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NMDARs Adapt to Neurotoxic HIV Protein Tat Downstream
of a GluN2A–Ubiquitin Ligase Signaling Pathway
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Department of Pharmacology and Graduate Program in Neuroscience, University of Minnesota Medical School, Minneapolis, Minnesota 55455

HIV-associated neurocognitive disorder (HAND) affects approximately half of HIV-infected patients. Infected non-neuronal cells release
neurotoxic factors such as the viral protein transactivator of transcription (Tat) that potentiate NMDAR function. NMDARs regulate
synaptic changes observed after exposure to HIV proteins, which may underlie cognitive impairment in HAND patients. Here, we used
patch-clamp recording to measure NMDAR-mediated currents in rat hippocampal cultures after exposure to Tat. Tat (4 –16 h) potenti-
ated NMDA-evoked whole-cell current and increased the NMDAR:AMPAR ratio of evoked EPSCs. Potentiated currents adapted back to
baseline amplitudes after 24 h of exposure to Tat. Pharmacological inhibition of GluN2A-containing NMDARs prevented adaptation, but
inhibition of GluN2B-containing NMDARs did not. Pharmacological and genetic approaches determined that potentiated NMDARs
activated the kinase Akt, which then activated the E3 ubiquitin ligase Mdm2. Inhibition of protein synthesis prevented adaptation,
suggesting that Mdm2 altered gene expression, possibly through its well known target p53. Expression of GFP-tagged GluN1 subunits
resulted in fluorescent puncta that colocalized with synaptic markers. Tat (24 h) caused an Mdm2-dependent loss of NMDAR puncta on
a timescale similar to adaption of NMDAR function. Activation of the Mdm2 pathway degrades PSD-95, a scaffolding protein that clusters
NMDARs at the synapse and enhances their function. Adaptation to the continued presence of excitotoxins that potentiate NMDARs such
as HIV Tat may protect from excessive NMDAR activation while also contributing to the synaptic loss that correlates with cognitive
decline in HAND.
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Introduction
HIV infects �36 million people worldwide and almost half of
these patients are estimated to have HIV-associated neurocogni-
tive disorder (HAND) (Heaton et al., 2011; Saylor et al., 2016).
The risk of CNS complications is correlated with the presence of
viral RNA in the CSF (Hammond et al., 2014). HAND symptoms
range from severe dementia to impairments only observed upon

clinical testing. The severity of cognitive impairment correlates
with synaptic loss in HAND, as it does in many neurodegenera-
tive diseases (Ellis et al., 2007). Despite the success of combined
antiretroviral therapy (cART) at suppressing viral replication,
HAND remains prevalent, in part because of the increased lifes-
pan of HIV-infected patients (Saylor et al., 2016). Unfortunately,
there is no treatment for the ever-growing population of people
living with HAND.

HIV neurotoxicity occurs via an indirect mechanism. The vi-
rus productively infects non-neuronal cells, principally micro-
glia, that release neurotoxic factors such as the viral protein
transactivator of transcription (Tat). Tat is a potent neurotoxin
in vitro, eliciting neuronal death (Eugenin et al., 2007) and pro-
ducing synaptodendritic damage (Kim et al., 2008). Intrahip-
pocampal injection or CNS expression of Tat impairs cognitive
function (Fitting et al., 2006, 2013; Carey et al., 2012). Tat is
present in the CSF of patients virologically controlled on cART
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Significance Statement

Synaptodendritic damage correlates with cognitive decline in HIV-associated neurocognitive disorder (HAND). In a cell culture
model, we show that the HIV protein transactivator of transcription (Tat) initially potentiates NMDARs that then adapt to the
presence of the toxin. Adaptation of NMDAR function was mediated by a GluN2A/Akt/Mdm2 pathway not previously linked to
neuroinflammatory disorders such as HAND. Activation of this pathway caused a loss of synaptic NMDAR clusters. Decreased
NMDAR function may result from a homeostatic response gone awry and underlie impaired synaptic function in HAND.
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(Johnson et al., 2013). Antibodies against Tat are thought to be
neuroprotective because antibody titers negatively correlate with
cognitive impairment in HIV patients (Bachani et al., 2013). Fur-
thermore, once the virus has integrated into the cell’s genome,
Tat production is not significantly attenuated by cART (Johnson
et al., 2013).

Excessive activation of NMDARs is a mechanism common to
many neurodegenerative disorders and the neuroinflammatory
factors implicated in HAND are no exception. The HIV envelope
protein gp120 (Viviani et al., 2006), Tat (Haughey et al., 2001;
Krogh et al., 2014), and the inflammatory cytokines TNF-�
(Habbas et al., 2015) and IL-1� (Viviani et al., 2003) all increase
NMDAR function. In hippocampal cultures, Tat potentiated
NMDAR receptor activity through Src-mediated tyrosine phos-
phorylation (Haughey et al., 2001; Krogh et al., 2014). Interest-
ingly, the culture adapted to increased NMDAR activity by
reducing the number of excitatory synapses (Kim et al., 2008) and
increasing the number of inhibitory synapses (Hargus and
Thayer, 2013), suggesting that synaptic changes in neuroinflam-
matory conditions such as HAND are part of a coping mecha-
nism. NMDA-evoked increases in [Ca 2�]i also adapted after
Tat-induced potentiation, consistent with the idea that a homeo-
static reduction in Ca 2� influx might drive the adaptive response
(Krogh et al., 2015).

Here, we measured synaptic and NMDA evoked currents and
show that they initially potentiate, then adapt in the maintained
presence of Tat. Inhibition of GluN2A-containing NMDARs, but
not GluN2B-containing NMDARs, prevented adaptation, but
both NMDAR subtypes were similarly potentiated and adapted.
Inhibition of the E3 ubiquitin ligase mouse double minute 2
(Mdm2) or the kinase Akt prevented adaptation, suggesting that
these signaling processes regulate adaptation downstream of
GluN2A-containing NMDARs. Finally, we show that clusters of
GFP-tagged NMDARs were lost over the same timescale that
NMDAR-mediated currents returned to baseline. This is the
first report of a GluN2A-Akt–Mdm2 pathway, leading to a
downregulation of NMDAR activity and could be a common
adaptive response to neuroinflammatory conditions.

Materials and Methods
Materials. Materials were obtained from the following sources: a plasmid
that encoded NR1 fused to GFP (pCI-EGFP-NR1 wt) was generated in
Robert Malinow’s laboratory and obtained from Addgene. The alterna-
tive reading frame polypeptide (ARF) expression vector (pcDNA3-myc-
ARF) was kindly provided by Yanping Zhang (Zhang et al., 1998). The
expression vector for tdTomato behind the synapsin promoter was gen-
erated by excising tdTomato from pLVX-tdTomato-N1 (Clontech-
Takara Bio) and inserting it into the pSyn backbone of pSyn PSD-95-GFP
kindly provided by Kirill Martemyanov (Scripps Research Institute).
6-Cyano-7-nitroquinoxaline-2,3-dione disodium (CNQX), ifenprodil,
bicuculline methiodide, tetrodotoxin (TTX), and anisomycin were from
Tocris Bioscience. MK-2206 was from Cayman Chemical. Dulbecco’s
modified Eagle medium (DMEM), fetal bovine serum, and horse serum
were from Invitrogen. Rat receptor associated protein (RAP) was from
Fitzgerald Industries International. Nutlin-3, NVP-AAM007, and all
other reagents were from Sigma-Aldrich. HIV-1 Tat (Clade B, recombi-
nant) was obtained through the National Institutes of Health (NIH)
AIDS Research and Reference Reagent Program, Division of AIDS, Na-
tional Institute of Allergy and Infectious Diseases, NIH from Dr. John
Brady.

Cell culture. Rat hippocampal neurons were grown in primary culture
as described previously (Waataja et al., 2008). Briefly, both male and
female fetuses were removed on day 17 from maternal rats killed with
CO2. Hippocampi were dissected and placed in Ca 2� and Mg 2�-free
HEPES-buffered Hank’s salt solution (HHSS), pH 7.45. HHSS was com-

posed of the following (in mM): 20 HEPES, 137 NaCl, 1.3 CaCl2, 0.4
MgSO4, 0.5 MgCl2, 5.0 KCl, 0.4 KH2PO4, 0.6 Na2HPO4, 3.0 NaHCO3,
and 5 glucose. Cells were dissociated by trituration through flame-
narrowed Pasteur pipettes of decreasing aperture and resuspended in
DMEM without glutamine supplemented with 10% fetal bovine serum
and penicillin/streptomycin (100 U/ml and 100 �g/ml, respectively).
Dissociated cells were then plated at a density of 70,000 – 80,000 cells per
dish onto either a 35 mm Petri dish with a 10 mm coverglass bottom
(MatTek) or a 25 mm-round cover glass (#1) precoated with matrigel
(150 �l, 0.2 mg/ml). Neurons were grown in a humidified atmosphere of
10% CO2 and 90% air, pH 7.4, at 37°C, and fed on days 1 and 7 by
exchange of 75% of the medium with DMEM supplemented with 10%
horse serum and penicillin/streptomycin. Cells used in these experi-
ments were cultured without mitotic inhibitors for a minimum of 12 d,
resulting in a mixed glial–neuronal culture. Immunocytochemistry ex-
periments demonstrated that these cultures were composed of 18 � 2%
neurons, 70 � 3% astrocytes, and 9 � 3% microglia (Kim et al., 2011).
Cells used for experiments were grown for 12–15 d in vitro (DIV).

Electrophysiology. Electrodes were pulled using a horizontal micropi-
pette puller (P-87; Sutter Instruments) from glass capillaries (Narishige).
Pipette resistance was 3–5 M� when filled with the following intracellu-
lar recording solution (in mM): 145 K-gluconate, 10 HEPES, 5 MgATP,
0.5 NaGTP, and 10 BAPTA, pH adjusted to 7.2 with KOH, osmolarity
310 mOsm. Recordings were performed with the following extracellular
solution (in mM): 125 NaCl, 2 KCl, 2 CaCl, 25 HEPES, 30 glucose, and 2
MgCl (MgCl was omitted for Mg-free solutions), pH adjusted to 7.35
with NaOH, osmolarity 315 mOsm. Whole-cell voltages were amplified
with an AxoPatch 200B (Molecular Devices), low-pass filtered at 2 kHz,
and digitized at 10 kHz with a Digidata 1322A digitizer and pClamp
software (Molecular Devices). Cells with series resistance over 25 M�
were excluded from analysis. Whole-cell capacitance was measured after
break-in.

To record NMDA-evoked currents, cells were voltage clamped at
�60 mV and washed for 60 s in Mg 2�-free solution containing 3 �M

CNQX, 100 nM TTX, 15 �M glycine, and 10 �M bicuculline. Then, 10 �M

NMDA was applied by superfusion. The steady-state current amplitude
was determined from a 10 s average after 30 s of exposure to NMDA. All
cells used in this study reached a steady-state response by 30 s. A 30 s
average baseline measurement was taken before the addition of NMDA
and subtracted from the steady-state current amplitude.

To record synaptically evoked currents, cells were either voltage
clamped at �70 mV (for AMPA EPSCs) or �40 mV (for combined
AMPA and NMDA EPSCs). AMPA EPSCs were evoked every 2 s with a
15 V stimulus (1 ms duration) using a concentric bipolar electrode placed
near a presynaptic cell. Combined AMPA and NMDA EPSCs were elic-
ited with the same presynaptic stimulation at a frequency of 0.2 Hz. The
amplitude of the AMPA response was measured at the peak of the AMPA
EPSC. The amplitude of the NMDA response was measured as a 5 ms
average 30 ms after the peak of the combined AMPA and NMDA EPSC,
a time point when the AMPA EPSC had deactivated. Data were analyzed
using ClampFit (Molecular Devices) and Origin software (OriginLab).

Transfection. Rat hippocampal neurons were transfected on DIV 9 –11
using a previously described protocol (Hargus and Thayer, 2013).
Briefly, hippocampal cultures were incubated for 20 min in DMEM sup-
plemented with 1 mM kynurenic acid, 10 mM MgCl2, and 5 mM HEPES to
reduce neurotoxicity. A DNA/calcium phosphate precipitate containing
1 �g of total plasmid DNA per well was prepared, allowed to form for 60
min at room temperature, and added to the culture. After a 60 min
incubation period, cells were washed once with DMEM supplemented
with MgCl2 and HEPES and then returned to conditioned medium that
had been saved at the beginning of the procedure. Transfected neurons
were used for Experiments 48 –96 h after transfection as stated for each
experiment.

Confocal microscopy and image processing. Cells were visualized with an
inverted laser scanning confocal microscope (Nikon A1) using a 60�
(1.4 numerical aperture) oil-immersion objective. GFP was excited at
488 nm and emission collected from 500 to 550 nm. TdTomato was
excited at 561 nm and emission collected from 570 to 620 nm. The same
cell was imaged before and after a 24 h treatment period by saving the
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coordinates of a computer-controlled stage. Multiple optical sections
spanning 8 �m in the z-dimension were collected (1 �m steps) and these
optical sections were combined through the z-axis into a maximum z
projection. An algorithm using MetaMorph 6.2 image processing soft-
ware was used to count NR1-GFP puncta (Waataja et al., 2008). A thresh-
old set 0.25 times 1 SD above the image mean was applied to the
tdTomato image. This created a 1 bit image, which was used as a mask via
a logical AND function with the GFP maximum z-projection. A top-hat
filter (80 pixels) was applied to the masked NR1-GFP image. A threshold
set 1.5 SDs above the mean intensity inside the mask was then applied
to the contrast enhanced image. Structures between 12 and 80 pixels
(�0.09 – 0.65 �m 2) were counted as PSDs. The structures were then
dilated and superimposed on the tdTomato maximum z-projection for
visualization.

Immunocytochemistry. Hippocampal cultures were prepared as de-
scribed above and maintained for at least 12 d in culture. Cells were
transfected with pCI-EGFP-NR1 wt only, as described above. Seventy-
two hours after transfection, cells were washed with PBS and then fixed
with 100% methanol for 10 min at �20°C. The cells were washed with
PBS and then blocked in 10% BSA in PBS (blocking buffer) for 30 min.
Cells were then incubated with a rabbit anti-GFP antibody (A11122,
1:500; Thermo Fisher Scientific) and a mouse anti-PSD-95 antibody (sc-
32291, 1:200; Santa Cruz Biotechnology) in blocking buffer for 16 h at
4°C. Cells were washed with PBS and labeled with fluorescein isothiocya-
nate (FITC) goat anti-rabbit antibody (F2765, 1:500; Thermo Fisher
Scientific) and tetramethylrhodamine (TRITC)-conjugated goat anti-
mouse antibody (1:500; Millipore) in blocking buffer for 1 h at room
temperature. Cells were imaged using confocal microscopy as described
above. TRITC was excited at 561 nm and emission collected from 570 to
620 nm. FITC was excited at 488 nm and emission collected from 500 to
550 nm.

Statistics. For electrophysiological experiments, a single cell was con-
sidered an n 	 1. No more than one cell was taken per coverslip and all
experiments included cells from at least three different cultures. NR1-
GFP puncta were visualized from the same cell before and 24 h after
treatment. One to 3 cells were imaged per Petri dish and the mean change
in puncta per dish was considered an n 	 1. Data were first tested for
normal variance using Bartlett’s test; all samples were found to be of
equal variance. For datasets with multiple treatments, a two-way
ANOVA was performed. If Tat treatment exerted a significant interac-
tion with other treatment groups or if only one treatment (Tat alone)
was used, then statistical significance was determined using one-way
ANOVA with a Tukey’s post hoc test (Prism 5; GraphPad).

Results
HIV-1 Tat potentiates NMDAR currents that subsequently
adapt to baseline during 24 h exposure
NMDAR signaling in central neurons exposed to the neuroin-
flammatory HIV-1 protein Tat is potentiated via activation of Src
tyrosine kinase (Haughey et al., 2001; Krogh et al., 2014). We
previously showed in primary hippocampal cultures treated with
Tat (50 ng/ml) that NMDA-evoked increases in [Ca 2�]i were
initially potentiated, but then adapted back to baseline by 24 h
(Krogh et al., 2014). Here, we used whole-cell patch-clamp re-
cording to test the effects of Tat on isolated NMDAR currents.
Application of 10 �M NMDA for 30 s evoked a consistent steady-
state current (Fig. 1A). Treatment with Tat for 4 and 16 h in-
creased the NMDA-evoked current by 24 � 5% and 34 � 12%,
respectively. The currents adapted back to initial control ampli-
tudes by 24 h (Fig. 1A,B). In these experiments, Tat was not

Figure 1. HIV-1 Tat potentiates NMDAR-mediated currents that adapt to baseline during 24 h of exposure. A, Representative traces showing NMDA-evoked steady-state whole-cell currents from
neurons voltage clamped at�60 mV after being treated for 0, 4, 16, or 24 h with Tat. NMDA (10 �M) was applied as indicated by the horizontal bars. Scale bar, 100 pA, 60 s. B, Bar graph summarizing
the effects of 0, 4, 16, and 24 h treatment with Tat on the NMDA-evoked steady-state whole-cell current normalized to whole-cell capacitance. Data are mean � SEM (n � 4 for all groups). *p 

0.05 relative to untreated, #p 
 0.05 relative to 4 and 16 h Tat-treated groups (one-way ANOVA with Tukey’s post hoc test). C, Representative traces showing evoked EPSCs from neurons voltage
clamped at �70 mV (AMPAR) and �40 mV (�30 ms taken as NMDAR EPSC) from cells treated for 0, 4, or 24 h with Tat. The presynaptic neuron was stimulated using a bipolar concentric electrode
positioned near the soma. Traces were normalized to AMPAR currents. Scale bar, 100 ms. D, Bar graph summarizing the effects of Tat treatment for 0, 4, and 24 h on the NMDAR:AMPAR ratio of
evoked EPSCs. Data are shown as mean � SEM (n � 6 for all groups). **p 
 0.01 relative to untreated, ###p 
 0.001 relative to Tat-treated (4 h) (one-way ANOVA with Tukey’s post hoc test).
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present in the extracellular solution during recording. Therefore,
the effects of Tat persisted for the 1–5 min interval during which
the cell culture medium was replaced with recording solution
before establishing the whole-cell configuration. Both extrasyn-
aptic and synaptic NMDARs contribute to the steady-state cur-
rent, so we determined whether NMDAR-mediated synaptic
responses exhibited a similar biphasic time course in response to
Tat. The NMDAR:AMPAR ratio of evoked EPSCs (eEPSCs) was
significantly increased by 73 � 11% after a 4 h exposure to Tat
and adapted to baseline during a 24 h exposure (Fig. 1C,D).
Therefore, somatic and synaptic NMDAR currents are potenti-
ated during exposure to Tat, which then adapt to baseline by 24 h
of exposure.

Potentiation of NMDARs occurs through low-density
lipoprotein receptor-related protein (LRP) receptor signaling
Tat is internalized into neurons through the LRP receptor (Liu et
al., 2000). The LRP receptor antagonist RAP (50 nM) prevented
Tat-induced potentiation of NMDA-evoked increases in
[Ca 2�]i, Tat-induced neuronal death, and Tat-induced loss of
synapses (Eugenin et al., 2007; Kim et al., 2008; Krogh et al.,
2014). Therefore, we determined whether inhibition of the LRP
receptor would prevent the potentiation of the NMDA-evoked
current. Treatment with RAP during 4 h exposure to Tat pre-
vented the potentiation of the NMDA-evoked current. Treat-
ment with RAP alone had no effect (Fig. 2A,B). Therefore,
potentiation of NMDARs requires Tat binding to the LRP
receptor.

GluN2A-containing NMDARs are necessary for Tat-induced
adaptation of NMDAR activity
The predominant GluN2 subunits of the NMDAR in the hippocam-
pus, GluN2A and GluN2B, are thought to play different roles in
regulating synaptic plasticity and neuronal survival (Liu et al., 2007).
Therefore, we used subtype-selective antagonists to determine
the relative contribution of GluN2A- and GluN2B-containing
NMDARs to the adaption of NMDA-evoked current after 24 h ex-
posure to Tat (Fig. 3A). Note that NMDAR-mediated currents in
Tat-treated cells were comparable to control, consistent with the
time course in Figure 1B showing that these currents would have
been potentiated and then adapted back to baseline currents. In
Xenopus oocytes, 50 nM NVP-AAM007 blocked �70% of current
through GluN2A-containing NMDARs while sparing GluN2B-
containing NMDARs (Liu et al., 2004). NVP-AAM007 prevented
the adaptation of NMDA-evoked current that occurs during 24 h
exposure to Tat. In the presence of 50 nM NVP-AAM007, treatment
with Tat for 24 h increased the current density by 24 � 2% relative to
cells treated with Tat alone, suggesting that adaptation, but not po-
tentiation, requires activation of GluN2A-containing NMDARs.
Treatment with NVP-AAM007 alone had no effect on the NMDA-
evoked current, consistent with effective washout of the drug before
recording.

In contrast to blocking GluN2A-containing NMDARs, cotreat-
ment with Tat and ifenprodil (3 �M), an antagonist selective for
GluN2B-containing NMDARs, did not prevent adaptation of
NMDA-evoked current (Fig. 3C). Ifenprodil at a concentration of 3
�M blocked almost 90% of NMDA-evoked current through
GluN2B-containing NMDARs without affecting GluN2A-contain-
ing NMDARs (Williams, 1993). Neither ifenprodil nor NVP-
AAM007 affected the amplitude of the NMDAR current when
applied alone, consistent with a previous report (von Engelhardt et
al., 2009). To confirm that ifenprodil was not blocking potentiation,
which at 24 h could not be differentiated from failure to block adap-

tion, we recorded NMDA-evoked currents after 4 h treatment with
Tat in the presence of ifenprodil. The current density was potenti-
ated by 28 � 7% after 4 h cotreatment with Tat and ifenprodil,
confirming that GluN2B-containing NMDARs were not required
for either potentiation or adaptation.

Because the activity of GluN2A-containing NMDARs was se-
lectively driving the adaption of NMDA-evoked currents, we ex-
plored the possibility that NMDAR subtypes might selectively
potentiate or adapt during exposure to Tat. We tested both
NMDA-evoked whole-cell currents and NMDAR-mediated eE-
PSCs for sensitivity to ifenprodil after different treatment times
with Tat. In control cells, ifenprodil inhibited NMDAR-mediated
eEPSCs by 60 � 2% and inhibited the NMDA-evoked whole-cell
current by 46 � 2%. Treatment with Tat for 4 or 24 h did not
change the ifenprodil sensitivity of either the NMDA-evoked
whole-cell current or the NMDA eEPSC (Fig. 4A–D) despite
changes in the overall amplitude of the currents (Fig. 1). We
interpret these results to mean that Tat-induced potentiation and
subsequent adaptation of NMDARs affects both NMDAR sub-
types. This is consistent with a previous report of increased phos-
phorylation of both NMDAR subtypes after exposure to Tat

Figure 2. Tat-induced NMDAR potentiation requires LRP. A, Representative traces showing
NMDA-evoked steady-state whole-cell current from cells treated with Tat for 4 h in the absence
and presence of RAP (10 �M) applied 15 min before Tat. NMDA (10 �M) was applied at the time
indicated by the horizontal bars. Scale bar, 100 pA, 60 s. B, Bar graph summarizing NMDA-
evoked current normalized to whole-cell capacitance from untreated (open bars) cells or cells
treated with Tat (solid bars) for 4 h in the presence or absence of RAP. Data are shown as
mean � SEM (n � 5 for all groups). **p 
 0.01 relative to untreated control, ##p 
 0.01
relative to Tat � RAP-treated (4 h) (one-way ANOVA with Tukey’s post hoc test).
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(Haughey et al., 2001) and Tat potentia-
tion of NMDA-evoked increases in
[Ca 2�]i via activation of a Src kinase
(Haughey et al., 2001; Krogh et al., 2014).
Because Tat appears to exert comparable
effects on current amplitudes of both
NMDAR subtypes, the selective role of the
GluN2A-containing NMDARs in driving
adaptation is likely the result of subtype
selective coupling to downstream signal-
ing pathways.

Akt-Mdm2 signaling is necessary for
downregulation of NMDAR activity
GluN2A-containing NMDARs specifi-
cally regulate a neuroprotective Akt sig-
naling pathway (Liu et al., 2007). Because
potentiation of NMDARs is neurotoxic
(Potter et al., 2013; Nakanishi et al., 2016),
adaptation of Tat-potentiated NMDARs
might be a neuroprotective response.
Therefore, we investigated whether inhi-
bition of Akt would prevent the adapta-
tion of NMDAR currents during 24 h
exposure to Tat. MK-2206 effectively
blocks the activation of Akt at a concen-
tration of 1 �M (Hirai et al., 2010) and
48 h of treatment does not cause cell death
in primary neuronal cultures (Jewett et al.,
2015). MK-2206 prevented the adapta-
tion of NMDA-evoked current that oc-
curs during 24 h exposure to Tat (Fig. 5A).
In the presence of 1 �M MK-2206, treatment with Tat for 24 h
increased the current density by 22 � 4% relative to cells treated
with Tat alone, suggesting that adaptation, but not potentiation,
requires activation of Akt. MK-2206 had no effect on NMDA-
evoked current by itself.

The E3 ligase, Mdm2 is a known substrate of Akt (Abraham
and O’Neill, 2014). Mdm2 ubiquitinates PSD-95, leading to loss
of AMPARs (Colledge et al., 2003). It also ubiquitinates p53 to
regulate transcription (Abraham and O’Neill, 2014). Here, we
used both pharmacological and genetic approaches to determine
whether inhibition of Mdm2 would prevent the adaptation of
NMDAR activity during 24 h of exposure to Tat. Nutlin-3 at a
concentration of 1 �M selectively inhibits Mdm2 (Vassilev et al.,
2004). In the presence of 1 �M Nutlin-3, NMDA-evoked currents
remained potentiated after 24 h treatment with Tat (Fig. 5B).
Therefore, Akt activation of Mdm2 was responsible for adapta-
tion of NMDARs. Because Mdm2 regulation of NMDARs has not
been described previously, we confirmed this result using a ge-
netic approach to target Mdm2. ARF prevents Mdm2 regulation
of synaptic function and gene expression by binding to Mdm2 to
prevent ubiquitination of its substrates (Zhang et al., 1998). Hip-
pocampal neurons in culture were transfected with expression
plasmids for both ARF and GFP or GFP alone and, 48 h later, they
were treated with Tat for an additional 24 h. Cells expressing both
ARF and GFP that were treated with Tat for 24 h displayed sig-
nificantly larger NMDA-evoked currents than either cells ex-
pressing GFP alone that were treated with Tat for 24 h or cells
expressing GFP and ARF without Tat treatment (Fig. 5C). There-
fore, 24 h exposure to HIV Tat results in activation of GluN2A-
containing NMDARs with subsequent activation of an Akt and

Mdm2 signaling pathway leading to the adaptation of NMDAR
activity.

Mdm2 is present in synaptic spines and can regulate the local
degradation of signaling molecules via the ubiquitin proteasome
pathway (Colledge et al., 2003). The action of Mdm2 on p53
regulates transcription (Abraham and O’Neill, 2014). To deter-
mine whether Mdm2-dependent adaptation of NMDARs re-
quired changes in gene expression, we treated cells with Tat for
24 h in the absence and presence of anisomycin, an inhibitor of
translation. As shown in Figure 5D, 24 h of treatment with 10 �M

anisomycin alone had no effect on NMDA-evoked currents.
However, in cultures treated with Tat in the presence of aniso-
mycin, the NMDA-evoked currents failed to adapt. Therefore,
Mdm2-mediated adaptation of NMDARs requires regulation of
gene expression. The adaptation signaling pathway is shown in
Figure 5E.

NMDAR clusters are lost after exposure to Tat
PSD-95 forms a scaffolding complex with NMDARs and regu-
lates their surface expression, localization, and coupling to sig-
naling pathways (Kim and Sheng, 2004; Chen et al., 2015). We
have shown previously that 24 h of exposure to Tat decreases
synaptic PSD-95 (Kim et al., 2008). Therefore, we hypothesized
that clusters of synaptic NMDARs would be lost after exposure to
Tat via activation of Mdm2. We transfected hippocampal
neurons with expression plasmids for the GFP-tagged NMDAR-
subunit GluNR1 (pCI-EGFP-NR1 wt) and tdTomato
(pSyn-tdTomato). Immunocytochemistry was performed on
NR1-GFP-expressing cells 72 h after transfection. GFP- and PSD-
95-immunoreactive puncta were colocalized. A total of 81 � 3%
of GFP puncta colocalized with PSD-95 puncta (n 	 4 Petri

Figure 3. NMDAR adaptation to Tat requires activation of GluN2A-containing NMDARs, but not GluN2B-containing NMDARs.
A, Representative traces showing NMDA-evoked steady-state whole-cell current from cells treated with Tat for 24 h in the absence
and presence of NVP-AAM007 (50 nM) for 15 min before and during treatment with Tat. NMDA (10 �M) was applied at the time
indicated by the horizontal bar. Scale bar, 100 pA, 60 s. B, Bar graph summarizing the NMDA-evoked steady-state whole-cell
current amplitudes normalized to whole-cell capacitance from untreated (open bars) neurons or neurons treated with Tat (solid
bars) for 24 h in the presence or absence of NVP-AAM007. C, Representative traces showing NMDA-evoked (10 �M NMDA)
steady-state whole-cell current from cells treated with Tat for 24 h in the absence and presence of ifenprodil (3 �M) for 15 min
before and during treatment with Tat for 24 h. Scale bar, 100 pA, 60 s. D, Bar graph summarizing the NMDA-evoked steady-state
whole-cell current amplitudes normalized to whole-cell capacitance from neurons untreated (open bars) or treated with Tat (solid
bars) for 24 h in the presence or absence of ifenprodil (n � 6 for all groups) Data are shown as mean � SEM. *p 
 0.05 relative to
all other groups (one-way ANOVA with Tukey’s post hoc test).
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dishes with cells), suggesting that NR1-GFP puncta were located
at synapses (Fig. 6A). To determine whether Tat affected the
NMDAR clusters, 72 h after transfection with pSyn-tdTomato
and pCI-EGFP-NR1 wt, the cells were imaged (t 	 0 h), treated
with 50 ng/ml Tat for 24 h, and then imaged again (t 	 24 h).
NR1-GFP was expressed in a punctate pattern similar to PSD-95
(Fig. 6A). TdTomato fluorescence was used to define cell mor-
phology and as an indicator of cell health as defined by cytoplas-
mic retention of the fluorescent protein. NMDAR clusters were
counted using an algorithm that counted NR1-GFP fluorescent
puncta in contact with a binary mask derived from the red fluo-
rescence image and based on size and intensity criterion (Waataja
et al., 2008). After 24 h, puncta were recounted from untreated
(control) and Tat-treated cells (Fig. 6C). Average puncta size was
�19 �m 2, consistent with other reports of NR1 puncta size
(Wang et al., 2013). Puncta counts in control cells increased by
14 � 5%, presumably due to the continued expression of NR1-
GFP and continued synapse formation in the neuronal culture
(Fig. 6D). Exposure to Tat reduced the number of fluorescent
puncta by 9 � 4%. In cultures treated with Nutlin-3 (1 �M), Tat
failed to induce loss of NR1-GFP puncta. Nutlin-3 by itself had
no effect (Fig. 6D). Therefore, control cells, cells treated with
nutlin-3 alone, and cells treated with Tat in the presence of
nutlin-3 exhibited comparable puncta counts and were all signif-
icantly different from counts derived from Tat-treated cells (p 

0.05).

Discussion
Overactivation of NMDARs contributes to many neurodegen-
erative disorders including HAND, in which their activity under-
lies synaptodendritic damage and cell death (Potter et al., 2013).
HIV-1 Tat is believed to play a significant role in HAND. It is
found in the CSF of HAND patients and antibodies against Tat
are neuroprotective (Bachani et al., 2013; Johnson et al., 2013).
Furthermore, nanomolar concentrations of Tat cause synapse
loss and cell death via activation of NMDARs in in vitro and in

vivo models (Kim et al., 2008; Fitting et al.,
2013). Here, we describe changes in
NMDAR function during prolonged ex-
posure to Tat. Tat initially potentiated
NMDARs via a previously described
mechanism involving LRP and Src (Krogh
et al., 2014). Our principal finding was
that, after Tat-induced potentiation,
NMDAR activity was downregulated by a
GluN2A-Akt-Mdm2 signaling pathway
(Fig. 7). Adaptation of NMDAR activity in
the presence of an excitotoxin may be a
neuroprotective mechanism to prevent
excessive Ca 2� influx.

Tat binds to LRP, forming a complex
with NMDARs (Eugenin et al., 2007). Ex-
posure to Tat increases tyrosine phos-
phorylation of NMDARs (King et al.,
2010) and phosphorylation by Src family
kinases increases NMDAR channel open
probability and mean channel open time
(Yu et al., 1997). We found that NMDA-
evoked whole-cell currents were increased
after exposure to Tat and this increase was
prevented by inhibition of LRP. The exact
role of LRP is unknown, although its abil-
ity to internalize bound Tat and its cou-
pling to the mitogen-activated protein

kinase pathway may be important (Liu et al., 2000; Geetha et al.,
2011). Tat also evokes an inflammatory response in astrocytes
and microglia (Nath et al., 1999; Sheng et al., 2000; Zhou et al.,
2004; Turchan-Cholewo et al., 2009). Therefore, Tat could po-
tentiate NMDARs indirectly via release of neurotoxic factors such
as inflammatory cytokines that activate tyrosine kinases in neu-
rons (Mishra et al., 2012). To investigate the role of synaptic
NMDARs, we evoked EPSCs and found that the ratio of
NMDAR- to AMPAR-mediated current increased during expo-
sure to Tat, similar to NMDA-evoked whole-cell currents. This is
the first report showing enhanced postsynaptic NMDAR currents
after exposure to an HIV neurotoxin; this potentiation could
trigger the synaptodendritic damage that is the hallmark of
HAND.

NMDAR subtypes differentially regulate cell survival and syn-
aptic plasticity (Hardingham and Bading, 2010). GluN2A-
containing NMDARs generally play a neuroprotective role and
activation of these receptors promotes cell survival, whereas ac-
tivation of GluN2B-containing NMDARs promotes cell death
(Liu et al., 2007; Martel et al., 2012). These roles depend on con-
text and the stage of development (Paoletti et al., 2013). We
found that adaptation of the NMDA-evoked current during ex-
posure to Tat was prevented by inhibition of GluN2A-containing
NMDARs, but not by inhibition of GluN2B-containing
NMDARs. This observation is consistent with neuroprotective
signaling by GluN2A-containing NMDARs because adaptation
provides a mechanism to reduce toxic Ca 2� entry via potentiated
NMDARs. The selective role for GluN2A-containing NMDARs
suggested that Tat might affect only one NMDAR subtype. How-
ever, neither the sensitivity of the NMDA-evoked steady-state
current nor the sensitivity of synaptically evoked NMDAR-
mediated EPSCs to ifenprodil, an antagonist selective for
GluN2B-containing NMDARs, changed after a 4 h potentiating
exposure to Tat, which is consistent with a previous report find-
ing that Tat induced phosphorylation of both GluN2A and

Figure 4. Both subtypes of the NMDAR are potentiated by Tat and adapt during prolonged exposure. A, Representative traces
showing NMDA-evoked steady-state whole-cell currents before and after 3 min of perfusion with ifenprodil (3 �M). Drugs were
applied as indicated by horizontal bars. Scale bar, 100 pA, 60 s. B, Bar graph summarizing the ifenprodil-induced inhibition of
NMDA-evoked steady-state current amplitude after 0, 4, or 24 h treatment with Tat. C, Representative traces showing evoked
NMDA EPSCs from cells voltage clamped at �70 mV before and after application of ifenprodil. Scale bar, 200 ms, 50 pA. D, Bar
graph summarizing the ifenprodil-induced inhibition of NMDA EPSCs after 0, 4, or 24 h treatment with Tat. Data are shown as
mean � SEM (n � 8 for all groups).
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GluN2B subunits (Haughey et al., 2001). Although the adapta-
tion process was selectively triggered by GluN2A-containing
NMDARs, both NMDAR subtypes were downregulated, as indi-
cated by ifenprodil sensitivity after 24 h of exposure to Tat. Fur-
thermore, GluN2A-containing NMDARs contributed a smaller
fraction of the NMDA-evoked current, so their inhibition did not
reduce Ca 2� influx to a greater extent than inhibition of GluN2B-
containing NMDARs. Therefore, activation of GluN2A-
containing NMDARs selectively triggers the adaptation process
although potentiation and adaptation appear to affect all
NMDAR subtypes similarly. The death-promoting activity of
GluN2B-containing NMDARs and the prosurvival activity of
GluN2A-containing NMDARs are largely conferred by differ-
ences in their intracellular C-terminal domains that enable the
receptor subtypes to preferentially couple to different down-
stream signaling pathways (Martel et al., 2012). Therefore, we
examined pathways previously linked to GluN2A-selective sig-
naling as a potential mechanism of adaptation.

The prosurvival activity of NMDARs is mediated by the pro-
tein kinase Akt (Yano et al., 1998; Lafon-Cazal et al., 2002), which
is selectively activated by GluN2A-containing NMDARs (Liu et
al., 2007). Activation of Akt promotes cell survival in animal
models of stroke and Alzheimer’s disease (Lai et al., 2014; Maiese,
2014). We found that inhibition of Akt prevented adaptation of
the NMDA-evoked current after prolonged exposure to HIV-1
Tat. There is precedent suggesting a role for Akt in modulating
Tat neurotoxicity as indicated by increased neuronal survival af-
ter siRNA knock-down of PTEN (phosphatase and tensin ho-
molog deleted on chromosome 10), a negative regulator of Akt
(Zhao et al., 2007). In response to chronic elevation of neuronal
activity, an Akt-dependent signaling pathway was shown to at-
tenuate synaptic activity by downregulating AMPARs, but this
mechanism has not previously been reported to affect NMDARs

(Jewett et al., 2015). Perhaps overactivation of GluN2A-
containing NMDARs activates a common Akt-dependent path-
way to downregulate ionotropic glutamate receptors to restore
network homeostasis.

Akt phosphorylates the E3 ubiquitin ligase Mdm2, enhancing
its activity (Abraham and O’Neill, 2014). We found that pharma-
cological or genetic inhibition of Mdm2 blocked adaptation
while sparing potentiation, confirming that potentiation and ad-
aptation are mediated by distinct signaling pathways. Regulation
of NMDARs by an Akt- and Mdm2-dependent mechanism has
not been described previously. Mdm2 ubiquitination of PSD-95
regulates AMPAR function and synaptically mediates long-term
depression (Colledge et al., 2003). We have shown previously that
Mdm2 mediates Tat-induced synapse loss subsequent to ubiq-
uitination of PSD-95 (Kim et al., 2008). Loss of PSD-95 could
underlie adaptation because PSD-95 binds NMDARs and levels
of this anchoring protein alter the number, location, and func-
tion of NMDARs (Kim and Sheng, 2004; Chen et al., 2015).
Mdm2 also regulates p53, a regulator of transcription (Abraham
and O’Neill, 2014). To test whether Mdm2 exerted its effects via
direct ubiquitination and degradation of PSD-95 or through reg-
ulation of gene expression, we examined Tat-induced adaption of
NMDARs in the presence of anisomycin, an inhibitor of transla-
tion. Treatment with anisomycin prevented adaptation of
NMDARs after prolonged exposure to Tat. This result does not
rule out a role for degradation of PSD-95 in the adaption of
NMDARs, although it does suggest that the process is more com-
plex than direct Mdm2 ubiquitination of PSD-95. Recent work
has suggested that Mdm2-dependent degradation of p53 can lead
to the expression of another E3 ubiquitin ligase, neural precur-
sor cell expressed developmentally downregulated gene 4-like
(NEDD4 –2), which modifies synaptic function (Jewett et al.,
2016).

Figure 5. Inhibition of an Akt-Mdm2 signaling pathway prevents NMDAR adaptation to Tat. A, Bar graph summarizing the amplitude of NMDA-evoked (10 �M NMDA) steady-state currents
normalized to whole-cell capacitance from neurons treated with or without Tat for 24 h in the presence or absence of the Akt inhibitor MK-2206 (1 �M). B, Bar graph summarizing the amplitude of
NMDA-evoked steady-state currents normalized to whole-cell capacitance from neurons treated with or without Tat for 24 h in the presence or absence of the Mdm2 inhibitor Nutlin-3 (1 �M). C, Bar
graph summarizing the amplitude of NMDA-evoked steady-state currents normalized to whole-cell capacitance from neurons transfected with GFP and ARF with or without Tat for 24 h and neurons
transfected with GFP alone and treated with Tat for 24 h. D, Bar graph summarizing the amplitude of NMDA-evoked steady-state currents normalized to whole-cell capacitance from neurons treated
with or without Tat for 24 h in the presence or absence of anisomycin (10 �M). Data are shown as mean � SEM (n � 6 for all groups). *p 
 0.05, **p 
 0.01 relative to all other groups (one-way
ANOVA with Tukey’s post hoc test). E, Scheme showing the adaptation pathway activated during 24 h of exposure to HIV Tat. Signaling elements were identified based on inhibition by the treatments
shown.
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Figure 6. Loss of NMDAR puncta during exposure to Tat is prevented by inhibition of Mdm2. A, Representative images showing a neuron transfected with NR1-GFP and stained with
antibodies for GFP (left) and PSD-95 (middle). The merged images (right) show colocalization (yellow). Insets are enlarged regions of boxed images. Scale bars, 10 �m. B, Representative
images showing maximum z projection of a neuron expressing NR1-GFP (left) and tdTomato (middle). After puncta processing (see Materials and Methods), puncta were dilated and
overlaid on the tdTomato image (right). C, Representative processed images before (0 h) and after (24 h) no treatment (control), treatment with 50 ng/ml HIV-1 Tat (Tat), or treatment
with Tat � 1 �M Nutlin-3. D, Bar graph summarizing the percentage change in NR1-GFP puncta at 24 h relative to 0 h images from neurons with or without Tat treatment and in the
presence or absence of Nutlin-3 for 24 h. Data are shown as mean � SEM (n � 5 for all groups). *p 
 0.05 relative to all other groups (one-way ANOVA with Tukey’s post hoc test).

Figure 7. Schematic of signaling events involved in Tat-induced changes in NMDARs. Schematic shows the hypothesized changes in NMDAR function during exposure to HIV-1 Tat. At
baseline (A), NMDAR-mediated Ca 2� signaling and synaptic number are at homeostasis. After exposure to Tat (B), Tat is internalized via the LRP receptor and induces potentiation of
Ca 2�-influx through NMDARs via a Src-dependent phosphorylation of both GluN2A and GluN2B-containing NMDARs. Prolonged potentiation (C) of GluN2A-containing NMDARs leads to
an adapted state via an Akt-Mdm2 signaling pathway that is dependent on protein translation. The adapted state (D) contains fewer synapses and Ca 2� influx has adapted in remaining
spines.
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Synaptodendritic damage correlates with cognitive decline in
patients with HAND (Ellis et al., 2007) and Tat causes synapse
loss in both in vitro and in vivo models (Kim et al., 2008; Fitting et
al., 2013). In live-cell imaging experiments, NR1-GFP puncta
were lost after 24 h of exposure to Tat, suggesting that adaptation
of NMDAR function results in part from the loss of synapses.
Indeed, the same signaling components that regulate NMDAR
adaptation, GluN2A and Mdm2, also regulate synapse loss in
response to Tat (Kim et al., 2008). Because there is no evidence
that Akt or Mdm2 acts directly on NMDAR, it is possible that this
pathway controls a coordinated loss of synapses. In models of
LTD and homeostatic scaling, Mdm2 activation decreased
PSD-95 and GluA1 (Colledge et al., 2003; Jewett et al., 2016).
Interestingly, knock-down of PSD-95-like membrane associated
guanylate kinases was shown to produce a loss of ionotropic glu-
tamate receptors, followed by consolidation of remaining chan-
nels in a reduced number of functional synaptic sites, resulting in
normalized quantal size in the remaining synapses (Levy et al.,
2015). Perhaps Tat induces a loss of PSD-95 with a subsequent
decrease in the number of NMDAR clusters.

Excessive NMDAR-mediated Ca 2� influx is a well established
driver of neurotoxicity and adaptation of NMDARs potentiated
by the toxin Tat would likely improve neuronal survival. Indeed,
inhibition of Mdm2 sensitized neurons to cell death after expo-
sure to Tat (Kim et al., 2008). A challenge to developing neuro-
protective agents will be preservation of synaptic function
without decreasing long-term neuronal survival. Studies such as
this, which delineate the signaling pathways responsible for dis-
tinct phases of the neuronal response to neurotoxic insult, will
help to identify targets that warrant therapeutic development.

Aberrant regulation of NMDARs by Src family kinases has
been described for a number of conditions, including chronic
neuroinflammatory pain, intracerebral hemorrhage, and schizo-
phrenia (Sharp et al., 2008; Salter and Pitcher, 2012). Therefore,
adaptation of NMDARs via the GluN2A–Akt–Mdm2 pathway
described here could prove broadly applicable to many neurolog-
ical disorders. The homeostatic mechanisms activated during
prolonged neurotoxic stress normalize neuronal excitability, but
do not necessarily restore the cell to its original state. For exam-
ple, in this study, NMDAR-mediated currents returned to origi-
nal whole-cell current densities, but the adapted state had a
reduced number of NMDAR synaptic clusters. Future study of
the cellular changes that define the adapted state will determine
their influence on network function, resilience to insult, and
long-term survival.
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