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Abstract: Despite the introduction of combined antiretroviral therapy (cART) HIV-1 virus persists in the brain in a 
latent or restricted manner and viral proteins, such as gp120, continue to play a significant disease-inciting role. 
Gp120 is known to interact with N-methyl-D-aspartate (NMDA) receptors (NMDARs) resulting in neuronal injury. 
Glutamate is the main excitatory neurotransmitter in the brain and plays an important role in cognitive function 
and dysregulation of excitatory synaptic transmission impairs neurocognition. It is our hypothesis that gp120 may 
alter synaptic function via modulating glutamate function from a physiological molecule to a pathophysiological 
substance. To test this hypothesis, we studied the modulatory effects of gp120 and glutamate on NMDAR-mediat-
ed spontaneous excitatory postsynaptic current (sEPSCNMDAR) and dynamic dendritic spine changes in rat cortical 
neuronal cultures. Our results revealed that gp120 and glutamate each, at low concentrations, had no significant 
effects on sEPSCNMDAR and dendritic spines, but increased sEPSCNMDAR frequency, decreased numbers of dendritic 
spines when tested in combination. The observed effects were blocked by either a CXCR4 blocker or an NMDAR an-
tagonist, indicating the involvements of chemokine receptor CXCR4 and NMDARs in gp120 modulation of glutamate 
effects. These results may imply a potential mechanism for HIV-1-associated neuropathogenesis in the cART era. 
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Introduction

Human immunodeficiency virus type 1 (HIV-1) 
infection continues to be a major global public 
health issue. Individuals infected with HIV-1 
often develop neurological symptoms including 
cognitive impairment and motor disturbances 
collectively termed as HIV-1-associated neuro-
cognitive disorders (HAND) [1, 2]. Although the 
introduction of combined antiretroviral therapy 
(cART) has significantly decreased the severe 
form of the HAND mild neurocognitive impair-
ments remain prevalent, due to virus persis-
tence in the brain at low levels often in a latent 
or restricted manner and reduced cART pene-
tration into the brain [3-6]. In contrast to frank 
neuronal injury and loss seen in neuropatholo-
gy of severe form HAND, more subtle changes 
on synaptic dendrites and neuronal circuitry 
are believed to drive the HAND in the era of 

cART [7-10]. The mechanisms by which HIV-1 
causes synaptodendritic alteration in the brain 
are not fully understood and neurotoxicity in 
HIV-1-infeceted brain is believed to be, at least 
in part, mediated by viral proteins and other bio-
active molecules released from infected cells. 
Among the viral proteins is HIV-1 envelope gly-
coprotein 120 (gp120). 

The gp120 molecule, the main HIV-1 coat pro-
tein, is part of the outer layer of the virus. In 
addition to its facilitation of HIV-1 entry into the 
host cells via CD4 receptors along with CCR5 
and CXCR4 receptors, gp120 can be shed off 
from viral membrane and/or released from 
infected brain cells [11, 12], and accumulates 
in the cerebrospinal fluid and brain tissue in sig-
nificant amounts [13, 14]. Soluble gp120 is a 
potent neurotoxin at concentrations ranging 
from picromolar to nanomolar in vitro [13, 15]. 
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It is toxic to neural cells both in vitro [16, 17] 
and in vivo [18, 19]. Transgenic animals ex- 
pressing gp120 developed neurodegeneration 
and cognitive impairment [20, 21]. Studies 
have shown that gp120 on the one hand induc-
es neuronal and synaptodendritic dysfunction 
and injury [22-24] and on the other hand causes 
immune activation and resultant production of 
neurotoxic molecules leading to the develop-
ment of HAND [12, 25, 26]. The neurocognitive 
impairment and pathophysiological alterations 
observed in HIV-1-infected individuals can be 
attributed to direct and/or indirect effects of 
gp120.

The mechanisms underlying gp120-associated 
neurotoxicity are multifaceted including, but 
are not limited to, its activation of neuronal 
NMDA receptor (NMDAR) [27-29] and inhibition 
of glutamate (Glu) uptake by astrocytes [30-
32]. In the mammalian CNS, Glu is the principal 
excitatory neurotransmitter that plays a crucial 
role in mediating cognitive and behavior func-
tions [33, 34]. Dysregulation of excitatory syn-
aptic transmission may impair higher brain 
functions such as memory formation and 
behavior. We hypothesize that the presence of 
soluble gp120 in the brain may dysregulate 
excitatory synaptic transmission by altering Glu 
function from a physiological molecule to a 
pathophysiological substance. To test this 
hypothesis, we studied effects of gp120 and 
Glu on NMDAR-mediated spontaneous excit-
atory postsynaptic current (sEPSCNMDAR) and 
dendritic spine morphology in rat cortical neu-
ronal cultures. Our results showed that gp120 
and Glu, each alone at low concentrations, had 
no significant effects on sEPSCNMDAR and den-
dritic spines, but increased the sEPSCNMDAR  
frequency, decreased numbers of dendritic 
spines when tested in combination. The 
observed results may have implications for HIV-
1-associated neurocognitive decline in the era 
of cART.

Materials and methods

Materials

Full-length HIV-1IIIB gp120 was purchased from 
Immunodiagnostics, Inc. (Woburn, MA). Aliquots 
of gp120 were kept as 100 nM stock solution 
at -80°C. The stock solution was diluted to 
desired concentrations with artificial cerebro-
spinal fluid (ACSF) 2-5 min before test. All other 

chemicals, unless otherwise specified, were 
purchased from Sigma-Aldrich (St. Louis, MO). 

Animals

Pregnant Sprague-Dawley rats were purchased 
from Charles River Laboratories (Wilmington, 
MA) and maintained under ethical guidelines 
for care of laboratory animals at the University 
of Nebraska Medical Center. Animals were 
housed at constant temperature (22°C) and 
relative humidity (50%) under a regular light-
dark cycle (light on at 7 am and off at 5 pm) 
with free access to food and water. All animal-
use procedures were reviewed and approved 
by the Institutional Animal Care and Use 
Committee (IACUC) of University of Nebraska 
Medical Center (IACUC # 19-085-07-FC).

Cortical neuronal culture

Neurons were isolated from cortex tissue of 
E18 fetal Sprague-Dawley rats. Dissected tis-
sue was incubated with 0.25% trypsin and 200 
U DNAase contained in Hank’s Buffered Salt 
Solution (HBSS) at 37°C for 15 min, and the 
digestion was stopped by addition of fetal 
bovine serum (FBS) at 10%. After centrifuging, 
the remaining tissue suspension was passed 
through nylon mesh with pore diameter size of 
100 µm and 40 µm. Isolated cells were then 
suspended in neurobasal media (Gibco, Thermo 
Fisher) supplemented with 2% B27, 1% peni- 
cillin/streptomycin, 0.2% fetal bovine serum 
(FBS), and 0.25 mM L-glutamine (Invitrogen, 
Thermo Fisher), and seeded either in 60 mm 
dishes at 2.5 × 106 cells/dish, 0.2 × 106 cells/
well in 12 well plates containing 15 mm diam-
eter coverslips, or in 48-well plates at 0.05 × 
106 cells/well. All dishes, coverslips and plates 
were pre-coated with poly-D-lysine (1 mg/ml). 
Cultures were maintained in supplemented 
neurobasal media for 8-12 days with half media 
change every 4 days. The purity of neuronal 
cells was > 90% as determined by staining wi- 
th microtubule-associated protein-2 antibody 
(MAP-2: 1:1000, Chemicon International, Inc., 
Temecula, CA) and anti-NeuN antibody (1:500, 
Abcam, Waltham, MA). 

Electrophysiology

Whole-cell recording was conducted with a pa- 
tch-clamp amplifier Axopatch 200B (Molecular 
Devices, San Jose, CA). The extracellular solu-
tion was an artificial cerebrospinal fluid (ACSF) 



Gp120 modulation of glutamate effects on synapses

77 Int J Physiol Pathophysiol Pharmacol 2023;15(3):75-87

contained (in mM) NaCl 125, KCl 3.5, CaCl2 3.0, 
MgCl2 0.2, NaH2PO4 1.25, NaHCO3 26, Glu- 
cose10.0. sEPSCNMDAR was recorded in the  
presence of 5 µM NBQX (2,3-dihydroxy-6-nitro-
7-sulfamoyl-benzo(F)-quinoxaline, a highly se- 
lective AMPA receptor antagonist) and 50 µM 
picrotoxin. Patch electrodes were filled with (in 
mM) K-gluconate 125, K-methysulphate 17.5, 
NaCl 10, HEPES 10, EGTA 0.5, GTP 0.2, K2ATP 
2.0. All experiments were performed at room 
temperature (22-23°C). During experiments, 
the cultured neurons were perfused with oxy-
genated (bubbled with 95% O2 and 5% CO2) 
ACSF at a constant flow rate of 2 mL/min. After 
formation of a high resistance seal (> 1 GΩ) 
and subsequent rupture of cell membrane, the 
neurons were voltage-clamped at -60 mV. 
Junction potential, series resistance were cor-
rected using amplifier circuitry and cell capaci-
tance was compensated (~70%). Electrical sig-
nals were filtered at 1 kHz and digitized at 5 
kHz, displayed on an oscilloscope and comput-
er monitor, digitized with Digidata 1440A digi-
tizer (Molecular Devices) and stored on a PC 
computer. Data acquisition and analysis were 
carried out using pClamp 10 software (Mo- 
lecular Devices) and data processing, graphing 
and statistical analysis were made using Origin 
2019b (OriginLab, Northampton, MA). 

Dendrite morphology and spine number quan-
tification

Primary cortical neurons grown on poly-D-
lysine-coated coverslips were treated with 
gp120 and/or Glu in the presence or absence 
of an NMDAR antagonist MK801 (20 µM) [35]. 
After 24 h treatment, cells were washed in 
phosphate buffered saline (PBS) (5 min, 3 
times), then fixed in 4% paraformaldehyde in 
PBS (pH 7.4) for 1 h at room temperature and 
then blocked in 10% normal goat serum and 

0.1% Triton X-100 for 30 min at room tempera-
ture. Cells were incubated with primary anti-
body anti-MAP2 (rabbit, 1:1000) diluted in PBS 
overnight at 4°C, followed by application of 
AlexaFluor 488 (1:500) secondary antibody 
(Invitrogen) in PBS for 1 h. After a final wash in 
PBS, coverslips were mounted in ProLong Gold 
antifade reagent with DAPI (Molecular Probes, 
Eugene, OR). Cells were visualized by Zeiss 
LSM 510 META NLO microscope in a 100× oil-
immersion objective. The numbers of spines on 
selected secondary dendritic branch (50 μm in 
length) were counted manually.

Statistical analyses

The amplitude and occurrence of sEPSCNMDAR 
recorded in a time window of 120 s were ana-
lyzed and averaged using Clampfit 10 software. 
The numbers of dendritic spines on the se- 
condary branch (50 μm in length) were count-
ed. All data are expressed as means ± SEM  
and graphed using Origin2019b software. 
Statistical analyses were done using one-way 
ANOVA or student t-tests. A minimum p value of 
0.05 was estimated as the significance level for 
all tests. 

Results

Purity of rat cortical neuronal cultures

To study gp120 modulation of Glu effects syn-
aptic dendrites we first examined cortical neu-
ronal purity using MAP2 and NeuN staining. It 
was shown that neuronal cells were > 90% in 
each batch of cultures employed for this study 
(Figure 1). 

Effects of gp120 and Glu on sEPSCNMDAR

Gp120 was toxic to rodent neurons in vitro [36] 
and in vivo [37]. Its neurotoxic activity can be 
blocked by NMDAR antagonists [38], indicating 

Figure 1. Determination of neuronal purity by MAP2 and NeuN staining. After 10-14 days in culture cells were incu-
bated with anti-MAP2 (green) and Anti-NeuN (red) antibody, then the second antibodies Alexa Fluor-488 and Alexa 
Fluor-594 were added. Cells with color in blue were stained with Dapi. Neuronal purity was > 90%. Magnification, 
×200.
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an involvement of NMDAR in gp120-associated 
neuropathophysiology. To examine influence of 
gp120 on Glu in HIV-1-infected brain, we first 
studied individual effects of gp120 and Glu on 
sEPSCNMDAR at low concentrations. Application 
of gp120 (10, 20, 50 pM) alone had no signifi-
cant effects on sEPSCNMDAR frequency (control, 
0.035 ± 0.006 Hz vs. 10 pM, 0.037 ± 0.008 Hz; 
20 pM, 0.038 ± 0.006 Hz; 50 pM, 0.036 ± 
0.004 Hz; P > 0.05, n = 6). In contrast, gp120 
alone had no effects on sEPSCNMDAR amplitude 
at concentrations of 10 and 20 pM (control, 
62.8 ± 6.3 pA, vs. 10 pM, 59.6 ± 3.9; 20 pM, 

63.0 ± 6.3; P > 0.05, n = 6), but increased sEP-
SCNMDAR amplitude at 50 pM (86.0 ± 10.0 pA vs. 
62.8 ± 6.3 pA in control, P < 0.05, n = 6) (Figure 
2). Application of Glu (0.1, 1.0, 5.0 μM) alone 
showed that it increased the sEPSCNMDAR fre-
quency only at higher concentration (5 μM) 
(control, 0.041 ± 0.008 Hz vs. 0.1 μM, 0.043 ± 
0.009 Hz; 1 μM, 0.058 ± 0.014 Hz; P > 0.05, n 
= 6; 5 μM, 0.092 ± 0.032 HZ; P < 0.05, n = 6), 
but had no significant effects on sEPSCNMDAR 
amplitude (control, 79.1 ± 10.2 pA vs. 0.1 μM, 
98.3 ± 11.1 pA; 1 μM, 110.2 ± 33.0 pA; 5 μM, 
86.8 ± 16.4 pA; P > 0.05, n = 6) (Figure 3).

Figure 2. The effect of gp120 on sEPSCNMDAR at different concentrations (10 pM, 20 pM, 50 pM). Left panel: Traces 
of sEPSCNMDAR recorded under gap-free configuration from a neuron at different experimental conditions as indi-
cated. Right panel: Group data from six neurons showed that the average frequency and peak amplitude of sEP-
SCNMDAR were not altered by gp120 at the concentrations of 10 pM and 20 pM tested (P > 0.05). At 50 pM, gp120 
significantly increased amplitude (P < 0.05), but not frequency.

Figure 3. Effect of Glu on sEPSCNMDAR at different concentrations (0.1 μΜ, 1 μΜ, 5 μM). Left panel displays the 
traces of sEPSCNMDAR recorded under different experimental conditions as indicated. Right panel shows the average 
frequency and peak amplitude of sEPSCNMDAR recorded from six neurons. Note that Glu had no significant effects 
on sEPSCNMDAR amplitude (P > 0.05, n = 6), but increased sEPSCNMDAR frequency at higher concentration (5 μM, P < 
0.05, n = 6).
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Gp120 potentiation of Glu effects on  
sEPSCNMDAR

As gp120 (10 pM, 20 pM) and Glu (0.1 μΜ, 1 
μM) each along had no significant effects on 
sEPSCNMDAR frequency and amplitude, we next 
tested their combined effects on sEPSCNMDAR. 
Application of 10 pM gp120 + 0.1 μΜ Glu, 10 
pM gp120 + 1 μΜ Glu, 20 pM gp120 + 0.1 μΜ 
Glu and 20 pM gp120 + 1 μΜ Glu failed to alter 
sEPSCNMDAR amplitude (Control, 44.5 ± 7.6 pA 
vs. 10 pM gp120 + 0.1 μΜ Glu, 50.2 ± 5.5 pA; 
10 pM gp120 + 1 μΜ Glu, 55.1 ± 10.0 pA; 20 
pM gp120 + 0.1 μΜ Glu, 45.6 ± 8.0 pA; 20 pM 
gp120 + 1 μΜ Glu, 43.4 ± 7.9 pA, P > 0.05, n = 
6). However, while 10 pM gp120 + 0.1 μΜ Glu, 
10 pM gp120 + 1 μΜ Glu and 20 pM gp- 
120 + 0.1 μΜ Glu had no significant effects on 
sEPSCNMDAR frequency (Control, 0.0347 ± 0.008 
Hz vs. 10 pM gp120 + 0.1 μΜ Glu, 0.0361 ± 
0.004 Hz; 10 pM gp120 + 1 μΜ Glu, 0.0354 ± 
0.003 Hz; 20 pM gp120 + 0.1 μΜ Glu, 0.042 ± 
0.015 Hz, P > 0.05, n = 6), 20 pM gp120 was 
found to potentiate 1 μΜ Glu-associated sEP-
SCNMDAR frequency (Control, 0.0347 ± 0.008 Hz 
vs. 20 pM gp120 + 1 μΜ Glu, 0.088 ± 0.020 
Hz) (Figure 4). The alteration of sEPSCNMDAR fre-
quency suggests a presynaptic site of action. 

Blockade of gp120 potentiation of Glu effects 
on sEPSCNMDAR by T140

HIV-1 gp120 interacts with neuronal CXCR4 
receptors which are functionally coupled with 

NMDA receptors [39, 40]. To examine the 
involvement of CXCR4 receptors in gp120 
potentiation of Glu effects on sEPSCNMDAR, we 
tested effects of T140, a CXCR4 receptor 
antagonist [41], on gp120 enhancement of Glu 
effects on sEPSCNMDAR. As shown in Figure  
5, the addition of 100 nM T140 alone did not 
alter the frequency of sEPSCNMDAR (Control, 
0.040 ± 0.006 Hz vs. 100 nM T140, 0.039 ± 
0.005 Hz, P > 0.05, n = 8). In contrast, it re- 
versed gp120-associated frequency increase 
when applied in combination (Control, 0.040 ± 
0.006 Hz; gp120 + Glu, 0.095 ± 0.020 Hz, 
T140 + gp120 + Glu, 0.042 ± 0.009 Hz, P < 
0.01 vs. control, P < 0.01 vs. t140 + gp120 + 
Glu, n = 8). The amplitude of sEPSCNMDAR was 
not influenced either by T140 alone or by com-
bined application of T140 with gp120 and Glu 
(Control, 30.8 ± 9.1 pA; T140, 45.2 ± 8.6 pA; 
gp120 + Glu, 32.9 ± 10.2 pA; T140 + gp120 + 
Glu, 38.1 ± 7.3 pA; P > 0.05, n = 8) (Figure 5). 

Neurotoxic property of Gp120 potentiation of 
Glu on sEPSCNMDAR

HIV-1 gp120 was shown to cause synaptoden-
dritic arbor injury [42] and synapse loss [43, 
44]. To examine whether gp120 potentiation of 
Glu effects on sEPSCNMDAR was toxic to neuronal 
synaptic dendrites we analyzed the number of 
spines on the secondary dendrites (50 μm in 
length) on cultured cortical neurons. Our results 
showed that treatment of cortical neuronal cul-

Figure 4. Gp120 (20 pM) potentiation of Glu (1 μM) effects on sEPSCNMDAR. As gp120 (10 pM, 20 pM) and Glu (0.1 
μM, 1 μM) each alone had no apparent effects on sEPSCNMDAR. They were tested in four different combinations to 
explore any augment effects on sEPSCNMDAR. The results showed that gp120 (20 pM) significantly augmented Glu 
(1 μM) effects on sEPSCNMDAR frequency. Thus, 20 pM gp120 and 1 μM Glu were used for subsequent studies. **P 
< 0.01, n = 6. 



Gp120 modulation of glutamate effects on synapses

80 Int J Physiol Pathophysiol Pharmacol 2023;15(3):75-87

tures with gp120 for 24 h produced a concen-
tration-dependent decrease in the number of 
spines (Figure 6). When treated with gp120 at 
10, 20 and 50 pM, the average numbers of 
spines were 27.00 ± 1.00, 22.67 ± 2.53 and 
23.69 ± 2.58 respectively. Compared with the 
number of spines of 26.67 ± 2.51 in control 
(untreated) neurons, the differences were not 
statistically significant (n = 8, P > 0.05). In con-
trast, when treated with gp120 at 100 pM and 
200 pM, the number of spines were significant-
ly reduced to 15.68 ± 2.54 and 11.67 ± 2.08 
respectively in comparison with the number of 
spines observed in control group (n = 8, P < 
0.01; Figure 6).

In a different set of experiments, the cultured 
neuronal cells were treated with different con-
centrations of Glu (0.1, 1, 5 uM) and resultant 
changes on the dendritic spines were also 
assayed. Addition of Glu to neuronal cultures 
for 24 h slightly reduced the numbers of spines 
on the secondary dendrites to 30.7 ± 1.5, 30.0 
± 2.13 and 30.3 ± 1.5, respectively. Compared 
with the numbers of spines on the secondary 
dendrites of 32.3 ± 2.5 in control group, the  
difference was not statistically significant (n = 
8, P > 0.05, Figure 7). However, a significant 
decrease (n = 8, P < 0.05) on the numbers of 

spines was observed when Glu was applied to 
the cultured neurons at the concentration of 10 
μM (18.6 ± 3.5 vs. 32.3 ± 2.5 in control, Figure 
7). 

As shown in Figures 6 and 7, 20 pM gp120 and 
1 µM Glu each alone had no significant effects 
on the number of spines, we tested their modu-
latory or synergistic effects on the dendritic 
spines. The number of dendritic spines were 
23.7 ± 1.1 and 25.0 ± 2.6 when neuronal cul-
tures were treated with 20 pM gp120 and 1  
µM Glu respectively. Compared with the control 
(26.0 ± 1.0), the differences had no statistical 
significance (n = 8, P > 0.05). However, the 
number of spines were significantly reduced to 
11.3 ± 2.1 (n = 8, P < 0.05) when applied in 
combination, demonstrating gp120 potentia-
tion of Glu neurotoxicity in cortical neuronal cul-
tures. Such a potentiation was blocked by addi-
tion of an NMDAR antagonist MK801 (20 μM) 
to the culture media, indicating an involvement 
of NMDAR in gp120 potentiation of Glu-as- 
sociated neurotoxicity (n = 8, Figure 8).

Discussion

Although the neurotoxic effects of HIV-1 gp120, 
mediated at least in part via activation of neu-

Figure 5. Blockade of gp120 augmentation of Glu-associated increase of sEPSCNMDAR frequency by T140 (100 nM), 
a CXCR4 receptor. As showed in both traces and bar graph co-application of gp120 (20 pM) and Glu (1 µM) pro-
duced a significant increase of sEPSCNMDAR frequency (but not amplitude). The increase of sEPSCNMDAR frequency 
was reversed by addition of T140 (100 nM) to the ACSF. Addition of T140 per se to ACSF had no apparent effect on 
sEPSCNMDAR. These results suggest an involvement of CXCR4 receptors in gp120- and Glu-associated increase of 
sEPSCNMDAR frequency. **P < 0.01, ##P < 0.01, n = 8.
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Figure 6. The concentration-dependent effects of gp120 on the number of spines on the neuronal secondary den-
drites. The number of spines were manually counted on each neuron in a selected segment (50 μM in length) of a 
secondary oblique dendrite (marked by a rectangle in white) protruding from its parental dendrite. The left columns 
of photomicrographs displayed single MAP2-labeled cortical neurons treated with different concentrations of gp120 
as indicated. The enlarged secondary dendrites on which dendritic spines were counted were shown vertically right 
to their neuronal photomicrographs correspondently. The right bar graph shows average numbers of spines counted 
on selected segments of secondary dendrites from cortical neurons with different treatments as shown in photo-
micrographs. Note that no significant change on the numbers of spines were observed when treated with 20 pM of 
gp120. However, gp120 significantly reduced numbers of spines at concentrations 100 pM and 200 pM. **P < 0.01 
vs. control. Scale bar equals 50 µm.

ronal NMDARs, are well studied, few investiga-
tions have focused on its modulation of Glu 
effects in neuronal synapses in vitro or in HIV-1-
infected brain, especially in the era of cART. 
The objective of his study was to test the 
hypothesis that low concentrations of soluble 
viral protein gp120, which is present in the 
brains of HIV-1-infected patients treated with 
cART, may dysregulate neuronal synaptic activ-
ity by modulation of Glu function from a physi-
ological molecule to pathophysiological sub-
stance. To this end, we examined the modula- 
tory effects of low concentrations of gp120 on 
Glu-associated sEPSCNMDAR and dynamic chang-
es of dendritic spines in rat cerebrocortical 
neuronal cultures. Our results showed that 
gp120 (20 pM) and Glu (1 μM), at low con- 
centrations, had no significant effects on sEP-
SCNMDAR when each were tested alone. In con-
trast, gp120 potentiated Glu-mediated increase 

of sEPSCNMDAR frequency and worsened Glu-
associated decrease of dendritic spines while 
applied in combination. The gp120-associated 
potentiation of Glu effects was significantly 
attenuated by either a CXCR4 receptor antago-
nist T140 or an NMDAR antagonist MK801, 
suggesting an involvement of chemokine recep-
tor CXCR4 and NMDAR in gp120 modulation of 
Glu effects on synaptic dendrites.

It is widely accepted that Glu plays an impor-
tant role in the pathogenesis of HAND [25, 45]. 
Gp120 incites Glu receptor-mediated neurotox-
icity and neurodegeneration [25]. Studies have 
shown that gp120 induced hippocampal injury 
in neonatal rats was blocked by CPP, a potent 
and selective NMDAR antagonist [37]. Gp120 
was also found to potentiate NMDA- and Glu-
evoked noradrenaline release at rat hippocam-
pal and cortical noradrenergic nerve terminals 
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Figure 7. The effect of different concentrations of Glu on the number of spines 
on the secondary dendrite. Representative photomicrographs showed single 
MAP2-labeled cortical neurons treated with different concentrations of Glu 
as indicated and the magnified segment of secondary dendrite examined on 
each neuron was shown vertically right to each neuronal photomicrograph. 
The quantification of spine numbers was shown in the bottom right. Note 
that Glu at a lower concentration (1 µM) had no significant effect on den-
dritic spine numbers. It decreased the number of spines at higher concen-
tration (10 µM). **P < 0.01 vs. control. Scale bar equals 50 µm.

[46]. As NMDAR activation is crucial in excito-
toxic activity [47], these results indicate that 
gp120 interplays with NMDARs resulting in 
neuronal injury. Consistent with these results, 
we observed that gp120 potentiated Glu-
associated increase of sEPSCNMDAR occurrence 
and decreased the number of dendritic spines. 
The augment effects occurred at low concen-
trations of gp120 and Glu, which had no appar-
ent effects when each was tested alone but 
altered these parameters significantly while 
tested in combination, demonstrating a modu-
latory effect of gp120 on Glu effects via 
NMDARs. 

Spontaneous synaptic events 
modulate spike firing [48], 
modify dendritic spine struc-
ture [49] and regulate den- 
dritic protein synthesis [50]. 
Change in sEPSC frequency is 
widely believed to be associ-
ated with alteration of presyn-
aptic function. Our results 
showed that gp120 potentiat-
ed Glu-associated increase  
of sEPSCNMDAR frequency, sug-
gesting a presynaptic site  
of action for gp20. Since che-
mokine receptor CXCR4 is 
expressed in the presynaptic 
terminals [51] and gp120 
binds to CXCR4 [52], the 
above suggestion was further 
supported by experimental 
results that gp120-mediated 
increase of sEPSCNMDAR fre-
quency was blocked by T140, 
a CXCR4 blocker [53]. In addi-
tion to CXCR4, NMDAR is also 
expressed in presynaptic ter-
minals [54]. Thus, it was not 
surprising that we observed 
gp120 enhancement of Glu-
associated increase of sEP- 
SCNMDAR frequency because 
gp120 interacts with NMDARs 
[29, 55] and because CXCR4 
and NMDAR are functionally 
coupled at nerve endings [39]. 

Excitatory synapses have dis-
tinct dendritic spines at the 
postsynaptic sites. These den-
dritic spines receive most of 

the excitatory glutamatergic input directly from 
apposing presynaptic terminals in the CNS [56-
59]. Spontaneous released Glu and synaptic 
events regulate the dynamic of dendritic spines 
and maintain the stability of synaptic networks 
[60-63]. Dysregulated enhancement of sponta-
neous release Glu could be detrimental to den-
dritic spines resulting in the alteration of den-
drite morphology and the decrease of spine 
numbers [63, 64]. Indeed, the morphological 
and physiological alterations in response to 
NMDAR activation have been observed, includ-
ing a loss of spines, dendritic focal swelling, 
cytoskeletal degradation and a depression of 
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neurotransmission. In this study, we observed 
gp120 enhancement of Glu-associated in- 
crease of sEPSCNMDAR occurrence and de- 
creased the number of dendritic spines. Such 
an enhancement of spontaneous occurrence of 
Glu-associated sEPSCNMDAR by gp120 may con-
tribute, at least in part, to HIV-1-associated 
neurological complications seen in patients 
treated with cART, because altered dendrite 
morphology is considered as an early sign of 
neural injury that occurs in acute neurologic 
and chronic neurodegenerative diseases [65]. 

It is worth pointing out that the concentration of 
gp120 used in this study was physiologically 
relevant as determined in our previous study 

of Glu in the extracellular space outside of syn-
aptic cleft [68-70]. Thus, the results obtained 
by using physiologically relevant concentra-
tions of gp120 and Glu may have implications 
for HAND pathogenesis in the era of cART that 
lower levels of viral replication may not cause 
neuronal and synaptic damage, but may induce 
neuronal and synaptic dysfunction by modulat-
ing the action of Glu by turning its role from 
physiology to pathophysiology.

In summary, the results showed that low con-
centrations of gp120, when applied in combi-
nation with low concentrations of Glu, potenti-
ated Glu-mediated increase of sEPSCNMDAR 
frequency in rat cerebrocortical neuronal cul-

Figure 8. Synergic effects of gp120 and Glu on dendritic spines. As gp120 
(20 pM) and Glu (1 μM) had no apparent effects when tested each alone 
(Figures 6 and 7), we tested their effects on dendritic spines in combination. 
Gp120 was found to augment Glu-associated reduction on the number of 
spines when applied to neuronal cultures in combination. Such a reduction 
was blocked by an NMDAR antagonist MK801, suggesting an involvement 
of NMDARs in gp120- and Glu-associated reduction of dendritic spines. *P < 
0.05, **P < 0.01 vs. control, ##P < 0.01 vs. gp120 + Glu.

[66]. The rationale for using 
physiologically relevant con-
centration is to mimic the dis-
ease condition, a mild form of 
HAND which is prevalent in 
the era of cART with low levels 
of viral replication in the brain. 
Although the actual in vivo 
plasma and brain tissue con-
centrations of gp120 in chron-
ically HIV-1-infected patients 
remain unclear in the cART 
era, the levels detected in the 
serum of HIV-infected individ-
uals prior to cART era were 1-8 
nM [15]. Given that 1 nM of 
gp120 is ~0.12 μg/ml [13], 
the soluble gp120 concentra-
tions were estimated between 
120 and 960 ng/ml [14]. More 
higher levels of gp120 were 
also detected in secondary 
lymphoid organs of individuals 
with chronic viral infection 
ranging from 500 ng/ml to 5 
μg/ml when all forms of gp120 
were added, including solu- 
ble, cell- and virion-associated 
gp120 [14, 67]. The concen-
tration of gp120 used in this 
study was 20 pM which was 
below physiological concen-
trations detected by Oh et al. 
[15]. The Glu concentration of 
employed in study was 1 μM, 
which was within the physio-
logical range (0.02-20 μM) of 
the tonic basal concentrations 
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tures and altered the dynamic of dendritic 
spines. The observed effects were blocked or 
attenuated by either a CXCR4 receptor blocker 
T140 or an NMDAR blocker MK801, suggesting 
chemokine receptor CXCR4 and NMDAR were 
involved in gp120-associated modulation of 
sEPSCNMDAR occurrence and consequent dynam-
ic changes on dendritic spines. As virus per-
sists in brain in a latent and restricted manner 
in the cART era, the soluble gp120, shed off 
from virions or released from infected cells, 
may modulate the role of endogenous Glu from 
physiological molecule to a pathophysiological 
substance, a potential mechanism for HIV-1-
associated neuropathogenesis in the era of 
cART. 

Acknowledgements

The authors thank Mr. Reed Felderman for 
reading the manuscript. This work was support-
ed by NIH grants R01NS077873 and R0- 
1DA050540.

Disclosure of conflict of interest

None.

Address correspondence to: Dr. Huangui Xiong, 
Neurophysiology Laboratory, Department of Phar- 
macology and Experimental Neuroscience, Uni- 
versity of Nebraska Medical Center, Omaha, NE 
68198-5880, USA. Tel: 402-559-5140; Fax: 402-
559-3744; E-mail: hxiong@unmc.edu

References

[1] Eggers C, Arendt G, Hahn K, Husstedt IW, 
Maschke M, Neuen-Jacob E, Obermann M, 
Rosenkranz T, Schielke E and Straube E; Ger-
man Association of Neuro-AIDS und Neuro-In-
fectiology (DGNANI). HIV-1-associated neuro-
cognitive disorder: epidemiology, pathogenesis, 
diagnosis, and treatment. J Neurol 2017; 264: 
1715-27. 

[2] Borrajo A, Spuch C, Penedo MA, Olivares JM 
and Agis-Balboa RC. Important role of microg-
lia in HIV-1 associated neurocognitive disor-
ders and the molecular pathways implicated in 
its pathogenesis. Ann Med 2021; 53: 43-69. 

[3] Wallace DR. HIV-associated neurotoxicity and 
cognitive decline: therapeutic implications. 
Pharmacol Ther 2022; 234: 108047. 

[4] Akiyama H and Gummuluru S. HIV-1 persis-
tence and chronic induction of innate immune 
responses in macrophages. Viruses 2020; 12: 
711. 

[5] Carroll A and Brew B. HIV-associated neuro-
cognitive disorders: recent advances in  
pathogenesis, biomarkers, and treatment. 
F1000Res 2017; 6: 312. 

[6] Kopstein M and Mohlman DJ. HIV-1 encepha-
lopathy and aids dementia complex. In: Stat-
Pearls [Internet]. Treasure Island (FL): Stat-
Pearls Publishing; 2023.

[7] Gelman BB. Neuropathology of HAND with sup-
pressive antiretroviral therapy: encephalitis 
and neurodegeneration reconsidered. Curr 
HIV/AIDS Rep 2015; 12: 272-9. 

[8] Soontornniyomkij V, Kesby JP, Morgan EE, 
Bischoff-Grethe A, Minassian A, Brown GG and 
Grant I; Translational Methamphetamine AIDS 
Research Center (TMARC) Group. Effects of 
HIV and methamphetamine on brain and be-
havior: evidence from human studies and ani-
mal models. J Neuroimmune Pharmacol 2016; 
11: 495-510. 

[9] Ru W and Tang SJ. HIV-associated synaptic de-
generation. Mol Brain 2017; 10: 40. 

[10] Irollo E, Luchetta J, Ho C, Nash B and Meucci 
O. Mechanisms of neuronal dysfunction in HIV-
associated neurocognitive disorders. Cell Mol 
Life Sci 2021; 78: 4283-303. 

[11] Saylor D, Dickens AM, Sacktor N, Haughey N, 
Slusher B, Pletnikov M, Mankowski JL, Brown 
A, Volsky DJ and McArthur JC. HIV-associated 
neurocognitive disorder - pathogenesis and 
prospects for treatment. Nat Rev Neurol 2016; 
12: 309. 

[12] Smith LK, Kuhn TB, Chen J and Bamburg JR. 
HIV associated neurodegenerative disorders: a 
new perspective on the role of lipid rafts in 
Gp120-mediated neurotoxicity. Curr HIV Res 
2018; 16: 258-269. 

[13] Klasse PJ and Moore JP. Is there enough 
gp120 in the body fluids of HIV-1-infected indi-
viduals to have biologically significant effects? 
Virology 2004; 323: 1-8. 

[14] Cummins NW, Rizza SA and Badley AD. How 
much gp120 is there? J Infect Dis 2010; 201: 
1273-4; author reply 1274-5. 

[15] Oh SK, Cruikshank WW, Raina J, Blanchard 
GC, Adler WH, Walker J and Kornfeld H. Identi-
fication of HIV-1 envelope glycoprotein in the 
serum of AIDS and ARC patients. J Acquir Im-
mune Defic Syndr (1988) 1992; 5: 251-6. 

[16] Liu H, Liu G and Bi Y. CNTF regulates neurite 
outgrowth and neuronal migration through 
JAK2/STAT3 and PI3K/Akt signaling pathways 
of DRG explants with gp120-induced neurotox-
icity in vitro. Neurosci Lett 2014; 569: 110-5. 

[17] Moss PJ, Huang W, Dawes J, Okuse K, McMa-
hon SB and Rice AS. Macrophage-sensory neu-
ronal interaction in HIV-1 gp120-induced neu-
rotoxicitydouble dagger. Br J Anaesth 2015; 
114: 499-508.

mailto:hxiong@unmc.edu


Gp120 modulation of glutamate effects on synapses

85 Int J Physiol Pathophysiol Pharmacol 2023;15(3):75-87

[18] Campbell LA, Avdoshina V, Day C, Lim ST and 
Mocchetti I. Pharmacological induction of 
CCL5 in vivo prevents gp120-mediated neuro-
nal injury. Neuropharmacology 2015; 92: 98-
107. 

[19] Avdoshina V, Caragher SP, Wenzel ED, Tara-
balli F, Mocchetti I and Harry GJ. The viral  
protein gp120 decreases the acetylation of 
neuronal tubulin: potential mechanism of neu-
rotoxicity. J Neurochem 2017; 141: 606-613. 

[20] Kesby JP, Markou A and Semenova S; Transla-
tional Methamphetamine AIDS Research Cen-
ter (TMARC) Group. Cognitive deficits associat-
ed with combined HIV gp120 expression and 
chronic methamphetamine exposure in mice. 
Eur Neuropsychopharmacol 2015; 25: 141-
50. 

[21] Thaney VE, Sanchez AB, Fields JA, Minassian 
A, Young JW, Maung R and Kaul M. Transgenic 
mice expressing HIV-1 envelope protein gp120 
in the brain as an animal model in neuroAIDS 
research. J Neurovirol 2018; 24: 156-167. 

[22] McIntosh RC, Rosselli M, Uddin LQ and Antoni 
M. Neuropathological sequelae of human im-
munodeficiency virus and apathy: a review of 
neuropsychological and neuroimaging studies. 
Neurosci Biobehav Rev 2015; 55: 147-64. 

[23] Timilsina U and Gaur R. Modulation of apopto-
sis and viral latency - an axis to be well under-
stood for successful cure of human immuno-
deficiency virus. J Gen Virol 2016; 97: 813-24. 

[24] Ru W, Liu X, Bae C, Shi Y, Walikonis R, Mo 
Chung J and Tang SJ. Microglia mediate HIV-1 
gp120-induced synaptic degeneration in spi-
nal pain neural circuits. J Neurosci 2019; 39: 
8408-8421. 

[25] Jadhav S and Nema V. HIV-associated neuro-
toxicity: the interplay of host and viral proteins. 
Mediators Inflamm 2021; 2021: 1267041. 

[26] He X, Yang W, Zeng Z, Wei Y, Gao J, Zhang B, Li 
L, Liu L, Wan Y, Zeng Q, Gong Z, Liu L, Zhang H, 
Li Y, Yang S, Hu T, Wu L, Masliah E, Huang S 
and Cao H. NLRP3-dependent pyroptosis is re-
quired for HIV-1 gp120-induced neuropatholo-
gy. Cell Mol Immunol 2020; 17: 283-299. 

[27] Gemignani A, Paudice P, Pittaluga A and Rait-
eri M. The HIV-1 coat protein gp120 and some 
of its fragments potently activate native cere-
bral NMDA receptors mediating neuropeptide 
release. Eur J Neurosci 2000; 12: 2839-46.

[28] Nakanishi N, Kang YJ, Tu S, McKercher SR, 
Masliah E and Lipton SA. Differential effects of 
pharmacologic and genetic modulation of 
NMDA receptor activity on HIV/gp120-induced 
neuronal damage in an in vivo mouse model. J 
Mol Neurosci 2016; 58: 59-65. 

[29] Zhou Y, Liu J and Xiong H. HIV-1 glycoprotein 
120 enhancement of N-methyl-D-aspartate 
NMDA receptor-mediated excitatory postsyn-

aptic currents: implications for HIV-1-associat-
ed neural injury. J Neuroimmune Pharmacol 
2017; 12: 314-326. 

[30] Patton HK, Zhou ZH, Bubien JK, Benveniste EN 
and Benos DJ. gp120-induced alterations of 
human astrocyte function: Na(+)/H(+) ex-
change, K(+) conductance, and glutamate flux. 
Am J Physiol Cell Physiol 2000; 279: C700-8. 

[31] Wang Z, Pekarskaya O, Bencheikh M, Chao W, 
Gelbard HA, Ghorpade A, Rothstein JD and Vol-
sky DJ. Reduced expression of glutamate 
transporter EAAT2 and impaired glutamate 
transport in human primary astrocytes ex-
posed to HIV-1 or gp120. Virology 2003; 312: 
60-73. 

[32] Rumbaugh JA, Li G, Rothstein J and Nath A. 
Ceftriaxone protects against the neurotoxicity 
of human immunodeficiency virus proteins. J 
Neurovirol 2007; 13: 168-72. 

[33] Fairless R, Bading H and Diem R. Pathophysi-
ological ionotropic glutamate signalling in neu-
roinflammatory disease as a therapeutic tar-
get. Front Neurosci 2021; 15: 741280. 

[34] Pinky PD, Pfitzer JC, Senfeld J, Hong H, Bhat-
tacharya S, Suppiramaniam V, Qureshi I and 
Reed MN. Recent Insights on glutamatergic 
dysfunction in Alzheimer’s disease and thera-
peutic implications. Neuroscientist 2022; 
10738584211069897. 

[35] Trujillo KA and Akil H. Inhibition of morphine 
tolerance and dependence by the NMDA re-
ceptor antagonist MK-801. Science 1991; 
251: 85-7. 

[36] Thomas AG, Bodner A, Ghadge G, Roos RP and 
Slusher BS. GCP II inhibition rescues neurons 
from gp120IIIB-induced neurotoxicity. J Neuro-
virol 2009; 15: 449-57. 

[37] Barks JD, Liu XH, Sun R and Silverstein FS. 
gp120, a human immunodeficiency virus-1 
coat protein, augments excitotoxic hippocam-
pal injury in perinatal rats. Neuroscience 1997; 
76: 397-409.

[38] Kaul M and Lipton SA. Mechanisms of neuro-
immunity and neurodegeneration associated 
with HIV-1 infection and AIDS. J Neuroimmune 
Pharmacol 2006; 1: 138-51. 

[39] Di Prisco S, Olivero G, Merega E, Bonfiglio T, 
Marchi M and Pittaluga A. CXCR4 and NMDA 
receptors are functionally coupled in rat hip-
pocampal noradrenergic and glutamatergic 
nerve endings. J Neuroimmune Pharmacol 
2016; 11: 645-56. 

[40] Smith LK, Babcock IW, Minamide LS, Shaw AE, 
Bamburg JR and Kuhn TB. Direct interaction of 
HIV gp120 with neuronal CXCR4 and CCR5 re-
ceptors induces cofilin-actin rod pathology via 
a cellular prion protein- and NOX-dependent 
mechanism. PLoS One 2021; 16: e0248309. 



Gp120 modulation of glutamate effects on synapses

86 Int J Physiol Pathophysiol Pharmacol 2023;15(3):75-87

[41] Tamamura H, Tsutsumi H, Nomura W, Tanaka T 
and Fujii N. A future perspective on the devel-
opment of chemokine receptor CXCR4 antago-
nists. Expert Opin Drug Discov 2008; 3: 1155-
66. 

[42] Kelschenbach J, He H, Kim BH, Borjabad A, Gu 
CJ, Chao W, Do M, Sharer LR, Zhang H, Arancio 
O, Potash MJ and Volsky DJ. Efficient expres-
sion of HIV in immunocompetent mouse brain 
reveals a novel nonneurotoxic viral function in 
hippocampal synaptodendritic injury and 
memory impairment. mBio 2019; 10: e00591-
19. 

[43] Kim HJ, Shin AH and Thayer SA. Activation of 
cannabinoid type 2 receptors inhibits HIV-1 en-
velope glycoprotein gp120-induced synapse 
loss. Mol Pharmacol 2011; 80: 357-66. 

[44] Green MV, Raybuck JD, Zhang X, Wu MM and 
Thayer SA. Scaling synapses in the presence of 
HIV. Neurochem Res 2019; 44: 234-246. 

[45] Potter MC, Figuera-Losada M, Rojas C and 
Slusher BS. Targeting the glutamatergic sys-
tem for the treatment of HIV-associated neuro-
cognitive disorders. J Neuroimmune Pharma-
col 2013; 8: 594-607. 

[46] Pittaluga A and Raiteri M. HIV-1 envelope pro-
tein gp120 potentiates NMDA-evoked nor-
adrenaline release by a direct action at rat hip-
pocampal and cortical noradrenergic nerve 
endings. Eur J Neurosci 1994; 6: 1743-9.

[47] Fan MM and Raymond LA. N-methyl-D-aspar-
tate (NMDA) receptor function and excitotoxic-
ity in Huntington’s disease. Prog Neurobiol 
2007; 81: 272-93. 

[48] Carter AG and Regehr WG. Quantal events 
shape cerebellar interneuron firing. Nat Neuro-
sci 2002; 5: 1309-18. 

[49] Segal M. Dendritic spines, synaptic plasticity 
and neuronal survival: activity shapes dendrit-
ic spines to enhance neuronal viability. Eur J 
Neurosci 2010; 31: 2178-84. 

[50] Sutton MA, Wall NR, Aakalu GN and Schuman 
EM. Regulation of dendritic protein synthesis 
by miniature synaptic events. Science 2004; 
304: 1979-83. 

[51] Guyon A and Nahon JL. Multiple actions of the 
chemokine stromal cell-derived factor-1alpha 
on neuronal activity. J Mol Endocrinol 2007; 
38: 365-76. 

[52] Lin G, Baribaud F, Romano J, Doms RW and 
Hoxie JA. Identification of gp120 binding sites 
on CXCR4 by using CD4-independent human 
immunodeficiency virus type 2 Env proteins. J 
Virol 2003; 77: 931-42.

[53] Tamamura H, Hori A, Kanzaki N, Hiramatsu K, 
Mizumoto M, Nakashima H, Yamamoto N, Ota-
ka A and Fujii N. T140 analogs as CXCR4 an-
tagonists identified as anti-metastatic agents 

in the treatment of breast cancer. FEBS Lett 
2003; 550: 79-83. 

[54] Bardoni R, Torsney C, Tong CK, Prandini M and 
MacDermott AB. Presynaptic NMDA receptors 
modulate glutamate release from primary sen-
sory neurons in rat spinal cord dorsal horn. J 
Neurosci 2004; 24: 2774-81. 

[55] Savio T and Levi G. Neurotoxicity of HIV coat 
protein gp120, NMDA receptors, and protein 
kinase C: a study with rat cerebellar granule 
cell cultures. J Neurosci Res 1993; 34: 265-
72.

[56] Sekino Y, Tanaka S, Hanamura K, Yamazaki H, 
Sasagawa Y, Xue Y, Hayashi K and Shirao T. Ac-
tivation of N-methyl-D-aspartate receptor in-
duces a shift of drebrin distribution: disap-
pearance from dendritic spines and app- 
earance in dendritic shafts. Mol Cell Neurosci 
2006; 31: 493-504. 

[57] Bourne JN and Harris KM. Balancing structure 
and function at hippocampal dendritic spines. 
Annu Rev Neurosci 2008; 31: 47-67. 

[58] Hayashi Y and Majewska AK. Dendritic spine 
geometry: functional implication and regula-
tion. Neuron 2005; 46: 529-32. 

[59] Skaper SD, Facci L, Zusso M and Giusti P. Syn-
aptic plasticity, dementia and Alzheimer dis-
ease. CNS Neurol Disord Drug Targets 2017; 
16: 220-33. 

[60] Andreae LC and Burrone J. The role of sponta-
neous neurotransmission in synapse and cir-
cuit development. J Neurosci Res 2018; 96: 
354-359. 

[61] McKinney RA, Capogna M, Durr R, Gahwiler BH 
and Thompson SM. Miniature synaptic events 
maintain dendritic spines via AMPA receptor 
activation. Nat Neurosci 1999; 2: 44-9. 

[62] Tyler WJ and Pozzo-Miller L. Miniature synaptic 
transmission and BDNF modulate dendritic 
spine growth and form in rat CA1 neurones. J 
Physiol 2003; 553: 497-509. 

[63] Wasser CR and Kavalali ET. Leaky synapses: 
regulation of spontaneous neurotransmission 
in central synapses. Neuroscience 2009; 158: 
177-88. 

[64] Fishbein I and Segal M. Miniature synaptic cur-
rents become neurotoxic to chronically si-
lenced neurons. Cereb Cortex 2007; 17: 1292-
306.

[65] Monnerie H, Tang-Schomer MD, Iwata A, Smith 
DH, Kim HA and Le Roux PD. Dendritic altera-
tions after dynamic axonal stretch injury in vi-
tro. Exp Neurol 2010; 224: 415-23. 

[66] Liu J, Xu E, Tu G, Liu H, Luo J and Xiong H. 
Methamphetamine potentiates HIV-1gp120-
induced microglial neurotoxic activity by en-
hancing microglial outward K(+) current. Mol 
Cell Neurosci 2017; 82: 167-175. 



Gp120 modulation of glutamate effects on synapses

87 Int J Physiol Pathophysiol Pharmacol 2023;15(3):75-87

[67] Santosuosso M, Righi E, Lindstrom V, Leblanc 
PR and Poznansky MC. HIV-1 envelope protein 
gp120 is present at high concentrations in 
secondary lymphoid organs of individuals with 
chronic HIV-1 infection. J Infect Dis 2009; 200: 
1050-3. 

[68] Herman MA and Jahr CE. Extracellular gluta-
mate concentration in hippocampal slice. J 
Neurosci 2007; 27: 9736-41. 

[69] Magistretti PJ. Role of glutamate in neuron-glia 
metabolic coupling. Am J Clin Nutr 2009; 90: 
875S-880S. 

[70] Moussawi K, Riegel A, Nair S and Kalivas PW. 
Extracellular glutamate: functional compart-
ments oprate in different concentration rang-
es. Front Syst Neurosci 2011; 5: 94. 


