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Abstract

HIV-associated neurocognitive disorders (HAND) afflict approximately half of HIVinfected 

patients. HIV-infected cells within the CNS release neurotoxic viral proteins such as the 

transactivator of transcription (Tat). Tat caused a biphasic change in NMDAR function; NMDA-

evoked increases in intracellular Ca2+ were initially potentiated following 16 h exposure to Tat 

and then adapted by gradually returning to baseline by 24 h. Following Tat-induced NMDAR 

potentiation, a RhoA/Rho-associated protein kinase (ROCK) signaling pathway was activated; a 

subsequent remodeling of the actin cytoskeleton reduced NMDA-evoked increases in intracellular 

Ca2+. Pharmacologic or genetic inhibition of RhoA or ROCK failed to affect potentiation but 

prevented adaptation of NMDAR function. Activation of RhoA/ROCK signaling increases the 

formation of filamentous actin. Drugs that prevent changes to filamentous actin blocked 

adaptation of NMDAR function following Tat-induced potentiation, while stimulating either 

depolymerization or polymerization of actin attenuated NMDAR function. These findings indicate 

that Tat activates a RhoA/ROCK signaling pathway resulting in actin remodeling and subsequent 

reduction of NMDAR function. Adaptation of NMDAR function may be a mechanism to protect 

neurons from excessive Ca2+ influx and could reveal targets for the treatment of HAND.

Introduction

Approximately half of HIV-infected patients in the U.S. are affected by HIVassociated 

neurocognitive disorders (HAND) (Tozzi et al. 2005, Cysique et al. 2004, Heaton et al. 

2011) and the prevalence is likely higher in areas of the world where effective 

pharmacotherapy is uncommon. HAND ranges in severity from asymptomatic to severely 

debilitating (Heaton et al. 2004, Antinori et al. 2007). Multiple reports during the past 

decade indicate that cognitive dysfunction remains a significant and persistent problem 

despite effective management of viral load with combination anti-retroviral therapy (cART) 

(Heaton et al. 2010, Antinori et al. 2007, Heaton et al. 2011). Current cART regimens 

prolong the lifespan of patients by effectively managing viral load; unfortunately, HAND 

remains common among HIV-infected patients (Heaton et al. 2010) and the therapeutic 
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approaches to combat HIV-associated cognitive impairment remain ineffective (Uthman & 

Abdulmalik 2008).

Penetrance of HIV into the CNS occurs as early as 2 weeks post infection (Resnick et al. 

1988, Davis et al. 1992, An et al. 1999). Once inside the CNS, HIV infects microglial cells 

and perivascular macrophages (Albright et al. 1999, Williams et al. 2001), which serve as 

reservoirs for viral replication. HAND is thought to arise, in part, from latent viral reservoirs 

that are not entirely accessible to cART. Because HIV does not infect neurons, neuronal 

injury leading to cognitive impairment results from indirect mechanisms. Namely, HIV-

infected cells within the CNS release agents that are neurotoxic including inflammatory 

cytokines (Genis et al. 1992), nitric oxide (Eugenin et al. 2007), and glutamate (Jiang et al. 

2001), as well as the viral proteins, gp120 (Schneider et al. 1986) and the transactivator of 

transcription (Tat) (Chang et al. 1997). While HIV-induced neuropathogenesis likely 

involves a combination of these agents to create a neurotoxic environment, Tat is 

particularly important because current antiretroviral therapy is unable to halt the production 

of this potent neurotoxin once the viral genome integrates into cellular DNA (Li et al. 2009).

Tat is a non-structural viral protein that is responsible for initiating transcription of the HIV 

genome (Sodroski et al. 1985b, Sodroski et al. 1985a). In addition to its role as a 

transcriptional transactivator, Tat is released from HIV-infected cells (Chang et al. 1997) 

and is detected in the CNS and sera of HIV-infected patients (Hudson et al. 2000, Del Valle 

et al. 2000). Anti-Tat antibody titers in the cerebrospinal fluid of HIV+ patients are 

approximately 30% lower in cognitively impaired patients relative to unimpaired patients, 

suggesting that antibody responses against Tat may be neuroprotective and preserve 

cognitive function (Bachani et al. 2013). Cognitive decline in HAND correlates with 

damage to synaptodendritic structures, including axonal disruptions and pruning of dendritic 

spines (Ellis et al. 2007). In a transgenic mouse model, induction of Tat expression results in 

a loss of dendritic spines resulting in learning and memory impairment (Fitting et al. 2010, 

Fitting et al. 2013, Carey et al. 2012). Similarly, exposure of primary hippocampal neurons 

to Tat in vitro causes loss of excitatory synapses (Kim et al. 2008) and presynaptic terminals 

(Shin & Thayer 2013), and simultaneous gain of inhibitory synapses (Hargus & Thayer 

2013). Importantly, almost all instances of Tatinduced neurotoxicity are prevented by 

pharmacologic inhibition of the NMDA receptor (NMDAR) (Eugenin et al. 2007, Kim et al. 

2008, Shin et al. 2012, Hargus & Thayer 2013) indicating that Tat-induced neurotoxicity 

requires NMDAR-mediated Ca2+ influx.

Tat potentiates NMDA-evoked responses (Haughey et al. 2001, Chandra et al. 2005) which 

then adapt by gradually returning to and eventually dropping below basal responses (Krogh 

et al. 2014). Reduction of NMDAR function and a decrease in the ratio of excitatory-to-

inhibitory synapses may be neuroprotective responses orchestrated by the cell to prevent 

excessive Ca2+ influx and excitotoxicity. Thus, these adaptive changes may improve 

neuronal survival at the cost of impaired network function. The signaling pathway 

responsible for adaptation of NMDA-evoked [Ca2+]i responses following prolonged 

exposure to Tat is therefore the focus of this study.
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Here we examined NMDAR function during 24 h exposure to Tat. Previously, we found that 

Tat evoked a biphasic change in NMDAR function (Krogh et al. 2014). As illustrated in 

figure 1, Tat potentiated NMDA-evoked increases in intracellular Ca2+ concentration 

([Ca2+]i) via the low-density lipoprotein receptor-related protein (LRP) and activation of Src 

tyrosine kinase. Subsequently, NMDA-evoked responses adapted by gradually returning to 

basal levels after 24 h exposure to Tat and eventually dropping below baseline responses by 

48 h. Adaptation resulted from activation of a nitric oxide synthase (NOS), soluble 

guanylate cyclase (sGC), cGMP-dependent protein kinase (PKG) signaling pathway (Krogh 

et al. 2014). However, effectors downstream of PKG responsible for attenuating the NMDA-

evoked response have not been identified. Here we show that Tat activates a signaling 

pathway that includes the small GTPase RhoA and Rho-associated protein kinase (ROCK). 

Activation of RhoA/ROCK results in reorganization of the actin cytoskeleton leading to 

attenuated NMDA-evoked increases in [Ca2+]i. Abnormal activation of RhoA/ROCK has 

been observed in various models of CNS disorders including Alzheimer's disease, stroke, 

and multiple sclerosis (Mueller et al. 2005). Thus, RhoA/ROCK are promising drug targets 

for the treatment of various neurological conditions; however, little is known about this 

signaling pathway in HAND. This study suggests that following Tat-induced potentiation, 

NMDA-evoked responses are reduced following RhoA/ROCK-mediated reorganization of 

the actin cytoskeleton.

Materials and Experimental Methods

Drugs and Reagents

Materials were obtained from the following sources: HIV-1 Tat (Clade B, 1-86 amino acids) 

was acquired from Prospec Tany TechnoGene Ltd. (Rehovot, Israel); Dulbecco's modified 

Eagle's medium (DMEM), fetal bovine serum, horse serum, fura-2-acetomethyl ester 

(Fura-2-AM), and glycine were obtained from Invitrogen (Carlsbad, CA). Phalloidin-Oleate, 

Y27632 (Trans-4-[(1R)-1-Aminoethyl]-N-4pyridinylcyclohexanecarboxamide 

dihydrochloride), and Cytochalasin D (zygosporium mansonii) were acquired from EMD 

Millipore (Billerica, MA); Rho Inhibitor I (exoenzyme C3 transferase) was obtained from 

Cytoskeleton, Inc. (Denver, CO); H1152 ((S)-(+)-2-Methyl-1-[(4-methyl-5-

isoquinolinyl)sulfonyl]-hexahydro-1H-1,4-diazepine dihydrochloride), latrunculin A (4-

[(1R,4Z,8E,10Z,12S,15R,17R)-17-Hydroxy-5,12-dimethyl-3-oxo-2,16-

dioxabicyclo[13.3.1]nonadeca-4,8,10-trien-17-yl)-2-thiazolidinone), and jasplakinolide 

(Cyclo[(3R)-3-(4-hydroxyphenyl)-β-alanyl-(2S,4E,6R,8S)-8-hydroxy-2,4,6-trimethyl-4-

nonenoyl-L-alanyl-2-bromo-N-methyl-D-tryptophyl]) were acquired from Tocris (Bristol, 

UK); ML-7 (1-(5-Iodonaphthalene-1-sulfonyl)-1H-hexahydro-1,4-diazepine hydrochloride) 

and NMDA were obtained from Sigma-Aldrich (St. Louis, MO).

DNA Constructs

Dominant Negative (DN)-RhoA (plasmid 15901) and constitutively active (CA)-RhoA 

(plasmid 15900) (Nobes & Hall 1999) were obtained from Addgene (Cambridge, MA). 

pTagRFP-N was acquired from Evrogen (Moscow, Russia). pEGFP-Actin was obtained 

from Clontech (Mountain View, CA).
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Cell Culture

In accordance with the University of Minnesota's Institutional Animal Care and Use 

Committee and the NIH guide for the care and use of laboratory animals, maternal rats 

(Harlan Sprague Dawley) were euthanized by CO2 inhalation and fetuses were removed on 

embryonic day 17. Rat hippocampal neurons were grown in primary culture as described 

previously (Waataja et al. 2008) Hippocampi were dissected and placed in Ca2+- and Mg2+-

free HEPES-buffered Hanks' salt solution (HHSS), pH 7.45. HHSS contained 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 triturating through a 

5 mL pipette and a flame-narrowed Pasteur pipette and then re-suspended in DMEM without 

glutamine, supplemented with 10% fetal bovine serum and penicillin/streptomycin (100 

U/mL and 100 mg/mL, respectively). Dissociated cells were then plated at a density of 

50,000 to 60,000 cells/dish onto a 25-mm-round cover glass (#1) pre-coated with matrigel 

(150 μL, 0.2 mg/mL). Neurons were grown in a humidified atmosphere of 10% CO2 (pH 

7.4) at 37°C, and fed on days 1 and 7 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 resulting in a mixed glial-neuronal 

culture consisting of 18 ± 2% neurons, 70 ± 3% astrocytes, and 9 ± 3% microglia as 

indicated by immunocytochemistry (Kim et al. 2011). The cultures used for experiments 

were 12 to 15 days in vitro (DIV).

[Ca2+]i imaging

Intracellular Ca2+ concentration ([Ca2+]i) was recorded as previously described (Li et al. 

2013) with minor modifications. Cells were loaded with indicator by incubation with 5 μM 

fura-2 AM in 0.04% pluronic acid in HHSS for 30 min at 37°C followed by washing in the 

absence of indicator for 10 min. HIV-1 Tat and respective drugs were present during fura-2-

AM loading, but were absent during the wash. Coverslips containing fura-2-AM loaded cells 

were transferred to a recording chamber, placed on the stage of an Olympus IX71 

microscope (Melville, NY), and viewed through a 20X objective. Excitation wavelength was 

selected with a galvanometer-driven monochromator (8-nm slit width) coupled to a 75-W 

xenon arc lamp (Optoscan; Cairn Research). [Ca2+]i was monitored using sequential 

excitation of fura-2 at 340 and 380 nm; image pairs were collected every 1 s. All 

experimental recordings were conducted at room temperature (21°C). For experimental 

recordings, cells were superfused at a rate of 1-2 mL/min with HHSS for 1 min followed by 

30 s perfusion of Mg2+-Free HHSS that contained 200 μM glycine and 10 μM NMDA. 

Fluorescence images (510/40 nm) were projected onto a cooled charge-coupled device 

camera (Cascade 512B; Roper Scientific) controlled by MetaFluor software (Molecular 

Devices). After background subtraction, the 340- and 380-nm image pairs were converted to 

[Ca2+]i using the formula [Ca2+]i = Kdβ(R − Rmin)/(Rmax − R) (Grynkiewicz et al. 1985). 

The dissociation constant (Kd) for fura-2 is 145 nM and R is the 340 nm / 380 nm 

fluorescence intensity ratio. Rmin, Rmax, and β were determined in a series of calibration 

experiments on intact cells. Rmin and Rmax values were generated by applying 10 μM 

ionomycin in Ca2+-free HHSS supplemented with 1 mM EGTA and saturating (5 mM) 

Ca2+, respectively. β is the ratio of fluorescence intensity acquired with 380 nm excitation 
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measured in Ca2+-free buffer and buffer containing saturating (5 mM) Ca2+. Values for 

Rmin, Rmax, and β were 0.37, 9.38, and 6.46, respectively. These calibration constants were 

applied to all experimental recordings. For time course experiments, coverslips from the 

same cell culture plating were treated in parallel and each coverslip imaged only once. To 

generate pseudocolor images, a binary mask was created by applying an intensity threshold 

to the 380 nm image and then applied to [Ca2+]i images with colors assigned as indicated by 

the calibration bars in the figures (Fig. 1 b). The neuronal cell body was selected as the 

region of interest for all recordings. All neuronal cells types within imaging fields were 

included in the analysis and no exclusions were made.

Transfection

Rat hippocampal neurons were transfected between 11-12 days in vitro using a modification 

of a calcium phosphate protocol described previously (Li et al. 2012). Briefly, hippocampal 

cultures were incubated for 30 min in DMEM supplemented with 1 mM kynurenic acid, 10 

mM MgCl2, and 5 mM HEPES. A DNA/calcium phosphate precipitate containing 1 μg 

plasmid DNA per well was prepared, allowed to form for 30 min at 21°C then added to the 

culture. Following a 90 min incubation, cells were washed once with DMEM supplemented 

with MgCl2 and HEPES and then returned to conditioned media.

Confocal microscopy of EGFP-Actin

Glass-bottom petri dishes containing neurons transfected with EGFP-Actin and Tag-RFP 

were sealed with Parafilm, transferred to the stage of an inverted confocal microscope 

(Olympus Fluoview 300, Melville, NY) and viewed through a 60X oilimmersion objective 

(NA=1.4). EGFP-Actin was excited at 488 nm with an argon ion laser and emission 

collected at 530 nm (10 nm band pass). Tag-RFP was excited at 543 nm with a green HeNe 

laser and emission collected at >605 nm. 1 μm optical sections spanning 8 μm in the z-

dimension were collected and these optical sections were combined through the z-axis into a 

compressed z-stack. To enable repeated imaging of the same cell, the location of the cell 

was recorded using micrometers attached to the stage of the microscope. The cell culture 

dish was returned to the CO2 incubator between image collections. Images were processed 

using MetaMorph 7.7 image processing software. Compressed z-stacks were created from 

the Tag-RFP and EGFP-Actin image stacks and then overlaid.

Statistical analysis

For [Ca2+]i imaging studies, an individual experiment (n=1) was defined as the change in 

NMDA-evoked [Ca2+]i response from a single neuron on a single coverslip. Changes in 

NMDA-evoked [Ca2+]i are presented as mean ± SEM. Each experiment was replicated 

using at least 4 separate coverslips from at least 2 separate cultures. Significant differences 

were determined by one-way ANOVA with Tukey's post hoc test for multiple comparisons 

(OriginPro v8.5)
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Results

HIV Tat-induced potentiation of NMDAR function adapts via activation of RhoA

Our previous study showed that treating rat hippocampal neurons in culture with 50 ng/mL 

of the HIV Tat protein potentiated NMDA-evoked Ca2+ responses following 2 h exposure, 

which reached maximum response amplitudes by 8 h, and then NMDAR function adapted 

back to baseline by 24 h (Krogh et al. 2014). Adaptation of NMDAR function occurred after 

activation of a NOS/sGC/PKG signaling cascade, however effectors downstream of PKG 

had not yet been identified (Fig. 1). Because cytoskeletal changes regulate NMDAR 

function (Rosenmund & Westbrook 1993, Furukawa et al. 1995) and RhoA is a downstream 

effector of PKG that affects the actin cytoskeleton (Sauzeau et al. 2003, Rolli-Derkinderen 

et al. 2005, Sunico et al. 2010), we examined the possibility that adaptation of NMDARs 

required RhoA. We hypothesized that RhoA activation was necessary for the reduction in 

NMDA-evoked [Ca2+]i responses after Tat-induced potentiation. To test this hypothesis, we 

used pharmacological and genetic approaches. NMDAR function was assessed in rat 

hippocampal neurons (DIV12-15) using fura-2-based digital imaging to record [Ca2+]i 

increases evoked by superfusing NMDA (10 μM) and glycine (200 μM) in Mg2+-free HHSS 

onto the cells for 30 s. Cultures were pretreated with a cell-permeable inhibitor of RhoA, 

exoenzyme C3 transferase (ExoC3, 2.5 μg/mL), 1 h prior to and during exposure to Tat for 

16 or 24 h. ExoC3 did not affect Tat-induced NMDAR potentiation, but did prevent 

adaptation of the NMDAevoked responses by 24 h (Fig. 2 a, b).

Next, we wanted to confirm the role of RhoA in reducing NMDA-evoked [Ca2+]i responses 

by co-expressing plasmids encoding either dominant negative (DN)-RhoA (T19N) or 

constitutively active (CA)-RhoA (Q63L) with a red-fluorescent protein (RFP) and imaging 

these cells in parallel. Neurons expressing the constructs of interest were compared to non-

expressing neurons in the same imaging field for an internal comparison. Cells were treated 

with Tat for 16 or 24 h, loaded with fura-2, and then imaged (Fig. 2 c, d). In non-expressing 

control (untreated) cells, NMDA-evoked [Ca2+]i responses were similar to responses in 

neurons expressing DN-RhoA. However, expression of CA-RhoA inhibited NMDA-evoked 

responses by approximately 50%. Exposure to Tat for 16 h potentiated NMDAR function in 

non-expressing cells and in neurons expressing DN-RhoA. However, cells expressing CA-

RhoA were markedly inhibited relative to non-expressing and DN-RhoA-expressing neurons 

with the same treatment time. After 24 h exposure to Tat, NMDAR function adapted in non-

expressing cells, but cells expressing DN-RhoA remained potentiated. Additionally, neurons 

expressing DN-RhoA (Fig. 2 f) were morphologically distinct and exhibited increased 

dendritic branching relative to neurons expressing RFP only (Fig. 2 e), while expression of 

CA-RhoA (Fig. 2 g) caused dendritic simplification consistent with previous reports (Da 

Silva et al. 2003, Chen & Firestein 2007). Taken together, these data indicate that adaptation 

of NMDAR function following Tat-induced potentiation requires activation RhoA.

Tat-induced potentiation of NMDAR function adapts via activation of ROCK

The principal downstream effector of RhoA is ROCK (Matsui et al. 1996) and activation of 

ROCK results in rundown of NMDA-evoked currents via an actindependent mechanism 

(Beazely et al. 2008). Therefore, we hypothesized that ROCK activation was necessary for 
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adaptation of NMDAR function after Tat-induced potentiation. To test this hypothesis, 

cultures were pretreated with an inhibitor of ROCK 1 h prior to and during Tat treatment for 

16 or 24 h (Fig. 3). Inhibition of ROCK with Y27632 (10 μM) or H1152 (10 μM) did not 

affect Tat-induced NMDAR potentiation after 16 h treatment. However, the ROCK 

inhibitors prevented adaptation of NMDA-evoked [Ca2+]i after exposure to Tat for 24 h. 

These data suggest that adaptation of NMDAR function following Tat-induced potentiation 

requires activation ROCK.

Actin reorganization reduces NMDAR function

RhoA/ROCK signaling activates several targets that affect the actin cytoskeleton including 

LIM-kinase and cofilin (Maekawa et al. 1999), profilin (Da Silva et al. 2003), as well as 

myosin light chain phosphatase and myosin light chain kinase (MLCK) (Totsukawa et al. 

2000). MLCK regulates NMDAR activity by increasing actomyosin contractility (Lei et al. 

2001), thus we hypothesized that MLCK activation is necessary for the reduction in NMDA-

evoked responses after Tat-induced potentiation. To test this hypothesis, cultures were 

pretreated with an inhibitor of MLCK, ML-7 (10 μM), for 1 h prior to and during Tat 

treatment for 16 or 24 h. ML-7 did not affect Tat-induced NMDAR potentiation by 16 h 

and, unexpectedly, did not block adaptation of NMDAR function by 24 h (Fig 4. a, b). 

Consistent with previous reports (Lei et al. 2001), ML-7 inhibited NMDA-evoked responses 

by approximately 40% and 25% following 16 h and 24 h treatment, respectively. Neurons 

exposed to ML-7 had vacuole-like structures present within the neuronal cell body similar to 

previous reports (Sulzer et al. 2008). These data do not support the hypothesized role for 

MLCK and suggest that adaptation of NMDAR function occurs via another effector 

downstream from ROCK.

We next examined the role of the actin cytoskeleton in Tat induced regulation of NMDAR 

function. Cultures were pretreated with cytochalasin D (1 μM), which binds to the barbed 

end of F-actin to prevent the addition of G-actin monomers (Cingolani & Goda 2008), for 1 

hour prior to and during treatment with Tat. Cytochalasin D did not affect Tat-induced 

NMDAR potentiation by 16 h, but did prevent the reduction of NMDA-evoked [Ca2+]i 

responses observed after 24 h treatment with Tat (Fig. 4 c, d). Additionally, cultures were 

pretreated with phalloidin (1 μM), which binds to and stabilizes F-actin polymers (Cingolani 

& Goda 2008), for 1 hour prior to and during treatment with Tat. Phalloidin did not affect 

Tat-induced NMDAR potentiation by 16 h, but did prevent the reduction of NMDA-evoked 

[Ca2+]i responses after 24 h treatment with Tat (Fig. 4 e, f). These data suggest that Tat-

induced reorganization of the actin cytoskeleton reduces NMDA-evoked [Ca2+]i responses.

Because phalloidin and cytochalasin D have opposing effects on the actin cytoskeleton, but 

similarly prevented adaptation, we further examined the effects of actin polymerization and 

depolymerization on the neuronal distribution of actin and NMDA-evoked responses. To 

induce changes in the actin cytoskeleton, cultures were treated for 1 h with jasplakinolide 

(10 μM), which promotes F-actin polymerization, or latrunculin A (5 μM), which sequesters 

G-actin to promote F-actin depolymerization (Cingolani & Goda 2008). Treatment for 1 h 

with jasplakinolide induced robust somatic and dendritic redistribution of the actin 

cytoskeleton and caused retraction of dendritic spines (Fig. 5 a). Latrunculin A dispersed the 
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actin cytoskeleton, revealed fibers in the neuronal cell body, and caused a dramatic loss of 

dendritic spines (Fig. 5 b). To determine if changes in the actin cytoskeleton affect NMDAR 

function, cultures were treated for 1 h to 24 h with jasplakinolide (10 μM) or latrunculin A 

(5 μM). Treatment with jasplakinolide attenuated NMDA-evoked [Ca2+]i responses as early 

as 1 h (Fig. 5 c, d). Treatment with latrunculin A also reduced NMDA-evoked [Ca2+]i 

responses, but required 24 h for significant functional impairment to develop (Fig. 5 c, d). 

Such rapid and persistent changes to the actin cytoskeleton caused by jasplakinolide and 

latrunculin A are consistent with previous reports (Okamoto et al. 2004) and indicate that 

bidirectional reorganization of actin reduces NMDAR function.

Discussion

NMDAR dysfunction contributes to the neurotoxicity that underlies many 

neurodegenerative disorders including HAND (Danysz & Parsons 2003, Hallett & Standaert 

2004, Spalloni et al. 2013, Rossi et al. 2013, Young et al. 1988). Although the 

neuropathogenesis of HAND likely involves a combination of factors, evidence suggests 

that the HIV protein Tat plays a prominent role by altering the activity of NMDARs 

(Haughey et al. 2001, Song et al. 2003, Chandra et al. 2005, Krogh et al. 2014) and 

impairing cognitive function (Bachani et al. 2013, Carey et al. 2012, Fitting et al. 2010). 

Here we used digital Ca2+ imaging to study the pathways that modulate NMDA-evoked 

[Ca2+]i responses during prolonged exposure to Tat. Previous work described a biphasic 

change in NMDA-evoked increases in [Ca2+]i during prolonged exposure to Tat (Popescu 

2014). Initially, Tat potentiated NMDAR function via LRP-dependent activation of Src 

kinase. Subsequently, NMDAR function adapted after activation of the NOS/sGC/PKG 

pathway (Krogh et al. 2014).

The goal of this study was to identify effectors downstream of PKG responsible for 

adaptation of NMDA-evoked responses following Tat-induced NMDAR potentiation. We 

determined that a RhoA/ROCK-dependent remodeling of the actin cytoskeleton was an 

obligatory step in NMDAR adaptation (Fig. 6). Adaptation of NMDAR function may be a 

neuroprotective mechanism to prevent excessive NMDAR-mediated Ca2+ influx.

The small GTPase RhoA is a well-known regulator of the actin cytoskeleton (Kaibuchi et al. 

1999). The expression and function of RhoA is regulated by NO-mediated activation of 

PKG in vascular smooth muscle cells (Sauzeau et al. 2003, Rolli-Derkinderen et al. 2005) 

consistent with our hypothesis that Tat activates a NOS/sGC/PKG signaling cascade 

upstream from RhoA. Tat activates RhoA in endothelial cells (Urbinati et al. 2005, Zhong et 

al. 2010, Yuen et al. 2010, Xu et al. 2012), however much less is known about the effects of 

Tat on RhoA in neurons. Our data show that adaptation of NMDAR function following Tat-

induced potentiation required activation of RhoA. Pharmacologic or genetic inhibition of 

RhoA prevented adaptation of NMDAR function following Tat-induced potentiation. 

Furthermore, constitutive activation of RhoA attenuated NMDA-evoked responses by 

approximately 50% relative to non-expressing neurons in the same imaging field, consistent 

with our hypothesis that RhoA activation reduces NMDAR function. Thus, Tat-induced 

activation of RhoA attenuates NMDAR function. Because inhibition of RhoA had no effect 

on NMDA-evoked responses until the cell had been treated with Tat for over 8 h, we 
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speculate that the adaptive response is a mechanism to compensate for the excess Ca2+ 

influx resulting from potentiation of NMDARs.

Activation and inhibition of RhoA profoundly affected neuronal morphology. Consistent 

with previous reports (Da Silva et al. 2003, Chen & Firestein 2007), neurons expressing 

DN-RhoA exhibited increased dendritic branching while cells expressing CARhoA 

displayed simplified dendritic structures with minimal branching and no noticeable dendritic 

spines. Interestingly, activation of RhoA causes synapse loss in vitro (Sunico et al. 2010) 

and loss of dendritic spines resulting in cognitive impairment in vivo (Pozueta et al. 2013). 

Similarly, treatment with Tat causes synapse loss in vitro (Kim et al. 2008, Shin et al. 2012) 

and loss of dendritic spines resulting in cognitive impairment in vivo (Fitting et al. 2010, 

Carey et al. 2012). Whether RhoA activation is required for Tat-induced synaptodendritic 

changes in vivo remains unknown.

ROCK is the primary downstream target of RhoA and is a serine/threonine kinase that 

modifies the cytoskeleton to regulate cell migration and proliferation (Matsui et al. 1996, 

Amano et al. 2010). Tat activates ROCK in endothelial cells of the blood brain barrier 

(Zhong et al. 2012) and activation of ROCK in neurons induces rundown of NMDAR 

currents via an actin-dependent mechanism (Beazely et al. 2008). Based on these studies, we 

hypothesized that Tat-induced activation of ROCK would attenuate NMDA-evoked 

responses. Consistent with our hypothesis, we found that inhibition of ROCK prevented 

adaptation of NMDAR function following Tat-induced potentiation. These data indicate that 

Tat-induced activation of ROCK reduces NMDAR function. Abnormal activation of ROCK 

is observed in many models of neuronal disorders including Alzheimer's disease, spinal-cord 

injury, neuropathic pain, and excitotoxicity (Mueller et al. 2005). However, little is known 

about the role of ROCK in HAND.

RhoA activates ROCK to regulate the actin cytoskeleton by acting on multiple targets 

including MLCK (Maekawa et al. 1999). We found that adaptation of NMDA-evoked 

responses did not require MLCK. Inhibition of MLCK with ML-7 significantly inhibited 

NMDAR function, consistent with previous reports indicating that MLCK regulates 

NMDAR activity by contraction of actomyosin (Lei et al. 2001). The effector between 

ROCK and the actin cytoskeleton remains unknown.

Activation of ROCK increases F-actin formation (Da Silva et al. 2003). The status of F-actin 

polymerization affects NMDAR function. Indeed, depolymerization of the actin 

cytoskeleton reduces NMDAR-mediated currents (Rosenmund & Westbrook 1993), while 

polymerization of actin enhances glutamate receptor function (Furukawa et al. 1995). As 

anticipated, we found that F-actin depolymerization with latrunculin A reduced NMDAR 

function. Unexpectedly, increased F-actin polymerization with jasplakinolide also decreased 

NMDAR function. Both jasplakinolide (Bubb et al. 1994) and CA-RhoA (Ishizaki et al. 

1997) increase the formation of F-actin and both caused approximately 50% reduction in 

NMDAR function, suggesting that increased actin polymerization reduces NMDAR 

function. Although the mechanism leading to impaired NMDAR function remains unclear, 

there is precedent for modulation of NMDAR function through tension exerted on the 

NMDAR via its physical connection with the actin cytoskeleton (Lei et al. 2001). Perhaps 
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the robust somatic and dendritic redistribution of actin shown in figure 5 disrupts the 

connections between the NMDAR and the actin cytoskeleton resulting in attenuated 

NMDAR function.

Adaptation of NMDAR function following Tat-induced potentiation was blocked by 

cytochalasin D and phalloidin, agents that inhibit polymerization and depolymerization, 

respectively (Cingolani & Goda 2008). These results suggest that adaptation occurs in 

response to remodeling of the actin cytoskeleton, an effect that requires both 

depolymerization and polymerization of actin. Tat is known to affect the cytoskeleton; it 

depolymerizes actin in endothelial cells (Wu et al. 2004) and produces a loss of F-actin 

puncta in hippocampal neurons in vitro (Bertrand et al. 2014). Our data indicate that Tat 

activates a RhoA/ROCK pathway leading to remodeling of the actin cytoskeleton resulting 

in reduced NMDA-evoked responses.

The primary cultures used for this study were composed of approximately 70% astrocytes, 

20% neurons and 10% microglia (Kim et al. 2011), all of which can be affected by Tat and 

the pharmacological agents used in these experiments. Therefore, it is possible that the 

observed effects of Tat on NMDAR function may result from both direct effects on neurons 

and indirect effects on glia. Indeed, Tat promotes the release of glutamate (Eugenin et al. 

2003), inflammatory cytokines (Chen et al. 1997), chemokines (Conant et al. 1998), and 

reactive oxygen species (Kruman et al. 1998) from glia and neurons. These substances all 

influence NMDAR function. However, studies in which dominant negative constructs were 

expressed selectively in neurons determined that potentiation of NMDAR function required 

activation of neuronal Src kinase and adaptation required activation of a neuronal NO 

signaling pathway (Krogh et al. 2014). Indeed, Tat-induced NO production was shown 

previously to require NMDAR-mediated Ca2+ influx in neurons (Eugenin et al. 2007). 

Furthermore, neuronal expression of dominant negative RhoA prevented NMDAR 

adaptation while constitutively active RhoA inhibited NMDAR function. Thus, potentiation 

and adaptation of NMDAR function produced by Tat require the activation of signaling 

pathways in neurons. Clearly microglia and astrocytes are capable of releasing factors 

following exposure to Tat that could subsequently act on neurons and would thus be acting 

upstream of the neuronal pathways that are the focus of this study.

Adaptation of Tat-induced NMDAR potentiation might improve neuronal survival. 

However, increasing evidence suggests that over compensation following neuronal insult 

can lead to excessive inhibitory tone (Hargus & Thayer 2013, Wu et al. 2014) and impaired 

connectivity due to lost excitatory synapses (Kim et al. 2008). Reduced NMDAR function 

during prolonged exposure to HIV neurotoxins may contribute to cognitive impairment 

analogous to the impairment seen in transgenic animals with reduced NMDAR expression 

(Tsien et al. 1996, Shimizu et al. 2000) or humans given NMDAR antagonists (Krystal et al. 

1994, Malhotra et al. 1996). Thus, inhibiting ROCK might prevent cognitive decline. 

Indeed, RhoA/ROCK are promising targets for treating various neurological disorders. 

ROCK inhibition lowers brain levels of amyloid-β in a transgenic mouse model of 

Alzheimer's disease (Zhou et al. 2003) and improves cognitive function in aged rats 

(Huentelman et al. 2009). Inhibition of ROCK also improves neurological function and 

reduces infarct size in models of ischemic stroke (Satoh et al. 2001, Toshima et al. 2000) 
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and accelerates functional recovery from spinal cord injuries (Tanaka et al. 2004, Sung et al. 

2003, Fournier et al. 2003, Hara et al. 2000, Dergham et al. 2002). Thus, ROCK is a 

valuable drug target with neuroprotective and neuroregenerative potential. The ROCK 

inhibitor, fasudil, is a well-tolerated vasodilator that has been used clinically in Japan since 

1995 for the treatment of subarachnoid hemorrhage (Shibuya et al. 1992) and improves 

physical performance in patients with angina pectoris (Shimokawa et al. 2002). Importantly, 

fasudil is neuroprotective in models of Alzheimer's disease (Song et al. 2013), amyotrophic 

lateral sclerosis (Takata et al. 2013), and Parkinson's disease (Tonges et al. 2012). Whether 

fasudil or other ROCK inhibitors are effective against HAND remains to be determined.

In summary, we show that adaptation of NMDAR function following Tat-induced 

potentiation results from RhoA/ROCK-dependent remodeling of the actin cytoskeleton. 

These findings suggest that different signaling pathways mediate the neurotoxicity induced 

by HIV Tat over the course of prolonged exposure. As such, drugs that modulate ROCK 

signaling may warrant exploration as neuroprotective agents for the treatment of HAND.
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Fig. 1. HIV-1 Tat causes a biphasic change in NMDA-evoked increases in [Ca2+]i
a, Stylized traces ( ) depict time-dependent, biphasic changes in NMDA-evoked increases 

in [Ca2+]i following exposure to HIV-1 Tat for the time indicated above the trace. The 

previously reported (Krogh et al. 2014) sequence of events listed below the traces indicates 

that Tat activation of an LRP/Src kinase pathway resulted in NMDAR potentiation. 

Subsequently, NMDARs adapted following activation of the NOS/sGC/PKG signaling 

pathway. Identifying downstream effector(s) of PKG is the goal of this study. b, 

Representative pseudocolor images (scale bar = 100 μm) show peak response to NMDA 

(10μM, 30 s) in primary hippocampal neurons treated with Tat for the time indicated in the 

image panel. Images were scaled from 0 to 700 nM as indicated by the color bar on the y-

axis.
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Fig. 2. Adaptation of NMDARs following Tat-induced potentiation requires RhoA
a, Representative traces show NMDA-evoked [Ca2+]i increases from control ( ) neurons or 

neurons treated with 50 ng/mLTat ( ) for 16 h or 24 h. Cells were pretreated with 2.5 

μg/mL Exoenzyme C3 Transferase (ExoC3) 1 h prior to the addition of Tat. NMDA (10 μM, 

30 s) was applied by superfusion at the times indicated by the horizontal bars. b, Bar graph 

shows net [Ca2+]i increase evoked by 10 μM NMDA in control ( ) cells or cells treated 

with Tat ( ) for 16 h or 24 h. *p<0.05; ***p<0.001; ****p<0.0001 relative to respective 

control; ####p<0.0001 relative to 24 h Tat-treated neurons as determined by separate, one-

way ANOVAs with 4 levels per treatment time followed by Tukey's post-test for multiple 

comparisons. c, representative traces show NMDA-evoked [Ca2+]i increases from non-

expressing ( ) neurons or neurons expressing DN-RhoA ( ) or CA-RhoA ( ) that were 

left untreated (control) or treated with Tat for 16 h or 24 h. d, Bar graph shows net [Ca2+]i 

increase evoked by 10 μM NMDA in nonexpressing ( ) neurons or neurons expressing 

DN-RhoA ( ) or CA-RhoA ( ). Neurons were left untreated (control) or treated with Tat 

for 16 h or 24 h as indicated. *p<0.05; **p<0.01; ***p<0.001 relative to non-expressing 

neurons within respective treatment group as determined by separate, one-way ANOVAs 

with 3 levels per treatment time followed by Tukey's post-test for multiple comparisons. e-f, 
Representative images show neurons expressing RFP only (e) or RFP and DN-RhoA (f) or 

CA-RhoA (g) (scale bar = 50 μm). Images were inverted to enhance contrast between the 

neuron and background.
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Fig. 3. ROCK mediates adaptation of NMDA-evoked [Ca2+]i responses following Tat-induced 
potentiation
a, representative traces show NMDA-evoked [Ca2+]i increases from control ( ) neurons or 

neurons treated with 50 ng/mLTat ( ) for 16 h or 24 h. Cells were pretreated with 10 μM 

Y27632 or 10μM H1152 for 1 h prior to the addition of Tat. NMDA (10 μM, 30 s) was 

applied by superfusion at the times indicated by the horizontal bars. b, Bar graph shows net 

[Ca2+]i increase evoked by 10 μM NMDA in control ( ) cells or cells treated with Tat ( ) 

for 16 h or 24 h. **p<0.01, ****p<0.0001 relative to respective control; ####p<0.0001 

relative to 24 h Tat-treated neurons as determined by separate, one-way ANOVAs with 6 

levels per treatment time followed by Tukey's post-test for multiple comparisons.
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Fig. 4. Adaptation of NMDA-evoked [Ca2+]i responses following Tat-induced potentiation 
requires remodeling of the actin cytoskeleton
a, c, e, representative traces show NMDA-evoked [Ca2+]i increases from control ( ) 

neurons or neurons treated with 50 ng/mLTat ( ) for 16 h or 24 h. Cells were pretreated 

with ML-7 (10 μM), Cytochalasin D (CyD, 1 μM), or Phalloidin (Phal, 1 μM) for 1 h prior 

to the addition of Tat. NMDA (10 μM, 30 s) was applied by superfusion at the times 

indicated by the horizontal bars. b, d, f, bar graphs show net [Ca2+]i increase evoked by 10 

μM NMDA in control ( ) cells or cells treated with Tat ( ) for 16 h or 24 h. Cells were 

pretreated with ML-7, CyD, or Phal as indicated. ****p<0.0001 relative to respective 

control; ‡‡‡‡p<0.0001 relative to untreated control with same treatment time; 

####p<0.0001 relative to 24 h Tat-treated neurons as determined by separate, one-way 

ANOVAs with 4 levels per treatment time followed by Tukey's post-test for multiple 

comparisons.
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Fig. 5. Polymerization or depolymerization of the actin cytoskeleton reduces NMDA-evoked 
[Ca2+]i responses
a, b, Representative confocal images (Scale bar = 10 μm) of neurons expressing EGFP-

Actin and Tag-RFP before (0 h) and after 1 h treatment with 10μM Jasplakinolide (a) or 5 

μM Latrunculin A (b). Compressed z-stacks of red (Tag-RFP) and green (EGFP-Actin) 

images were superimposed. c, representative traces show NMDA-evoked [Ca2+]i increases 

from control ( ) neurons or neurons treated with 10 μM jasplakinolide ( ) or 5 μM 

latrunculin A ( ) for the times indicated above the traces. NMDA (10 μM, 30 s) was 

applied by superfusion at the times indicated by the horizontal bars below the traces. d, plot 

summarizes time-dependent changes in NMDA-evoked [Ca2+]i increases from control ( ) 

neurons and neurons treated with 10 μM jasplakinolide ( ) or 5 μM latrunculin A 

( ).***p<0.001, ****p<0.0001 relative to control as determined by separate, one-way 

ANOVAs with 5 levels per treatment followed by Tukey's post-test for multiple 

comparisons.
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Fig. 6. Proposed mechanism of action
HIV-1 Tat interacts with LRP leading to Src-dependent potentiation of the NMDAR and 

activation of the NOS/sGC/PKG signaling pathway. PKG activates a RhoA/ROCK signaling 

pathway leading to remodeling of the actin cytoskeleton and subsequent reduction of 

NMDAR function.
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