Tat alone at 24 h) (Figure 3.5, A-B). These data indicate that Tat-induced loss 

of presynaptic terminals is reversible. Furthermore, because ifenprodil acts on 

postsynaptic NMDA receptors, this recovery was initiated by altered postsynaptic activity. 

 

 

Figure 3.5. Tat-induced Syn-GFP loss is reversible. A, representative processed images of a 

neuron before (0h) and 16 h or 24 h after treatment with 50 ng/mL Tat. 10 µM ifenprodil was 

applied immediately after acquisition of the image at t = 16 h. Tat was present throughout the 

experiment. Insets are enlarged images of the boxed regions. Scale bars represent 10 µm. B, 

Graph summarizes % changes in number of Syn-GFP puncta in the absence (Control), or 

presence of 50 ng/mL Tat (n ≥ 6 for all groups).  After 16 h exposure to Tat, neurons were then 

left untreated (Tat alone) or treated with 10 µM ifenprodil (Tat, then ifenprodil). All data are 

expressed as mean ± SEM. ***, p < 0.001 vs. Control at 16 h, ###, p < 0.001 vs. Tat alone at 24 h 

(ANOVA with Tukey’s post-test). 
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IV. Discussion and conclusions 

Dendritic pruning and synapse loss are hallmarks of HAND pathology (Masliah et 

al., 1997; Everall et al., 1999). The HIV protein Tat is shed by infected cells in the central 

nervous system and in vitro, it binds LRP to activate NMDA receptors, resulting in the 

loss of postsynaptic densities (Kim et al., 2008; Shin et al., 2012). Here, we examined 

the effects of Tat on presynaptic terminals. Tat induced loss of presynaptic terminals that 

mirrored loss of postsynaptic densities with respect to time course and pharmacology. 

Loss of presynaptic terminals was dependent on postsynaptic activity, suggesting that 

Tat acts directly on the postsynaptic density, and that loss of presynaptic terminals is a 

consequence of this action. Tat-induced loss of presynaptic terminals was reversible, 

and recovery of the number of presynaptic terminals was evoked by inhibition of 

GluN2B-containing NMDA receptors. Thus, the mechanism of recovery of presynaptic 

terminals after Tat-induced loss is also dependent upon postsynaptic activity. 

We imaged Syn-GFP to visualize presynaptic terminals on individual neurons. 

Syn-GFP expressed as distinct puncta that co-localized with immunoreactivity for the 

presynaptic marker protein Bassoon, indicating that Syn-GFP fluorescence was 

appropriately localized to presynaptic terminals. Furthermore, we have previously shown 

that Syn-GFP puncta responded to other stimuli such as IL-1β or lithium, treatments that 

induce decreases and increases in the number of postsynaptic densities, respectively 

(Kim and Thayer, 2009; Mishra et al., 2012). Therefore, Syn-GFP is a valid and 

responsive marker for presynaptic terminals and suitable for live cell imaging. 

Tat mRNA was detected in brain extracts from patients with HIV encephalitis 

but not in samples from HIV patients without dementia (Hudson et al., 2000). Tat protein 

levels in the serum of HIV patients are in the low ng/mL range (Westendorp et al., 1995; 

Xiao et al., 2000). The Tat protein detected in the brains of patients with HIV 
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encephalitis using immunohistochemistry indicated that Tat was taken up by cells (Del 

Valle et al., 2000), consistent with the LRP mediated mechanism that underlies the 

synapse loss we describe in vitro. Soluble Tat has not been measured in the CNS of 

HAND patients, an observation thought to result from LRP-mediated uptake in vivo and 

rapid proteolysis in post mortem tissue (Li et al., 2009). Previous work from our lab found 

the EC50 for Tat in this assay to be approximately 6 ng/mL, which is well within the 

concentration range used in vitro (Eugenin et al., 2007; Aksenova et al., 2008; Li et al., 

2008). We used a maximally effective concentration of Tat (50 ng/mL) in the present 

study.  

HIV Tat induced a 15 ± 3% decrease in the number of Syn-GFP puncta over 24 

hours. RAP, an LRP antagonist, and MK801, an NMDA receptor antagonist, both 

inhibited Tat-induced loss of Syn-GFP puncta, indicating that Tat binding to LRP and 

subsequent activation of NMDA receptors were required for Tat-induced loss of 

presynaptic terminals. NMDA receptor activation and subsequent loss of presynaptic 

terminals are also seen in other neurotoxic processes. For example, treatment with the 

inflammatory cytokine IL-1β induced loss of Syn-GFP puncta that was also prevented by 

MK801 (Mishra et al., 2012). LRP and NMDA receptors are highly expressed at 

postsynaptic densities and Tat forms a macromolecular complex with LRP, the NMDA 

receptor and PSD95 (Eugenin et al., 2007). Tat has been shown to alter the expression 

and activity of presynaptic neurotransmitter transporters in other brain regions, such as 

the dopamine transporter in the striatum and midbrain (Perry et al., 2010; Midde et al., 

2012) and the vesicular monoamine transporter-2 in the striatum (Theodore et al., 2012). 

However, there is no evidence suggesting that Tat binds to presynaptic targets or exerts 

any direct presynaptic effects in the hippocampus. Thus, we suggest that Tat-induced 

synapse loss described here is initiated by postsynaptic processes. However, the 
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temporal resolution of our experiments could not resolve a clear chronological sequence 

for the loss of the PSD versus the presynaptic terminal. In summary, Tat clearly initiates 

the loss of both pre- and post-synaptic structures by binding to postsynaptic LRP but, we 

did not determine whether the PSD or presynaptic terminal was lost first. 

Treatment with nutlin-3, an inhibitor of the E3 ligase MDM2, prevented Tat-

induced loss of presynaptic terminals. MDM2 ubiquitinates PSD95 (Colledge et al., 

2003; Bianchetta et al., 2011), but no evidence suggests MDM2-mediated ubiquitination 

of presynaptic proteins, suggesting that postsynaptic E3 ligase activity was required for 

loss of Syn-GFP puncta. Treatment with nutlin-3 prevents Tat-induced degradation of 

PSD95 (Kim et al., 2008), consistent with the idea that inhibition of MDM2 prevents 

degradation of postsynaptic proteins that are required for synapse maturation and 

maintenance. Other than PSD95, we have not identified specific postsynaptic proteins 

responsible for the presynaptic loss described here. However, there is precedent for 

postsynaptic proteins coordinating presynaptic stability by direct interactions such as 

those mediated by cadherins, integrins, and neuroligin (Scheiffele et al., 2000; Chavis 

and Westbrook, 2001; Togashi et al., 2002). It is possible that postsynaptic proteins are 

ubiquitinated concurrently with PSD95 in the presence of Tat; alternatively, loss of 

PSD95 might affect the function of proteins that interact with it (Meyer et al., 2004). The 

mechanism by which synaptophysin is eliminated from the presynaptic terminal has yet 

to be elucidated; our assay cannot distinguish diffusion of Syn-GFP out of the 

presynaptic terminal from degradation. 

Finding that Tat-induced loss of presynaptic terminals was reversible is 

particularly interesting. We had previously shown that Tat-induced loss of postsynaptic 

densities could be reversed by ifenprodil, an antagonist for GluN2B-containing NMDA 

receptors. In the current study we show that ifenprodil induced recovery of presynaptic 
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terminals as well. No spontaneous recovery was seen; Tat-induced loss of presynaptic 

terminals was only reversed in the presence of ifenprodil. This observation further 

supports our contention that the postsynaptic side of the synapse drives loss and 

recovery. These data indicate that the GluN2B-containing NMDA receptors inhibit 

recovery of synapses after Tat exposure. The mechanism by which GluN2B-containing 

NMDA receptors regulate synapse recovery is unclear. Immunocytochemistry 

experiments indicate that the hippocampal cultures used here express both GluN2A-

containing and GluN2B-containing NMDA receptors (Shin et al., 2012). Many studies 

have shown that GluN2A versus GluN2B-containing NMDA receptors have distinct roles 

in maintaining neuronal survival, and couple to different downstream effectors 

(Christopherson et al., 1999; Liu et al., 2004a; Liu et al., 2007). GluN2A and GluN2B-

containing NMDA receptors differentially affect Tat-induced postsynaptic changes and 

neuronal death induced by Tat (Shin et al., 2012). Furthermore, NMDA receptor activity 

has been shown to inhibit maturation of nascent synapses during synaptogenesis (Gray 

et al., 2011), and the pathway by which this inhibition occurred is distinct for GluN2A-

containing receptors versus GluN2B-containing receptors. In contrast, inhibition of 

GluN2B-containing NMDA receptors at mature synapses seemed to have little effect. 

This is consistent with our previous study, which showed that inhibiting GluN2B-

containing NMDA receptors failed to prevent Tat-induced loss of synapses, but did 

induce recovery of synapses after the initial loss (Shin et al., 2012). 

Tat-induced loss of presynaptic terminals was moderate (-15% change over 24 

h), in contrast to the effect seen with the same concentration of Tat at postsynaptic 

densities (-24% change over 24 h, (Shin et al., 2012)). One possible explanation for this 

observation is that synaptophysin is expressed at excitatory as well as inhibitory 

presynaptic terminals (Fykse et al., 1993). Even though the majority of synapses in the 
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hippocampus are glutamatergic, the more moderate effect seen on Syn-GFP puncta 

may result from an increase in the number of inhibitory synapses as a compensatory 

measure in response to increased excitation. Indeed, preliminary results from our 

laboratory indicate that inhibitory synapses increase in number after exposure to HIV Tat 

(Hargus and Thayer, unpublished observations).  

Our results indicate that GluN2B-containing receptors play a pivotal role in 

recovery of presynaptic terminals, and that inhibition of postsynaptic GluN2B-containing 

NMDA receptors is required to initiate synapse recovery after an excitotoxic insult such 

as HIV Tat. Postsynaptic initiation of the recovery of presynaptic terminals is in contrast 

to studies observing synaptogenesis, wherein presynaptic molecule recruitment and 

differentiation precedes postsynaptic development (Friedman et al., 2000; Ziv, 2001). 

Direct study of the chronology of synapse loss and recovery is limited by the resolution 

of our assay. However, the pharmacology of presynaptic loss and recovery strongly 

suggests that postsynaptic signaling initiates both synapse loss and synapse recovery. 

Therefore, synapse recovery may occur via a novel pathway that requires block of 

GluN2B-containing NMDA receptor activity. Further work is required to eludicate the 

mechanisms of synapse recovery after Tat-induced loss, and the pathway by which 

GluN2B-containing receptors can inhibit recovery. 

 In conclusion, our study has shown that HIV Tat exposure can induce a 

reversible loss of presynaptic terminals in hippocampal neurons in culture. This loss and 

recovery mirrors the effects of Tat on postsynaptic densities and was inhibited by 

pharmacological agents that act on postsynaptic targets. Thus, the mechanisms initiating 

both processes are located postsynaptically, in contrast to the mechanisms of 

synaptogenesis. Eludicating the pathways by which Tat affects the loss and recovery of 

hippocampal synapses may be crucial to developing targeted therapies for treating 
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HAND. Moreover, the role of NMDA receptor subtypes is crucial to these processes. 

Common pathways may underlie the synapse loss and recovery associated with many 

neurodegenerative processes. Determining the signaling pathways activated by NMDA 

receptor subtypes and how they regulate the loss and recovery of synapses may 

advance the development of therapeutic approaches to treating neurological disorders of 

multiple etiologies. 
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Chapter Four: 

Recovery of synapses lost during exposure to HIV Tat protein is 

induced by inhibition of a protein kinase G signaling pathway 

downstream of GluN2B-containing NMDA receptors 

 

Angela H. Shin and Stanley A. Thayer 

Content adapted from manuscript submitted to The Journal of Neuroscience, April 2013. 

Contributions: AHS collected and analyzed data, and contributed heavily to writing of 
manuscript. 
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I. Introduction 

HIV infects over 30 million people worldwide. HIV-associated neurocognitive 

disorders (HAND) are a significant consequence of HIV infection (Antinori et al., 2007). 

HAND ranges from mild cognitive impairment to a dementia that renders patients 

incapable of independent daily living (Heaton et al., 2004). With highly active 

antiretroviral therapy (HAART), the severity of HAND symptoms has decreased. 

However, the prevalence of HAND is increasing, primarily due to the increased lifespan 

of HIV patients (Suarez et al., 2001; Robertson et al., 2004). This, coupled with the lack 

of effective treatment for HAND, creates a need for improved therapies. 

HIV-induced neurotoxicity is indirect; the virus does not infect neurons, but 

productively infects macrophages and microglia in the CNS (Pulliam et al., 1991; 

Minagar et al., 2002). Infected cells release inflammatory cytokines and toxic viral 

proteins, such as HIV transactivator of transcription (Tat) (Genis et al., 1992; Nath et al., 

1999; Speth et al., 2001). Tat protein and mRNA are found in the CNS of HAND patients 

(Hofman et al., 1994; Wiley et al., 1996; Del Valle et al., 2000; Hudson et al., 2000). Tat 

is secreted into the extracellular space and taken up into uninfected cells (Liu et al., 

2000; King et al., 2006). Tat induces neurotoxicity in vitro (Liu et al., 2000; Eugenin et al., 

2007; Kim et al., 2008), and Tat expression produces pathologies similar to HAND in 

vivo (Kim et al., 2003; Fitting et al., 2010). Thus, Tat is a neurotoxic viral protein that is 

implicated in the pathology of HAND. 

Cognitive decline in HAND patients correlate with synaptodendritic injury, such 

as dendritic pruning and altered synaptic networks, rather than overt neuronal death 

(Masliah et al., 1997; Adle-Biassette et al., 1999; Everall et al., 1999; Wiley et al., 1999; 

Sa et al., 2004). Tat induces loss of excitatory synapses between hippocampal neurons 

in vitro, via binding the low-density lipoprotein receptor-related protein (LRP), and 
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subsequent NMDA receptor (NMDAR) overactivation (Kim et al., 2008). Importantly, Tat-

induced loss of excitatory synapses is reversible. 

NMDAR kinetics and downstream signaling mechanisms are highly influenced by 

subunit composition. GluN2A- and GluN2B-containing NMDARs are strongly expressed 

in the hippocampus and have strikingly different roles. GluN2A-containing receptors are 

preferentially localized at excitatory synapses and mediate pro-survival signaling, 

whereas GluN2B-containing receptors are preferentially located extrasynaptically and 

mediate pro-death signaling (Hardingham et al., 2002; Liu et al., 2004a; Liu et al., 2007). 

We have previously shown that inhibiting GluN2A-containing NMDARs prevented Tat-

induced excitatory synapse loss, but failed to induce synapse recovery. In contrast, 

inhibiting GluN2B-containing NMDARs did not prevent Tat-induced synapse loss initially, 

but induced synapse recovery following prolonged exposure to Tat (Shin et al., 2012). 

However, the mechanism by which GluN2B-containing NMDARs inhibit synapse 

recovery is unknown. 

In this study, we determined the mechanisms downstream of GluN2B-containing 

NMDARs that suppress synapse recovery. We found that Tat induces NO and cGMP 

production and activation of protein kinase G (PKG), as indicated by phosphorylation of 

the actin-associated protein vasodilator-stimulated phosphoprotein (VASP). Inhibiting 

this pathway decreased VASP phosphorylation and induced synapse recovery. 

 

II. Methods 

Materials.  Reagents were obtained from the following sources: the PSD95-GFP 

expression vector (pGW1-CMV-PSD95-EGFP) was kindly provided by Donald B. Arnold 

(Arnold and Clapham, 1999); the PSD95(L241K)-GFP mutant construct was generated 

from the pGW1-CMV-PSD95-EGFP expression vector by Mutagenex Inc., (Piscataway, 
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NJ); the expression vector for DsRed (pDsRed2-N1) from Clontech (Mountain View, 

CA); HIV-1 Tat (Clade B, recombinant) from Prospec Tany TechnoGene Ltd. (Rehovot, 

Israel); DMEM, fetal bovine serum (FBS), and horse serum (HS) from Invitrogen 

(Carlsbad, CA); ifenprodil hemitartrate, 1H-protein oxadiazolog13quinoxalin-1-one 

(ODQ), 2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (c-PTIO), 8-

Br-cGMP, and (9S,10R,12R)-2,3,9,10,11,12-Hexahydro-10-methoxy-2,9-dimethyl-1-oxo-

9,12-epoxy-1H-diindolo[1,2,3-fg:3',2',1'-kl]pyrrolo[3,4-i][1,6]benzodiazocine-10-carboxylic 

acid, methyl ester (KT 5823) from Tocris (Bristol, UK); penicillin/streptomycin, L-NAME, 

and all other reagents from Sigma (St. Louis, MO). 

 

Cell culture.  Rat hippocampal neurons were grown in primary culture as described 

previously (Shen and Thayer, 1998) with minor modifications. Fetuses were removed on 

embryonic day 17 from maternal rats killed with CO2, and decapitated to isolate brain 

matter. Hippocampi were dissected and placed in Ca2+ and Mg2+-free HEPES-buffered 

Hanks salt solution (HHSS), pH 7.45. HHSS was composed of the following (in mM): 

HEPES 20, NaCl 137, CaCl2 1.3, MgSO4 0.4, MgCl2 0.5, KCl 5.0, KH2PO4 0.4, Na2HPO4 

0.6, NaHCO3 3.0, and glucose 5.6. Tissue was suspended in DMEM without glutamine, 

supplemented with 10% FBS and penicillin/streptomycin (100 U/mL), and dissociated by 

triturating through a series of graduated flame-narrowed Pasteur pipettes. Dissociated 

cells were then plated at a density of 100,000-120,000 cells per dish onto a 25-mm-

round cover glass (#1) glued to cover a 19 mm diameter opening drilled through the 

bottom of a 35 mm Petri dish. The cover glass was precoated with Matrigel (200 μL, 

0.2mg/mL) (BD Biosciences, Billerica, MA).  Neurons were grown in a humidified 

atmosphere of 10% CO2 and 90% air (pH 7.4) at 37 oC, and fed at days 1 and 6 by 

exchange of 75% of the media with DMEM, supplemented with 10% HS and 



 

 

78 

penicillin/streptomycin. Cells used in these experiments were cultured without mitotic 

inhibitors for at least 12 days.  Immunocytochemistry experiments demonstrated that 

these cultures were composed of 18  2 % neurons, 70  3 % astrocytes and 9  3 % 

microglia (Kim et al., 2011). 

 

Transfection. Rat hippocampal neurons were transfected between 10 and 12 days in 

vitro using a modification of a protocol described previously (Kim et al., 2008). Briefly, 

hippocampal cultures were incubated for at least 20 minutes in DMEM supplemented 

with 1 mM kynurenic acid, 10 mM MgCl2, and 5 mM HEPES, to reduce neurotoxicity. A 

DNA/calcium phosphate precipitate containing 1 μg total plasmid DNA per well was 

prepared, allowed to form for 30 min at room temperature, and added to the culture. 

After a 90 minute incubation period, cells were washed once with DMEM supplemented 

with MgCl2 and HEPES and then returned to conditioned media saved at the beginning 

of the procedure. Neurons were transfected with equal amounts of DsRed expression 

vector, and either PSD95-GFP vector or PSD95(L241K)-GFP vector. Transfected 

neurons were imaged 48-96 hours post-transfection. Transfection efficiency ranged from 

1-5%. 

 

Confocal imaging. Petri dishes containing transfected neurons were sealed with 

Parafilm, transferred to the stage of an inverted confocal microscope (Olympus Fluoview 

1000, Center Valley, PA) and viewed through a 60X oil-immersion objective (NA=1.4). 

To enable repeated imaging of the same cell over a 24 h period, the coordinates of each 

cell were recorded using the Multi-Area Time Lapse function of Fluoview 1000. Multiple 

optical sections of 1 µm each, spanning 8 µm total in the z-dimension, were collected 

and combined into a compressed z stack. GFP was excited at 488 nm with an argon 
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ion laser and emission collected at 530 nm (10 nm band pass). DsRed2 was excited at 

543 nm with a green HeNe laser and emission collected at >605 nm.   The cell culture 

dish was returned to the CO2 incubator between imaging sessions.  Synapse recovery 

experiments were performed for 24 hours in the continuous presence of Tat, with or 

without the specified drugs added at 16 hours. 

 

Image processing. To count and label PSD95-GFP puncta an automated algorithm was 

created using MetaMorph 6.2 image processing software described previously (Waataja 

et al., 2008).  Briefly, maximum z-projection images were created from the DsRed2 and 

GFP image stacks.  Next, a threshold set 1 s.d. above the image mean was applied to 

the DsRed2 image.  This created a 1-bit image that was used as a mask via a logical 

AND function with the GFP maximum z-projection.  A top-hat filter (80 pixels) was 

applied to the masked PSD95-GFP image.  A threshold set 1.5 s.d. above the mean 

intensity inside the mask was then applied to the contrast enhanced image.  Structures 

between 8 and 80 pixels (approximately 0.37 to 3.12 μm in diameter) were counted as 

PSDs.  The structures were then dilated and superimposed on the DsRed2 maximum z-

projection for visualization.  

 

Western Blotting. To quantify levels of VASP phosphorylation, rat hippocampal 

neurons were grown in culture as described above, except plated at a density of 

500,000-600,000 cells/well in 6-well plates. 24 h after treatments, cells were harvested 

with RIPA lysis buffer (Triton X-100 1.0%; deoxycholate 0.5%; SDS 2.0%, NaCl 150 mM; 

Na2PO4 10 mM) with protease (cOmplete ULTRA, Roche Applied Science) and 

phosphatase inhibitors (Cocktails 2 and 3, Sigma). Samples were incubated on ice for 

20 min, sonicated briefly to shear DNA, and centrifuged (15,000 rpm, 4°C) for 15 min. 
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Supernatant was resuspended in Laemmli sample buffer (Bio-Rad) and heated for 5 min 

at 90°C, then resolved via SDS-PAGE on a 10% polyacrylamide gel. For 

immunodetection of VASP protein, equal amounts of sample were loaded per condition. 

Proteins were transferred to a nitrocellulose membrane (iBlot, Invitrogen) and blocked in 

5% milk for 1h at room temperature. Membranes were incubated overnight at 4°C with 

the following primary antibodies: rabbit anti-VASP (H90) (1:100, Santa Cruz 

Biotechnology, Inc.); rabbit anti-phospho-VASP (Ser239) (1:100, Santa Cruz 

Biotechnology, Inc.); rabbit anti-phospho-VASP (Ser157) (1:100, Santa Cruz 

Biotechnology, Inc.); and mouse anti-β-tubulin (1:1000, Abcam), in 3% milk. Secondary 

detection occurred with the following antibodies: goat anti-rabbit IRDye 680RD (1:2000, 

Li-Cor Biosciences) and goat-anti-mouse IRDye 800CW (1:5000, Li-Cor Biosciences). 

Fluorescence was detected and quantified using the Odyssey Infrared imaging system 

(Li-Cor Biosciences). 

 

Statistics. For imaging studies, an individual experiment (n=1) was defined as the 

percent change in the number of PSDs from a single cell from a single coverslip. Percent 

changes in PSD counts are presented as mean  SEM. For Western Blot analyses, the 

fluorescence intensities of VASP-immunoreactive bands were divided by the 

fluorescence intensities of the corresponding β-tubulin-immunoreactive band in each 

lane to account for sample concentration. Intensities are presented as percent change 

normalized to Control conditions. For all analyses, each experiment was replicated over 

at least 3 separate cultures. In all statistical analyses Student’s t-test for single or ANOVA 

with Tukey’s post-hoc test for multiple statistical comparisons were used (OriginPro v8.5, 

Northampton, MA).  
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III. Results 

Ifenprodil induces recovery of PSD95-GFP puncta lost during exposure to HIV Tat. 

We used a live cell imaging assay to track the number of excitatory synapses 

between rat hippocampal neurons in culture, as previously described (Waataja et al., 

2008). Neurons were transfected with expression vectors for DsRed2 and PSD95-GFP. 

48 h after transfection, neurons were imaged on a confocal microscope. DsRed2 

expression was ubiquitous, and PSD95-GFP expressed in a discrete punctate pattern 

(Figure 1A). Previous work from our laboratory showed that PSD95-GFP puncta co-

localized with NMDA receptor immmunoreactivity, functional neurotransmitter release 

sites, and synaptically evoked local Ca2+ increases, indicating that these puncta 

represented functional excitatory synapses (Waataja et al., 2008). Images were 

processed to identify fluorescent puncta based on intensity and size (average puncta 

size = 0.52 µm2) criteria, and in contact with the DsRed2 mask. Qualifying puncta were 

counted, dilated and overlaid on the mask (Processed, Figure 1A). The number of PSDs 

was measured at multiple time points to assess dynamic changes in synapse number for 

an individual neurons. 

As shown previously and replicated here, exposure to 50 ng/mL HIV Tat 

significantly decreased the number of synapses by 16 h (-26 ± 3%, n = 23), and loss was 

sustained through 24 h (-34 ± 4%). In contrast, a 22 ± 4% increase (n = 28) in synapse 

number was seen over 24 h under control conditions ((Kim et al., 2008), Figure 1C). 10 

µM ifenprodil, an antagonist of GluN2B-containing NMDARs, failed to inhibit Tat-induced 

synapse loss if applied prior to Tat exposure at 0 h (-25 ± 5% with Tat alone, n = 7; -27 ± 

6% with ifenprodil, n = 8), consistent with our previous study (Figure 1B, (Shin et al., 

2012)). Addition of this same concentration of ifenprodil 16 h after exposure to Tat 

induced a recovery in synapse number by 24 h in the continued presence of Tat (-32 ± 
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5% at 16 h; 12 ± 5% at 24 h) that was similar to control values ((Shin et al., 2012), 

Figure 1, C-E). Additionally, merely washing out Tat from the cultures did not induce 

synapse recovery, nor was any spontaneous recovery observed (Kim et al., 2008). 

These results suggest that following 16 h exposure to Tat, tonic activation of GluN2B-

containing NMDARs is suppressing synapse recovery. We next sought to determine the 

downstream signaling mechanism by which antagonism of GluN2B-containing NMDARs 

could induce synapse recovery. 
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Figure 4.1. HIV Tat induces loss of excitatory synapses that is reversed by ifenprodil. A, 

Representative confocal images were collected and processed as described in Methods. PSD95-

GFP puncta were identified by applying digital filters to compressed z-stacks of the confocal 

image (PSD95-GFP). PSDs were counted if they met a fluorescence intensity threshold, met size 

criteria, and were in contact with a mask derived from the DsRed image (DsRed). Qualifying 

PSD puncta were dilated and overlaid on the DsRed image for visualization purposes (Processed). 

The insets are enlarged images of the boxed region. Scale bars represent 10 µm. B, Bar graph 

summarizes percent change in PSD number in the absence (Control, open bars) or presence of Tat 

(50 ng/mL Tat, black bars) after 24 h. Neurons were either untreated or pretreated with 10 µM 

ifenprodil 15 min prior to Tat application. *, p < 0.05 relative to corresponding Control condition 

(ANOVA with Tukey’s post-test), n ≥ 5 for each condition. Data are represented as mean ± SEM. 

C,  Line graph summarizes percent change in PSD number in the absence (Control, open 

symbols) or presence of 50 ng/mL Tat (closed symbols). Cells were either left untreated at 16 h 

(Tat alone, red circles) or treated with 10 µM ifenprodil (Tat, then ifen, blue triangles). Ifenprodil 

was applied at 16 h in the continued presence of Tat. ***, p < 0.001 at 16 h relative to control; 

###, p < 0.001 at 24 h relative to Tat alone (ANOVA with Tukey’s post-test); n ≥ 10 for each 

condition. Data are represented as mean ± SEM. D-E, Representative processed images of 

neurons treated with Tat for 24 h. Neurons were imaged prior to Tat exposure (0 h), then imaged 

at 16 h and either untreated (D, Tat alone), or treated with 10 µM ifenprodil (E, Tat, then ifen).  A 

final image of each neuron was collected at 24 h. The insets are enlarged images of the boxed 

region. Scale bars represent 10 µm. 
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Ifenprodil-induced recovery requires inhibition of postsynaptic nNOS 

NMDAR activation and subsequent Ca2+ influx at the postsynaptic density induce 

activation of neuronal nitric oxide synthase (nNOS) (Ko and Kelly, 1999; Burette et al., 

2002). We showed previously that inhibition of nNOS does not protect against Tat-

induced synapse loss, but does prevent Tat-induced cell death (Kim et al., 2008). We 

sought to determine whether inhibition of nNOS downstream of NMDARs could induce 

recovery in a manner similar to that evoked by application of ifenprodil. 

Treatment with the nNOS inhibitor L-NAME (100 µM) after 16 h Tat exposure 

induced a recovery in synapse number by 24 h in the continued presence of Tat (-29 ± 

5% at 16 h; 13 ± 7% at 24 h, n = 16) (Figure 4.2, A-B). L-NAME alone did not produce a 

significant increase in synapse number in the absence of Tat (10 ± 9% at 24 h, n = 7). L-

NAME failed to inhibit Tat-induced synapse loss when applied before Tat (0 h) (Kim et 

al., 2008), showing a profile of efficacy similar to that of ifenprodil. 

NO is a gas, capable of diffusing through the cell membrane to act on sites 

distant from its site of production. For example, it can diffuse across the synaptic cleft to 

elicit presynaptic effects (Feil and Kleppisch, 2008). We used the membrane 

impermeable NO scavenger c-PTIO to eliminate extracellular NO, and examined its 

effect on synapse recovery. c-PTIO (30 µM) was previously shown to inhibit the 

retrograde actions of postsynaptically produced NO (Ko and Kelly, 1999). However, this 

concentration of c-PTIO failed to induce synapse recovery when applied after 16 h Tat 

exposure (-31 ± 5% at 16 h; -28 ± 6% at 24 h, n = 7) (Figure 4.2, A-B), indicating that 

preventing the diffusion of NO to the presynaptic terminal was not sufficient to induce 

synapse recovery. Taken together, these data suggest that nNOS produces NO, which 

in turn acts postsynaptically to inhibit synapse recovery. 
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Figure 4.2. Inhibition of postsynaptic nNOS induces synapse recovery. A, Representative 

processed images of neurons before (0 h) and 16 h and 24 h after treatment with 50 ng/mL Tat. At 

16 h, neurons were either treated with 100 µM L-NAME (Tat, then L-NAME) or 30 µM c-PTIO 

(Tat, then c-PTIO). The insets are enlarged images of the boxed region. Scale bars represent 10 

µm. B, Line graph summarizes percent change in PSD number in the absence (Control, open 

symbols) or presence of 50 ng/mL Tat (closed symbols). Cells were either left untreated at 16 h 

(Tat alone, red circles), or treated with 100 µM L-NAME (Tat, then L-NAME, pink triangles) or 

30 µM c-PTIO (Tat, then c-PTIO, blue triangles). All drugs were applied at 16 h in the continued 

presence of Tat. ***, p < 0.001 at 16 h relative to control; ###, p < 0.001 at 24 h relative to Tat 

alone (ANOVA with Tukey’s post-test); n ≥ 7 for each condition. Data are represented as mean ± 

SEM. 
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nNOS-mediated inhibition of synapse recovery requires interaction with PSD95 

nNOS couples to NMDA receptors at the postsynaptic density by binding to 

PSD95 (Christopherson et al., 1999). We sought to determine whether nNOS interaction 

with PSD95 was required to suppress synapse recovery. nNOS binding to PSD95 is 

dependent on tertiary protein structure. Disruption of this structure by introducing an 

L241K mutation in the PDZ2 domain of PSD95 completely eliminates binding of nNOS to 

PSD95 (Christopherson et al., 1999). We introduced this L241K mutation in PSD95-GFP 

to determine whether nNOS binding to PSD95 was required for its effects on synapse 

recovery. PSD95(L241K)-GFP expressed in a punctate pattern and responded to Tat 

exposure similar to wild-type PSD95-GFP (Figure 3, A-B). In contrast to WT PSD95-

GFP however, treatment with 10 µM ifenprodil after 16 h Tat exposure failed to induce 

synapse recovery in neurons expressing PSD95(L241K)-GFP (-28 ± 4% at 16 h; -38 ± 

7% at 24 h, n = 10) (Figure 3, A-B). These data indicate that binding to PSD95 holds 

nNOS in close apposition to NMDARs to enable suppression of synapse recovery by 

GluN2B-containing NMDARs. 
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Figure 4.3. nNOS interaction with PSD95 is required for synapse recovery. A, Representative 

processed images of neurons before (0 h) and 16 h and 24 h after treatment with 50 ng/mL Tat. 

Neurons were transfected with expression vectors for DsRed and PSD95(L241K)-GFP 48-96 h 

prior to imaging as described in Materials and Methods. At 16 h, neurons were treated with 10 

µM ifenprodil (Tat, then ifen). The insets are enlarged images of the boxed region. Scale bars 

represent 10 µm. B, Line graph summarizes percent change in PSD number (of PSD95(L241K)-

GFP puncta) in the absence (Control, open symbols) or presence of 50 ng/mL Tat (closed 

symbols). Cells were either left untreated at 16 h (Tat alone, red circles), or treated with 10 µM 

ifenprodil (Tat, then ifen, blue triangles). Ifenprodil was applied at 16 h in the continued presence 

of Tat. *, p < 0.05 at 16 h relative to control; **, p < 0.01 at 24 h relative to control (ANOVA 

with Tukey’s post-test); n ≥ 6 for each condition. Data are represented as mean ± SEM. 
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Synapse recovery requires inhibition of NO-induced cGMP production 

In the hippocampus, NO activates soluble guanylyl cyclase (sGC) to produce 

cGMP (Friebe and Koesling, 2003). We hypothesized that NO-induced cGMP production 

inhibits synapse recovery.  This hypothesis was tested by using the selective sGC 

antagonist ODQ (Garthwaite et al., 1995). 1 µM ODQ applied after 16 h Tat exposure, 

induced recovery of synapse number by 24 h in the continuous presence of Tat  (-24 ± 

3% at 16 h; 5 ± 5% at 24 h, n = 18) (Figure 4.4, A-B). ODQ alone did not produce a 

significant increase in synapse number in the absence of Tat (23 ± 9% at 24 h, n = 5). 

To verify that ODQ’s effects were due to inhibition of cGMP production, we applied the 

non-hydrolyzable, membrane permeable cGMP analog 8-Br-cGMP (100 µM) with ODQ 

at 16 h. In the presence of 8-Br-cGMP, ODQ failed to evoke synapse recovery, 

indicating that synapse recovery induced by ODQ is due to its inhibition of cGMP 

production (-22 ± 5% at 16 h; -28 ± 3% at 24 h, n = 8) (Figure 4.4, A-B). 
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Figure 4.4. Inhibition of synapse recovery requires production of cGMP by sGC. A, 

Representative processed images of neurons before (0 h) and 16 h and 24 h after treatment with 

50 ng/mL Tat. At 16 h, neurons were either treated with 1 µM ODQ (Tat, then ODQ) or 100 µM 

8-Br-cGMP and 1 µM ODQ (Tat, then cGMP + ODQ). The insets are enlarged images of the 

boxed region. Scale bars represent 10 µm. B, Line graph summarizes percent change in PSD 

number in the absence (Control, open symbols) or presence of 50 ng/mL Tat (closed symbols). 

Cells were either left untreated at 16 h (Tat alone, red circles), or treated with 1 µM ODQ (Tat, 

then ODQ, green diamonds) or 100 µM 8-Br-cGMP and 1 µM ODQ (Tat, then 8-Br-cGMP + 

ODQ, blue triangles). All drugs were applied at 16 h in the continued presence of Tat. 8-Br-

cGMP was applied 15 min prior to ODQ treatment. ***, p < 0.001 at 16 h relative to control; #, p 

< 0.05 at 24 h relative to Tat alone (ANOVA with Tukey’s post-test); n ≥ 8 for each condition. 

Data are represented as mean ± SEM. 
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Inhibition of PKG activity induces synapse recovery 

cGMP activates protein kinase G (PKG) (Kleppisch and Feil, 2009). We 

examined whether cGMP-induced activation of PKG inhibited synapse recovery. 

Treatment with the PKG inhibitor KT 5823 (10 µM) after 16 h Tat exposure induced 

recovery of synapse number by 24 h, in the continuous presence of Tat (-34 ± 7% at 16 

h; 0 ± 5% at 24 h, n = 8) (Figure 4.5, A-B). KT 5823 alone did not produce a significant 

increase in synapse number in the absence of Tat (13 ± 7% at 24 h, n = 8). These data 

indicate that PKG activity inhibits synapse recovery after Tat-induced synapse loss. PKG 

is known to phosphorylate the actin-associated protein VASP on Ser239 (Butt et al., 

1994). Western blot analysis confirmed that 24 h exposure to Tat induced a 35 ± 8% 

increase in Ser239 phosphorylation of VASP (Figure 4.5, C-D). This increase in Ser239 

phosphorylation was reversed by treatment with 10 µM ifenprodil after 16 h Tat exposure, 

mirroring the effects of ifenprodil on synapse recovery. Tat exposure did not change 

overall levels of VASP protein, or induce an increase in VASP phosphorylation at Ser157, 

a protein kinase A (PKA) phosphorylation site (Butt et al., 1994), indicating that the 

increase in VASP phosphorylation was not due to increased levels of protein, and was 

due to PKG activity. Taken together, these data indicate that persistent Tat exposure 

increases PKG activity downstream of GluN2B-containing NMDARs, increasing 

phosphorylation of VASP. 
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Figure 4.5. Inhibition of synapse 

recovery requires PKG activity. 
A, Representative processed 

images of neurons before (0 h) and 

16 h and 24 h after treatment with 

50 ng/mL Tat. At 16 h, neurons 

were treated with 10 µM KT 5823 

(Tat, then KT 5823). The insets are 

enlarged images of the boxed 

region. Scale bars represent 10 µm. 

B, Line graph summarizes percent 

change in PSD number in the 

absence (Control, open symbols) or 

presence of 50 ng/mL Tat (closed 

symbols). Cells were either left 

untreated at 16 h (Tat alone, red 

circles), or treated with 10 µM KT 

5823 (Tat, then KT 5823, pink 

hexagons). KT 5823 was applied at 

16 h in the continued presence of 

Tat. ***, p < 0.001 at 16 h relative 

to control; ###, p < 0.001 at 24 h 

relative to Tat alone (ANOVA with 

Tukey’s post-test); n ≥ 8 for each 

condition. Data are represented as 

mean ± SEM. C, Representative 

Western Blots of neuronal cultures 

either untreated (Control) or treated 

with 50 ng/mL Tat (Tat) for 24 h. 

10 µM ifenprodil was added after 

16 h Tat exposure (t = 16) as 

indicated. D, Bar graph 

summarizes change in VASP 

phosphorylation as indicated by 

average fluorescence intensity 

changes. All data are normalized to 

Control conditions. *, p < 0.05 

relative to control (Student’s t-test). 

Data are represented as mean ± 

SEM. 
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IV. Discussion and conclusions  

  Synaptodendritic damage correlates with cognitive decline in HAND (Ellis et al., 

2007). The HIV protein Tat is released from infected cells in the CNS (Liu et al., 2000), 

and elicits dendritic pruning, altered synaptic transmission, and synapse loss (Maragos 

et al., 2003; Li et al., 2004; Kim et al., 2008). We showed previously that Tat-induced 

synapse loss was reversed by selectively inhibiting GluN2B-containing NMDARs (Shin 

et al., 2012). In this study, we delineated the signaling pathway downstream from these 

receptors using an imaging assay to track changes in the number of excitatory synapses. 

In the presence of Tat, GluN2B-containing NMDARs activated a nNOS-sGC-PKG 

signaling cascade that suppressed the recovery of synapses. Inhibition of any step in 

this serial pathway induced recovery of excitatory synapse number (Figure 4.6). 

 

Figure 4.6. Pathway activated by 

GluN2B-containing NMDARs to 

suppress synapse recovery after Tat-

induced synapse loss. 
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 The downstream effects of NMDAR activation are dependent on the subunit 

composition and subcellular localization of the receptor (Hardingham et al., 2002; Liu et 

al., 2004a; Liu et al., 2007). For example, GluN2A-containing NMDARs induce pro-

survival signals such as Akt kinase activation whereas GluN2B-containing NMDARs 

induce pro-death signaling by activating caspases (Liu et al., 2007). GluN2A-containing 

NMDARs are preferentially found at synapses whereas GluN2B-containing receptors are 

localized to extrasynaptic sites (Tovar and Westbrook, 1999, 2002; Massey et al., 2004). 

Tat-induced synapse loss was prevented by treatment with TCN201, an antagonist 

selective for GluN2A-containing NMDARs (Shin et al., 2012). Inhibiting synapse loss 

sensitized neurons to Tat-induced death (Kim et al., 2008). Thus, we hypothesize that 

synapse loss is a coping mechanism that attempts to reduce excess excitatory input. 

This idea is consistent with the generally pro-survival role of GluN2A-mediated signaling. 

In contrast, GluN2B-containing NMDARs do not play a major role during initial Tat-

induced synapse loss, as evidenced by the fact that ifenprodil does not prevent synapse 

loss (Figure 4.1 B). Prolonged exposure to Tat produces neuronal death (Eugenin et al., 

2007) which can be prevented by ifenprodil (Shin et al., 2012). The C-terminal domain of 

the GluN2B subunit couples to nNOS via PSD95, consistent with NO mediating Tat-

induced neuronal death (Martel et al., 2012). Our study highlights a unique role for 

GluN2B-containing NMDARs in which they suppress synapse recovery following 

exposure to Tat (Shin et al., 2012). Thus, inhibiting GluN2B-containing NMDARs during 

Tat induced neurotoxicity provides the dual benefits of improving neuronal survival and 

inducing the recovery of synapses. The sustained activation of GluN2B-containing 

NMDARs following exposure to Tat may result from the formation of a complex 

containing NMDARs, PSD95, LRP and nNOS (Eugenin et al., 2007). Indeed, inhibiting 

LRP after 16 h exposure to Tat induced the recovery of excitatory synapses (Kim et al., 
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2008). Therefore, in our system GluN2B-containing NMDARs are not actively 

suppressing the formation of synapses in the absence of Tat, which may explain why 

ifenprodil only increased synapse number after treatment with Tat. Activation of GluN2B-

containing NMDARs suppresses synapse maturation in the developing hippocampus, 

and genetic deletion of GluN2B increases the number of functional synapses (Gray et al., 

2011), suggesting that similar mechanisms may participate both in the regulation of 

synapse formation during development and in the recovery of synapses after injury.  

Inhibition of nNOS did not affect synapse loss (Kim et al., 2008), yet, as shown 

here, it did induce synapse recovery, consistent with distinct pathways for GluN2A-

mediated synapse loss and GluN2B-mediated suppression of synapse recovery. 

Furthermore, genetically uncoupling nNOS from PSD95 using the L241K mutation 

prevented the induction of synapse recovery by ifenprodil. Previous studies have shown 

that nNOS needs to be in close apposition to NMDARs to mediate NMDA-induced cell 

death (Cui et al., 2007; Eugenin et al., 2007). c-PTIO, which cannot cross membranes, 

did not induce synapse recovery, indicating that NO did not diffuse through the 

extracellular space to distant targets, such as the presynaptic terminal, to suppress 

synapse recovery. A postsynaptic role for NO here contrasts with its role in LTP, where 

diffusion to the presynaptic terminal and subsequent stimulation of cGMP production 

potentiates neurotransmitter release (Arancio et al., 1996).  Postsynaptic action of NO is 

consistent with proposed mechanisms for NMDA-induced NO-mediated neuronal death 

in which NO reacts with reactive oxygen species (Lipton et al., 1993) and is consistent 

with previous studies showing that Tat-induced synapse loss and recovery are driven by 

postsynaptic mechanisms (Shin et al., 2012). Thus, prolonged exposure to Tat activates 

nNOS via a GluN2B-dependent mechanism; NO then can initiate apoptotic signaling 

through a redox-based mechanism and suppress synapse recovery by activating sGC. 
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 Inhibition of sGC was sufficient to induce synapse recovery. Our results do not 

exclude effects on synaptic transmission mediated by cGMP-independent means, such 

as  s-nitrosylation which has been shown to decrease NMDAR-mediated currents, inhibit 

production of the NMDAR co-agonist D-serine, and decrease synaptic delivery of PSD95 

(Lipton et al., 1993; Mustafa et al., 2007; Ho et al., 2011). However, exogenous 8-Br-

cGMP maintained the suppression of synapse recovery when sGC was inhibited, 

indicating an essential role for cGMP. cGMP can activate several targets in neurons 

including PKG, cyclic nucleotide-gated ion channels (Parent et al., 1998), and 

phosphodiesterases (PDEs) (Repaske et al., 1993; van Staveren et al., 2005). While 

PKG-independent actions of cGMP in response to Tat exposure cannot be absolutely 

excluded, inhibition of PKG with KT5823 induced recovery of synapses, indicating that 

PKG activation is the primary means by which cGMP suppresses synapse recovery. 

The sustained activation of PKG by Tat could act on many downstream effectors; 

plausible targets in the hippocampus include CaMKII, the small GTPase RhoA, α-

synuclein, and VASP (Liu et al., 2004b; Ninan and Arancio, 2004; Wang et al., 2005). 

We focused on VASP because PKG phosphorylation of VASP is well characterized and 

it phosphorylates a site distinct from PKA (Butt et al., 1994). Thus, VASP is widely used 

to detect PKG activation. Sustained exposure to Tat increased PKG-mediated 

phosphorylation of VASP. Ifenprodil reversed this increase, demonstrating that PKG 

activation is linked to GluN2B signaling at the cell surface. It is plausible that 

phosphorylation of VASP suppresses synapse recovery. VASP regulates neuritogenesis, 

axonal maintenance, spine assembly, and synaptic potentiation (Wang et al., 2005; 

Kwiatkowski et al., 2007; Franco et al., 2010; Lin et al., 2010). However, we did not 

explicitly test the role of VASP in synapse recovery.  

Memantine is an uncompetitive NMDAR antagonist used clinically to improve 
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cognition in patients with Alzheimer’s disease (Areosa et al., 2005; Mount and Downton, 

2006). It preferentially inhibits extrasynaptic NMDARs (Xia et al., 2010) suggesting that 

inhibiting the GluN2B signaling pathway described here may contribute to its mechanism 

of action. In our studies memantine showed a profile similar to that of ifenprodil, inducing 

synapse recovery but not affecting the initial Tat-induced loss of synapses (Shin et al., 

2012). These observations lend support towards establishing proof for the principle that 

drugs that facilitate synapse recovery have the potential to improve cognition. Clinically, 

most patients with neurodegenerative disease present with symptoms well after disease 

onset, so drugs that facilitate the recovery of function may have broader application than 

those designed to prevent the initial impairment.  

We have described a unique role for a signaling pathway downstream from 

GluN2B-containing NMDARs. The HIV protein Tat induced the serial activation of nNOS, 

sGC and PKG postsynaptically, which suppressed the recovery of synapses lost 

following activation of a separate pathway. If sustained activation of nNOS, sGC and 

PKG provides some benefit to neuronal or network function it is not apparent. The 

results presented in this report suggest that Tat-induced activation of this pathway 

contributes to the neuropathology associated with HIV infection and that elements of the 

signaling cascade are potentially useful targets for drugs to improve cognitive function in 

HAND patients. 
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Chapter Five: 

Concluding Remarks 
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I. Summary of current studies 

In the previous chapters, I describe studies I performed that expanded upon 

current knowledge of HIV Tat’s neurotoxicity in an in vitro system. Tat induces reversible 

loss of excitatory synapses, and the divergence between the mechanisms of Tat-

induced neuronal death and Tat-induced synapse loss was previously described (Kim et 

al., 2008). In Chapter Two, I expanded upon these findings by performing a 

pharmacological study to show that NMDA receptor subunit composition dictates the 

downstream effects of Tat. GluN2A-containing receptors inhibit the processes of 

synapse loss and recovery, whereas GluN2B-containing receptors mediate Tat-induced 

cell death, and suppress synapse recovery (Shin et al., 2012). In Chapter Three, I 

identified the primary target of Tat-mediated synapse loss as the postsynaptic density. 

While Tat-induced loss of presynaptic terminals is concurrent with loss of postsynaptic 

densities, the essential mechanisms responsible for Tat’s deleterious effects are located 

postsynaptically. Thus, postsynaptic mechanisms drive Tat-induced synapse loss as well 

as subsequent recovery. An intriguing discovery of this study was that, as with 

postsynaptic densities, recovery of presynaptic terminals following Tat-induced loss was 

also contingent upon inhibition of GluN2B-containing NMDA receptors (Shin and Thayer, 

2013). These findings, along with those in Chapter Two, led me to the final chapter of my 

dissertation identifying the signaling pathway downstream of GluN2B-containing NMDA 

receptors that suppressed synapse recovery after Tat-induced synapse loss. In Chapter 

Four I showed that the canonical NO/cGMP/PKG signaling pathway was activated 

downstream of GluN2B-containing NMDA receptors following persistent Tat exposure, 

leading to suppression of synapse recovery. Inhibiting this pathway after Tat-induced 

synapse loss induced a recovery in synapse number. 
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II. Advantages and limitations of live cell imaging 

 A novel live cell imaging assay that was developed in our laboratory was used for 

these studies. The assay utilized primary hippocampal neuronal cultures that were 

transfected with expression vectors for our proteins of interest fused to a fluorescent 

marker. The resulting fluorescent expression of synaptic marker proteins allowed us to 

quantify dynamic changes in synapse number in a single neuron after exposure to HIV 

Tat and pharmacological agents. This assay allowed me to track the synaptic dynamics 

of live neurons over a time interval. Many studies of neuronal injury rely on 

immunolabeling of the relevant proteins. As such, the cells or tissue to be studied must 

be fixed prior to labeling, rather than studying a live neuronal network. In contrast, our 

assay observes changes in a living culture, allowing us to visualize exciting single cell 

effects of Tat in real-time. 

 Another advantage of our live cell imaging assay is the ability to visualize a 

particular synaptic protein. PSD95 is a scaffolding protein at excitatory postsynaptic 

densities (Cho et al., 1992; Hunt et al., 1996), and our previous work showed that the 

fusion protein PSD95-GFP utilized in our assay expressed in discrete puncta correlating 

with functional excitatory synaptic sites (Waataja et al., 2008). The ability to visualize a 

particular synaptic protein over time allowed us to further elucidate mechanistic details of 

Tat-induced synapse loss; genetic modification of PSD95-GFP showed that 

ubiquitination was required for Tat-induced synapse loss (Kim et al., 2008), and that 

interaction with nNOS was required for synapse recovery (A.H. Shin and S.A. Thayer, 

submitted work). These studies show that this assay is amenable to genetic 

manipulations that supplement the pharmacological approaches used in these studies. 

Thus, the live cell imaging assay employed throughout this dissertation is a good tool to 

better understand the signaling pathways that underlie the physiological manifestation 
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of synapse loss and recovery. 

 However, the assay is not without its limitations. One significant limitation of the 

use of fluorescent marker proteins is that it is impossible to correlate the dynamics of the 

fusion proteins to their endogenous counterparts within a single neuron. In order to 

visualize endogenous PSD95, it would be necessary to fix and probe the cultures, which 

then makes a live cell time-lapse assay impossible to execute. Thus, simultaneous 

quantification of endogenous protein is not possible alongside the exogenously 

expressed fusion proteins in studies utilizing this assay. PSD95 has been shown to be 

an essential protein at excitatory postsynaptic densities, required for spine development 

and increasing excitatory function at these sites (Cho et al., 1992; El-Husseini et al., 

2000). The PSD95-GFP fusion protein expresses at excitatory postsynaptic sites, as 

evidenced by its co-localization with NMDAR immunoreactivity and synaptic Ca2+ 

release sites (Waataja et al., 2008). Additionally, PSD95-GFP puncta respond to 

treatments that modulate neuronal excitability, such as the GABA receptor antagonist 

bicuculline or the sodium channel blocker tetrodotoxin (N.J Hargus and S.A. Thayer, 

unpublished observations). Overexpression of exogenous PSD95-GFP results in an 

increase in the number of PSD95-GFP puncta over a 24 hour interval, consistent with 

the idea that PSD95 stimulates PSD formation but indicating that we have perturbed the 

endogenous system. Thus, the imaging assay utilized in these studies, while in good 

agreement with literature indicating the functional dynamics of synapses, is an artificial 

system created to model synaptic dynamics, and this caveat must be taken into 

consideration when assessing the significance of the work presented in this dissertation. 

 The other significant limitation of utilizing our live cell imaging assay lies in its 

innate simplicity. Experimental analysis is performed as a percent change over time in 

the total number of qualifying puncta in a single neuron. Therefore, within the studies 
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outlined here, I discuss changes in overall synapse number and not in the recovery of 

any one synaptic site after Tat-induced loss. The mechanisms surrounding the recovery 

of a synapse may be a simple recycling of dendritic proteins at the spine where it once 

was located; alternatively new synapses may form at sites distinct from those that had 

existed prior to Tat exposure. Within the scope of this assay, the synapses on a 

particular neuron are assessed as a population. Whether synapses return to their former 

sites during synapse recovery is an intriguing question, but cannot be ascertained solely 

using the imaging assay utilized here. Supplemental techniques to answer this question, 

as well as others, will be required to fully elucidate the mechanisms of synapse loss and 

recovery, especially the signaling pathways involved. I show an example of this in 

Chapter Four, where we confirm PKG activation by analyzing levels of VASP 

phosphorylation. Another possibility may be to use biotin labeling of intercellular contacts 

(BLINC), a method by which interaction between the transsynaptic partners neurexin 

and neuroligin stimulate biotinylation of a fused peptide (Thyagarajan and Ting, 2010). 

Fluorescent labeling of the biotinylated peptide allows visualization of a complete 

synapse, and could aid in a chronological study of Tat-induced loss of pre- and post-

synaptic sites. In order to fully understand the mechanics of the synaptic dynamics seen 

in our assay, similar comprehensive and multi-technique approaches will be required. 

 

III. Future directions 

  The discovery that GluN2B-containing NMDA receptors can be activated after 

exposure to Tat and tonically suppress recovery is intriguing, and poses a number of 

exciting questions for future projects. I delineated a signaling cascade downstream of 

GluN2B-containing NMDA receptors that culminated in PKG activation. I also showed 

that VASP is a target of PKG after Tat exposure. However, the mechanism by which 
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PKG can suppress synapse recovery is still not known. PKG has a number of putative 

targets in the hippocampus that could mediate synapse recovery, including CaMKII, the 

small GTPase RhoA, and α-synuclein (Liu et al., 2004b; Ninan and Arancio, 2004). 

Downstream of NMDA receptor activation, PKG activity increases CaMKII gene 

expression in the hippocampus and modulates induction of long-term potentiation (LTP) 

(Johnston and Morris, 1995). Thus, CaMKII downstream of PKG is implicated in synaptic 

plasticity, and could contribute to the suppression of synapse recovery mediated by PKG. 

Much of the work illuminating PKG and its effectors has been performed in the context of 

LTP, and has been shown to operate presynaptically (Ko and Kelly, 1999; Wang et al., 

2005). The findings in the studies outlined here are consistent with Tat-induced synapse 

loss and recovery being driven by postsynaptic mechanisms (Shin et al., 2012). A 

postsynaptic role for CaMKII in Tat-induced synapse loss has also been established, 

consistent with these studies and providing a contrast with mechanisms of LTP (N.J. 

Hargus and S.A. Thayer, unpublished observations). Another substrate of PKG, RhoA 

has also been shown to inhibit dendritic spine formation in hippocampal neurons 

(Tashiro et al., 2000), making it a tantalizing target for future mechanistic studies 

downstream of PKG. 

The initial observation that led to the studies in this dissertation was the exciting 

discovery that Tat-induced synapse loss was reversed by RAP. While not a primary 

subject of this dissertation, the mechanisms of RAP as an agent of synapse recovery are 

currently unknown. RAP was identified as a chaperone protein and competitive 

antagonist of LRP (Bu and Rennke, 1996). Consistent with this mechanism of action, 

pretreatment with RAP prior to Tat exposure prevents synapse loss (Kim et al., 2008). 

However after 16 h Tat exposure, Tat has presumably been internalized via LRP into 

neurons, and at this point competitive antagonism by RAP cannot explain the reversal 
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of synapse loss. However, RAP could induce recovery by an alternate mechanism. As 

outlined in Chapter Four, nNOS associates with PSD95 to couple cell surface GluN2B-

mediated signaling to a downstream pathway. Another protein that has been shown to 

associate with nNOS is the carboxy-terminal PDZ ligand of nNOS (CAPON). As its name 

suggests, CAPON interacts with nNOS at its PDZ domain, competing with PSD95 for 

nNOS binding (Jaffrey et al., 1998). Based on these findings, CAPON presumably binds 

to nNOS to reduce complex formation of NMDAR/PSD95/nNOS, thereby downregulating 

the signaling capacity of NMDA receptors via nNOS. Intriguingly, CAPON has also been 

shown to associate with LRP (Gotthardt et al., 2000). Perhaps RAP induces synapse 

recovery by binding to LRP and influencing the protein interactions of CAPON, either to 

LRP directly or by mediating CAPON’s interaction with nNOS. 

The in vitro studies thus far have identified GluN2B-containing NMDA receptors 

as a key mediator of Tat-induced neuronal death, and suppressor of synapse recovery. 

The next step in determining the relevance of these in vitro findings and relating it to 

cognitive deficits in HAND patients is to translate the current knowledge into a behavioral 

output. Inhibition of GluN2B-containing NMDA receptors with ifenprodil induces synapse 

recovery in vitro; perhaps ifenprodil treatment can improve learning and memory in 

behavioral paradigms. A transgenic mouse model with inducible Tat expression has 

recently been generated (Bruce-Keller et al., 2008), and is a good system to study the in 

vivo correlates of the work outlined in this dissertation. Correlating the findings in this 

dissertation with in vivo models is the logical first step to developing therapeutic 

strategies for treatment of HAND. 

 

IV. Synapse loss and recovery: a perspective 

HIV Tat induces excitotoxic synapse loss between hippocampal neurons in 
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vitro, a process that can be reversed by selective inhibition of GluN2B-containing NMDA 

receptors. Neuronal injuries such as synapse loss correlate to cognitive decline in 

HAND; in vivo studies of Tat in the CNS imply that it participates in the neuropathologies 

of HAND. The mechanisms of synapse recovery may prove to be better therapeutic 

targets rather than the initial inhibition of synapse loss. Furthermore, reversing the 

existing damage might improve cognition and be more relevant in a clinical setting. Thus, 

it is paramount to understand the mechanisms that underlie Tat’s neurotoxic effects, in 

particular the pathways that mediate synapse recovery, in order to provide a framework 

for designing treatments for HAND. 

The mechanisms highlighted in this dissertation are common to many pathways 

of neurodegeneration. NMDA receptor overactivation is well characterized as a 

mechanism of neurodegeneration not only in HAND, but other cognitive disorders such 

as Alzheimer’s disease (Hardingham and Bading, 2003). Moreover LRP, the neuronal 

receptor for Tat, is implicated in clearance of the amyloid-beta (Aβ) peptide from the 

brain, a hallmark of Alzheimer’s disease (Deane et al., 2004). Thus, disorders with 

different etiologies share common pathways that produce cognitive decline; targeting 

these common pathways can result in treatment strategies for multiple disorders. 

Understanding the molecular mechanisms of neuronal injury induced by HIV, and the 

exciting process of synapse recovery, may improve the treatment of HAND. 
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