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ABSTRACT 

 

Human immunodeficiency virus (HIV)-associated neurocognitive disorder (HAND) remains a 

major neurological complication in people living with HIV despite effective antiretroviral therapy. 

Neurotoxicity caused by viral proteins, particularly the HIV-1 transactivator of transcription (Tat), 

contributes significantly to HAND. Although N-methyl-D-aspartate receptors (NMDARs) in 

astrocytes are known to regulate aquaporin-4 (AQP4) the mechanisms by which Tat influences 

NMDAR signaling and AQP4 expression remain unclear. This study investigated how HIV-1 Tat 

regulates AQP4 expression in astrocytes through the NMDAR/CaMKII/AC/cAMP/PKA 

signaling pathway and how secondary Ca2+ dynamics modulate this process. 

Astrocytic Ca2+ influx was measured using the Fluo-3 AM probe. Western blotting quantified 

AQP4, NR1, NR2A/B, CaMKII, p-CaMKII, PKA, and PKG expression. Real-time quantitative 

polymerase chain reaction (RT-qPCR) assessed mRNA levels of AQP4 and NMDAR-related genes. 

Enzyme-linked immunosorbent assay (ELISA) evaluated nitric oxide synthase activity, adenylate 

cyclase activity, and intracellular cAMP levels. Pharmacologic inhibitors-MK-801 (NMDAR 

blocker), H89 (PKA inhibitor), and KT5823 (protein kinase G [PKG] inhibitor)-were applied to 

investigate pathway interactions. 

HIV-1 Tat induced robust activation of NMDAR, resulting in increased Ca2+ influx and 

sequential activation of the CaMKII/AC/cAMP/PKA pathway, ultimately elevating AQP4. After 

prolonged Tat exposure (approximately 36 hours), a secondary surge in Ca2+ activated PKG, which 

acts as a protective negative feedback mechanism to inhibit excessive NMDAR activity, thereby 

stabilizing Ca2+ influx and preventing abnormal overexpression of AQP4. Cotreatment with MK-

801, H89, or KT5823 suppressed Tat-induced Ca2+ influx and attenuated AQP4 upregulation, 

although persistent Tat exposure gradually restored Ca2+ elevations through compensatory 

mechanisms. 
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HIV-1 Tat dynamically regulates AQP4 expression in astrocytes via the 

NMDAR/CaMKII/AC/cAMP/PKA pathway, with PKG-mediated feedback contributing to later 

stabilization. These findings highlight AQP4 as a potential therapeutic target for HAND. 
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INTRODUCTION 

 

Upon infection with the human immunodeficiency 

virus (HIV), individuals may develop acquired 

immunodeficiency syndrome (AIDS), which is 

primarily characterized by impaired function of T 

lymphocytes. The global spread of AIDS has been 

pervasive for 4 decades, posing a profound threat to 

human health. According to the report published by the 

Joint United Nations Program on HIV/AIDS, 

approximately 1.3 million new cases of HIV infection 

were reported worldwide in 2022, resulting in a 

cumulative total of approximately 39 million individuals 

infected with HIV. Among them, around 29.8 million 

people received antiretroviral therapy (ART); however, 

tragically, about 630 000 individuals succumbed to 

HIV-related diseases. HIV-associated neurocognitive 

disorder (HAND) stands as one of the most severe 

complications of HIV infection. It is recognized as a 

spectrum disorder and is commonly diagnosed through 

neurocognitive testing, which encompasses the 

evaluation of attention, memory, executive function, 

perception, information processing, language, and other 

domains.1 With the development and widespread use of 

ART, although the life expectancy and quality of life of 

HIV-infected individuals have improved, the incidence 

of HAND has not decreased significantly like other 

complications. Previous studies have shown that the 

incidence of HAND ranges from 21% to 86%2-4 and 

increases with age.5 

HIV does not infect neurons directly, but the 

neurotoxicity caused by its viral proteins is an important 

factor in the occurrence of HAND.6,7 The transactivator 

of transcription (Tat) is an important regulatory protein 

encoded by HIV-1, which plays a crucial role in virus 

replication and also plays an important role in processes 

such as immune suppression and neuronal damage.6 In 

recent years, there have been reports that Tat protein can 

interact with N-methyl-D-aspartate receptor (NMDAR) 

in neurons, affecting intracellular Ca2+ concentration.8,9 

As a fundamental structure in various physiological and 

pathological processes in the human central nervous 

system, NMDAR is not only widely expressed in 

neurons but also in astrocytes, allowing cells to respond 

to external signals.10 NMDARs in astrocytes are 

heterotetrameric complexes primarily composed of 

obligatory NR1 subunits and regulatory NR2 (NR2A/B) 

subunits, which exhibit distinct expression patterns and 

functional properties. The NR1 subunit is constitutively 

expressed and forms the core of the receptor channel, 

essential for Ca2+ permeability and receptor trafficking 

to the cell membrane. In contrast, NR2A and NR2B 

subunits are dynamically regulated—NR2A is 

associated with mature synaptic function and mediates 

rapid, transient Ca2+ signaling, while NR2B dominates 

in immature or reactive astrocytes, contributing to 

prolonged Ca2+ influx and neuroinflammatory 

responses. While studies have explored Tat’s effects on 

neuronal NMDARs, direct research on the interaction 

between Tat and astrocytic NMDARs remains scarce, 

and the underlying regulatory mechanisms remain 

unclear. Notably, in a model of traumatic brain injury, it 

has been confirmed that the expression of aquaporin-4 

(AQP4) in astrocytic glial cells is regulated by the 

NMDA signaling pathway.11 AQP4 is the most abundant 

water channel protein expressed in the central nervous 

system. It forms tetramers that traverse the cell 

membrane and is widely involved in various processes 

including brain water balance, neuronal excitability, 

neuroinflammation, neuronal apoptosis, glial scar 

formation, and neurodegenerative disorders.12,13 

Dysregulation of AQP4 expression plays a significant 

role in the pathophysiological processes of Alzheimer’s 

disease (AD), which is primarily characterized by 

cognitive impairment.14 There is limited research on the 

relationship between AQP4 and HIV. One study showed 

that the expression levels of AQP4 in the frontal cortex 

homogenates of HIV-associated dementia patients were 

significantly elevated. Immunolabeling of brain tissue 

indicated patchy AQP4 in reactive astrocytes 

surrounding blood vessels. This may be related to HIV-

induced neuroinflammation, edema, and metabolic 

disturbances.15 Research in animal models has found 

that initially, there is a decrease in AQP4 levels in the 
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brains of HIV-infected animals, followed by cortical 

degeneration. It is speculated that AQP4 plays an 

important role in the development and progression of 

HAND.16 

In this study, we hypothesized a priori that HIV-1 Tat 

protein induces changes in NMDAR and secondary Ca2+ 

influx in astrocytes. We also evaluated the activation of 

the calcium/calmodulin-dependent protein kinase II 

(CaMKII)/adenylate cyclase (AC)/cyclic adenosine 

monophosphate (cAMP)/protein kinase A (PKA) 

signaling pathway and the protein kinase G (PKG) 

signaling pathway after the change in Ca2+ 

concentration, and investigated the effect of HIV-1 Tat 

on AQP4 expression in astrocytes. Unlike previous 

studies that primarily focused on Tat-induced neuronal 

damage or isolated roles of NMDAR or AQP4 in 

HAND, our work innovatively dissects the temporal 

dynamic regulatory network linking HIV-1 Tat to AQP4 

expression—specifically highlighting the sequential 

activation of NMDAR/CaMKII/AC/cAMP/PKA and 

the subsequent PKG-mediated feedback inhibition. By 

integrating pharmacologic inhibition (MK-801, H89, 

KT5823) with multidimensional assays, we provide the 

first direct evidence that Tat modulates AQP4 through 

this cascade in astrocytes, filling the critical gap in 

understanding how astrocytic NMDAR signaling 

contributes to HAND pathogenesis. The results showed 

that HIV-1 Tat regulates AQP4 expression in astrocytes 

through the NMDAR/cAMP/PKA signaling pathway, 

which is involved in the pathological and physiological 

processes of HAND. This study not only identifies 

AQP4 as a novel therapeutic target for HAND but also 

offers a mechanistic framework for developing 

pathway-specific interventions, addressing the unmet 

clinical need for effective treatments against HAND 

despite ART advancements. 

 

MATERIALS AND METHODS 

 

Isolation and Culture of Astrocytes 

The bilateral cerebral cortex tissues from 1-day-old 

Sprague-Dawley (SD) rats (provided by Beijing Vital 

River Laboratory Animal Technology Co, Ltd, Beijing, 

China) were isolated. The tissues were gently triturated 

and dispersed in D-Hanks solution. After a period of 

sedimentation, the supernatant was collected and 

filtered, followed by centrifugation at 1500 rpm for 5 

minutes. The cells were then suspended in DMEM 

Medium (Hyclone, South Logan, UT, USA) containing 

10% newborn calf serum (Gibco, Rockville, MD, USA) 

and evenly seeded into PLL-coated culture flasks 

(Falcon, China). All animal experiments were conducted 

in accordance with the Guide for the Care and Use of 

Laboratory Animals (NIH, 8th edition, 2011). The 

culture flasks were placed in a 37 °C incubator with 5% 

CO2 for static cultivation. Every 3 days, one-third of the 

culture medium was replaced. On the 9th day, the culture 

medium was discarded, and the cells were rinsed twice 

with prewarmed D-Hanks solution. Subsequently, 

0.25% trypsin-EDTA digestion solution was added and 

incubated at 37 °C for 3 to 5 minutes (digestion was 

terminated when cell adherence was loosened and 

intercellular gaps were enlarged). The digestion was 

stopped by adding an equal volume of complete medium 

(DMEM + 10% newborn calf serum), and the cell 

suspension was gently pipetted to form a single-cell 

suspension for subculturing. 

 

Identification of Astrocytes 

The cultured astrocytes at the P3 generation were 

fixed with 4% paraformaldehyde for 15 minutes. 

Subsequently, they were washed 3 times with PBS 

(Hyclone, South Logan, UT, USA) for 3 minutes each, 

followed by permeabilization with 0.5% Triton X-100 at 

room temperature for 20 minutes. After another 3 

washes with PBS for 3 minutes each, the liquid was 

removed, and the samples were blocked with goat serum 

at room temperature for 30 minutes. The blocking 

solution was removed, and the samples were incubated 

overnight at 4 °C with anti-GFAP antibody (Abcam, 

ab7260, Cambridge, MA, USA). Then, the samples were 

washed 3 times with PBST (PBS with 0.1% Tween-20) 

for 3 minutes each, the liquid was removed, and Goat 

Anti-Rabbit IgG H&L (FITC, 1:500) (Abcam, ab6717, 

Cambridge, MA, USA) was added and incubated for 1 

hour. After another 3 washes with PBST for 3 minutes 

each, DAPI was added and incubated for 5 minutes in 

the dark. Finally, the samples were washed 4 times with 

PBST for 5 minutes each, the liquid was removed, 50% 

glycerol was added, and the samples were observed and 

imaged using a fluorescence microscope (Olympus, 

Tokyo, Japan). 

 

The Primary Astrocytes Were Divided into Distinct 

Groups for Cultivation 

The primary astrocytes were divided into 5 groups 

for culture: the Control group, the HIV-1 Tat group, the 

HIV-1 Tat+MK-801 group, the HIV-1 Tat+H89 group, 
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and the HIV-1 Tat+KT5823 group. The Control group 

did not receive any drug treatment. The HIV-1 Tat group 

was pretreated with 1 μg/mL of HIV-1 Tat 18 (Abcam, 

ab83353, Cambridge, MA, USA). The HIV-1 Tat+MK-

801 group was pretreated with 1 μg/mL of HIV-1 Tat 

and 5 μg/mL of MK-801 (MedChemExpress, HY-

15084B, Monmouth Junction, NJ, USA). The HIV-1 

Tat+H89 group was pretreated with 1 μg/mL of HIV-1 

Tat and 5 μg/mL of H89 (MedChemExpress, HY-15979, 

Monmouth Junction, NJ, USA). The HIV-1 

Tat+KT5823 group was pretreated with 1 μg/mL of 

HIV-1 Tat and 5 μg/mL of KT5823 (MedChemExpress, 

HY-N6791, Monmouth Junction, NJ, USA). After a 30-

minute incubation, all groups were exposed to 

10 μmol/L of NMDA (MedChemExpress, HY-17551, 

Monmouth Junction, NJ, USA). Various assays were 

performed at 1, 2, 4, 8, 12, 16, 20, 24, 36, 48, and 72 

hours following the addition of NMDA. 

 

Measurement of Intracellular Ca2+ Concentration 

The astrocytes from different groups were harvested, 

and the intracellular Ca2+ concentration was determined 

using Fluo-3 AM, a fluorescent calcium ion probe 

(Solarbio, Beijing, China). Firstly, the cells were washed 

3 times with HBSS solution. Subsequently, they were 

incubated with the Fluo-3 AM working solution at 37 °C 

in a cell culture incubator for 30 minutes. Next, the cells 

were washed 3 times with HEPES-buffered saline 

solution and then incubated with HBSS solution 

containing 1% fetal bovine serum at 37 °C in a cell 

culture incubator for an additional 30 minutes. The cells 

were then resuspended in HEPES-buffered saline 

solution and adjusted to a concentration of 1 × 105 

cells/mL. The intracellular Ca2+ concentration was 

measured using a fluorescence microplate reader. Data 

analysis was conducted using the formula 

[Ca2+]=Kd×[(F−Fmin) / (Fmax −F)×(E/T)] (nmol/L). Fmin 

(minimum fluorescence intensity) was determined by 

adding 2 mmol/L EGTA to chelate free Ca2+; Fmax 

(maximum fluorescence intensity) was measured after 

adding 5 mmol/L CaCl2 to saturate the Fluo-3 AM 

probe. The dissociation constant (Kd) of 345 nmol/L 

was used as specified by the Fluo-3 AM manufacturer 

(Solarbio, Beijing, China). 

 

Real-time PCR Detection 

Astrocytes from different groups were collected, and 

RNA extraction from the samples was performed using 

TRNzol (TIANGEN, Beijing, China). The concentration 

and purity of the extracted RNA were determined using 

a spectrophotometer (Thermo Scientific, Waltham, MA, 

USA). Subsequently, cDNA reverse transcription was 

carried out using the PrimeScript RT reagent Kit with 

gDNA Eraser (TaKaRa, Tokyo, Japan), following the 

experimental procedures outlined in the product manual. 

All cDNA samples were then prepared and configured 

for the real-time PCR reaction system (TaKaRa, Tokyo, 

Japan), and PCR reactions were conducted on a real-

time PCR instrument (Thermo Scientific, Waltham, 

MA, USA). Data analysis was performed using the 

2−ΔΔCT method. The primer sequences for the target 

genes are presented in Supplementary Table S1. 

 

Western Blotting Detection 

Astrocytes from different groups were collected, and 

total protein was extracted using a RIPA lysis buffer 

supplemented with 1% phenylmethylsulfonyl fluoride 

(PMSF) and 1% protease/phosphatase inhibitor cocktail 

(Thermo Scientific, USA) to prevent protein degradation 

and dephosphorylation. The protein concentration was 

determined via the Bicinchoninic Acid (BCA) Protein 

Assay Kit (Thermo Scientific, USA) following the 

manufacturer’s instructions. Each sample (30 μg) was 

loaded onto a 10% SDS-PAGE gel for electrophoretic 

separation at 80 V for 30 minutes (stacking gel) and 120 

V for 90 minutes (resolving gel), and subsequently 

transferred to a PVDF membrane (Millipore, USA) via 

wet transfer at 200 mA for 90 minutes. The PVDF 

membrane was then blocked with a TBST solution 

(10 mM Tris-HCl, 150 mM NaCl, 0.1% Tween-20, pH 

7.4) containing 5% skim milk at room temperature for 1 

hour. Subsequently, according to previous protocols17,18, 

the membrane was incubated overnight at 4 °C with 

primary antibodies (diluted 1:1000 in TBST containing 

5% skim milk), including anti-AQP4 (Affinity 

Biosciences, AF5164), anti-NR1 (Affinity Biosciences, 

AF6406), anti-NR2A (Affinity Biosciences, DF7955), 

anti-NR2B (Affinity Biosciences, AF6426), anti-

CaMKII (Affinity Biosciences, DF2907), anti-p-

CaMKII (Affinity Biosciences, AF7378), anti-PKA 

(Affinity Biosciences, AF7746), anti-PKG (Epigentek, 

A-7418), and anti-GAPDH (Affinity Biosciences, 

AF7021; used as an internal reference, diluted 1:5000). 

Following this, the membrane was washed 3 times with 

TBST (5 minutes per wash), and the corresponding 

secondary antibodies, including Goat Anti-Rabbit IgG 

H&L (HRP) (Abcam, ab205718; diluted 1:5000) and 

Goat Anti-Mouse IgG H&L (Abcam, ab175783; diluted 
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1:5000), were added and incubated for 45 minutes at 

room temperature. After incubation, the membrane was 

washed 3 times with TBST (5 minutes per wash) again. 

Finally, the PVDF membrane was incubated with an 

ECL chemiluminescence working solution (Thermo 

Scientific, USA) at room temperature for 5 minutes in 

the dark. The membrane was scanned using a ChemiDoc 

XRS+ Imaging System (Bio-Rad, USA) to obtain an 

electronic image, and Quantity-One image analysis 

software (Bio-Rad, USA) was employed for data 

analysis by calculating the gray value ratio of target 

protein bands to GAPDH bands to normalize protein 

expression levels. 

 

ELISA Detection 

Astrocytes were collected from different 

experimental groups and diluted in PBS to a cell density 

of 1 × 109 cells/L. The cell suspensions were subjected 

to sonication using an ultrasonic cell disruptor for 5 

cycles of 30 seconds each. Following sonication, the 

disrupted cells were centrifuged at 2000 rpm for 20 

minutes at 4 °C, and the resultant supernatants were 

collected. Adenylate cyclase activity levels were 

determined using an Adenylate Cyclase Assay Kit 

(Nanjing Jiancheng Bioengineering Institute, Nanjing, 

China). The levels of cAMP were quantified using a 

cyclic AMP ELISA Kit (Solarbio, Beijing, China), and 

the activity of nitric oxide synthase (NOS) was assessed 

using a Nitric Oxide Synthase Assay Kit (Nanjing 

Jiancheng Bioengineering Institute, Nanjing, China). All 

experimental procedures were performed in accordance 

with the instructions provided with the assay kits. The 

adenylate cyclase activity levels, cAMP levels, and NOS 

activity levels were calculated using the formulas 

provided in the assay kit instructions. 

 

Statistical Analysis 

The data were analyzed and plotted using GraphPad 

Prism 5.0 (La Jolla, CA, USA). The results of the 

experiments were expressed as the mean and standard 

deviation (mean ± SD) through 3 repeated experiments. 

 

RESULTS 

 

The Morphology and Identification of Astrocytes 

Under in vitro culture conditions, astrocytes were 

observed to exhibit a ramified morphology with multiple 

dendritic processes, forming a star-shaped structure. The 

nuclei of the cells appeared relatively large and 

exhibited predominantly circular or elliptical shapes 

(Figure 1A). Immunofluorescent staining of astrocytes 

using glial fibrillary acidic protein (GFAP) revealed the 

presence of GFAP-positive cells, which exhibited green 

fluorescence, while the cell nuclei displayed blue 

fluorescence (Figure 1B). 

 

 

 
Figure 1. (A) Morphology of astrocytes. (B) Immunofluorescent identification of astrocytes. 
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HIV-1 Tat Triggers Time-Dependent Calcium Influx 

via NMDAR and Its Downstream Kinases 

In order to determine the intracellular Ca2+ 

concentration, the glial cells were cultured and divided 

into different groups (Figure 2). To ensure the reliability 

of Ca2+ detection, we verified the linearity of the Ca2+ 

signal using Ca2+ standard solutions to avoid potential 

saturation of the FURA calcium sensor; no sensor 

saturation was observed throughout the experiment. 

During the entire culture period (1-72 hours), the 

intracellular Ca2+ in the control group remained at a low 

level without significant fluctuation. In the HIV-1 Tat 

group, Ca2+ concentration increased significantly 

(p<0.05) from 8 hours after NMDA treatment and 

maintained a persistently high level at multiple time 

points, including 12, 16, 20, 24, 36, 48, and 72 hours. To 

further clarify the regulatory mechanism, we introduced 

the NMDAR antagonist MK-801, the PKA inhibitor 

H89, and the PKG inhibitor KT5823. The results 

showed that Ca2+ levels in the HIV-1 Tat+MK-801 

group, HIV-1 Tat+H89 group, and HIV-1 Tat+KT5823 

group were all significantly lower than those in the HIV-

1 Tat group (p<0.001), suggesting that MK-801 can 

inhibit Tat-induced calcium elevation by blocking 

NMDA receptors, and both the PKA pathway 

(intervened by H89) and PKG pathway (intervened by 

KT5823) are involved in the regulation of this calcium 

signaling process. In conclusion, HIV-1 Tat can 

significantly enhance NMDA-induced intracellular 

calcium signaling, and this effect depends on the 

activation of NMDA receptors and involves the 

participation of PKA and PKG signaling pathways. 
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Figure 2. Intracellular Ca2+ concentration was measured at 1, 2, 4, 8, 12, 16, 20, 24, 36, 48, and 72 hours after the addition of 

NMDA in astrocytes cultured in different groups. 

 

NMDAR Pathway Activation Drives the 

Transcriptional Upregulation of AQP4 and NMDAR 

Subunits 

Subsequently, the mRNA expression levels of 

AQP4, NMDAR subunits (NR1, NR2A, NR2B), and 

CaMKII in astrocytes were detected to explore the 

regulatory effects of HIV-1 Tat and related inhibitors 

(Figure 3). The results showed that, compared with the 

control group, the mRNA expression levels of AQP4, 

NR2A, and CaMKII in the HIV-1 Tat group increased 

continuously from 1 to 72 hours, peaking at 72 hours, 

while the mRNA expression levels of NR1 and NR2B 

also increased continuously, peaking at 48 hours. In the 

HIV-1 Tat+MK-801 group, HIV-1 Tat+H89 group, and 

HIV-1 Tat+KT5823 group, the mRNA expression levels 

of each molecule were lower than those in the HIV-1 Tat 

group during the corresponding time periods (e.g., 8-72 

hours for AQP4, 4-72 hours for NR1, etc.), but they still 

showed an upward trend and stabilized or peaked at 

specific time points (e.g., 24, 36, 48 hours, etc.). In 

conclusion, HIV-1 Tat can significantly upregulate the 

mRNA expression of AQP4, NMDAR subunits (NR1, 
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NR2A, NR2B), and CaMKII, and this process involves 

the participation of NMDA receptors and the PKA and 

PKG signaling pathways. 

 

Protein-level Confirmation of Signaling Pathway 

Activation and Kinase Crosstalk 

We next confirmed these findings at the protein 

level. Western blot analysis mirrored the transcriptional 

data, showing that HIV-1 Tat significantly increased the 

protein abundance of AQP4, NR1, NR2A, NR2B, PKA, 

and PKG (Figure 4). Compared to the Control group, the 

HIV-1 Tat group exhibited an increasing trend in the 

protein expression levels of AQP4, NR2A, NR2B, PKA, 

and PKG from 12 to 72 hours, with the peak observed at 

72 hours (Figure 4A, 4C, 4D, 4F, and 4G). Similarly, the 

protein expression levels of NR1 showed a progressive 

increase from 2 to 72 hours, reaching the highest point 

at 72 hours (Figure 4B). The ratio of p-CaMKII/CaMKII 

displayed an ascending trend from 12 to 72 hours, 

reaching its peak at 48 hours and subsequently 

stabilizing (Figure 4E). Compared to the HIV-1 Tat 

group, the protein expression levels of AQP4, NR2A, 

NR2B, PKA, and PKG in the HIV-1 Tat+MK-801, HIV-

1 Tat+H89, and HIV-1 Tat+KT5823 groups were 

relatively lower from 12 to 72 hours, yet they exhibited 

a consistent upward trend, reaching their peak at 72 

hours (Figure 4A, 4C, 4D, 4F, and 4G). Similarly, the 

protein expression levels of NR1 were relatively lower 

from 2 to 72 hours, but displayed a progressive increase, 

peaking at 72 hours (Figure 4B). Likewise, the ratio of 

p-CaMKII/CaMKII was relatively lower from 12 to 72 

hours, but demonstrated an ascending trend, reaching its 

highest peak at 72 hours (Figure 4E). 

 

 
 

 

Figure 3. In astrocytes cultured in separate groups, the mRNA expression levels of target genes were determined using real-

time fluorescence quantitative PCR at 1, 2, 4, 8, 12, 16, 20, 24, 36, 48, and 72 hours after NMDA administration. (A) mRNA 

expression levels of AQP4. (B) mRNA expression levels of NR1. (C) mRNA expression levels of NR2A. (D) mRNA expression 

levels of NR2B. (E) mRNA expression levels of CaMKII. 
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Figure 4. In astrocytes cultured in separate groups, the protein expression levels of target proteins were assessed using Western 

blot analysis at 2, 12, 24, 48, and 72 hours post NMDA administration. (A) Protein expression levels of AQP4. (B) Protein 

expression levels of NR1. (C) Protein expression levels of NR2A. (D) Protein expression levels of NR2B. (E) Protein expression 

levels of p-CaMKII and CaMKII. (F) Protein expression levels of PKA. (G) Protein expression levels of PKG. 

 
HIV-1 Tat Differentially Regulates Adenylate 

Cyclase Activity, cAMP and NOS Activities 

Downstream of NMDAR 

The study further detected the activity of adenylate 

cyclase (AC), the level of cyclic adenosine 

monophosphate (cAMP), and the activity of nitric oxide 

synthase (NOS) in astrocytes to explore the regulatory 

effects of HIV-1 Tat and related inhibitors (Figure 5). 

The results showed that, compared with the control 

group, the AC activity in the HIV-1 Tat group showed 

an upward trend from 1 to 72 hours, peaking at 20 hours 

followed by a slight decline; the cAMP level increased 

continuously from 4 to 72 hours, peaking at 72 hours; 

and the NOS activity exhibited a downward trend from 

1 to 72 hours, reaching the lowest level at 72 hours. In 

the HIV-1 Tat+MK-801 group, HIV-1 Tat+H89 group, 

and HIV-1 Tat+KT5823 group, the AC activity was 

lower than that in the HIV-1 Tat group from 1 to 72 
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hours but still showed an upward trend, stabilizing or 

changing at specific time points (after 20, 36, or 16 

hours); the cAMP level was lower than that in the HIV-

1 Tat group from 4 to 72 hours but still maintained an 

upward trend, with all peaking at 72 hours; and the NOS 

activity was higher than that in the HIV-1 Tat group 

during the corresponding time periods (4-72 hours or 8-

72 hours) but still showed a downward trend, stabilizing 

at specific time points (after 48, 72, or 48 hours). In 

conclusion, HIV-1 Tat can regulate AC activity, cAMP 

level, and NOS activity in astrocytes, and this process 

involves the participation of NMDA receptors as well as 

the PKA and PKG signaling pathways, while the 

AC/cAMP pathway and NOS may play a role in this 

process. 

 

 

 
Figure 5. The levels of intracellular adenylate cyclase activity, cAMP, and NOS activity were measured at 1, 2, 4, 8, 12, 16, 20, 

24, 36, 48, and 72 hours after the addition of NMDA in astrocytes cultured in different groups. 

 
DISCUSSION 

 

With the development and widespread use of 

antiretroviral therapy, HIV-infected individuals typically 

have a life expectancy close to normal.19 However, age-

related complications are also increasing gradually, and 

HAND is one of the most severe complications. A meta-

analysis summarized that the prevalence of HAND in 

adult HIV patients in the global ART era is 42.6%,20 and 

the average time from diagnosis to death for patients is 

approximately 4 to 6 months. The revised Frascati 

diagnostic criteria from 2007 are currently the most 

widely used diagnostic criteria for HAND. These criteria 

classify HAND into asymptomatic neurocognitive 

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

and HIV-associated dementia (HAD) based on the 

severity of cognitive impairment.21 HAND is not only a 

challenging medical issue but also increasingly becoming 

a significant social problem.22 

The mechanisms of HAND are still under 

investigation, but viral proteins or neurotoxic 

extracellular environments are important contributing 

factors to HAND. In the brain, HIV infects macrophages 

and microglial cells but does not infect neurons. 

Therefore, HIV-induced neurotoxicity acts indirectly 

and is the result of the release of neurotoxic substances 

such as inflammatory factors, nitric oxide, glutamate, 

and viral proteins.23 The transactivator of transcription is 

a protein released by HIV-1 infected cells. It not only 

plays a role in the viral transactivation process but also 

may be involved in the development of HAND. In recent 

years, several researchers have reported that Tat can 

activate the FOXO3 factor, leading to neuronal 

apoptosis.24 Additionally, Tat can induce neuronal 

autophagy by upregulating Bcl-2-associated athanogene 

3 (BAG3) through the NF-κB signaling pathway.25 

Upregulation of histone deacetylase expression in 

neuronal cells inhibits dendritic plasticity.26 

Furthermore, lipid peroxidation and metabolic 

disturbances contribute to neuronal dysfunction.27,28 

There is limited research on Tat-induced damage to 

astrocytes and its contribution to HAND. Some 

researchers have suggested that Tat mediates miR-34a 

and miR-138, which downregulate SIRT1 and promote 

astrocyte activation.29 Tat exhibits significant 

antioxidant effects and promotes the survival of 
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astrocytes by resisting cell damage. However,  

when transported along neural pathways to distant sites, 

Tat can cause neuronal damage.30 Research has found 

that HIV-infected individuals without HAND have 

higher levels of anti-Tat antibodies in their cerebrospinal 

fluid compared to those with HAND. This suggests  

that the antibody response to Tat may have a 

neuroprotective effect.31 Despite the significant 

improvement in the efficacy of HIV infection treatment 

with antiretroviral therapy, current treatment regimens 

have not been able to completely halt the production and 

release of Tat.32 Therefore, targeting the toxic effects of 

Tat protein on neuronal cells may be a suitable 

therapeutic target. 

NMDARs are a type of glutamate-gated, calcium-

permeable neurotransmitter receptors that primarily 

control synaptic plasticity and initiate adaptive 

transcriptional responses for memory formation and 

learning-related neuroprotection. NR1 is the essential 

functional subunit of NMDAR, containing the binding 

site for Ca2+ channels, while NR2 is the regulatory 

subunit containing the NMDA binding site. In in vitro 

models, neuronal exposure to HIV-1 Tat has shown key 

aspects of NMDAR involvement in the mechanisms of 

HAND. HIV-1 Tat enters cells via low-density 

lipoprotein receptor-related protein-1 (LRP) and within 

12 hours activates NMDAR through the tyrosine kinase 

(SRC) pathway. After 12 hours of Tat exposure, 

secondary enhanced Ca2+ influx inhibits NMDAR 

through the NOS/SGC/PKG pathway, reducing Ca2+ 

influx.8,9 Initially, HIV-1 Tat enhances NMDAR 

activity, but subsequently, NMDAR adapts to the 

presence of Tat. This adaptive response prevents 

excessive activation of NMDAR, but it can also lead to 

excitatory synapse loss associated with HAND.33 

Prolonged exposure of astrocytes to NMDA leads to a 

significant decrease in AQP4 expression. However, in 

cells lacking Ca2+ or in cells where NMDAR is silenced 

using corresponding siRNA, no changes in AQP4 were 

observed.34 This suggests that NMDAR in astrocytes 

and its mediated Ca2+ influx may play an important role 

in regulating AQP4. AQP4 is the most abundant water 

channel protein in the brain and is widely expressed on 

the cell membranes of astrocytes, with the highest 

expression in their endfeet, resulting in a polarized 

distribution.35-37 This highly polarized AQP4 is not only 

an important component of the blood-brain barrier but 

also a major functional structure of the glymphatic 

system. Its expression plays a crucial role in maintaining 

the integrity of the blood-brain barrier and normal 

glymphatic system function.37-39 Therefore, changes in 

AQP4 levels may lead to imbalance in water 

homeostasis, disruption of the blood-brain barrier, and 

accumulation of metabolic waste products.40,41 A study 

using SIVmac239, SIVsm543-3, and SHIV monkey 

models evaluated changes in AQP4 levels and 

distribution in the frontal cortex. In the brains of non-

infected control animals, AQP4 was uniformly 

expressed in the subpial and perivascular regions of the 

cortex. However, in the brains of infected animals, 

AQP4 labeling was mainly restricted to astrocyte-like 

cells and lost its uniform distribution. The areas devoid 

of AQP4 labeling exhibited dense intracellular glial 

fibers.17 These findings support the notion that viral 

infection does indeed alter the expression and 

distribution of AQP4 in the brain. Some researchers 

have reported that the cAMP/PKA signaling pathway 

contributes to AQP4 expression.42,43 Ca2+/CaMKII is a 

downstream signaling molecule of NMDAR.44 It can 

activate adenylate cyclase to catalyze the conversion of 

adenosine triphosphate to cyclic adenosine 

monophosphate, thereby upregulating the expression of 

AQP4 through the cAMP/PKA signaling pathway.45-47 

On the other hand, in the late stage of Tat exposure, 

elevated intracellular Ca2+ activates PKG as a protective 

negative feedback mechanism, which specifically 

inhibits excessive NMDAR activation to reduce  

Ca2+ overload, ultimately stabilizing AQP4 expression 

and preventing astrocyte dysfunction.8,9 Consequently, 

this may lead to the downregulation of AQP4 

expression. 

In this study, we induced the expression of AQP4 in 

astrocytes using HIV-1 Tat protein, which initially 

activated NMDAR and enhanced Ca2+ influx, leading to 

the activation of the CaMKII/AC/cAMP/PKA pathway. 

However, after 36 hours of induction, the secondary 

Ca2+ surge activates PKG-a protective negative feedback 

mediator-that inhibits excessive NMDAR activity, 

thereby attenuating Ca2+ influx and stabilizing cellular 

homeostasis. This led to a stabilization of the expression 

of NMDAR/CaMKII/AC/cAMP/PKA pathway-related 

factors and AQP4. Concurrently, we administered the 

NMDAR antagonist MK-801, PKA inhibitor H89, and 

PKG inhibitor KT5823 during HIV-1 Tat protein 

induction. The results showed that HIV-1 Tat regulates 

the expression of AQP4 in astrocytes through the 

NMDAR/cAMP/PKA signaling pathway, which is 

involved in the pathophysiology of HIV-associated 
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neurocognitive disorders. This provides a novel target, 

AQP4, for the treatment of HAND. 

Although our study provides evidence for a novel 

mechanism by which HIV-1 Tat regulates AQP4 in 

astrocytes via the NMDAR/cAMP/PKA pathway, 

several limitations should be acknowledged. Firstly, the 

lack of key ‘TAT-only’ and inhibitor treatment groups 

limits our ability to precisely define the independent 

effects of Tat and to rule out potential off-target effects 

of inhibitors. Secondly, we relied primarily on 

pharmacological approaches and failed to use genetic 

tools such as NMDAR siRNA to further validate 

receptor specificity. Furthermore, the exact origin of the 

persistent calcium signal observed under MK-801 

blockade, such as other ion channels or intracellular 

calcium stores, remains to be elucidated in future 

studies. Finally, all conclusions are based on in vitro cell 

experiments, and their in vivo pathophysiological 

significance needs to be further validated in animal 

models. 

The results of this study demonstrate that HIV-1 Tat 

protein can regulate AQP4 expression through the 

NMDAR/cAMP/PKA signaling pathway, thereby 

participating in the pathological and physiological 

processes of HAND. This provides a new target, AQP4, 

for the treatment of HAND, and lays a theoretical 

foundation for the targeted development of more 

effective drugs for HAND. The ultimate goal is to 

alleviate the burden of the disease and achieve 

significant societal benefits. 
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