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Abstract

Earlier studies have established that infection with HIV-1 subtypes (clades) might differentially 

influence the neuropathogenesis of HIV-1-associated neurocognitive dysfunction (HAND). HIV-1 

Trans activator of transcription protein (Tat) is of considerable significance and plays a major role 

in the central nervous system (CNS) dysfunction. However, these HIV-1 clades exert diverse 

cellular effects that leads to neuropathogenic dysfunction has not been well established. We 

hypothesized that the HIV-1 clade B and clade C Tat proteins effect synaptic plasticity expression 

in neuroblastoma cells (SK-N-MC) by diverse methods, and accordingly modulates the 

development of HAND. In the present study, we have analyzed important and highly expressed 84 

key human synaptic plasticity genes expression which differentially impact in clade B and clade C 

Tat treated SK-N-MC cells using RT2 Profile PCR Array human Synaptic Plasticity kit. Observed 

results demonstrate that out of 84 key synaptic plasticity genes, 36 and 25 synaptic genes were 

substantially (≥3 fold) up-regulated and 5 and 5 genes considerably (≥3 fold) down-regulated in 

clade B and clade C Tat treated cells, respectively, compared to the control SK-N-MC. We have 

also estimated the levels of glutamine and glutamate in HIV-1 clade B and C Tat exposed SK-N-

MC cells compared to untreated cells. Our results indicate that levels of glutamate, glutamine and 

expression of synaptic plasticity genes were highly dysregulated by HIV-1 clade B Tat compared 

to clade C Tat in SK-N-MC cells. In summary, this study suggests that clade B Tat substantially 

potentiates neuronal toxicity and further dysregulated synaptic plasticity genes in SK-N-MC may 

contribute to the severe neuropathogenesis linked with HAND.
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INTRODUCTION

HIV-1 infection affects the central nervous system (CNS) both directly and indirectly 

causing neurological impairments, like AIDS dementia complex (ADC) and HIV-associated 

neurocognitive disorders (HAND), which are characterized by a substantial death of neurons 

in all areas of the brain [1]. More than 50% HIV positive patients are affected by HAND and 

it is characterized by progression of cognitive, behavioral and motor abnormalities [2–4]. 

Earlier studies have established that HIV effectively infects and replicates in the 

macrophages, microglia, and monocytes in the brain [3, 5]. The HIV infected cells and the 

activated immune cells in the brain secrete inflammatory cytokines, chemokines and 

neurotoxic factors that affects neuronal function and ultimately leads to death. Further, 

HIV-1 Tat (14–16-kDa) protein is known to be released in HIV infection and modulate viral 

replication and various host cellular and immune dysfunctions [6]. HIV-Tat is well-known 

to cause oxidative stress and is linked to disruption of the blood- brain barrier [7–9] and 

induces brain dementia mediated by altered synaptic plasticity. Studies have revealed that 

HAND associates with decreased dendrite formation and spine density [3] as well as causing 

the loss of excitatory synapses resulting in learning and memory dysfunction in Tat 

transgenic rodent models [10, 11]. HIV-1 Tat-induced in vitro neuronal dysfunction result in 

synaptic loss [12] and neuronal death [3] which may be induced by metabotropic glutamate 

receptors (mGluRs) leading to increased levels of glutamate release. Studies have also 

revealed that HIV-1 Tat potentiates and decreases the level of glutamate facilitated by 

NMDA-evoked increase in intracellular Ca2+ concentration ([Ca2+]i) involved in neuronal 

toxicity [13, 14].

Globally there are several groups, subgroups and genetic variation in HIV-1 distribution and 

it predominates in subtypes B found in United States and western countries and subtype C in 

Asia and South Africa, respectively [15–19]. The major subtypes of HIV-1 clade B and C 

infections differentially impact the immune and neuronal dysfunctions [20, 21]. We have 

reported that HIV subtypes or clades differentially influence immune and neuronal 

dysfunction in HIV viral infection as well as HIV derived gene products like Tat and gp120 

proteins [22, 23]. Furthermore, earlier studies have revealed that HIV clade B and C viral 

infections differentially influence on neuronal plasticity genes [24], however, the exact 

mechanism of clade-specific HIV-1 Tat protein influence on neuronal plasticity dysfunction 

is not elucidated yet. In the current study, we hypothesize that the HIV-1 clade B and C Tat 

differentially affect the neuronal plasticity gene expression in SK-N-MC neuroblastoma 

cells, which will provide new insights to understand their role in HAND.

MATERIALS AND METHODS

Cell Culture and Reagents

Human neuroblastoma SK-N-MC cells were obtained from ATCC (ATCC Cat # HTB-10). 

The HIV-1 clade B and C Tat protein were obtained from the National Institutes of Health 

AIDS Reference Reagent Program (catalog no. 2222) and Diatheva, Fano, Italy, 

respectively. For the purified recombinant Tat proteins, the purities of clade B and clade C 

were 95% and 90%, respectively. The functional properties of clade B and C Tat proteins 

were confirmed by transactivation assay.
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SK-N-MC Human Neuroblastoma Cells

Human SK-N-MC human neuroblastoma cells were maintained as described earlier [25] in 

Minimum Essential Medium (MEM) containing 10% fetal bovine serum, 50 units/ ml 

penicillin, and 100 µg/ml streptomycin. Medium was obtained from Life Technology (Grand 

Island, NY), and the cells were grown to 80–90% confluence.

mRNA Isolation and First Strand cDNA Synthesis

After 48 hour HIV-1 clade B and C Tat protein treatment, SK-N-MC human neuroblastoma 

cells were collected and the pellets used for the mRNA isolation utilizing illustra triplePrep 

Kit (GE Healthcare Life Sciences, UK; Cat # 28-9425-44) and the on-column DNase 

treatment step were also included in the procedure. Purity of the RNA was assessed by 

microspot RNA reader (Synergy HT Multi-Mode Microplate Reader from BioTek, US) and 

RNAs with an OD260 nm/OD280 nm absorbance ratio of at least 2.0 were utilized for PCR 

array. One microgram of RNA (Control, clade B and clade C treated) was used for the first 

strand cDNA synthesis using SABiosciences's RT2 First Strand Kit (Cat # 330401) as per 

the manufacture’s protocol. Genomic DNA elimination step was conducted before acquiring 

for reverse transcription.

Human Synaptic Plasticity RT2 Profile PCR Array

Synaptic plasticity gene profiling was done using 96 well format RT2 Profile PCR Array 

human Synaptic Plasticity kit (SABiosciences, Cat # PAHS-126A-2) utilizing Stratagene 

Mx3000p qRT-PCR instrument. The human Synaptic Plasticity RT2 Profiler PCR Array 

interrogates 84 genes related to the human synaptic plasticity. This kit was chosen because it 

includes diverse genes important in the human synaptic plasticity, including Immediate-

Early Response (n = 30), Late Response (n = 2), Long Term Potentiation (n = 28), Long 

Term Depression (n = 21), Cell Adhesion (n = 9), Extracellular Matrix & Proteolytic 

Processing (n = 5), CREB Cofactors (n = 10), Neuronal Receptors (n = 19), Postsynaptic 

Density (n = 15), as well as other genes involved in the synaptic plasticity (n = 2). Few 

genes have role in several cellular functions listed above. The experiment was repeated three 

times. Relative abundance of each mRNA species was measured using RT2 SYBR 

Green/ROX PCR Master mix (SABiosciences, Cat # 330520) and distributed in equal 

volumes (25 µl) to each well of the real-time PCR arrays. The real-time PCR cycling 

program (as indicated by the manufacturer) was run on a Stratagene Mx3000p qRT-PCR 

thermal cycler. The threshold cycle (Ct) of each gene was determined by using the 

Stratagene MaxPro software. The threshold and baseline were set manually according to the 

manufacturer's instructions. Ct data were uploaded into the data analysis template on the 

manufacturer's website (http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php). 

The relative expression of each gene in HIV-1 Tat treated SK-N-MC cells was calculated 

using ΔΔCT method with five housekeeping genes and compared with the expression in 

control cells. Controls were also included on each array for genomic DNA contamination, 

RNA quality, and general PCR performance.
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Glutamine and Glutamate Assay

The levels of intracellular glutamine were analyzed using a glutamine assay kit (Sigma, 

MO). Briefly, HIV-1 clade B and C Tat protein were added at 100ng to 2× 106 cells and 

after the end of incubation period, cells and medium were collected, and an equal 

concentration of glutamine standards, were incubated with the reaction buffer, the diluent 

buffer, and the specific enzyme for 1 hour at 37°C. After adding the color reagent, the 

samples were allowed to develop color for 5 min at room temperature, and then measured 

O.D at 550 nm using a spectrophotometer according the manufacture protocol. To determine 

the quantity of glutamine and glutamate, a linear regression analysis of the standard curve 

was performed.

Measurement of Spine Density and Dendrite Morphology

1,-Dioctadecyl-3,3,3′,3′-Tetramethylindocarbocyanine Perchlorate (DIL) 
Staining—Established protocols to stain the neuronal cells and measurement of the spine 

density were utilized with few modifications [24]. In brief, SK-N-MC neuroblastoma cells 

were grown in Eagle's minimal essential medium containing 10% fetal bovine serum, 5 mM 

sodium pyruvate, 100 units/ml penicillin, 100 mg/ml streptomycin and retinoic acid at 37°C 

with 5% CO2. SK-N-MC cells were grown onto 22 mm×50 mm glass coverslips placed in a 

petri-dish. Cells were treated with HIV-1 clade B and C Tat. After 48 hours, cells were fixed 

with 4% Formaldehyde in PBS for 30 min at room temperature. The fluorescent membrane 

tracer 1, 1′-Dioctadecyl-3, 3,3′,3′-tetramethylindocarbocyanine perchlorate (DIL) at 7.5 

µg/ml (in PBS) concentration was directly added onto the fixed cultures and allowed to 

incubate for 90 min at RT. These stained coverslips were placed overnight at 4°C in petri 

dishes containing PBS before proceeding for confocal microscopy.

Confocal Microscopy

Confocal images were obtained using TCS SP2 Confocal Laser Scanning Microscope (Leica 

Microsystems, Germany) at 488 nm (100%) illusion of an argon-ion laser using 60× oil 

immersion objectives with high numeric aperture and 2.5× confocal electronic zoom settings 

to visualize individual cells and dendrites. Twenty Optical serial sections of 0.14 µm / 

section (~2.8 µm total) through the cells were captured and reconstructed to yield complete 

“two dimensional” images of individual cells in focus.

Data Analysis

In the expression studies, a gene was considered differentially regulated if the difference 

was ≥2–3 fold in comparison with the control [26]. Experiments were conducted at least 

three times and the values obtained were averaged. All the results were expressed as mean ± 

s.e.m. Statistical analysis of two groups was calculated by Student's t- test. In case more than 

two groups were analyzed, one way ANOVA was used followed by Bonferroni's multiple 

comparison test. Differences were considered significant at p≤0.05. Data analysis was 

performed with the Statistical Program, GraphPad Prism software (La Jolla, CA).
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RESULTS

Human Synaptic Plasticity Genes Expression in HIV-1 Clade B and C Tat Treated SK-N-MC 
Neuroblastoma Cells

Using RT2 Profile human Synaptic Plasticity PCR Array, we have analyzed the fold change 

of 84 human synaptic plasticity genes expression (Table 1), in clade B and clade C Tat 

treated SK-N-MC neuronal cells. The scatterplot graph was plotted to analyze the gene 

expression results (Fig. 1A, B). Out of these 84 synaptic plasticity genes investigated, 

remarkably, 69 genes were up regulated and 36 genes were more than ≥3 fold up-regulated 

in B Tat treated, whereas, in clade C Tat, out of 46 up-regulated genes, 25 were more than 

≥3 fold up regulated compared to control cells (Fig. 2). Further, clade B and C Tat treated 

cells significantly downregulated 5 and 5 genes, respectively (Table 3). These synaptic 

plasticity genes were divided into 10 groups based on their associated functions representing 

in immediate-early (IE) response genes, late response (LR) genes, long term depression 

(LTD), long term potentiation (LTP), CREB cofators, cell adhesion, neuronal receptors, 

postsynaptic density, extracellular matrix and protelytic processing, and other. Table 3 

shows that CREM, NFkB1, RHEB, NCAM and TIMP1 genes were significantly down-

regulated than control SK-N-MC. With respect to the control cells, the fold up-regulations of 

synaptic plasticity genes in clade B treated cells (range 3–54 fold) were significantly higher 

than clade C treated cells (range 3–28 fold) (Table 2).

Glutamine and Glutamate Levels

Glutamine synthetase (GS) present in several cellular organs including brain and it play a 

significant role in the metabolic regulation in glutamate and termination of neurotransmitter 

function [27]. Studies have shown that neuronal GS inhibition subsequently impact CNS 

exitotoxicity. In the present study we have investigated the effect of HIV-1 clade B and C 

Tat induced glutamate formation and glutamine levels in SK-N-MC. Data presented in Fig. 

3A shows that both clade B and C Tat (100 ng) treated to SK-N-MC at 48h, significantly 

decreased the level of glutamine (p<0. 01) compared to clade C Tat (p<0.05) or the 

untreated control group. Whereas, significantly increased glutamate (p<0.001) when 

compared to clade C Tat (p<0.05) in SK-N-MC (Fig. 3B).

Decreased Spine Density in Clade B and C Tat Treated Neuronal Cells

Confocal microscopy was used to capture the dendrite morphology of control, HIV-1 clade 

B and C Tat treated cells. Significant spine density (number of spines per dendrite length) 

and dendrite morphology changes were observed in neuronal cells treated with clade B and 

C Tat (Fig. 4) compared with untreated control cells. In clade B Tat treated cells, significant 

decrease in spine density was observed than with clade C Tat treated cells.

DISCUSSION

Our recent studies substantiate other reports in which HIV-1 clade B gp120 and Tat were 

shown to be more potent in contributing neuropathogesis compared to clade C gp120 and 

Tat [22, 23, 28–30]. However, there are no reports on HIV-Tat protein role in synaptic genes 

influencing neuronal dysfunction. In this study, in clade B Tat treated SK-N-MC, 36 
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synaptic plasticity genes were up-regulated (AKT1, CAMK2G, CEBPB, GABRA5, GRM5, 

GRIA3, NFKBIB, NOS1, RAB3A and TNF-α etc.) and many other synaptic plasticity genes 

were dysregulated compared to clade C Tat treated and untreated control cells. In clade C 

Tat treated SKN- MC, a total of 25 synaptic plasticity genes were upregulated compared to 

the control cells. It signifies the clade B induced neurotoxicity over clade C by either up-

regulating or down regulating the synaptic plasticity genes (Figs. 1, 2 and Table 2). 

Recently, from our lab, we have reported significant down-regulation of 28 synaptic 

plasticity genes and up-regulation of 8 genes in HIV-1 clade B infected SKN- MC cells [31]. 

In the current study we have shown, for the first time, differences in HIV-1 clades by 

studying modulation of the mGluRs receptor pathway and glutamate activation in SK-N-MC 

cells. This study provides new insights into how HIV-1 clade B and C Tat proteins 

differentially modulate neurotoxicity and impact synaptic plasticity expression in SK-N-MC 

cells. These findings are of substantial importance because it indicates that the mGluRs 

receptor, NOS1, CaMKs, CREBP and NFkB transcriptional factors and proinflammatory 

cytokine TNF- α differentially potentiates synaptic plasticity. In addition, our results suggest 

that the levels of glutamine decreased whereas glutamate levels were increased by HIV-1 

clade B and C (Fig. 3A, B), and it may play a role in synaptic plasticity expression.

mGluRs are found in pre- and post-synaptic neurons (in synapses) of the hippocampus, 

cerebellum, and the cerebral cortex, as well as other parts of the brain and in peripheral 

tissues. It has been shown that the mGluRs perform multiple functions in the central and 

peripheral nervous systems and plays major role in learning, memory and anxiety [32, 33]. 

Previousr studies have demonstrated the role of mGluRs in NMDA Receptor mediated 

neurotoxicity and excitotoxicity in CNS [34, 35]. Krogh et al., has shown the upregulation 

of NOS/sGC/PKG pathway by HIV-1 Tat in the hippocampal neuron [36]. Our recent 

reports also indicated that HIV-1 clade B and C gp120 protein potentiates considerably 

glutamate as well as NMDAR in astrocytes [23]. However no studies have been focused on 

HIV subtypes and associated mechanism of mGluRs in human CNS cells. Our results for the 

first time indicate that HIV-Tat clade differentially potentiate mGluRs mediated synaptic 

plasticity expression in SK-N-MC.

It is known that HIV-1 infection produced nitric oxide synthase (NOS) affects neuronal 

function [37]. Increased level of glutamate subsequently reduce glutamine which results in 

increased NOS which subsequently impact several cellular dysfunctions in CNS [38, 39]. 

The NOS can be neuroprotective or neurotoxic based on intracellular expression levels [40]. 

However, NMDAR mediated Ca2+ influx via s-nitrosylation results in improved neuronal 

survival [41, 42] whereas continuous generation of NOS may be inundated by nitrosative 

stress following prolonged, persistent, and excessive production of NO, leading to 

neurotoxicity and cell death. Previous studies have shown that HIV-1 Tat causes an 

elevation in the production of the NOS in vivo as well as in vitro [43]. Our results indicates 

that HIV-1 clade B Tat induced NOS1 production potentiate more neuro-pathogenesis than 

HIV-1 clade C Tat treatment. It is also known that mGluRs can regulate the cellular 

neurotransmitters mechanisms and neuronal synaptic plasticity depends on NOS [44]. 

Furthermore, an increased NOS in HIV-associated dementia (HAD) patients has also been 

reported [45], suggesting an association of mGluRs receptor with neuronal dysfunction. 
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Interestingly, HAD appears to be the most common with HIV-1 clade B infections, whereas 

much lower level of HAD occurs with HIV-1 clade C infection. This indicates that the 

prevalence of HAD may be correlated with the difference in subtypes of HIV-1.

Furthermore, our results also show that the induction of mGluRs receptor expression 

decreased the level of glutamine (Fig. 3A), and significantly increased glutamate formation 

(Fig. 3B) with HIV-1 clade B Tat protein. In addition, altered spine density has been noticed 

in clade B Tat treated SK-N-MC cells than control and clade C Tat treated cells. Dendritic 

spines are part of the major postsynaptic sites for excitatory synaptic transmission (Fig. 4) 

and can undergo remodeling even in the adult nervous system. These results suggest that 

HIV-1 clade C Tat is less effective and lack functional activity in mGluRs receptor-mediated 

induction. Earlier studies have shown that HIV-1 genetic variations play a critical role in 

affecting HIV-1 infection and differently modify disease progression in the clade B and C 

[46]. There are differences in sequence and structure of HIV-1 clade B Tat compared to 

HIV-1 clade C Tat, especially in HIV-1 clade C Tat gene sequence, dicysteine position 

C30C31 changes the motif and cysteine replaced by serine [20]. These differences might 

account for the observed differences in the activities of the clade B and C proteins (Fig. 5).

GRM5 is an important presynaptic regulator of neurotransmission in the mammalian CNS 

[47]. GABRA5, the main inhibitory neurotransmitter in the vertebrate brain, mediates 

neuronal inhibition by binding to the GABA/benzodiazepine receptor and opening an 

integral chloride channel. It plays a major role in chloride transport, signal transduction, 

synaptic transmission, regulation of neuron apoptosis and neuron development. Zhou et al. 

(2008) reported that GABA receptor inhibitor considerably suppress NMDAR mediated NO 

production [48]. Recently from our lab, down-regulation of NMDAR in HIV-1 virus 

infected with astrocytes was reported [24]. However, neurotransmitters changes due to the 

influence of NMDAR which is mediated by mGluRs, may explain the dysregulated synaptic 

plasticity genes in HIV infected cells. Moreover, it is known that HIV infection as well as 

Tat impact transcriptional factors and inflammatory cytokines [49, 50]. However, we have 

observed that HIV-1 clade B Tat significantly changed NFkB, CREBP transcription and 

proinflammatory cytokine TNF-α. Among 10 functional groups, each synaptic plasticity 

gene has one or more functions. In clade B and C Tat trated cells, 5 highly down regulated 

synaptic plasticity genes were NCAM1 (3 & 3), CREM (6 & 5 fold), NFKB1 (8 & 6 fold), 

RHEB (20 & 3 fold) and TIMP1 (26 & 17 fold), respectively (Table 3). GRM5 alters 

glutamate transmission, cognition, and increases the risk for schizophrenia. GRIA 

(glutamate receptor, ionotropic, AMPA) assembled from 4 related subunits, Gria1-4 also 

referred to as predominant excitatory neurotransmitter receptors in the mammalian brain are 

activated in a variety of normal neurophysiologic processes, acts as a RNA editing (CAG-

>CGG; Q->R) within the second transmembrane domain, which is thought to provide the 

channel impermeable to Ca (2+) [51–53].

Over all observed results confirmed that HIV-1 Tat B potentiates significantly and it may 

play an important role in neuronal plasticity. In support to the current study, from our 

previous report, in spine density analysis of HIV infected neuronal cells; we have observed 

that HIV-1 clade B is more neuropathogenic than clade C [24]. This could be due to the 

HIV-1B derived Tat protein induced neurotoxicity. In conclusion, treatment with HIV-1 
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clade B and C Tat proteins modulated the NOS1 mediated induction of mGluRs which 

altered expression of plasticity genes in SK-N-MC cells. Interestingly, we also demonstrated 

that clade B and C Tat treatment differentially potentiate the synaptic expression, leading to 

neuronal disease progression. To the best of our knowledge, this is the first report that 

HIV-1 clade B Tat has a greater impact on the expression of plasticity genes than clade C 

Tat. Taken together, these results suggest that cladespecific mechanisms in intracellular 

mGluRs receptormediated NOS might play a critical role in the neuropathogenesis of 

HANDs.
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Fig. (1). 
Scatter plot analysis of the changes in synaptic plasticity gene expression in clade B and 

clade C Tat treated SK-N-MCs. Pair wise comparison of control SK-N-MC (No HIV-Tat 

proteins treated) and clade B Tat treated SK-N-MCs by scatter plot analysis. Spots 

associated with individual human synaptic plasticity gene were collected and converted into 

log10 scale. The central line indicates unchanged gene expression. The synaptic plasticity 

genes with expression levels higher or lower in HIV-1 clade B Tat (A) and clade C Tat (B) 

treated SK-NMCs than the control cells are expected to produce dots that deviate from the 

centerline. The dots are allocated to positions that are above or below than the +3 fold or −3 

fold line when the differences are greater than three folds.
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Fig. (2). 
Venn diagram comparing the number of down-regulated and upregulated synaptic plasticity 

genes in SK-N-MC neuronal cells treated with HIV-1 clade B and C Tat.
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Fig. (3). 
HIV-1 clade B and C Tat protein influence glutamine and glutamate levels. SK-N-MC 

(2×106 cells/ml) were separately treated with HIV-1 clade B and C Tat at 100 ng/ml for 48 

h, and the cell lysates were examined for glutamine (A) and glutamate level (B). Data was 

expressed as mean±SE of three independent experiments.
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Fig. (4). 
HIV-1 clade B and C Tat effect on morphology and spine density by confocal images of DiI 

stained SK-N-MC cells. Control SK-NMC cells: High number of long spines on the 

dendritic length, high dendrite diameter, total dendrite area and spine area. Clade B Tat 

treated cells: Loss of spines on the dendrite length was observed than the control and clade 

C Tat treated SK-N-MC cells. Clade C Tat treated cells: Loss of number of spines was 

observed than control cells.
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Fig. (5). 
Schematic pathway of HIV-1 B and C differentially influence central nervous system. A 

comprehensive model showing how HIV-1 clade B and C differentially impact signaling 

through dendritic cells (DC), T cell and macrophages (and the closely related microglial 

cells) in the brain and their contribution to the pathogenesis of AIDS Dementia Complex 

(ADC) and neurocognitive disorders (HAND). The viral Trans activator protein (Tat) leads 

to secretion of neurotoxin QUIN and Arachidonic acid metabolites mediators’ which 

influence dopamine and mGlu receptor can activate astrocytes, and that may damage 

neurons differentially.
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Table 1

Functional grouping of human synaptic plasticity genes.

1. lmmediate-Early Response Genes 
(lEGs)

ARC, BDNF, CEBPB, CEBPD, CREEl, CREM, EGRl, EGR2, EGR3, EGR4, FOS, HOMERl, JUN, 
JUNE, KLFlO, MMP9 (Gelatinase B), NFKBl, NFKBffi (TR1P9), NGF, NPTX2, NR4Al, NTF3, 
PCDH8, P!Ml, PLAT (tPA). RELA, RGS2, RHEB, SRF, TNF

2. Late Response Genes INHBA, SYNPO

3. Long Tenn Potentiation ADCYl, ADCY8, BDNF, CAMK2A, CAMK2G, CDH2 (N-cadherin), CNRl, GABRAS, GNA11, 
GRlAl, GR1A2, NMDARl (GRI!Nl/NRl), GRIN2A, GRIN2B, GRIN2C, GRIN2D, MAPKI, MMP9 
(Gelatinase B), NTF4, NTRK2, PLCGl, PPPlCA, PPP lCC, PPP3CA, PRKCA, PRKCG, RAB3A, 
YWHAQ (14-3-3)

4. Long Tenn Depression GNAIl, GRlAl, GR1A2, GRIA3, GR1A4, GRlPl, GRM1, GRM2, IGFl, MAPKl, NOSl, NGFR. 
PICKl, PLAT (tPA), PPPlCA, PPPlCC, PPP1R14A (CPI-17), PPP2CA, PPP3CA, PRKCA, PRKGl

5. Cell Adhesion ADAMlO, CDH2 (N-cadherin), GRIN2A, GRIN2B, NCAMl, PCDH8, PPP2CA, RELN, TNF.

6. Extracellular Matrix & Proteolytic 
Processing

ADAMlO, MMP9 (Gelatinase B), PLAT (tPA), RELN, TIMPl

7. CREE Cofactors AKTl, CAMK2G, NMDAR1, GRIN2A, GRIN2B, GRIN2C, GRIN2D, MAPKl (ERK2), PPPlCA, 
PPPlCC.

8. Neuronal Receptors EPHB2, GABRAS, GRlAl, GR1A2, GR1A3, GR1A4, NMDARl, GRIN2A, GRIN2B, GRIN2C, 
GRIN2D, GRMl, GRM2, GRM3, GRM4, GRM5, GRM7, GRM8, NTRK2.

9. Postsynaptic Density ADAM10, ARC, DLG4 (PSD95), GRlAl, GR1A3, GR1A4, NMDARl, GRIN2A, GRIN2B, 
GRIN2C, GRM1, GRM3, HOMER, PICK, SYNPO.

10. Others KIF17, SIRTL
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Table 2

Human synaptic plasticity genes up-regulated in HIV-1 clade B and C Tat treated SK-N-MC (fold up 

regulation): Out of 84 genes analyzed, only the genes significantly (≥3 fold) up-regulate were shown in this 

table.

Synaptic Plasticity Genes HIV-1 Clade B Tat Fold Change HIV-1 Clade C Tat Fold Change p< Value

ADCY1 5.47 3.2 <0.01

AKT1 7.29 3.34 <0.001

BDNF 3.47 3.08 NS

CAMK2G 6.22 2.93 <0.01

CEBPB 6.17 −1.02 <0.001

EGR1 2.37 3.81 <0.01

EGR2 3.47 3.29 NS

EGR1 9.82 7.01 <0.01

EGR2 4.88 2.6 <0.001

EGR3 7.65 8.93 <0.05

EGR4 5.88 4.16 <0.06

GABRA5 11.09 −1.71 <0.001

GRIA1 4.04 1.2 <0.002

GRIA3 23.2 13.97 <0.001

GRIN1 8.85 7.56 <0.01

GRIN2B 4.25 1.16 <0.001

GRIN2C 4.81 3.75 <0.05

GRIN2D 3.22 1.26 <0.01

GRM3 24.86 13.07 <0.001

GRM4 8.32 13.91 <0.001

GRM5 3.65 1.67 <0.001

GRM7 3.91 3.38 NS

JUNB 4.52 5.2 NS

KIF17 4.71 −2.35 <0.03

KLF10 4.81 3.75 <0.05

NFKBIB 24.86 13.07 <0.001

NGF 8.32 13.91 <0.001

NGFR 3.65 1.67 <0.01

NOSI 17.91 3.38 <0.001

NR4AI 4.52 5.2 NS

NTF4 4.52 5.2 NS

PMII 11.2 6.53 <0.001

PPP2CA 8.55 11.78 <0.01

PRKCA 3.75 2.69 <0.01

RAB3A 54.8 28.6 <0.001
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Synaptic Plasticity Genes HIV-1 Clade B Tat Fold Change HIV-1 Clade C Tat Fold Change p< Value

RELA 3.07 1.88 <0.01

RGS2 2.4 3.63 <0.05

SIRT1 2.78 3.55 NS

SYNPO 5.12 5.81 NS

TNF 6.09 −1.91 <0.001
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Table 3

Human synaptic plasticity genes down-regulated in HIV-1 clade B and C Tat treated SK-N-MC (fold down 

regulation).

Synaptic
Plasticity

Genes

HlV-1 Clade B
Tat Fold
Change

HIV-1 Clade C
Tat Fold
Change

p < Value

NCAM1 −3.09 −3.64 NS

CREM −6.16 −5.4 NS

NFKB1 −8.83 −6.84 <0.02

RHEB −10.64 −19.21 <0.001

TIMP1 −26.76 −17.8 <0.001
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