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BACKGROUND AND PURPOSE
Neurocognitive disorders afflict approximately 20% of HIV-infected patients. HIV-1-infected cells in the brain shed viral
proteins such as transactivator of transcription (Tat). Tat elicits cell death and synapse loss via processes initiated by NMDA
receptor activation but mediated by separate downstream signalling pathways. Subunit selective NMDA receptor antagonists
may differentially modulate survival relative to synaptic changes.

EXPERIMENTAL APPROACH
Tat-evoked cell death was quantified by measuring propidium iodide uptake into rat hippocampal neurons in culture. The
effects of Tat on synaptic changes were measured using an imaging-based assay that quantified clusters of the scaffolding
protein postsynaptic density 95 fused to green fluorescent protein.

KEY RESULTS
Dizocilpine, a non-competitive NMDA receptor antagonist, inhibited Tat-induced synapse loss, subsequent synapse recovery
and Tat-induced cell death with comparable potencies. Memantine (10 mM) and ifenprodil (10 mM), which preferentially
inhibit GluN2B-containing NMDA receptors, protected from Tat-induced cell death with no effect on synapse loss.
Surprisingly, memantine and ifenprodil induced synapse recovery in the presence of Tat. In contrast, the GluN2A-prefering
antagonist TCN201 prevented synapse loss and recovery with no effect on cell death.

CONCLUSIONS AND IMPLICATIONS
Synapse loss is a protective mechanism that enables the cell to cope with excess excitatory input. Thus, memantine and
ifenprodil are promising neuroprotective drugs because they spare synaptic changes and promote survival. These GluN2B-
preferring drugs induced recovery from Tat-evoked synapse loss, suggesting that synaptic pharmacology changed during the
neurotoxic process. NMDA receptor subtypes differentially participate in the adaptation and death induced by excitotoxic
insult.

Abbreviations
DMEM, Dulbecco’s modified Eagles media; HAND, HIV-associated neurocognitive disorders; HIV-1, human
immunodeficiency virus type 1; LRP, low-density lipoprotein receptor-related protein; PI, propidium iodide; PSD95,
post-synaptic density protein 95; RAP, receptor-associated protein; Tat, transactivator of transcription; TBS, tris-buffered
saline

Introduction
AIDS affects over 30 million people worldwide. Approxi-
mately 20% of HIV-infected patients suffer from neurological

symptoms ranging from mild cognitive and motor impair-
ment to dementia, known collectively as HIV-associated neu-
rocognitive disorders (HAND) (Ellis et al., 2007). HAND is an
important complication of HIV infection of the brain because
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cognitive decline in some individuals progresses to where
they are unable to perform basic functions of daily living
(Kaul and Lipton, 2006; Hult et al., 2008; Minagar et al.,
2008), and HIV patients showing neurocognitive impairment
have shorter lifespans (Tozzi et al., 2005). Despite the reduced
incidence of severe dementia with widespread use of com-
bined anti-retroviral therapies, increased diagnosis and pro-
longed lifespan of HIV patients increases the need for
improved therapies to cope with the rising prevalence of
HAND.

Cognitive decline in HAND patients correlates with den-
dritic pruning and loss of synaptic spines (Wiley et al., 1999;
Sa et al., 2004). The mechanism by which HIV infection leads
to neurocognitive dysfunction is largely indirect because the
virus infects macrophages and microglia in the CNS, but not
neurons. Infected cells within the brain secrete inflammatory
cytokines and shed viral proteins, which in turn exert toxic
effects on neurons (Genis et al., 1992; Speth et al., 2001). The
HIV protein transactivator of transcription (Tat) is shed by
infected cells and induces neuronal injuries that include den-
dritic pruning, loss of spine density, synapse loss, and overt
neuronal death (Liu et al., 2000; Eugenin et al., 2007; Kim
et al., 2008; Fitting et al., 2010). Moreover, introducing Tat
into the brain produces neuropathological symptoms in vivo
(Kim et al., 2003; Maragos et al., 2003), and Tat mRNA is
found in the brains of HAND patients (Wiley et al., 1996;
Hudson et al., 2000).

Tat induces synapse loss via a pathway distinct from that
leading to neuronal death (Kim et al., 2008). Both processes
are initiated by NMDA receptor activity, but synapse loss is
mediated by the ubiquitin-proteasome pathway and cell
death is mediated by activation of NOS. Synapses lost follow-
ing treatment with Tat can be recovered by treating with an
antagonist to the lipoprotein receptor (Kim et al., 2008). We
hypothesize that synapse loss is a reversible mechanism that
protects the neuron from excitotoxic stimuli such as Tat.
Indeed, preventing synapse loss actually sensitizes neurons to
Tat-induced cell death (Kim et al., 2008). AIDS patients with
HAND symptoms display cognitive improvement after start-
ing treatment with antiretroviral therapy, suggesting that
impairment is initially reversible (McArthur, 2004). Further-
more, lithium treatment increases the number of synapses in
vitro (Kim and Thayer, 2009), and can improve neurological
symptoms of HIV infection in vivo (Dou et al., 2005; Letendre
et al., 2006). Perhaps inducing recovery of synapses can
improve cognition in HAND patients.

The location and subunit composition of NMDA recep-
tors determines the survival versus death-promoting effects of
glutamate. Activation of GluN2A-containing NMDA recep-
tors, which are preferentially localized to synapses, exerts
pro-survival effects. In contrast, NMDA receptors that contain
GluN2B subunits are predominantly extrasynaptic and their
activation initiates cell death (Hardingham et al., 2002; Liu
et al., 2004; 2007). The activity of NMDA receptors at synap-
tic relative to extrasynaptic sites may be vital for the initia-
tion of synapse loss, or alternatively, inducing recovery of
synapses. However, the role of NMDA receptor subunit com-
position in the mechanism of Tat-induced synapse loss, and
subsequent recovery, has not been studied.

Dizocilpine (MK801) is a potent and efficacious NMDA
receptor antagonist that affords short-term protection from

acute excitotoxicity, but is poorly tolerated in vivo because of
its psychotomimetic effects (Muir and Lees, 1995; Manahan-
Vaughan et al., 2008). Memantine blocks NMDA receptors
with rapid binding kinetics that enable it to preferentially
block extrasynaptic NMDA receptors (Xia et al., 2010). It is
well tolerated in humans and is clinically approved to
improve cognition in Alzheimer’s patients (Reisberg et al.,
2003). GluN2B-selective NMDA receptor antagonists such as
ifenprodil (Tovar and Westbrook, 1999; Williams, 1993) can
selectively target receptors that participate in the toxic effects
of NMDA receptor stimulation while sparing survival-
promoting GluN2A-containing receptors (Hardingham et al.,
2002; Liu et al., 2004; 2007). In contrast, GluN2A-selective
NMDA receptor antagonists such as TCN201 (Bettini et al.,
2010) might reduce survival.

Here we examined the effects of dizocilpine, memantine,
ifenprodil and TCN201 on death and synapse loss and recov-
ery following HIV-1 Tat in rat hippocampal neurons in vitro.
With the exception of TCN201, all the NMDA receptor
antagonists protected from Tat-induced cell death. Meman-
tine and ifenprodil failed to affect synapse loss, while
dizocilpine and TCN201 were protective. Surprisingly,
memantine and ifenprodil, but not dizocilpine or TCN201,
induced recovery of synapses following exposure to Tat.

Methods

Materials
Materials were obtained from the following sources: the
PSD95-enhanced green fluorescent protein expression vector
(pGW1-CMV-PSD95-EGFP) was kindly provided by Donald B.
Arnold (Arnold and Clapham, 1999); the expression vector
for DsRed2 (pDsRed2-N1) from Clontech (Mountain View,
CA, USA); HIV-1 Tat (Clade B, recombinant) from Prospec
Tany TechnoGene Ltd. (Rehovot, Israel); recombinant rat
receptor-associated protein (RAP) from Fitzgerald Industries
International (Concord, MA, USA); Dulbecco’s modified
Eagle medium (DMEM), fetal bovine serum, horse serum and
propidium iodide (PI) from Invitrogen (Carlsbad, CA, USA);
memantine HCl, ifenprodil hemitartrate, and TCN201 from
Tocris (Ellsville, MO, USA); penicillin/streptomycin, dizo-
cilpine (MK801) and all other reagents from Sigma (St. Louis,
MO, USA).

Cell culture
Rat hippocampal neurons were grown in primary culture as
described previously (Shen and Thayer, 1998) with minor
modifications. Fetuses were removed on embryonic day 17
from maternal rats, anaesthetized with CO2 and killed by
decapitation. Hippocampi were dissected and placed in Ca2+

and Mg2+-free HEPES-buffered Hanks salt solution (HHSS),
pH 7.45. HHSS was composed of the following (in mM): HEPES
20, NaCl 137, CaCl2 1.3, MgSO4 0.4, MgCl2 0.5, KCl 5.0,
KH2PO4 0.4, Na2HPO4 0.6, NaHCO3 3.0 and glucose 5.6. Cells
were dissociated by trituration through flame-narrowed
Pasteur pipettes of decreasing aperture, pelleted and resus-
pended in DMEM without glutamine, supplemented with
10% fetal bovine serum and penicillin/streptomycin
(100 U·mL-1 and 100 mg·mL-1, respectively). Dissociated cells
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were then plated at a density of 80 000–120 000 cells per dish
onto a 25 mm round cover glass (#1) glued to cover a 19 mm
diameter opening drilled through the bottom of a 35 mm Petri
dish. The cover glass was precoated with Matrigel (200 mL,
0.2 mg·mL-1) (BD Biosciences, Billerica, MA, USA). Neurons
were grown in a humidified atmosphere of 10% CO2 and 90%
air (pH 7.4) at 37°C, and fed at days 1 and 6 by exchange of
75% of the media with DMEM, supplemented with 10% horse
serum and penicillin/streptomycin. Cells used in these experi-
ments were cultured without mitotic inhibitors for at least 12
days, resulting in a mixed glial-neuronal culture. Immunocy-
tochemistry experiments demonstrated that these cultures
were composed of 18 � 2% neurons, 70 � 3% astrocytes and 9
� 3% microglia (Kim et al., 2011).

Transfection
Rat hippocampal neurons were transfected between 10 and
12 days in vitro using a modification of a protocol described
previously (Kim et al., 2008). Briefly, hippocampal cultures
were incubated for at least 20 min in DMEM supplemented
with 1 mM kynurenic acid, 10 mM MgCl2, and 5 mM HEPES,
to reduce neurotoxicity. A DNA/calcium phosphate precipi-
tate containing 1 mg total plasmid DNA per well was pre-
pared, allowed to form for 30 min at room temperature, and
added to the culture. After a 90 min incubation period, cells
were washed once with DMEM supplemented with MgCl2

and HEPES and then returned to conditioned media, saved at
the beginning of the procedure. Transfected neurons were
imaged 48–96 h post-transfection. Transfection efficiency
ranged from 1% to 5%.

Confocal imaging
Petri dishes containing transfected neurons were sealed with
Parafilm, transferred to the stage of an inverted confocal
microscope (Olympus Fluoview 300, Melville, NY, USA) and
viewed through a 60X oil-immersion objective (NA = 1.4). To
enable repeated imaging of the same cell over a 24 h period,
the location of the cell was recorded using micrometers
attached to the stage of the microscope. Multiple optical
sections spanning 8 mm in the z-dimension were collected
(1 mm steps), and these optical sections were combined
through the z-axis into a compressed z stack. Green fluores-
cent protein (GFP) was excited at 488 nm with an argon ion
laser and emission collected at 530 nm (10 nm band pass).
DsRed2 was excited at 543 nm with a green HeNe laser and
emission collected at >605 nm. The cell culture dish was
returned to the CO2 incubator between image collections.
Experiments studying synapse recovery were performed for
24 h in the continuous presence of Tat, with or without the
specified drugs added at 16 h.

Image processing
To count and label PSD95-GFP puncta, an automated algo-
rithm was created using MetaMorph 6.2 image processing
software described previously (Waataja et al., 2008). Briefly,
maximum z-projection images were created from the DsRed2
and GFP image stacks. Next, a threshold set 1 SD above the
image mean was applied to the DsRed2 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 PSD95-GFP image.
A threshold set 1.5 SD above the mean intensity inside the
mask was then applied to the contrast enhanced image. Struc-
tures between 8 and 80 pixels (approximately 0.37–3.12 mm
in diameter) were counted as PSDs. The structures were
then dilated and superimposed on the DsRed2 maximum
z-projection for visualization.

Toxicity
Cell death was quantified using PI fluorescence as previously
described (Kim et al., 2008). Cell culture was performed as
described earlier except that 50 000–60 000 cells per well were
plated in 96-well plates and grown for 12–14 days in vitro. The
experiment was started after 12 days in vitro by replacing
100 mL (approximately two-thirds volume) of the cell culture
medium with fresh DMEM containing 10% horse serum,
penicillin/streptomycin, 70 mM PI and either Tat (50 ng·mL-1)
or vehicle. The plate was placed in a FluoStar Galaxy multi-
well fluorescent plate scanner (BMG Technologies GmbH,
Offenburg, Germany) and maintained at 37°C. PI fluores-
cence intensity measurements (excitation 544 nm � 15 nm,
emission 620 nm � 15 nm) were taken at time 0 and 48 h.
Between measurements, cells were returned to the incubator
and kept at 37°C in 10% CO2. Drugs, when present, were
applied 15 min before application of Tat and included in the
media exchange. Each treatment was performed in triplicate;
a set of 3 wells from a single plating of cells was defined as an
individual experiment (n = 1).

Immunocytochemistry
Hippocampal cultures prepared as described earlier were
transfected with pGW1-CMV-PSD95-EGFP on day 12 in
culture. Forty-eight hours after transfection, cover slips with
cells were washed with tris-buffered saline (TBS) and fixed
with Lana’s fixative (8% paraformaldehyde, 14% picrate,
0.16 M phosphate) for 10 min. The cells were washed with
TBS, then permeabilized in TBS + 0.2% Triton X100 (Sigma)
for 10 min at room temperature. After permeabilization, the
cells were incubated with mouse anti-GluN2A (1:200,
Chemicon/Millipore, Billerica, MA, USA) or mouse anti-
GluN2B (1:200, BD Transduction Laboratories, San Jose, CA,
USA) in TBS + 0.2% Tween-20 (Sigma) for 1 h at room tem-
perature. Cells were washed with TBS and labelled proteins
visualized with tetramethyl rhodamine isothiocyanate
(TRITC)-conjugated goat anti-mouse antibody (Millipore, Bil-
lerica, MA, USA, 1:400) in TBS + 0.2% Tween-20. Cover slips
were mounted with Fluoromount (Southern Biotech, Bir-
mingham, AL, USA) and imaged on an inverted confocal
microscope (Olympus Fluoview 300, Melville, NY, USA) using
a 60X oil-immersion objective (NA = 1.4). TRITC was excited
at 543 nm, and emission collected at >605 nm.

Statistics
For synapse loss and recovery studies, an individual experi-
ment (n = 1) was defined as the change in the number of PSDs
from a single cell from a single coverslip. PSD counts were
presented as mean � SEM. Each experiment was replicated
over at least three separate cultures. For cell survival studies,
each treatment was performed in triplicate; thus, a set of
three wells from a single plating of cells was defined as an
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individual experiment (n = 1). In all statistical analyses we
used Student’s t-test for single or ANOVA with Tukey’s post hoc
test for multiple statistical comparisons (OriginPro v8.5;
Northampton, MA, USA).

Results

Changes in the number of synapses between rat hippocampal
neurons in culture were monitored by imaging neurons
expressing PSD95-GFP and DsRed2, as previously described
(Waataja et al., 2008). The PSD95-GFP fusion construct
expressed in a punctate pattern. Processing of PSD95-GFP
images identified PSDs as fluorescent puncta meeting inten-
sity and size criteria (average puncta size = 0.52 mm2) and in
contact with a mask derived from the DsRed2 image
(Figure 1A). We have previously shown that fluorescent
puncta co-localized with synaptically evoked local Ca2+

increases, functional neurotransmitter release sites and
NMDA receptor immunoreactivity, indicating that they rep-
resent functional post-synaptic sites (Waataja et al., 2008).
The number of PSD95-GFP puncta was calculated for a single
neuron over multiple time points to assess changes in
synapse number (Figure 1B). In untreated neurons, the
number of synaptic sites increased by 24 � 5% (n = 66) over
24 h. Treatment with 50 ng·mL-1 Tat for 24 h evoked a 24 �

4% (n = 37) decrease in the number of postsynaptic sites
(Figure 1B).

Dizocilpine blocks Tat-induced changes in
synapses and survival
Synapse loss induced by Tat is mediated by the NMDA recep-
tor (Kim et al., 2008). In Figure 1B, we show that treatment
with dizocilpine prevented synapse loss evoked by 24 h
treatment with 50 ng·mL-1 Tat. This protection was
concentration-dependent with an EC50 of 9.6 nM (Figure 1C).

NMDA receptor activity is also required for Tat-induced
cell death (Eugenin et al., 2007). Treatment with Tat induced
neuronal death by 48 h, which we quantified by uptake of PI.
Tat (50 ng·mL-1) increased PI fluorescence to 52 � 15% (n =
13) of that evoked by 1 mM glutamate. Treatment with dizo-
cilpine 15 min prior to and during 48 h exposure to Tat
afforded a concentration-dependent protection with an EC50

of 10.4 nM (Figure 1D). Figure 1E shows representative
images of PI fluorescence superimposed on differential-
interference-contrast images of the hippocampal culture
under control conditions and following 48 h treatment with
Tat. Treatment with Tat for 24 h, the time at which synapse
loss was determined (Figure 1B–C), did not significantly affect
viability as determined by retention of the DsRed2 protein
(Figure 1B) and failure to take up PI (Kim et al., 2008). Thus,
synapse loss precedes neuronal death and both synapse
loss and death are reduced by similar concentrations of
dizocilpine.

Tat-induced loss of PSD95-GFP puncta is mediated by the
low-density lipoprotein receptor-related protein (LRP) (Kim
et al., 2008). The loss of postsynaptic sites was reversed by
treatment with RAP, a competitive antagonist of LRP. Treating
neurons for 16 h with 50 ng·mL-1 Tat induced significant
synapse loss (Figure 2A) that was sustained for 24 h

(Figure 2B). Addition of dizocilpine (10 mM) at 16 h to cells
treated with Tat did not affect the sustained loss (Kim et al.,
2008). In contrast, adding RAP to Tat-treated cells at 16 h in
the continuous presence of Tat produced a marked recovery
of synaptic sites (n = 52) (Figure 2A and B). Interestingly, the
recovery of PSD95-GFP puncta induced by RAP was inhibited
by adding 10 mM dizocilpine 15 min before the addition of
RAP at 16 h (n = 29) (Figure 2A and B), indicating that NMDA
receptor activity was necessary for the recovery process. We
next determined the concentration-dependence for dizo-
cilpine’s inhibition of synapse recovery. As shown in
Figure 2C, dizocilpine impaired synapse recovery with an
EC50 of 24 nM. Taken together, these results show that NMDA
receptor activity is not only required for Tat-induced synapse
loss and neuronal death, it is also required for recovery of
synapses following Tat-induced loss. Moreover, dizocilpine
attenuated Tat-induced synapse loss, Tat-induced cell
death and RAP-induced synapse recovery with comparable
potencies.

Memantine differentially affects survival and
synapse loss
Dizocilpine is a high affinity, non-competitive NMDA recep-
tor antagonist developed as a neuroprotective agent, but not
used clinically because of psychotomimetic side effects (Muir
and Lees, 1995). Memantine is a non-competitive NMDA
receptor antagonist that, in contrast to dizocilpine, is well-
tolerated and used clinically to improve cognition in patients
with Alzheimer’s disease (Reisberg et al., 2003). Therefore, we
decided to test the effects of memantine on Tat-induced cell
death and synapse loss. Memantine (10 mM) prevented Tat-
induced neuronal death (Figure 3A), similar to dizocilpine
(n = 9). However, in contrast to dizocilpine, 10 mM meman-
tine did not inhibit synapse loss induced by Tat (n = 13)
(Figure 3B–C). Even at 100 mM, a concentration 10-fold
higher than that needed to prevent Tat-induced cell death,
memantine had no effect on Tat-induced synapse loss (n = 5)
(Figure 3C).

Memantine induces recovery of synapses
We next examined the effect of memantine on the recovery of
synaptic sites following Tat-induced loss. In contrast to dizo-
cilpine, memantine significantly increased the number of
synapses in Tat-treated cells. As shown in Figure 4A and B,
addition of 10 mM memantine to cells treated with 50 ng·mL-1

Tat for 16 h evoked a recovery in the number of PSD95-GFP
puncta (n = 13). Furthermore, memantine did not inhibit
recovery of synapses induced by RAP. When memantine was
applied 15 min before the addition of RAP at 16 h, the
number of synapses still increased similar to cells treated with
RAP alone at 16 h (n = 14) (Figure 4C). Memantine induced
synapse recovery following Tat-induced synapse loss and did
not interfere with synapse recovery in the presence of RAP.

One mechanism by which memantine might selectively
inhibit NMDA receptor-mediated cell death while sparing
NMDA receptor-induced synapse loss would be if these two
processes were mediated by different subsets of NMDA recep-
tors. As shown in Figure 5, immunocytochemistry experi-
ments demonstrate that these hippocampal neurons in
culture express both GluN2A and GluN2B immunoreactivity.
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Figure 1
NMDA receptor activity is required for Tat-mediated neuronal death and synapse loss. (A) Representative confocal images of neurons were
collected and processed as described in Methods. Maximum projection images show a neuron expressing PSD95-GFP and DsRed2. PSD95-GFP
puncta were identified by filtering compressed z-stacks (8 mm) of confocal images for fluorescent intensity and size and counted when in contact
with a mask derived from the DsRed2 image. Labelled PSDs were dilated and overlaid on the DsRed2 image for visualization purposes (processed).
The insets are enlarged images of the boxed region. Scale bars represent 10 mm. (B) Processed images show neurons before (0 h) and after (24 h)
no treatment (control), treatment with 50 ng·mL-1 Tat (Tat), or treatment with 10 mM dizocilpine 15 min before and during treatment with Tat
(Diz + Tat). The insets are enlarged images of the boxed regions. Scale bars represent 10 mm. (C) Graph shows the % change in the number of
PSD95-GFP puncta (mean � SEM) for cells treated with 50 ng·mL-1 Tat for 24 h in the presence of the indicated concentrations of dizocilpine
(n � 7 for each data point). The curve was fit with a logistic equation of the form %PSD change = A2 + (A1 - A2)/(1 + (X/EC50)p) where X =
dizocilpine concentration, A1 = -28 � 2% PSD change without dizocilpine, A2 = 17 � 4% PSD change at a maximally effective dizocilpine
concentration and p = slope factor. EC50 was calculated using a nonlinear, least squares curve-fitting programme. EC50 and p were 9.6 nM and
0.5, respectively. (D) Graph shows cell death in cultures treated with 50 ng·mL-1 Tat for 48 h in the presence of the indicated concentrations of
dizocilpine (n � 5 for each data point). Cell death was quantified by PI fluorescence as described in Methods. PI fluorescence was normalized to
that induced by treatment with 1 mM glutamate for 48 h, which kills virtually all neurons in this culture. The mean � SEM % change in PI
fluorescence is plotted against increasing concentrations of dizocilpine. The curve was fit with a logistic equation of the form % change in PI
fluorescence = A1 + (A2 - A1)/(1 + (X/EC50)p) where X = dizocilpine concentration, A1 = -1 � 5% PI fluorescence change at a maximally effective
dizocilpine concentration, A2 = 54 � 9% PI fluorescence change without dizocilpine, and p = slope factor. EC50 was calculated using a nonlinear,
least squares curve-fitting programme. EC50 and p were 10.4 nM and – 0.7, respectively. (E) Representative images show differential-interference-
contrast micrographs of hippocampal neurons in culture with PI fluorescence (red) superimposed. Images from control and Tat-treated
(50 ng·mL-1) cultures are shown before (0 h) and after (48 h) treatment.
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Neurons expressing PSD95-GFP (Figure 5 green) were fixed
and labelled with GluN2A and GluN2B-selective antibodies
(Figure 5 red). Diffuse labelling is apparent on the soma and
dendrites with intense punctate labelling also present along
the dendrites. PSD95-GFP puncta co-localized with GluN2A
and GluN2B immunoreactive puncta (Figure 5, merged
yellow). Note that the antibodies labelled non-transfected
cells in the field and thus, not all NMDA receptor immunore-
active puncta corresponded to GFP puncta.

Ifenprodil differentially affects survival and
synapse loss
Memantine differs from dizocilpine in that it preferentially
inhibits NMDA receptor activity at extrasynaptic sites (Xia
et al., 2010). Because GluN2B subunits are present at extra-
synaptic sites and their activation triggers cell death (Liu
et al., 2007), we hypothesized that memantine protected
from Tat-induced neuronal death by preferentially inhibiting
GluN2B-containing NMDA receptors while sparing synaptic

plasticity induced by GluN2A-containing NMDA receptor
activity. We tested this hypothesis with the use of the NMDA
receptor antagonist ifenprodil.

Ifenprodil is a non-competitive antagonist that is selective
for GluN2B-containing NMDA receptors at a concentration of
10 mM (Williams, 1993; Avenet et al., 1996). Ifenprodil
(10 mM) prevented Tat-induced neuronal death (n = 13)
(Figure 6A). However, this concentration of ifenprodil did not
inhibit synapse loss induced by Tat (n = 9) (Figure 6B–C). This
result is similar to that seen with memantine, indicating that
GluN2B-containing, or extrasynaptic NMDA receptors were
not required for Tat-induced synapse loss.

Ifenprodil induces synaptic recovery
We next examined the effect of ifenprodil on the recovery of
synaptic sites following Tat-induced loss. Similar to meman-
tine, 10 mM ifenprodil significantly increased the number of
synapses in Tat-treated cells (Figure 7A and B). As shown in
Figure 7A, addition of 10 mM ifenprodil after a 16 h treatment

Figure 2
NMDA receptor activity is required for RAP-induced synapse recovery. (A) Representative processed images of neurons before (0 h) and 16 and
24 h after treatment with 50 ng·mL-1 Tat. After 16 h exposure to Tat the cells were treated with 50 nM RAP alone (Tat + RAP) or RAP + 10 mM
dizocilpine (Tat + RAP + Diz) (dizocilpine was applied 15 min before adding RAP). The insets are enlarged images of the boxed region. Scale bars
represent 10 mm. (B) Graph summarizes % change in number of PSDs in the absence (control) or presence of 50 ng·mL-1 Tat for 24 h. After 16 h
exposure to Tat cells were then left untreated or treated with 50 nM RAP alone or RAP + 10 mM dizocilpine. Data are expressed as mean � SEM.
***P < 0.001 relative to control at 16 h; #P < 0.05 relative to 50 ng·mL-1 Tat at 24 h (ANOVA with Tukey’s post-test). (C) Graph shows the % change
in the number of PSD95-GFP puncta (mean � SEM) for cells treated with 50 ng·mL-1 Tat for 24 h. 50 nM RAP was applied at 16 h in the presence
of the indicated concentrations of dizocilpine (n � 5 for each data point). The curve was fit with a logistic equation of the form % PSD change
= A1 + (A2 - A1)/[1 + (X/EC50)p] where X = dizocilpine concentration, A1 = -26 � 3% PSD change at a maximally effective dizocilpine concentration,
A2 = 5 � 1% PSD change without dizocilpine and p = slope factor. EC50 was calculated using a nonlinear, least squares curve-fitting programme.
EC50 and p were 24.3 nM and – 0.9, respectively.
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with 50 ng·mL-1 Tat evoked recovery in the number of
PSD95-GFP puncta (n = 11). Furthermore, 10 mM ifenprodil
did not inhibit recovery of synapses when applied 15 min
before the addition of RAP at 16 h (n = 9) (Figure 7C). This
result is similar to that seen with memantine. Ifenprodil has
non-selective effects at high concentrations (Williams, 1993).
However, we were unable to study the effects of ifenprodil at
concentrations greater than 10 mM because 24 h exposure to
a high concentration of ifenprodil (100 mM) was directly
toxic to the neuronal culture.

TCN201 differentially affects survival and
synapse loss
If the effects of memantine and ifenprodil on synapse loss
and recovery differed from dizocilpine because of their
GluN2B selective actions, then a GluN2A-selective antagonist
should produce opposite effects. TCN201 is selective for
GluN2A-containing NMDA receptors at concentrations less
than 50 mM (Bettini et al., 2010). TCN201 at a concentration
of 10 mM did not protect against Tat-induced cell death (n =
11) (Figure 8A), in contrast to ifenprodil and memantine.
However, this same concentration of TCN201 prevented Tat-
induced synapse loss (n = 10) (Figure 8B–C). These results
suggest that activation of GluN2A-containing NMDA recep-
tors are required for Tat-induced synapse loss, but these recep-
tors do not participate in Tat-induced cell death.

TCN201 does not induce synapse recovery
We next examined the effects of TCN201 on synapse recov-
ery. When applied 16 h after the application of 50 ng·mL-1

Tat, 10 mM TCN201 showed no effect (n = 13) (Figure 9A–B).
The significant reduction in the number of synapses observed
at the time of TCN201 application (t = 16 h) was sustained in
the presence of the drug, in contrast to the effects of ifen-
prodil and memantine, which induced synapse recovery. Fur-
thermore, when 10 mM TCN201 was applied 15 min before
RAP, it prevented RAP-induced recovery of synapses (n = 10)
(Figure 9C), similar to the effects of dizocilpine.

Taken together, these results indicate that memantine, as
well as GluN2B-selective concentrations of ifenprodil protect

Figure 3
Memantine prevents Tat-induced cell death without affecting
synapse loss. (A) Cell death was measured with the PI fluorescence
assay described in Methods. Bar graph summarizes PI uptake in
neurons 48 h after no treatment (control), treatment with 1 mM
glutamate, or treatment with 50 ng·mL-1 Tat in the absence
(untreated) or presence of 10 mM memantine as indicated. PI fluo-
rescence was normalized to 1 mM glutamate treatment. Data are
expressed as mean � SEM. *P < 0.05 relative to control, ###P < 0.001
relative to Tat treatment alone (ANOVA with Tukey’s post-test). (B)
Representative processed images of neurons incubated with 10 mM
memantine before (0 h) and after (24 h) no treatment (Mem alone)
or treatment with 50 ng·mL-1 Tat (Mem + Tat). The insets are
enlarged images of the boxed region. Scale bars represent 10 mm.
(C) Bar graph summarizes changes in PSD-GFP puncta (PSDs) after
24 h treatment under control conditions (solid bars) or following
treatment with 50 ng·mL-1 Tat in the absence or presence of the
indicated concentration of memantine. Data are expressed as mean
� SEM. ***P < 0.001 relative to control (Student’s t-test).
�
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from Tat-induced cell death, fail to affect Tat-induced synapse
loss and will precipitate a recovery of synapses lost following
Tat treatment. In contrast, GluN2A-selective concentrations
of TCN201 do not protect from Tat-induced cell death, yet
inhibit Tat-induced synapse loss. TCN201 inhibited RAP-
induced synapse recovery. The NMDA receptor antagonist
dizocilpine, which lacks subunit selectivity, inhibited all
aspects of Tat-induced toxicity, synapse loss and subsequent
recovery.

Discussion and conclusions

Dendritic pruning and loss of synaptic spines correlates with
cognitive decline in patients with HIV-associated dementia
(Masliah et al., 1997; Everall et al., 1999). HIV neurotoxicity is
mediated in part by viral proteins, such as Tat, shed by
infected non-neuronal cells (King et al., 2006). In this study,
we used a live cell, confocal imaging assay to track dynamic
changes in synapse number in neurons exposed to the HIV
protein Tat. Tat induced a marked loss of excitatory synapses
by 24 h. Synapse loss following 16 h exposure to Tat was
reversible, although prolonged exposure led to cell death by
48 h. All three events – death, synapse loss and synapse
recovery – required NMDA receptor activity (Figure 10). We
examined the effects of four NMDA receptor antagonists with
distinct mechanisms of action on these processes. Dizocilpine

blocked all three processes. Memantine and ifenprodil pre-
vented Tat-induced cell death. These drugs failed to affect
Tat-induced synapse loss but, if applied late after significant
synapse loss was evident, memantine and ifenprodil induced
a recovery of synapse number. In contrast, TCN201 inhibited
Tat-induced synapse loss as well as RAP-induced synapse
recovery, but could not induce recovery, nor protect against
Tat-induced cell death. These results suggest specific roles for
NMDA receptor subtypes in these processes. Furthermore, the
pharmacology of synapse loss and recovery changed during
the course of the neurodegenerative process.

Considerable evidence implicates HIV-1 Tat as a signifi-
cant contributing factor in HAND. It is present in the serum
of HAND patients, and Tat protein and mRNA levels in
the parenchyma correlate with the severity of neurological
symptoms (Wiley et al., 1996; Hudson et al., 2000). Intra-
cerebroventricular injection of Tat induced behavioural
alterations, impaired long-term potentiation and produced
neuronal and glial toxicity (Bruce-Keller et al., 2003; Li et al.,
2004). In vitro and in vivo studies have demonstrated that Tat
induces dendritic pruning (Fitting et al., 2010), synapse loss
(Kim et al., 2008) and cell death (Eugenin et al., 2007). The
imaging-based assay employed for this study is well suited for
evaluating synaptic changes induced by neurotoxins such as
Tat. In addition, because the assay tracks the number of
synapses on the same cell before and during the course of
toxin exposure, it is especially useful for studying the recov-

Figure 4
Memantine evokes synapse recovery after Tat-induced loss. (A) Representative processed images of a neuron before (0 h) and 16 or 24 h after
treatment with 50 ng·mL-1 Tat. 10 mM memantine was applied after 16 h in the presence of Tat. The insets are enlarged images of the boxed
region. Scale bars represent 10 mm. (B–C) Graphs summarize % change in number of PSDs in the absence (control) or presence of 50 ng·mL-1

Tat for 24 h. (B) After 16 h exposure to Tat, cells were then left untreated or treated with 10 mM memantine. (C) After 16 h exposure to Tat, cells
were then left untreated, treated with 50 nM RAP alone or treated with RAP + 10 mM memantine. Memantine was added to neurons 15 min before
50 nM RAP. Data are expressed as mean � SEM. ***P < 0.001 relative to control at 16 h, #P < 0.05 relative to 50 ng·mL-1 Tat at 24 h (ANOVA with
Tukey’s post-test).
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Figure 5
Hippocampal neurons in culture exhibit GluN2A and GluN2B immunoreactivity. Forty-eight hours after transfection with the PSD95-GFP
expression vector, hippocampal cultures were fixed and labelled with GluN2A and GluN2B-selective antibodies (red) as described in Methods.
PSD95-GFP puncta (green) co-localized with GluN2A and GluN2B immunoreactive puncta (merged, yellow). Note that non-transfected cells were
also present in the field and thus not all immunoreactive puncta (red) co-localize with a PSD95-GFP puncta. Scale bars represent 10 mm.
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ery of synapses. Thus, this cell culture model is suitable for
studying the effects of neuroprotective agents on cell survival
and synapse loss and recovery.

The non-competitive NMDA receptor antagonist dizo-
cilpine inhibited Tat-induced neuronal death, Tat-induced
synapse loss and RAP-induced synapse recovery in a
concentration-dependent manner. The EC50 values for all
three effects were in the 10–25 nM range, consistent with
those reported previously for dizocilpine inhibition of synap-
tic transmission (Wong et al., 1986), and NMDA-induced cell
death (Gill et al., 1987). Dizocilpine does not distinguish
among NMDA receptor subtypes and while it is use-
dependent (Foster and Wong, 1987; Huettner and Bean,
1988), the prolonged exposures employed in this study
would effectively block all receptors in the spontaneously
active network that forms in culture. Thus, we conclude from
the dizocilpine experiments that NMDA receptor activity is
necessary for Tat-induced cell death, and for synapse loss and
recovery. Tat-induced cell death was previously shown to
require NMDA receptor-mediated Ca2+ entry (Bonavia et al.,
2001; Eugenin et al., 2007). Tat-induced synapse loss was also
previously shown to be triggered by NMDA receptor activity
(Kim et al., 2008). NMDA receptor activity is required to
remodel synapses (Shi and Ethell, 2006), and can promote
synaptogenesis and stabilize synapses during development in
a subunit-specific manner (Gambrill and Barria, 2011). Here
we showed that NMDA receptor activity was required for the
recovery of synapses lost during a neurodegenerative process.
That synapse recovery might follow some of the same pro-
cesses responsible for synapse formation during development
is plausible. Dizocilpine is highly efficacious in acute neuro-
toxicity models (Gill et al., 1987). However, it is poorly toler-
ated in humans because of psychotomimetic side effects
(Muir and Lees, 1995; Manahan-Vaughan et al., 2008) consis-
tent with inhibition of synaptic plasticity. Dizocilpine blocks
long-term potentiation (Coan et al., 1987), long-term depres-
sion (Massey et al., 2004) and, as shown here, synapse loss
and recovery. Thus, dizocilpine inhibits the homeostatic
regulation of synapses after toxic environmental changes.

Memantine, like dizocilpine, is a non-competitive NMDA
receptor antagonist. However, it is of lower potency and dis-

Figure 6
Ifenprodil improves survival without inhibiting Tat-induced synapse
loss. (A) Cell death was measured with the PI fluorescence assay
described in Methods. Bar graph summarizes PI uptake in neurons
48 h after no treatment (control), treatment with 1 mM glutamate,
or treatment with 50 ng·mL-1 Tat in the absence (untreated) or
presence of 10 mM ifenprodil as indicated. PI fluorescence was nor-
malized to 1 mM glutamate treatment. Data are expressed as mean
� SEM. *P < 0.05 relative to control, #P < 0.05 relative to Tat
treatment alone (ANOVA with Tukey’s post-test). (B) Representative
processed images of neurons incubated with 10 mM ifenprodil before
(0 h) and after (24 h) no treatment (Ifen alone) or treatment with
50 ng·mL-1 Tat (Ifen + Tat). The insets are enlarged images of the
boxed region. Scale bars represent 10 mm. (C) Bar graph summarizes
changes in PSD-GFP puncta (PSDs) after 24 h treatment under
control conditions or following treatment with 50 ng·mL-1 Tat in the
absence (untreated) or presence of 10 mM ifenprodil. Data are
expressed as mean � SEM. **P < 0.01 relative to control; ***P < 0.001
relative to control (Student’s t test).
�
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plays higher binding off-rate kinetics (Parsons et al., 1993;
Chen and Lipton, 1997). The binding kinetics in particular
are thought to confer selectivity to extrasynaptic NMDA
receptors (Xia et al., 2010). The rapid kinetics spare tran-
siently activated receptors involved in synaptic transmission
while inhibiting extrasynaptic receptors preferentially acti-
vated following sustained elevation of glutamate. Extrasyn-
aptic NMDA receptors that are thought to preferentially
activate cell death processes can be activated by excess syn-
aptic activity that produces glutamate spillover (Rusakov and
Kullmann, 1998), or the tonic increase in extracellular
glutamate produced by enhanced release or impaired uptake
by astrocytes (Pasti et al., 2001). Sparing of synaptic NMDA
receptors by memantine is consistent with our observation
that it does not affect Tat-induced synapse loss but does
prevent Tat-induced cell death. Reported EC50 values for
memantine inhibition of NMDA-induced responses are in the
low micromolar range (Chen and Lipton, 1997). However,
the lower potency of memantine relative to dizocilpine
cannot explain the failure of memantine to prevent Tat-
induced synapse loss, because even at 100 mM, a concentra-
tion 10 times higher than that needed to prevent Tat-induced
cell death, memantine failed to affect synapse loss. Meman-
tine is approved for use in patients with Alzheimer’s disease
to improve cognition. The drug is well-tolerated, presumably
because it spares synaptic plasticity, but is of modest efficacy.
Perhaps analogues with altered binding kinetics can be devel-
oped that spare synaptic activation of NMDA receptors, but

display greater neuroprotective efficacy. Our observation that
memantine reversed synapse loss induced by Tat is intrigu-
ing. Clearly, the pharmacology of synapse loss and recovery
has changed during the course of exposure to Tat. It is pos-
sible that the pattern of NMDA receptor activation changes
following exposure to Tat such that it favours memantine
binding. Alternatively, excessive activation of extrasynaptic
NMDA receptors might lead to receptor internalization
(Roche et al., 2001; Nong et al., 2003) changing the relative
balance of extrasynaptic to synaptic NMDA receptors.

Ifenprodil exerts its selective effects via a mechanism dif-
ferent from that of memantine, although the functional
outcome in our assays was comparable. Ifenprodil is a
GluN2B-selective NMDA receptor antagonist; its affinity for
GluN2B-containing NMDA receptors is 10 times higher than
for GluN2A-containing NMDA receptors (Williams, 1993).
Ifenprodil and dizocilpine have similar binding kinetics
(Black et al., 1996). Thus, subunit selectivity is responsible for
its profile of antagonism, one that is distinct from dizocilpine
and similar to memantine. The preferential localization of
GluN2B subunits to NMDA receptors at extrasynaptic sites
(Liu et al., 2007) is consistent with the similar effects observed
with memantine. Activation of GluN2B-containing NMDA
receptors triggers cell death processes possibly because
binding sites for death-inducing signalling molecules such as
NOS are present on the carboxyl tail of GluN2B subunits
(Christopherson et al., 1999). GluN2A-containing NMDA
receptors are highly localized to synapses, and their activa-

Figure 7
Ifenprodil evokes synapse recovery after Tat-induced loss. (A) Representative processed images of a neuron before (0 h) and 16 or 24 h after
treatment with 50 ng·mL-1 Tat; 10 mM ifenprodil was applied after 16 h in the presence of Tat. The insets are enlarged images of the boxed region.
Scale bars represent 10 mm. (B–C) Graphs summarize % change in number of PSDs in the absence (control) or presence of 50 ng·mL-1 Tat for 24 h.
(B) After 16 h exposure to Tat cells were then left untreated or treated with 10 mM ifenprodil. (C) After 16 h exposure to Tat cells were then left
untreated, treated with 50 nM RAP alone or treated with RAP + 10 mM ifenprodil. Ifenprodil was added to neurons 15 min before 50 nM RAP. Data
are expressed as mean � SEM. ***P < 0.001 relative to control at 16 h; #P < 0.05 relative to 50 ng·mL-1 Tat at 24 h (ANOVA with Tukey’s post-test).
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tion has been shown to promote survival (Liu et al., 2007).
Sparing GluN2A-containing NMDA receptors might account
for the failure of ifenprodil to prevent Tat-induced synapse
loss if the pro-survival GluN2A subtype of receptor mediates
loss of synapses as a protective mechanism. However, the
ifenprodil-evoked increase in synapses following Tat-induced
loss suggests that the abundance of GluN2B-relative to
GluN2A-containing NMDA receptors changes over the course
of exposure to Tat. A changing pharmacological profile over
the course of disease has important implications for when to
administer and how to design neuroprotective drugs.

TCN201 exerted effects opposite to those elicited by the
GluN2B-preferring antagonists, memantine and ifenprodil.
This observation is consistent with the selectivity of TCN201
for GluN2A-containing NMDA receptors (Bettini et al., 2010).
Previous reports demonstrated differential effects of GluN2A-
versus GluN2B-prefering antagonists on synaptic plasticity
(Ge et al., 2010) and a prominent role for NMDA receptors
containing GluN2B, but not GluN2A, subunits in initiating
cell death (Hardingham et al., 2002; Liu et al., 2004; 2007).
GluN2A-containing NMDA receptors participate in anxiety-
and depression-like behaviours (Boyce-Rustay and Holmes,
2006) suggesting that they may be useful pharmacological
targets. Our results caution that drugs targeting GluN2A-
containing NMDA receptors may interfere with the synaptic
changes that enable neurons to adapt to synaptically driven
excitotoxicity.

We hypothesize that synapse loss is a protective mecha-
nism that enables the cell to cope with excitotoxic stimuli
such as Tat by down-regulating excitatory input. Synapse loss
is triggered by Ca2+ influx via NMDA receptors with subse-
quent activation of an ubiquitin ligase (Colledge et al., 2003;
Kim et al., 2008). This pathway is separate from the one
driving cell death, which also requires NMDA receptor acti-
vation but is mediated by Ca2+-dependent nNOS activation
(Kim et al., 2008). Tat-induced, NO-mediated neuronal death
is an apoptotic process (Kruman et al., 1998). Using the same
hippocampal cultures and synapse and survival assays
described here, we previously reported that inhibiting the
ubiquitin-proteasome pathway with nutlin-3 prevented Tat-
induced synapse loss, but not Tat-induced neuronal death.

Figure 8
TCN201 inhibits Tat-induced synapse loss without affecting survival.
(A) Cell death was measured with the PI fluorescence assay described
in Methods. Bar graph summarizes PI uptake in neurons 48 h after no
treatment (control), treatment with 1 mM glutamate, or treatment
with 50 ng·mL-1 Tat in the absence (untreated) or presence of 10 mM
TCN201 as indicated. PI fluorescence was normalized to 1 mM
glutamate treatment. Data are expressed as mean � SEM. **P < 0.01
relative to control (ANOVA with Tukey’s post-test). (B) Representative
processed images of neurons incubated with 10 mM TCN201 before
(0 h) and after (24 h) no treatment (TCN alone) or treatment with
50 ng·mL-1 Tat (TCN + Tat). The insets are enlarged images of the
boxed region. Scale bars represent 10 mm. (C) Bar graph summarizes
changes in PSD-GFP puncta (PSDs) after 24 h treatment under
control conditions or following treatment with 50 ng·mL-1 Tat in the
absence or presence of 10 mM TCN201. Data are expressed as mean
� SEM. ***P < 0.001 relative to control; ###P < 0.001 relative to
50 ng·mL-1 Tat alone (ANOVA with Tukey’s post-test).
�
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Conversely, L-NAME, an nNOS inhibitor, did not inhibit
synapse loss, but prevented neuronal death induced by Tat.
In the presence of nutlin-3, the concentration response curve
for Tat-induced neuronal death was shifted to the left. Thus,
the inhibition of PSD95 degradation by the ubiquitin protea-
some pathway increases the sensitivity to Tat-induced death.
The coupling of nNOS to GluN2B subunits is consistent with
the ability of dizocilpine, memantine and ifenprodil, but not
TCN201, to prevent Tat-induced cell death (Christopherson
et al., 1999). The pro-survival role previously attributed to

GluN2A-containing NMDA receptors is consistent with the
idea that synaptic activity drives synapse loss by activation of
GluN2A-containing NMDA receptors and that this loss
improves survival. We speculate that Tat and NMDA receptor
antagonists shift the delicate balance between survival and
full integration into synaptic circuits.

Linking GluN2B subunits to NOS-mediated death and
GluN2A to the ubiquitin-proteasome pathways and synapse
loss does not adequately explain the recovery of synapses
induced by application of memantine or ifenprodil after Tat-
induced synapse loss. The recovery of synapses induced by a
block of GluN2B-containing NMDA receptors suggests that
activation of these receptors suppresses new synapse forma-
tion. The failure of these drugs to affect Tat-induced synapse
loss when given before Tat and the induced recovery pro-
duced by their late application, suggest that the composition
of functional NMDA receptors changes during exposure to
Tat. NMDA receptors internalize following sustained activa-
tion (Roche et al., 2001; Nong et al., 2003) and synapse loss
clearly reduces NMDA receptor levels. The mechanism by
which these drugs can induce recovery has yet to be eluci-
dated. Indeed, the mechanism by which RAP can induce
synapse recovery is not yet known; RAP is classified as a
competitive antagonist for LRP, but this mechanism alone
cannot explain how synapse recovery occurs at a time point
when Tat is presumably already internalized.

Figure 9
TCN201 inhibits synapse recovery after Tat-induced loss. (A) Representative processed images of a neuron before (0 h) and 16 or 24 h after
treatment with 50 ng·mL-1 Tat. 10 mM TCN201 was applied after 16 h in the presence of Tat. The insets are enlarged images of the boxed region.
Scale bars represent 10 mm. (B–C) Graphs summarize % change in number of PSDs in the absence (control) or presence of 50 ng·mL-1 Tat for 24 h.
(B) After 16 h exposure to Tat cells were then left untreated or treated with 10 mM TCN201. (C) After 16 h exposure to Tat cells were then left
untreated, treated with 50 nM RAP alone or treated with RAP + 10 mM TCN201. TCN201 was added to neurons 15 min before 50 nM RAP. Data
are expressed as mean � SEM. ***P < 0.001 relative to control at 16 h; #P < 0.05 relative to 50 ng·mL-1 Tat, then RAP at 24 h (ANOVA with Tukey’s
post-test).

Figure 10
Modulation of HIV Tat-induced changes in synapses and survival by
subtype specific NMDA receptor antagonists. Summary scheme links
effects of pharmacological agents to hypothesized functions medi-
ated by GluN2A- and GluN2B-containing NMDA receptors.
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Conclusions
We propose that memantine and ifenprodil, by inhibiting a
select subset of NMDA receptors as compared with the broad
actions of dizocilpine, display several properties desirable for
neuroprotective drugs. They improve survival by preventing
Tat-induced activation of cell death pathways. Memantine
and ifenprodil did not interfere with Tat-induced synapse
loss, which allows a potentially beneficial reduction in exci-
tatory input. Surprisingly, these drugs induced the recovery
of synapses lost during exposure to Tat. These findings may
be broadly applicable to other neurodegenerative processes
with an excitotoxic component.
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