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Abstract

Despite the success of combined antiretroviral therapy, more than half of HIV-1-infected patients 

in the USA show HIV-associated neurological and neuropsychiatric deficits. This is accompanied 

by anatomical and functional alterations in vulnerable brain regions of the mesocorticolimbic and 

nigrostriatal systems that regulate cognition, mood and motivation-driven behaviors, and could 

occur at early stages of infection. Neurons are not infected by HIV, but HIV-1 proteins (including 

but not limited to the HIV-1 trans-activator of transcription, Tat) induce Ca2+ dysregulation, 

indicated by abnormal and excessive Ca2+ influx and increased intracellular Ca2+ release that 

consequentially elevate cytosolic free Ca2+ levels ([Ca2+]in). Such alterations in intracellular Ca2+ 

homeostasis significantly disturb normal functioning of neurons, and induce dysregulation, injury, 

and death of neurons or non-neuronal cells, and associated tissue loss in HIV-vulnerable brain 

regions. This review discusses certain unique mechanisms, particularly the over-activation and/or 

upregulation of the ligand-gated ionotropic glutamatergic NMDA receptor (NMDAR), the 

voltage-gated L-type Ca2+ channel (L-channel) and the transient receptor potential canonical 

(TRPC) channel (a non-selective cation channel that is also permeable for Ca2+), which may 

underlie the deleterious effects of Tat on intracellular Ca2+ homeostasis and neuronal hyper-

excitation that could ultimately result in excitotoxicity. This review also seeks to provide 

summarized information for future studies focusing on comprehensive elucidation of molecular 

mechanisms underlying the pathophysiological effects of Tat (as well as some other HIV-1 

proteins and immunoinflammatory molecules) on neuronal function, particularly in HIV-

vulnerable brain regions.
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1. INTRODUCTION

Despite the success of combined antiretroviral therapy (cART), over 50% of the human 

immunodeficiency virus type 1 (HIV-1)-seropositive patients in the USA are diagnosed with 

HIV-associated neurocognitive disorders (HAND) manifested by cognitive, psychosocial, 

and motor deficits, along with some neuropsychiatric deficits [1, 2]. The human brain is 

profoundly affected by HIV-1 infection [3, 4], even at early stages and young ages [5, 6]. 

Although neurons are not infected by HIV-1, their function can be altered significantly by 

HIV-1 proteins and inflammatory molecules released by HIV-infected cells (e.g. leucocytes, 

astrocytes and microglia cells) that support productive viral replication [7]. HIV-1 Tat, a 

trans-activator of transcription for viral replication, is one of the toxic HIV-1 proteins that 

plays a critical role in the development and progression of HAND due in part to its 

neurotoxicity. Tat is one of the first HIV-1 proteins to be expressed and detected following 

HIV infection. The deleterious effects of Tat on neurons and other types of cells have been 

shown to result in dysregulation, injury or death of neurons, which likely contribute to HIV 

neuropathogenesis [3, 8–11]. Although the cytotoxic or neurotoxic effects of Tat on the 

central nervous system (CNS) have been studied extensively, the exact mechanisms 

underlying Tat-induced changes in neuronal function in the brain are not fully understood 

and require further investigation. This review focuses mainly on summarizing the 

pathophysiological effects of Tat on dysregulating intracellular Ca2+ homeostasis and 

functional activity of neurons (rather than causing severe damage or death) in certain brain 

regions, which may contribute to the progression and severity of HAND.

2. TAT-ASSOCIATED EARLY ALTERATIONS IN HIV-VULNERABLE BRAIN 

REGIONS

It is reported that certain cortical and subcortical brain regions, which are key regulators of 

cognition, mood and motivation-driven behaviors, appear to be more vulnerable than other 

brain regions to the toxic effects of HIV-1 proteins (including Tat), and also are implicated 

in HIV-induced neurological and neuropsychiatric deficits due to earlier anatomical and 

functional alterations [3, 8–14]. These brain regions, including but not limited to the 

hippocampus, prefrontal cortex, basal ganglia (dorsal/ventral striatum; a.k.a. the caudate-

putamen and nucleus accumbens, respectively) and midbrain, are part of the 

mesocorticolimbic and nigrostriatal pathways, suggesting that dysfunction of neurons or 

their connectivity in these systems play a pivotal role in neuroAIDS. Anatomical and 

functional alterations in these HIV-vulnerable brain regions are linked in part to the 

excitotoxic and neurotoxic effects of Tat and other toxic HIV-1 proteins [3, 9, 14]. It is 

unclear why these brain regions seem to be affected by HIV at earlier stages of infection and 

associated with more severe changes than other brain regions during the progression of 

HAND. Nevertheless, such increased susceptibility of these regions to HIV could result 

from their anatomical location. It is worth noting that all of these HIV-vulnerable brain 

regions are localized adjacent to, or near by the ventricles [15], which could render them 

more readily and directly invaded by HIV-infected leukocytes from the peripheral blood 

system. This situation is illustrated in (Fig. 1), where HIV-infected leukocytes could 

infiltrate the blood-brain barrier and enter the cerebrospinal fluid (CSF), through which 
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nearby brain regions could be readily invaded. Microglial cells and astrocytes can be 

infected by HIV following invasion of HIV+ leukocytes in the brain. Tat and other viral 

proteins secreted by HIV+ cells, as well as immunoinflammatory molecules induced by 

HIV-1 proteins [16–19], could profoundly alter neuronal function [20, 21]. Further, uptake 

and axonal transport of Tat could allow spread of Tat throughout the connected 

hippocampus, prefrontal cortex, basal ganglia and midbrain [22, 23]. Taken together, these 

findings strongly suggest an integrative structural and functional mechanism that forms a 

fundamental base for Tat (and other HIV-1 proteins)-induced neuronal dysregulation at 

earlier stages of HIV infection, and during the progression of HAND, and emphasize the 

need for further elucidation of the molecular mechanism(s) underlying the 

neuropathophysiological effects of Tat (and other HIV-1 proteins and immunoinflammatory 

molecules) in these brain regions.

3. TAT-INDUCED NEURONAL DYSFUNCTION AND CA2+ DYSREGULATION

Tat induces neuronal dysfunction through a variety of mechanisms [24–26]. This review 

focuses on the deleterious effects of Tat on neurons mainly associated with Ca2+ 

dysregulation, displayed by abnormal and excessive Ca2+ influx/release and consequential 

increase of intracellular Ca2+ levels ([Ca2+]in), which are mediated by the ionotropic 

glutamatergic N-methyl-D-aspartate receptor (NMDAR), voltage-gated L-type Ca2+ channel 

(L-channel) and transient receptor potential canonical (TRPC) channel, along with other 

possible important players (e.g., a variety of protein kinases and immunoinflammatory 

molecules, etc.). Although the exact mechanisms underlying HIV-associated 

neuropathogenesis are poorly understood, extensive studies reveal a pivotal role of Ca2+ 

dysregulation that induces many neuronal dysfunctions [12, 20, 21, 24]. Cumulating studies 

demonstrate that the effects of Tat and other HIV-1 proteins (e.g., gp120, Vpr, etc.) are 

associated with excessive increases of Ca2+ influx and [Ca2+]in in neurons [21, 27–33], and 

non-neuronal cells [34–38], while some others show that Tat inhibits responses of immune 

cells by blocking Ca2+ influx [39, 40]. Together, these findings imply cell type-specific 

effects of Tat on disruption of Ca2+ homeostasis. Tat also induces increased firing and Ca2+ 

influx in rat hippocampal and cortical neurons [27, 28, 41] and death of striatal neurons. Tat-

induced neuronal dysfunction also results in alterations in various neurotransmission. For 

example, Tat increases glutamate release, but decreases GABA release from cortical neurons 

[42]. Tat also evokes acetylcholine release from cortical neurons [43], and inhibits dopamine 

reuptake by striatal neurons [44, 45]. These findings suggest dysfunction or injury of 

neuronal terminals. In fact, loss of dopamine transporters (normally located in the terminals) 

is found in the striatum of patients with HIV-associated dementia [46, 47], and in neurons of 

experimental animals [48]. Given that excessive Ca2+ influx/[Ca2+]in is toxic, which disturbs 

a variety of intracellular signaling processes and induces injury, tissue loss, and possible 

death of neurons [21, 29, 31, 32, 49–51] and non-neuronal cells [34–36], HIV-associated 

neuronal dysfunction could be attributed in part to the neuropathological effects of Tat (and 

other viral proteins) on Ca2+ dysregulation.
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4. TAT-MEDIATED DYSREGULATION OF CA2+ INFLUX AND [CA2+]IN: 

MECHANISMS AND RELATED INTRACELLULAR SIGNALING

Tat increases [Ca2+]in by inducing Ca2+ influx through Ca2+-permeable ion channels and 

release of intracellular Ca2+ stores [49, 52–54]. This review seeks to summarize what is 

currently known about (i) Tat-mediated increases of Ca2+ influx in neurons (mediated 

mainly by NMDAR, the L-channel and TRPC channel), (ii) Tat-mediated changes in 

intracellular Ca2+ release, and (iii) the functional interplay of these channels, which could 

also be altered by Tat.

4.1. Dysregulation of Ionotropic Glutamatergic NMDAR

The NMDAR is a ligand-gated ion channel that is highly permeable for Ca2+ [24–26]. 

Considerable and highly significant studies have revealed a critical role of NMDAR-

mediated increases of Ca2+ influx/[Ca2+]in in HIV-associated excitotoxicity [13, 25, 26, 55], 

which may contribute to the progression and severity of neuroAIDS. In neurons functional 

NMDARs are located in the cell membrane and are activated by released glutamate (a major 

excitatory neurotransmitter in the CNS) or NMDA. Exposure to HIV-1 proteins (and 

immunoinflammatory molecules) is associated with increased extracellular glutamate levels 

[56, 57], and significantly-enhanced NMDAR activation [21, 31, 32, 50, 58, 59] and 

expression [56, 57]. Through such alterations, HIV abnormally increases Ca2+ influx via 

NMDAR that increases [Ca2+]in. Therefore, NMDAR has been considered to play a critical 

role in dysregulation of intracellular Ca2+ homeostasis and related neuronal dysfunction. In 

addition, Tat also inhibits activity of glutamate transporters in astrocytes [60], resulting in 

decreased glutamate uptake by these cells. This decrease in glutamate uptake could 

consequently increase extracellular glutamate levels, thereby potentiating Tat (along with 

other HIV-1 proteins and immunoinflammatory molecules)-induced abnormal Ca2+ influx 

via NMDAR in neurons surrounded by these dysfunctional astrocytes.

Tat specifically alters NMDAR activity by acting on a NMDAR/low-density lipoprotein 

receptor-related protein (LRP) complex. In response to transient application of glutamate or 

NMDA, Ca2+ influx in cultured rat hippocampal neurons is facilitated by Tat pre-exposure 

[31]. Additionally, Tat-induced excitotoxicity in rat hippocampal pyramidal neurons from 

cultured slices is reduced by NMDAR blockade [50]. It is reported that the neurotoxic 

effects of Tat require direct interaction with NMDAR at a polyamine-sensitive site [50], by 

which Ca2+ influx and [Ca2+]in are elevated in cultured rat hippocampal neurons [51], 

because this Tat effect is attenuated by selective blockade of the polyamine site and 

NMDAR [32]. Further, combined exposure to Tat and gp120 at subtoxic concentrations also 

induces death of neuronal cells, which is associated with prolonged increases of [Ca2+]in, 

and this combined neurotoxic effect is blocked by selective NMDAR antagonism [21, 49]. 

Tat can also exert its effects on neuronal activity by entering neurons via the LRP. Previous 

studies show that LRP mediates uptake of Tat, which is translocated to the nucleus, by 

cultured human neurons [22]. Tat binding to LRP results in substantial inhibition of 

neuronal binding, uptake and degradation of various physiological ligands for LRP, 

suggesting that Tat mediates HIV-induced neuropathology via signaling pathways involving 

disruption of the metabolic balance of LRP ligands (possibly by competition) and direct 
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activation of harmful gene expression [22]. Tat also induces formation of a macromolecular 

LRP-postsynaptic density protein-95 (PSD-95)-NMDAR-neuronal nitric oxide synthase 

complex in the cell membrane, which promotes apoptosis of neurons and astrocytes [61, 62]. 

In addition, Tat additionally induces synapse loss in neurons that is associated with 

excessive Ca2+ influx via NMDAR [11].

Tat also produces a time-dependent biphasic change in NMDAR-mediated increases of Ca2+ 

influx/[Ca2+]in, which is indicated by an initial increase, and then an adapted reduction of 

Ca2+ influx/[Ca2+]in. The later change is regulated by activation of the Src tyrosine kinase/

nitric oxide synthase-mediated signaling pathway, and RhoA/Rho-associated protein kinase 

(ROCK) signaling, both lead to reduced NMDAR activity and NMDAR-evoked Ca2+ influx 

in cultured rat hippocampal neurons [63, b, 64]. This adaptation of NMDAR function 

following excessive increase of Ca2+ is considered a neuronal self-protection mechanism 

against excitotoxicity induced by over-activation of NMDAR and excessive [Ca2+]in. 

Together, these findings clearly indicate a NMDAR-mediated mechanism, via which Tat 

induces abnormal and excessive Ca2+ influx in neurons (Fig. 2).

4.2. Possible Signaling Pathways that Facilitate Tat-Mediated Over-Activation/Upregulation 
of NMDAR

Besides the direct effect on NMDAR [50], Tat may also exert an indirect effect on neuronal 

Ca2+ influx by altering signaling pathways that affect NMDAR activity/expression, 

including but not limited to those mediated by the tumor necrosis factor alpha (TNF-α), 

various protein kinases (other than those mentioned above), and glycogen synthase kinase 3-

beta (GSK-3β). These mechanisms could also enhance NMDAR activity, and therefore may 

ultimately contribute to Tat-induced excitotoxicity in neurons.

First, Tat mediates increased cellular production of TNF-α, an inflammatory mediator [16, 

35, 36] that facilitates Ca2+ influx via NMDAR in rat cortical neurons [58, 65], leading to 

additional increase of [Ca2+]in. It is known that TNF-α is increased in neurons in the frontal 

cortex and basal ganglia of HIV-seropositive patients [66], and is implicated in the 

pathogenesis of an uncommon and rapidly progressive form of AIDS dementia complex. 

Thus, this effect of TNF-α on Ca2+ influx could exacerbate Tat-mediated excitotoxicity in 

neurons.

Second, Tat can also enhance Ca2+ influx by facilitating NMDAR activity via enhancing 

phosphorylation. Phosphorylation of NMDAR can be mediated by the dopamine D1 

receptor (D1R)-coupled cAMP/PKA cascade in neurons. It is established that the functional 

activity of NMDAR [67, 68, also see 69 for review] in conducting Ca2+ influx is increased 

in mPFC pyramidal neurons following enhanced phosphorylation mediated by increased 

PKA activity in the D1R-coupled cAMP/PKA cascade. Therefore, Tat may increase 

NMDAR activity by enhancing PKA activity [70–72]. Interestingly, a recent study reveals 

that D1R expression is significantly increased in the brain of HIV-1 Tg rats [73]. Further, 

death of midbrain dopaminergic neurons induced by Tat, as well as by combined sub-toxic 

doses of Tat and methamphetamine, is attenuated by inhibition of D1Rs [74, 75]. Because 

D1R activation facilitates the cAMP/PKA cascade, it is possible that increased D1R 

expression in HIV-infected brains may lead to enhanced phosphorylation of NMDAR, 
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thereby inducing additional increase of Ca2+ influx in neurons. Further studies are needed to 

determine whether this is true. In addition, it is also reported that the LRP is a signaling 

receptor associated directly with activation of the stimulatory G-protein (Gs) and a 

downstream PKA-dependent pathway [76]. Whether HIV and Tat-induced increases in 

cAMP levels and PKA activity [70–72] is mediated via this LRP-mediated signaling in 

neurons also requires further investigation. Nevertheless, a recent study reported inhibition 

of PKA activity by Tat in vitro [77], but the Tat concentration used was quite high (IC50=1.2 

μM), so it is likely that such inhibition may be a non-specific effect. In addition, Tat also 

potentiates excitotoxicity of glutamate in cultured rat hippocampal neurons via PKC-

mediated phosphorylation and activation of NMDAR [31], though an opposite effect of Tat 

on PKC in cultured HeLa cells is reported [77]. Collectively, these findings show that Tat-

induced dysfunction of protein kinases also participates in alteration of NMDAR activity, 

which could be time-dependent, dose-dependent, and cell type-specific.

Third, Tat mediates increase of GSK-3β activity in rat cerebellar granule neurons [78] and 

midbrain primary neurons [54], and decrease of β-catenin activity in astrocytes [79, 80]. 

These changes are also associated with abnormal increases of [Ca2+]in. Given that β-catenin 

plays a critical role in neuroprotection and other neuronal functions, and GSK-3β decreases 

β-catenin activity [81, 82], these effects of Tat on astrocytes could impair the function of 

astrocytes to uptake glutamate [60], and therefore result in dysregulation of extracellular 

glutamate levels and dysfunction of neurons surrounded by these astrocytes.

4.3. Dysregulation of the Voltage-Gated L-Channel, Independent of NMDAR

HIV-1 protein-induced neuronal dysfunction and Ca2+ dysregulation do not depend solely 

on over-activation and expression of NMDAR. Previous studies also suggest a critical role 

for the L-channel. For example, blockade of L-channels reduces Tat-induced neuronal death 

by decreasing excessive Ca2+ influx [83]. Other studies also show that Tat-mediated Ca2+ 

influx is regulated in part by the L-channels [34], although activation of β-chemokine 

receptors [84] and glutamatergic NMDAR [31, 32, 51] are involved. Moreover, low 

(femtomolar and nanomolar) concentrations of Tat dose-dependently induce membrane 

depolarization, increase evoked firing, and elicit a fast transient increase of [Ca2+]in in rat 

CA1 hippocampal neurons in culture or from rat brain slices [28, 41], but this increased 

[Ca2+]in is not affected by sodium channel blockade, and is not completely blocked by 

antagonists for NMDAR or AMPA receptor (AMPAR, another ionotropic glutamatergic 

receptor that can also conduct Ca2+ currents). Tat effects on increasing Ca2+ influx through 

over-activation of the L-channels appear to be consistent in neurons. Previous studies 

indicate that Tat injection into the rat striatum induces brain tissue loss, including loss of 

striatal neurons and glial fibrillary acidic protein (GFAP)-immunoreactive astrocytes, by 

seven days after injection [29], which is similarly observed after combined injection of 

subtoxic concentrations of Tat and gp120. Such toxic effects of Tat (and gp120) are 

mediated, at least in part, by over-activating the L-channels because L-channel blockade 

significantly reduces Tat/gp120-induced tissue loss and cell death [21, 49, 83]. Together, 

these studies strongly suggest a critical role of the L-channel as another major player in Tat-

mediated excessive Ca2+ influx.
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Involvement of the L-channel in Tat-induced Ca2+ influx has also been observed in immune 

cells. Direct binding of Tat to the L-channels in immune cells has been reported [39, 40], 

though which has not been reported in neurons yet. The Tat effects on altering Ca2+ influx 

via the L-channels seem to be cell type-specific in immune cells. For example, Tat impairs 

function of human natural killer cells and dendritic cells by blocking Ca2+ influx through the 

L-channels [39, 40], but increase L-channel-mediated [Ca2+]in in human monocytes [36] and 

human microglia [34]. Further investigation is required to determine the mechanisms 

underlying these differences in L-channel activity in different cell types.

Our recent studies extend these Tat/L-channel findings by separating Ca2+ influx in mPFC 

pyramidal neurons through voltage-gated L-channels, independent of NMDAR. While 

recognizing the significance of the NMDAR in HIV-associated neuropathogenesis, we have 

demonstrated an additional important and novel pathway for Tat dysregulation of neuronal 

excitability, which is functional with blockade of NMDAR (and other ionotropic glutamate 

receptors): specifically, over-activation and upregulation of the L-channels [85–87]. We 

have demonstrated that the L-channels mediate Tat (and other HIV-1 protein)-induced Ca2+ 

influx and neuronal hyper-excitation in rat mPFC pyramidal neurons: (1) Under blockade of 

NMDAR (and AMPAR), Tat exposure of mPFC pyramidal neurons in rat brain slices ex 

vivo significantly increases Ca2+ influx by over-activating the L-channels, rendering these 

cortical neurons more susceptible and vulnerable to relatively “normal” excitatory stimuli 

(mimicked by moderate depolarizing currents injected into neurons) [86, 87]. (2) The Tat 

effects on neuronal excitability are concentration-dependent, via which lower nanomolar 

concentrations of Tat increase Ca2+ influx, while higher concentrations of Tat decrease Ca2+ 

influx [86, 87]. The later finding suggests acute excitotoxic injury, or a self-protective 

mechanism that could be mediated by internalization of the L-channels in response to over-

activation [88]. (3) When injected into the rat lateral ventricle [85], Tat induces a region-

specific increase of L-channel expression in the rat mPFC, which is not found in the dorsal/

ventral striatum or motor cortex. (4) Increased NMDAR-independent Ca2+ influx is also 

found in mPFC pyramidal neurons from non-infectious HIV-1 transgenic (Tg) rats, which 

express 7 of the 9 HIV-1 proteins with deletion of gag and pol [89], which is partially 

abolished by selective blockade of the L-channels (our unpublished findings). Because the 

Tat effects on Ca2+ influx in cortical neurons are detected with blockade of NMDAR/

AMPAR, our findings, in combination with others discussed above, demonstrate that the Tat 

action on cortical neurons results not only from dysregulation of the ligand-gated NMDAR, 

but also from over-activation and upregulation of the voltage-gated L-channels (Fig. 2). 

Collectively, these studies reveal a unique mechanism via which Tat and other HIV-1 

proteins induce hyper-excitation of mPFC pyramidal neurons. Therefore, we propose that 

Tat-induced dysfunction of cortical and striatal neurons (associated with injury of 

dopaminergic terminals in the basal ganglia) could be attributed in part to L-channel over-

activation and upregulation in mPFC pyramidal neurons. Because these cortical neurons are 

glutamatergic and provide excitatory inputs to the striatum and midbrain, such changes 

could ultimately contribute to dysfunction of the mesocorticolimbic and nigrostriatal 

systems in patients with neuroAIDS.
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4.4. Possible Signaling Pathways that Promote Tat-Mediated Over-Activation/Upregulation 
of the L-Channel

The exact mechanism(s) of Tat-mediated L-channel over-activation and upregulation 

remains unknown, but increasing evidence suggests certain molecular mechanism(s) or 

signaling pathways that could underlie or modify Tat-induced L-channel dysregulation. 

These mechanisms/signaling pathways may include, but not limited to, dysfunction of the 

α1 subunit (a ‘pore’-forming protein) and other auxiliary subunits of the L-channel, 

dysregulation of protein expression of the L-channel mediated by micro RNA, and/or 

changes in a variety of protein kinases, etc. Abnormal alterations in these mechanism(s) 

and/or related signaling pathways could lead to various dysfunctions of the L-channel, 

including over-activation and upregulation.

Structural alterations in the α1 subunit and/or other auxiliary subunits of voltage-gated ion 

channels may underlie Tat-induced changes in functional activity of these channels. For 

example, splice variant alterations in ion channel subunits could result in over-activation of 

the channels. Previous studies have reported an alternative splice variant of the Cav1.2 α1c 

subunit, the ‘pore’-forming protein of the L-channel, which includes an alternative exon of 

75 base pair in the sequence between exons 9 and 10 (a.k.a. the exon 9*) [90, 91]. This 

variant is associated with functional changes in the gating mechanism and kinetics of the L-

channel, with a significant shift of the current-voltage (I–V) relationship to the more 

hyperpolarized membrane potential levels [90], revealing an altered voltage-dependence that 

leads to an increase in L-channel activity. Consequently, such an abnormal increase in L-

channel activity mediated by this variant renders the cell membrane more susceptible to 

depolarizing stimuli, potentially causing increased neuronal excitability in response to 

excitatory inputs, particularly to abnormally-increased extracellular glutamate levels and 

HIV-1 proteins (e.g., Tat, gp120 and Vpr, etc.). These studies suggest that over-expression 

of the exon 9* splice variant could mediate increased L-channel activity. Due to limited 

information regarding the biophysiological properties of the 9*-containing Cav1.2 L-

channels [90, 92], it is difficult to precisely predict whether and how (1) Tat may bind to this 

variant, and (2) increase of the 9*-containing L-channels is implicated in our observation 

regarding Tat-induced L-channel over-activation in mPFC pyramidal neurons [85–87]. 

Further investigation is required to identify a possible effect of this or other splice variants 

on L-channel activity.

Another possible mechanism that may also underlie L-channel over-activation may result 

from dysfunction of auxiliary L-channel (e.g., α2, β, γ and δ) subunits, which modulate 

activation, inactivation and trafficking of the channel. For example, the β and α2/δ subunit 

of voltage-gated Ca2+ channels modulate channel gating properties [93], including the 

inactivation kinetics of the L-channel and other subtypes of Ca2+ channels (e.g., Cav2.2 and 

Cav2.3; a.k.a. N- and R-type, respectively) [94, 95]. Thus, if the functional activity and/or 

expression of the β and α2/δ1 subunits is reduced after chronic exposure to Tat (or other 

HIV-1 proteins and inflammatory molecules), the ability of these auxiliary subunits to 

regulate inactivation of the L-channels could be impaired. Under such circumstances, 

inactivation of the L-channels will be reduced or lost, and consequentially Ca2+ influx 

through the L-channels may be prolonged. This could also induce over-excitation of 
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neurons, or eventually cause injury or death of neurons. The γ subunit usually has smaller 

effect than other subunits on modulating ion channel activity [93], and whether it is involved 

in HIV-associated dysfunction of L-channels remains to be determined.

Tat may also exert an indirect effect to increase Ca2+ influx by over-activating the L-

channels via altering functional activity in some pathways, including but not limited to TNF-

α production and PKA-mediated phosphorylation, as is seen with NMDAR dysregulation 

(and was described above). For example, Tat increases TNF-α production which facilitates 

Ca2+ influx via the L-channels in hippocampal neurons [96, 97]. Although the exact 

mechanism underlying the TNF-α-induced increase of Ca2+ influx remains to be 

determined, this increase could exacerbate Tat-mediated neurotoxicity. In addition, 

increased L-channel activity also is associated with enhanced phosphorylation by PKA in 

mPFC pyramidal neurons [98, 99], suggesting that Tat can increase L-channel activity by 

facilitating PKA activation [70–72]. Moreover, increased D1R expression found in the brain 

of HIV-1 Tg rats [73] could also facilitate PKA activity, which would enhance PKA-

mediated phosphorylation of the L-channels thereby increasing Ca2+ influx. Collectively, 

these findings suggest that Tat-induced dysregulation of TNF-α and protein kinases in 

neurons may also contribute to L-channel over-activation.

4.5. Interplay of the NMDAR and the L-Channel in Dys-regulation of Ca2+ Influx Mediated 
by Tat

Although both the NMDAR and the L-channel are highly permeable for Ca2+, they are 

activated through different mechanisms: the ligand-gated, ionotropic glutamatergic NMDAR 

requires binding of selective agonists (e.g., glutamate or NMDA) and co-agonists as well as 

removal of Mg2+ blockade, while the voltage-gated L-channel is sensitive to, and activated 

by cell membrane depolarization. Ionotropic glutamate receptors regulate synaptic 

excitability, and the majority of voltage-gated Ca2+ channels regulate intrinsic excitability 

and firing at more depolarized Vm levels [93]. It is unknown whether a functional interplay 

between over-activated/upregulated NMDAR and L-channel alter neuronal Ca2+ 

dysregulation, and whether and how such interplay contributes to Tat-induced 

neuropathogenesis. Previous studies have shown that NMDAR and the low voltage-

activated (LVA) Ca2+ channels, specifically, the T-type Ca2+ channel that is activated at Vm 

near the resting membrane potential, are interacting to regulate the subthreshold excitability 

of pyramidal neurons [100–102]. However, it is unknown whether the LVA-Cav1.3 Ca2+ 

channel, another subtype of the L-channel which is also activated by small membrane 

depolarization similar to the T-type Ca2+ channel [103], also participates in such interplay to 

integrate, amplify, and relay Vm changes mediated by NMDAR to other high-voltage 

activated (HVA)-ion channels in the cell membrane, ultimately controlling neuronal firing. 

Encouragingly, evidence from our recent electrophysiological studies suggest that Tat-

induced increases of Ca2+ influx in mPFC pyramidal neurons is mediated by over-activation 

of both LVA and HVA L-type Ca2+ channels [86, 87]. Similarly, increased Ca2+ influx is 

also found in mPFC pyramidal neurons from HIV-1 Tg rats that express multiple viral 

proteins, which is partly abolished by L-channel blockade (our unpublished data). Because 

the function of both NMDAR and L-channel is altered by Tat, these studies support the need 

to further elucidate alterations in the interplay of NMDAR and L-channels, and their 
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possible contribution to HIV-associated neuropathogenesis. Outcomes from such future 

studies will not only aid in a better understanding of the underlying mechanisms of HIV-

induced neurotoxicity, but may also be informative in the development of novel therapeutic 

strategies for treating neuroAIDS.

4.6. Dysregulation of Intracellular Ca2+ Release and Related Signaling

Besides altering NMDAR and L-channel activity, Tat also alters [Ca2+]in by facilitating 

intracellular Ca2+ release from the endoplasmic reticulum (ER) via the inosotol-1,4,5-

trisphosphate (IP3) receptor (IP3R) and ryanodine receptor (RyR)-mediated signaling 

pathways. Notably, Tat-induced increases of [Ca2+]in and death of human fetal neurons in 

vitro are associated with a 3-fold elevation in IP3 levels, which are blocked by inhibition of 

IP3R [49]. Associated with increased Ca2+ influx, Tat-induced dysregulation of IP3 

signaling (mediated by G proteins and G protein-coupled phospholipase C) could lead to 

mitochondrial Ca2+ overload and oxidative stress [104], which could induce 

neurodegeneration. Furthermore, Tat-induced dysregulation of IP3R activity and elevated 

Ca2+ release are associated with increased production of tumor necrosis factor-alpha (TNF-

α, a cytopathic cytokine that is linked to the neuropathogenesis of HIV-associated dementia) 

in human macrophages [35], and likely in monocytes [36]. Whether this also occurs in 

neurons remains unknown and needs to be determined in future studies. In addition, Tat also 

induces rapid intracellular Ca2+ release from the ER and mitochondria in cortical neurons, 

which appears to be mediated by RyR, independent of IP3R [52–54]. Abnormal RyR 

signaling induces the unfolded protein response (UPR) that leads to failure of mitochondrial 

energy metabolism (subsequent neuronal respiratory decline), which could cause death of 

neurons. It is also worth noting that both IP3R and RyR are involved in TRPC channel-

mediated Ca2+ influx (see below). Together, these studies indicate that although much 

emphasis has been placed on NMDAR, the L-channel and intracellular Ca2+ stores also play 

a very important role in Tat-induced Ca2+ dysregulation that contributes to neuronal 

dysfunction.

4.7. Dysregulation of the TRPC Channel and Related Signaling

In contrast to NMDAR and L-channel that highly or selectively conducts Ca2+ influx, the 

TRPC channel is a non-selective cation channel permeable for Ca2+ [105–107]. This 

channel has a variety of physiological functions in neurons and other types of cells [105, 

106], likely due to diversity of TRPC subtypes and coupled signaling pathways, which could 

either be neuroprotective and pro-survival [108–111], or deleterious and pro-apoptotic [112, 

113]. The complicated couplings of these channels and downstream effects are in need of 

more research.

Previous studies demonstrate that activation of the TRPC channel and consequential Ca2+ 

influx via the channel are regulated by the G protein-coupled receptor (GPCR)/Gq,i/

phospholipase C (PLC)/IP3/IP3R signaling pathway and intracellular Ca2+ release [106], 

which is referred to as either receptor-operated or store-operated Ca2+ entry [105]. As 

discussed above, Tat dose-dependently increases intracellular IP3 levels and cytosolic Ca2+ 

release/[Ca2+]in in cultured human fetal neurons and astrocytes [31, 35, 49]. Inhibition of Gi, 

PLC, or IP3R reduces the Tat effects on neurons and astrocytes, suggesting that Tat alters 
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TRPC activity by affecting the GPCR/Gq,i/PLC/IP3/IP3R pathway. Tat-induced increase in 

IP3 levels and [Ca2+]in in neurons is followed by a secondary increase of Ca2+ influx via 

NMDAR, which is blocked by selective NMDAR antagonist [49]. On the other hand, Tat-

induced intracellular Ca2+ release in neurons is also mediated by RyR, which in turn could 

also alter activity of TRPC channels [52, 53]. These findings indicate that Tat can enhance 

TRPC channel activity by facilitating the GPCR/Gi/PLC/IP3/IP3R signaling and RyR-

mediated signaling, and elicit interplay of TRPC channel, IP3R, and RyR to alter 

intracellular Ca2+ release and mitochondrial function, which could contribute to Tat-

associated neuropathogenesis (Fig. 2).

Intriguingly, recent studies have also reported that the TRPC channel plays a unique and 

important role in neuroprotection against Tat-induced neurotoxicity. It has been 

demonstrated that the TRPC channels are involved in mediating the neuroprotective effects 

of platelet-derived growth factor (PDGF) in the chemokine (C-C motif) ligand 2 

(CCL2)/Gq/PLC/IP3 and Pyk2/extracellular signal-regulated kinase (ERK)/cAMP response 

element-binding protein (CREB) pathways in rodent midbrain dopaminergic neurons. Under 

such circumstances, blockade of TRPC channels results in suppression of CCL2-induced 

ERK/CREB activation and reduction of PDGF-mediated neuroprotection [111, b, 114]. 

Further, PDGF-mediated neuroprotection against Tat is related to inactivation of GSK-3β 

mediated by the TRPC channel [115]. Based on these studies, the authors propose that their 

findings underscore a novel role of the TRPC channel in neuroprotection mediated by 

PDGF. Although the exact mechanism(s) underlying such differences between the function 

of TRPC channels in mediating neurotoxicity vs. neuroprotection is not fully understood, it 

is likely that such differences could result from functional involvement of various signaling 

pathways and subtypes of TRPC channels, depending upon which one has greater effect. 

More studies are required to elucidate related mechanisms regarding this issue.

5. LESSONS LEARNED FROM CLINICAL STUDIES TARGETING HIV-

ASSOCIATED CA2+ DYSREGULATION MEDIATED BY NMDAR AND THE L-

CHANNEL

Clarifying the mechanisms of NMDAR and L-channel dysregulation of intracellular Ca2+ 

homeostasis is highly relevant for a better understanding of HIV-associated 

neuropathogenesis, as well as for the development of novel therapeutic strategies for treating 

HAND. NMDAR is known to play a critical role in HIV-mediated increases of Ca2+ influx 

in neurons, which has been related to over-excitation-associated dysfunction, injury or death 

of neurons [25, 26]. The L-channel has also been implicated as another major player in such 

Ca2+ dysregulation [12, 85–87]. Based upon findings regarding the role of NMDAR and L-

channel in neurotoxicity, extensive studies have been conducted to determine whether a 

reduction of abnormally-increased Ca2+ influx via over-activated/upregulated NMDAR or 

L-channels could stop, or slow-down, the progression of HAND. Unfortunately, previous 

Clinical trial studies have reported that, although there are some improvements, e.g., 

amelioration of neuronal metabolism by antagonizing NMDAR, or a trend toward 

stabilization in peripheral neuropathy by blocking L-channels (likely in patients with mild 

impairments), repeated treatments with either a selective NMDAR antagonist, memantine 
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(up to 40 mg/day, or to the maximum tolerated dose, for 16 weeks followed by a 4-week 

washout period) [116], or a specific L-channel blocker, nimodipine (30 or 60 mg/day for 16 

weeks as adjuvant treatment to anti-retroviral therapy) [117], failed to stop or significantly 

slow-down the progression of HIV-associated dementia or other impairments in HIV+ 

patients.

Despite the unexpected ‘failure’ of these clinical studies, these findings (in combination with 

others reviewed above) send us three clear messages. First, the NMDAR is not the only 

target of HIV-1 proteins (and immunoinflammatory molecules), and therefore is not solely 

responsible for inducing excessive Ca2+ influx in neurons and consequential 

neuropathogenesis associated with excitotoxicity. Second, the L-channel undoubtedly plays 

a critical role in HIV-induced dysregulation of intracellular Ca2+ homeostasis and neuronal 

hyper-excitation, particularly in mPFC pyramidal neurons, which could exacerbate 

neurotoxicity mediated by NMDAR. Third, novel therapeutic strategies, e.g., combined 

NMDAR/L-channel antagonism at early stages of HAND that actually begin in adolescence 

[5,6], may be required to effectively slow-down the progression, or alleviate the severity of 

HAND. Possible interplay of NMDAR and the L-channel (which jointly regulate the 

membrane excitability of pyramidal neurons) provides further support for such a combined 

therapeutic strategy.

Collectively, the studies discussed in this review not only highlight the clinical relevance of 

Tat-mediated alterations in NMDAR and L-channels, but also suggest the role of other 

players, including but not limited to the TRPC channel and a variety of related signaling 

pathways, which alter intracellular Ca2+ homeostasis in neurons. Such dysregulation may 

contribute to HIV-associated neuronal hyper-excitation in response to deleterious or even 

normal excitatory stimuli in the mesocorticolimbic and nigrostriatal dopamine pathways 

(Fig. 2). Future studies focusing on the underlying mechanisms of HIV-induced over-

activation and/or upregulation (or other types of dysregulation) of the NMDAR, L-channel 

and TRPC channel, as well as their interplay in regulating abnormal, excessive Ca2+ influx 

and neuronal hyper-excitation, will help to identify targets for development of novel 

therapeutic strategies. Outcomes from such studies will likely provide further support for 

combined treatments using selective L-channel blocker and NMDAR antagonist (or other 

agents for a variety of related signaling pathways) to (1) combat HIV-induced Ca2+ 

dysregulation as a more effective and efficient therapeutic strategy than either one along, (2) 

restore normal neuronal activity, and (3) ameliorate HIV-induced brain dysfunction in 

patients with HAND, especially at early stages and young ages.

SUMMARY

HIV-1 induces early anatomical and functional alterations in vulnerable brain regions (e.g., 

the prefrontal cortex, hippocampus and basal ganglia) that regulate cognition, mood and 

motivation-driven behaviors. Such changes are likely related to anatomical location near the 

cerebrospinal fluid circulation in the brain. Tat-induced Ca2+ dysregulation in neurons in 

these vulnerable brain regions is mainly indicated by excessive increases of Ca2+ influx 

through over-activated and/or upregulated NMDAR and L-type Ca2+ channels, and 

abnormal elevation of Ca2+ release from intra-cellular stores. Tat-induced dysregulation of 
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TRPC channels is also implicated in Ca2+ dysregulation via release from intracellular stores 

in neurons, though less is known about its role in this dysregulation. Furthermore, Tat-

induced increases of Ca2+ influx can also be mediated by altered interplay of these Ca2+ 

permeable channels. Tat-mediated increases of Ca2+ influx and [Ca2+]in, followed by over-

excitation and excitotoxicity in neurons, also could be worsened by other HIV-1 proteins 

and inflammatory molecules (e.g., gp120, Vpr, TNFα, etc.) via disturbing functional activity 

of these Ca2+-permeable ion channels. Excessive increases of Ca2+ influx and [Ca2+]in is 

toxic, and could lead to dysregulation, injury and death of neurons, as well as interruption of 

neuronal connectivity. Such dysfunction in mPFC pyramidal neurons could significantly 

alter glutamate output to the basal ganglia and midbrain, which may ultimately contribute to 

the progression and severity of neuroAIDS.

Given the fact that (1) the pathological effects of HIV-1 Tat on neurons result in significant 

alterations in functional activities of the mesocorticolimbic systems (as that observed in the 

mPFC, HIPP, and dorsal/ventral striatum), and (2) these brain regions play critical roles in 

regulating cognition, mood and motivation-driven behaviors that are disturbed in the context 

of HIV infection or by HIV-1 proteins, such HIV-1 Tat-induced pathology may contribute, 

at least in part, to the mechanism(s) that underlying HIV-1 neuropathogenesis. Development 

of novel therapeutic strategies, including but not limited to combined treatment against over-

activation/upregulation of NMDAR and the L-channels that lead to neuronal hyper-

excitation, may be needed at early stages of infection to combat HIV-1 induced 

neuropathogenesis.
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Fig. 1. HIV invades vulnerable brain regions through the ventricles
A. HIV-infected leucocytes from the peripheral blood system cross the BBB and from the 

cerebrospinal fluid circulation, invade vulnerable brain regions in close proximity to the 

ventricles. Rat brain sections indicate the location of the LV, 3V, mPFC, dorsal/ventral 

striatum (CPu and NAc, respectively) and HIPP. B. The mesocorticolimbic and nigrostriatal 

DA pathways, which play a critical role in regulating neurocognitive function, mood and 

motivation-driven behavior, are anatomically and functionally connected. Abbreviations: 

BBB, brain-blood barrier; DA, dopamine; GABA, γ-aminobutyric acid; Glut, glutamate; 

HIV-1, human immunodeficiency virus type 1; LV, the lateral ventricle; 3V, the third 

ventricle; mPFC, medial prefrontal cortex; CPu, caudate-putamen; NAc, nucleus 

accumbens; HIPP, hippocampus.
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Fig. 2. 
Three mechanisms and related signaling that underlie Tat-mediated increases in Ca2+ 

influx/[Ca2+]in and hyper-excitation of mPFC pyramidal neurons. Tat, which is secreted by 

HIV-infected leukocyte, microglia and astrocytes in the brain, binds to (1) the ligand-gated 

NMDAR, (2) voltage-gated L-channel, and (3) GPCR-associated TRPC channel in mPFC 

pyramidal neurons. The NMDAR and L-channels are highly or selectively permeable for 

Ca2+, while the TRPC channel is a non-selective cation channel that is also permeable for 

Ca2+. Activity of TRPC channels is mediated by the GPCR/Gi,q/PLC/IP3 pathway and 

intracellular Ca2+ release. Tat abnormally increases Ca2+ influx and Ca2+ release in neurons 

by acting on the NMDAR, L-channel, and GPCR associated with TRPC channel. Enhanced 

phosphorylation of NMDAR and the L-channel also increases the Ca2+-conducting activity 

of the channels. Excessive cytosolic free Ca2+ is toxic; and enduring exposure to Tat (and 

other HIV-1 proteins and immunoinflammatory molecules) in vivo induces overload of Ca2+ 

that could disturb mitochondrial activity and other neuronal function, causing oxidative 

stress, dysregulation, over-excitation-associated injury, and death of neurons. Increased 

[Ca2+]in may also increase GSK-3β activity and reduce β-catenin activity, rendering the 

neuron more vulnerable to excitotoxicity. In response to co-exposure of HIV-1 proteins 

(including Tat) and immunoinflammatory molecules, glutamate output from mPFC 

pyramidal neurons to the basal ganglia (e.g., the CPu and NAc) and midbrain will be altered. 

DA-containing neurons in the midbrain project to the dorsal/ventral striatum, which also 
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receives local GABA inputs from the NAc and CPu. Integrated dysregulation and 

neurotoxicity mediated by HIV-1 proteins (and immunoinflammatory molecules) alter the 

structure and function of the mPFC, and that may ultimately contribute to HIV-associated 

neuropathogenesis. Blocking or attenuating excessive Ca2+ influx through these pathways 

may reduce such toxic effects of Tat; combined interventions at early stages and younger 

ages may be necessary and critical. Abbrivations: BBB, brain-blood barrier; CPu, caudate-

putamen; CSF, cerebrospinal fluid; DA, dopamine; DAG, diacyl-glycerol; ER, endoplasmic 

reticulum; G, G protein; GABA, γ-aminobutyric acid; GPCR, G protein-coupled receptor; 

Glut, glutamate; GSK-3β, glycogen synthase kinase 3-beta; HAND, HIV-associated 

neurocognitive disorders; HIV-1, human immunodeficiency virus type 1; IP3, 

inosotol-1,4,5-trisphosphate; IP3R, IP3 receptor; L-channel, voltage-gated L-type Ca2+ 

channel; LRP, low-density lipoprotein receptor-related protein; mPFC, medial prefrontal 

cortex; NAc, nucleus accumbens; NMDAR, N-methyl-D-aspartate receptor; p, 

phosphorelation; PLC, phospholipase C; PIP2, phosphatidylinositol (4,5)-bisphosphate; 

PKA, protein kinase A; TRPC, transient receptor potential canonical channels.
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