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Neurobiology of Disease

Human Immunodeficiency Virus Protein Tat Induces
Synapse Loss via a Reversible Process That Is Distinct from
Cell Death

Hee Jung Kim, Kirill A. Martemyanov, and Stanley A. Thayer

Department of Pharmacology, University of Minnesota Medical School, Minneapolis, Minnesota 55455

Human immunodeficiency virus (HIV)-1 infection of the CNS produces changes in dendritic morphology that correlate with cognitive
decline in patients with HIV-1 associated dementia (HAD). Here, we investigated the effects of HIV-1 transactivator of transcription (Tat),
a protein released by virus-infected cells, on synapses between hippocampal neurons using an imaging-based assay that quantified
clusters of the scaffolding protein postsynaptic density 95 fused to green fluorescent protein (PSD95-GFP). Tat (24 h) decreased the
number of PSD95-GFP puncta by 50 = 7%. The decrease was concentration-dependent (EC5, = 6 = 2 ng/ml) and preceded cell death. Tat
acted via the low-density lipoprotein receptor-related protein (LRP) because the specific LRP blocker, receptor associated protein (RAP),
prevented the Tat-induced decrease in the number of PSD95-GFP puncta. Ca*>" influx through the NMDA receptor was necessary for
Tat-induced synapse loss. Expression of an ubiquitin ligase inhibitor protected synapses, implicating the ubiquitin-proteasome path-
way. In contrast to synapse loss, Tat induced cell death (48 h) required activation of nitric oxide synthase. The ubiquitin ligase-inhibitor
nutlin-3 prevented synapse loss but not cell death induced by Tat. Thus, the pathways diverged, consistent with the hypothesis that
synapse loss is a mechanism to reduce excess excitatory input rather than a symptom of the neuron’s demise. Furthermore, application
of RAP to cultures treated with Tat for 16 h reversed synapse loss. These results suggest that the impaired network function and decreased
neuronal survival produced by Tat involve distinct mechanisms and that pharmacologic targets, such as LRP, might prove useful in
restoring function in HAD patients.
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Introduction

Human immunodeficiency virus (HIV)-associated dementia
(HAD) is one of the most important complications associated
with AIDS because this neuropsychiatric disorder eventually im-
pairs the patient’s ability to perform even the most simple func-
tions of daily living (Price et al., 1988; Kaul and Lipton, 2006;
Hult et al., 2008; Minagar et al., 2008). Because HIV-1 does not
infect neurons, HIV-1 neurotoxicity is indirect resulting from the
release of various factors (Genis et al., 1992; Speth et al., 2001),
including viral products such as HIV transactivator of transcrip-
tion (Tat) (Nath et al., 1999). Tat is actively secreted by infected
astrocytes, microglia and macrophages (King et al., 2006). HIV
Tat mRNA is elevated in the brains of patients with HAD (Hud-
son etal., 2000) and when introduced into the CNS, Tat produces
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neuropathologies similar to those seen in HAD (Kim et al., 2003;
Maragos et al., 2003).

Tat induces neuronal death by binding to the low-density
lipoprotein receptor-related protein (LRP) (Liu et al., 2000) with
subsequent activation of the NMDA receptor (Haughey et al.,
2001; Song et al., 2003; Self et al., 2004). The resulting Ca>" rise
(Bonavia et al., 2001; Perez et al., 2001; Haughey and Mattson,
2002) activates neuronal nitric oxide synthase (nNOS) leading to
cell death (Kruman et al., 1998). Indeed, the formation of a mac-
romolecular complex involving LRP, postsynaptic density pro-
tein 95 (PSD95), NMDA receptor and nNOS was shown to be an
early step in Tat-induced apoptosis (Eugenin et al., 2007).

Dendritic pruning, loss of spines and degradation of synaptic
proteins precede cell death in many neurodegenerative disorders,
including HAD (Masliah and Terry, 1993; Swann et al., 2000,
Fiala et al., 2002; Sa et al., 2004). These morphological and bio-
chemical changes correlate with neurological and cognitive de-
cline better than cell death (Sa et al., 2004; Buttini etal., 2005). Tat
causes a proteasome-mediated degradation of microtubule-
associated protein 2 (MAP2) and the collapse of cytoskeletal fil-
aments (Aprea et al., 2006). This loss of dendritic structure could
account for the impaired synaptic plasticity observed in neural
networks exposed to Tat (Li et al.,, 2004). How Tat-induced
changes in dendritic morphology relate to Tat-induced death is
unclear. Do LRP and the NMDA receptor participate in dendritic
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damage as they do in Tat-induced death? Activation of the ubiq-
uitin—proteasome pathway does not generally lead to cell death;
could synaptic loss be independent from the agonal event?

Here, we investigated the effect of HIV-1 Tat on the number of
synaptic connections between rat hippocampal neurons in cul-
ture using an imaging-based assay that detected clusters of PSD95
fused to green fluorescent protein (PSD95-GFP). We found that
Tat-induced cell death and synapse loss were initiated by LRP-
dependent activation of the NMDA receptor. However, the
downstream pathway leading to synapse loss was distinct from
that leading to cell death. Furthermore, Tat-induced synapse loss
was reversed by the LRP-specific chaperone, receptor-associated
protein (RAP). These findings suggest that Tat-induced synapse
loss might be a cellular mechanism to cope with excitotoxic stress
and that RAP can modulate changes in synaptic stability.

Materials and Methods

Materials. Materials were obtained from the following sources: the
PSD95-GFP expression vector (pGW1-CMV-PSD95-EGFP) was kindly
provided by Donald B. Arnold (University of Southern California, Los
Angeles, CA) (Arnold and Clapham, 1999); the alternative reading frame
polypeptide (ARF) expression vector (pcDNA3-myc-ARF) was kindly pro-
vided by Yanping Zhang (University of North Carolina, Chapel Hill, NC)
(Zhang et al., 1998); the expression vector for DsRed2 (pDsRed2-N1) from
Clontech; Dulbecco’s modified Eagle medium (DMEM), 1,2-bis-(o-
aminophenoxy)-ethane- N, N,N',N'-tetraacetic acid-acetoxymethyl ester
(BAPTA-AM), fetal bovine serum and horse serum from Invitrogen; Rat
RAP, from Fitzgerald Industries International; dizocilpine (MK801), and all
other reagents from Sigma.

HIV-1 Tat protein was obtained through the National Institutes of
Health (NIH) AIDS Research and Reference Reagent Program, Division
of AIDS, National Institute of Allergy and Infectious Diseases, NIH from
Dr. John Brady. Recombinant HIV-1 Tat (86 aa) was produced in the
Escherichia coli expression system and was determined to be at least 95%
pure by SDS-PAGE. For control for experiments, Tat was heat-
inactivated by incubation at 85°C for 30 min. Unless otherwise indicated
the concentration of Tat in all experiments was 50 ng/ml (3.6 nm). HIV-1
BRU Tat (amino acids 32—-62) (Tat,,_,) was obtained from the Centre
for AIDS Reagents supported by the European Union Programme Euro-
pean Vaccine Against AIDS/Medical Research Council and the United
Kingdom Medical Research Council.

PSD95-GFP lacking the PEST sequence (PSD95SAPEST-GFP) was pro-
duced by site-directed mutagenesis using the QuikChange Multi Kit (Strat-
agene). A mutagenic primer with the sequence: 5’ ATAGTGACAACCAA-
GAAATACAGCCCGGCCCACCTCCCCAAC-3" was designed to span
nucleotides 16—93 of the rat PSD95 coding region but contained no comple-
mentarity to nucleotides 37-72 (coding for amino acids ;;RYQDEDTP-
PLEH,,), effectively deleting of this sequence upon mutagenic amplification.
The construct was verified by DNA sequencing.

Cell culture. Rat hippocampal neurons were grown in primary culture
as described previously (Shen and Thayer, 1998b) with minor modifica-
tions. Fetuses were removed on embryonic day 17 from maternal rats,
anesthetized with CO,, and killed by decapitation. Hippocampi were
dissected and placed in Ca®" and Mg> " -free HEPES-buffered Hanks salt
solution (HHSS), pH 7.45. HHSS was composed of the following (in
mwm): HEPES 20, NaCl 137, CaCl, 1.3, MgSO, 0.4, MgCl, 0.5, KCI 5.0,
KH,PO, 0.4, Na,HPO, 0.6, NaHCO; 3.0, and glucose 5.6. Cells were
dissociated by trituration through a 5 ml pipette and a flame-narrowed
Pasteur pipette, pelleted and resuspended in DMEM without glutamine,
supplemented with 10% fetal bovine serum and penicillin/streptomycin
(100 U/ml and 100 ug/ml, respectively). Dissociated cells were then
plated ata density of 10,000—20,000 cells/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 coverglass was precoated with matri-
gel (200 ul, 0.2 mg/ml). Neurons were grown in a humidified atmo-
sphere of 10% CO, 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%
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horse serum and penicillin/streptomycin. Cells used in these experi-
ments were cultured without mitotic inhibitors for a minimum of 12 d.

Transfection. Rat hippocampal neurons were transfected between 10
and 13 d in vitro using a modification of a protocol described previously
(Waataja et al., 2008). Briefly, hippocampal cultures were incubated for
at least 20 min in DMEM supplemented with 1 mm kynurenic acid, 10
mM MgCl,, and 5 mm HEPES, to reduce neurotoxicity. A DNA/calcium
phosphate precipitate containing 1 ug 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, cells were washed once with DMEM
supplemented with MgCl, and HEPES and then returned to conditioned
media, saved at the beginning of the procedure.

Confocal imaging. Transfected neurons were transferred to the stage of
a confocal microscope (Olympus; Fluoview 300) and viewed through a
60X oil-immersion objective (NA. 1.40). For experiments in which the
same neurons were imaged before and after a 24-h interval, the locations
of individual cells were recorded using micrometers attached to the stage
of the microscope. Multiple optical sections spanning 8 um in the
z-dimension were collected (1 wm steps), and these optical sections were
combined through the z-axis into a compressed z stack. GFP was excited
at 488 nm with an argon ion laser and emission collected at 530 nm (10
nm bandpass). The excitation (HeNe laser) and emission wavelengths for
DsRed2 were 543 nm and >605 nm, respectively.

Image processing. To count and label PSD95-GFP puncta, an auto-
mated algorithm 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 that was used as a mask via
alogical AND function with the GFP maximum z-projection. A top-hat
filter (80 pixels) was applied to the masked PSD95—GFP image. A thresh-
old set 1.5 SD above the mean intensity inside the mask was then applied
to the contrast enhanced image. Structures between 8 and 80 pixels
(~0.37-3.12 pum in diameter) were counted as PSDs. The structures were
then dilated and superimposed on the DsRed2 maximum z-projection
for visualization. PSD counts were presented as mean = SEM where n is
the number of cells, each from a separate cover glass over multiple cul-
tures. We used Student’s ¢ test for single or ANOVA with Bonferoni post
test for multiple statistical comparisons.

Toxicity. Cell death was quantified using propidium iodide (PI) fluo-
rescence as previously described (Gilbert et al., 2007). Cell culture was
performed as described above except that 10,000 cells/well were plated in
96-well plates and grown for 12—14 d in vitro. The experiment was started
by replacing 100 ul (~2/3 volume) of the cell culture medium with fresh
DMEM containing 10% horse serum, penicillin/streptomycin, 70 um PI
and either neurotoxin (1 mM glutamate or Tat at various concentrations)
or vehicle (control). The plate was placed in a FluoStar Galaxy multiwell
fluorescent plate scanner (BMG Technologies) and maintained at 37°C.
PI fluorescence intensity measurements (excitation 544 = 15 nm, emis-
sion 620 * 15 nm) were taken at time 0, 24 and 48 h. Between measure-
ments, cells were returned to the incubator and kept at 37°C in 10% CO.,.
Drugs, when present, were applied 15 min before application of the
neurotoxin and included in the media exchange. Each treatment was
performed in triplicate; thus, a set of 3 wells from a single plating of cells
was defined as an individual experiment (n = 1).

Immunocytochemistry. Rat hippocampal neurons were labeled using a
protocol described previously (Kim et al., 2008). Briefly, PSD95—-GFP-
transfected hippocampal neurons were fixed with cooled methanol for
10 min at —20°C, blocked with 10% BSA and incubated for 16 h at 4°C
with the following primary antibodies: mouse anti-NR2A (1:200; Milli-
pore), mouse anti-NR2B (1:200; Transduction Laboratories) and rabbit
anti-DsRed (1:100; Clontech). Cells were then incubated in tetramethyl-
rhodamine isothiocyanate-labeled anti-rabbit antiserum (DAKO) and
Alexa Fluor 647-anti-mouse IgG (Invitrogen) for 1 h at room tempera-
ture. After washing in phosphate buffered saline, coverslips were inverted
on slides over a drop of fluoromount-G (Southern Biotechnology Asso-
ciates). GFP (excitation = 488 nm; emission = 530 nm (10 nm band-
pass), tetramethylrhodamine isothiocyanate (excitation = 543 nm;
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emission = >605 nm) and Alexa647 (excitation = 633 nm; emission =
> 645 nm) labeled neurons were imaged using confocal microscopy.

Results

HIV-1 Tat-induced PSD loss

Changes in the number of synapses between rat hippocampal
neurons in culture were monitored by imaging cells expressing
PSD95-GFP and DsRed?2 as previously described (Waataja et al.,
2008). In Figure 1A, we show representative images of neurons
48 h after transfection with expression plasmids for PSD95-GFP
and DsRed2. PSD95-GFP expressed as discrete puncta that con-
trasted well from diffuse green fluorescence found throughout
the cell. DsRed2 expression filled the soma and dendrites and was
used to track morphological changes, as a mask for image pro-
cessing and to determine cell viability based on cytoplasmic re-
tention of the fluorescent protein. Image processing identified
and counted puncta by locating intensity peaks of the appropriate
size (mean diameter = 0.52 uwm) in contact with the DsRed2
mask. We demonstrated previously that PSD95-GFP puncta co-
localize with neurotransmitter release sites, NMDA-induced
Ca*" increases and NMDA receptor immunoreactivity (Waataja
et al., 2008).

Treatment with 50 ng/ml HIV-1 Tat for 24 h decreased the
number of fluorescent puncta by 50 = 7% (n = 7) (Fig. 1 A,B).
This finding is consistent with Tat-induced dendritic pruning
and spine loss described previously (Maragos et al., 2003). Tat-
induced PSD loss was significantly different from untreated cul-
tures or cultures treated with heat-inactivated Tat (Fig. 1 B). In
contrast, treatment with Tat for 24 h did not significantly affect
cell survival relative to control or cells treated with heat-
inactivated Tat (Fig. 1C). Previous studies have noted that Tat-
induced cell death develops over several days (Bonavia et al.,
2001). Under control conditions, 21 * 9% (n = 24) of the neu-
rons died, consistent with the previous observation that as CNS
cultures mature in vitro increased synaptic activity causes spon-
taneous cell death (Peterson et al., 1989; Shen and Thayer,
1998a). These results indicate that Tat-induced loss of synaptic
connections precedes overt cell death.

Exposure to Tat caused a significant loss of PSD95-GFP
punctaby 16 h (—42 * 7%, p < 0.05, n = 12) and the magnitude
of the loss increased to —54 * 6% (n = 7) by 24 h (Fig. 1D).
Tat-induced loss of PSDs was concentration dependent (EC5, =
6 = 2 ng/ml) (Fig. 1E). We used the intensity of green fluores-
cence in the puncta and whole cell to assess changes in PSD95—
GFP protein levels following 24 h treatment with Tat. The algo-
rithm for counting puncta was used to define postsynaptic
regions and the DsRed mask to define the whole-cell region. We
then determined the area and intensity for these two regions
before and after treatment with Tat. The whole-cell area and
integrated fluorescence intensity did not significantly change fol-
lowing treatment with Tat, consistent with stable overall expres-
sion of PSD95-GFP. The total area encompassed by postsynaptic
sites decreased, as expected from the decrease in the number of
puncta (A area= —30.4 = 4.0%, n = 11). However, the size of
individual puncta did not change significantly after Tat treatment
(A area = 6.4 * 5.6%, n = 11). The integrated intensity of indi-
vidual puncta remaining after treatment with Tat was not
changed significantly (A intensity = —5.8 * 4.8%, n = 11). In
untreated cells, neither region changed in area or intensity over
the course of a 24 h experiment.
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Tat-induced synapse loss is both NMDA receptor-

and LRP-dependent

Eugenin et al. (2007) have shown that Tat produces cell death via
a pathway initiated by Tat binding to LRP with subsequent acti-
vation of NMDA receptors and nNOS-mediated apoptosis (Fig.
2A). Alternatively, Tat was shown to induce morphological
changes in dendrites by recruiting the proteasome to microtu-
bules (Aprea et al., 2006) although, the role of LRP and the
NMDA receptor were not investigated. Because activation of
NMDA receptors induced the loss of PSDs via the ubiquitin—
proteasome pathway (Waataja et al., 2008), we examined the
possibility that Tat-induced PSD loss might also be initiated by
this pathway. Pretreatment with MK801 (10 um) for 30 min abol-
ished Tat-induced synapse loss (n = 6) (Fig. 2 B), indicating that
Tat-induced loss of PSD95-GFP is dependent on the NMDA
receptor. Furthermore, chelating intracellular Ca** with
BAPTA-AM (100 pM; 30 min pretreat) completely blocked Tat-
induced synapse loss (n = 6) (Fig. 2B). Previous studies have
shown that the neurotoxic epitope of Tat resides between amino
acids 31-61 (Nathetal., 1996). Tats,_g, (3.6 nm) induced synapse
loss comparable with full-length Tat (Fig. 2C), consistent with the
idea that synapse loss and toxicity are initiated by the same events.
To determine whether binding of Tat to LRP was necessary for
Tat-induced synapse loss, we treated the cells with recombinant
LRP receptor-associated protein (RAP), which binds to LRP (Bu,
2001) and antagonizes the neuronal uptake of exogenous Tat.
Pretreatment with RAP (50 nm) for 15 min completely blocked
Tat-induced synapse loss (n = 5) (Fig. 2C). Tat-induced synapse
loss requires LRP and NMDA receptor mediated Ca*™ influx, yet
changes in PSDs (Waataja et al., 2008) and dendritic morphology
(Aprea et al., 2006) have been linked to the ubiquitin—protea-
some pathway. We next examined the possibility that this path-
way might bifurcate with one path leading to synapse loss and the
other to cell death.

Tat induced loss of PSD95-GFP puncta is mediated by the
ubiquitin—proteasome pathway not the nNOS apoptotic
pathway
Activation of NMDA receptors has been shown to induce PSD95
degradation via the ubiquitin—proteasome pathway (Colledge et
al., 2003; Waataja et al., 2008). Tat causes a proteasome-mediated
degradation of MAP2 and the collapse of cytoskeletal filaments
(Aprea et al., 2006). We determined whether Tat might induce
the loss of PSD95-GFP puncta by activation of the ubiquitin—
proteasome pathway. Twenty-four hour exposure to micromolar
concentrations of the proteasome inhibitor MG132 (Z-Leu-Leu-
Leu-aldehyde) was toxic to hippocampal cultures (data not
shown). Thus, we used an alternative genetic approach to inhibit
the proteasome pathway. ARF binds to and inhibits MDM?2 (mu-
rine double minute 2) (Zhang et al., 1998) which is an ubiquitin
E3 ligase known to ubiquitinate PSD95 targeting it for proteaso-
mal degradation (Colledge et al., 2003). Cultured hippocampal
neurons were transfected with expression vectors for ARF
(pcDNA3-myc-ARF) (Zhang et al., 1998), PSD95-GFP and
DsRed2 as demonstrated previously (Waataja et al., 2008). Ex-
pression of ARF protected hippocampal neurons from Tat-
induced synapse loss (n = 9, p < 0.01) (Fig. 3A,B). The MDM2
inhibitor nutlin-3 binds to MDM2 and stabilizes its downstream
targets (Vassilev et al., 2004; Uo et al., 2007). Nutlin-3 (1 uM) also
reduced the loss of PSDs (n = 4, p < 0.01) (Fig. 3B). These data
suggest that Tat activates an E3 ligase leading to the loss of syn-
aptic connections.

Tat could induce ubiquitination of PSD95 directly (Colledge
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Figure 1. HIV-1Tatinduced PSD loss in a time and concentration dependent manner. A, Confocal fluorescent images display
maximum z-projections of neurons expressing PSD95—GFP and DsRed2 before and 24 h after treatment with 50 ng/ml Tat.
Processing of PSD95—GFP images identified PSDs as fluorescent puncta meeting intensity and size criteria and in contact with a
mask derived from the DsRed2 image. Labeled PSDs were dilated and overlaid on the DsRed2 image for visualization purposes
(processed). The insets are enlarged images of the boxed region. Scale bar, 10 wm. B, , Bar graphs summarize the effects of Tat
on changes in PSD95—GFP puncta (B, PSDs) and cell viability (C, cell survival) after 24 h treatment under control conditions
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et al., 2003) or it could ubiquitinate cy-
toskeletal proteins leading to a secondary
loss of PSD95-GFP puncta (Aprea et al.,
2006). PEST sequences regulate protein sta-
bility and ubiquitination (Rechsteiner and
Rogers, 1996) and a PEST sequence at the N
terminus of PSD95 is required for ubiquiti-
nation (Colledge et al., 2003). We generated
a PSD95-GFP deletion mutant lacking this
PEST sequence (amino acids 13-23 in rat
PSD-95). Cells expressing PSD9SAPEST-
GFP displayed punctate fluorescence com-
parable with those expressing wild type
PSD95-GFP. However, exposure to Tat did
not significantly reduce the number of
PSD95APEST-GFP puncta (Fig. 3B), con-
sistent with the idea that Tat induced ubiq-
uitination of PSD95 is required for loss of
synaptic sites.

Activation of the ubiquitin—protea-
some pathway is not generally thought to
lead to neuronal cell death. However, activa-
tion of nNOS is clearly linked to Tat-induced
neuronal death (Eugenin etal., 2007). Appli-
cation of NG-nitro-L-arginine methyl ester
hydrochloride (L-NAME) 15 min before and
during 24 h exposure to Tat did not signifi-
cantly affect PSD loss (34 = 9%; n = 7) rel-
ative to Tat treatment alone (Fig. 3B).

If Tat-induced synapse loss is mediated
by a different path than Tat-induced neu-
ronal death, then perhaps synapse loss is a
coping mechanism rather than part of the
agonal event. We tested this hypothesis by
performing a series of cell survival assays
on hippocampal cultures (Fig. 3C). Cell
death induced by various concentrations
of Tat was quantified by uptake of pro-
pidium iodide measured after 48 h expo-
sure. Consistent with the results of Liu et
al. (2000), L-NAME (100 uM) completely

<«

(control, open bars) or following treatment with 50 ng/ml Tat
(solid bars) or 50 ng/ml heat inactivated Tat (hi-Tat, gray
bars). Data are mean == SEM; *p << 0.01 relative to control;
#p < 0.01 relative to Tat (ANOVA with Bonferroni post test).
D, Graph shows time-dependent changes in the number of
PSD95-GFP puncta for untreated cells (control, squares) and
cells treated with 50 ng/ml Tat (circles). Data are expressed as
mean == SEM; *p << 0.01 relative to PSDs counted before the
addition of Tat (0 h). ANOVA with Bonferroni post test. E,
Graph shows concentration-dependent changes in the num-
ber PSD95—GFP puncta for cells treated with the indicated
concentration of Tat. The mean == SEM of the net change in
PSD95—GFP puncta 24 h after treatment with Tat are plotted
for the concentrations indicated (n = 4 for each data point).
The curve was fit by a logistic equation of the form percentage
PSD change = [(A; — A,)/(1 + (X/ECso) P)]+A, where X =
Tat concentration, A; = 21 = 7% PSD change without Tat,
A, = —32 = 5% PSD change at a maximally effective Tat
concentrationand p = slope factor. ECg, was calculated using
a nonlinear, least-squares curve fitting program. EC;, and p
were 6 = 2ng/mland 2 = 1, respectively.
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blocked Tat-induced neurotoxicity. In
contrast, treatment with nutlin-3, ata con-
centration that when applied alone had no
effect on cell survival (1 um), shifted sig-
nificantly the Tat concentration response
curve to the left (EC5, = 13 *= 0.1 pm)
relative to control (ECs, = 83 = 29 pm)
(p <0.05). This concentration of nutlin-3
completely blocked Tat-induced PSD loss
(Fig. 3B). These findings suggest that the
synapse loss induced by Tat may actually
improve survival, possibly by reducing
NMDA receptor-mediated Ca>" influx.

Tat-induced PSD loss is reversible

If PSD loss proceeds via a path that is in-
dependent from that leading to cell death,
then synapse loss might be reversible. We
next examined whether hippocampal neu-
rons could recover from downregulation
of PSD95-GFP puncta following exposure
to Tat. Recovery from synapse loss in-
duced by epileptic activity was limited to
relatively short exposures to the aberrant
synaptic activity (Kim et al. 2008). Thus,
we chose to study recovery from Tat after
the shortest exposure that produced reli-
able synapse loss. Hippocampal neurons
exposed to Tat for 16 h lost a significant
fraction of their PSDs (34 = 9%; n = §;
p < 0.001) (Fig. 4). After exposure to Tat
for 16 h, the protein was removed (wash-
out) as described in the scheme shown in
Figure 4 A. Cells were imaged again 8 and
32 h following application of the inhibitors
(24 and 48 h elapsed time in Fig. 4C). Tat
induced a gradual decrease in the number
of PSDs that was not reversed by with-
drawal of Tat after 16 h of treatment. Re-
moving Tat from the bathing media would
not necessarily remove Tat adhering to
cells or internalized Tat. Thus, we tested
the inhibitors that were effective when ap-
plied to the cells before treatment with Tat.
Application of MK801 or BAPTA-AM af-
ter treatment with Tat for 16 h failed to
reverse the decline in the number of syn-
apses measured at 24 h (Fig. 4D). Both of
these agents prevented synapse loss when
applied before Tat, suggesting that a win-
dow during which these agents are effec-
tive had closed. Thus, we were surprised by
the results of experiments in which RAP
was added after 16 h treatment with Tat
(Fig. 4C). RAP not only prevented the fur-
ther decline in PSD number but actually
enabled recovery of PSD95-GFP puncta in
the maintained presence of Tat. Neurons
displayed a significant recovery in the
number of PSDs (p < 0.001, n = 5) 8 h
after the addition of RAP. This recovery
persisted for 32 h following RAP treat-
ment. These results demonstrate that syn-
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Figure2. Tat-induced synapse loss is both NMDA receptor- and LRP-dependent. 4, Proposed mechanism of Tat-induced synapse loss
and death. B, Inhibition of NMDA receptor-mediated increases in [Ca*J; prevent Tat-induced synapse loss. Bar graph summarizes the
effects of inhibitors on changes in PSD95—GFP puncta (PSDs) after 24 h treatment under control (open bars) or Tat-treated (solid bars)
conditions. Cultures were treated with 10 um MK801 or 100 um BAPTA-AM for 30 min before addition of Tat. €, The neurotoxic epitotope
of Tat induced synapse loss via an LRP-dependent mechanism. HIV-1 BRU Tat amino acids 32— 62 (Taty,_,) induced synapse loss.
Tat-induced synapse loss was prevented by the LRP inhibitor, RAP (50 nm) applied 15 min before Tat treatment. Data are expressed as
mean = SEM; *p << 0.01 relative to control; *p < 0.01 relative to Tat alone (Untreated) (ANOVA with Bonferroni post test).
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Figure3. Tatinduced PSD loss via the ubiquitin—proteasome pathway, and Tatinduced cell

death by activating NOS. A, Processed images acquired before and after 24 h treatment with 50
ng/ml Tatin cells coexpressing ARF display labeled PSDs superimposed on DsRed2 fluorescence.
Scale bar, 10 wm. B, Bar graph summarizes the effects of inhibition of the ubiquitin—protea-
some pathway and inhibition of nNOS on changes in PSD—GFP puncta (PSDs) after 24 h treat-
ment under control (open bars) or 50 ng/ml Tat-treated (solid bars) conditions. Cells were
treated with ARF (expression plasmid cotransfected with DsRed2 and PSD95-GFP), 1 rum
nutlin-3 or 100 um-NAME as indicated. In cells expressing PSD9S APEST-GFP (APEST), Tat did
not affect the number of synaptic sites. Data are expressed as mean == SEM. *p << 0.01 relative
to control; p < 0.01 relative to Tat alone (untreated) (ANOVA with Bonferroni post test). €,
Inhibition of an ubiquitin ligase increased and inhibition of NOS decreased, Tat-induced cell
death. Cell death was measured using the Pl fluorescence assay detailed in Materials and Meth-
ods. Cell death was measured after 48 h treatment with the indicated concentrations of Tat in
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apses can recover after exposure to Tat and that LRP might be an
important target for inducing the recovery of synaptic function.
Functional PSDs are composed of many proteins, including
NMDA receptors, which participate in synaptic transmission. To
determine if the new PSD95-GFP puncta formed during RAP-
induced recovery represent synaptic sites, we induced synapse
loss and recovery and then fixed neurons expressing PSD95—-GFP
and labeled them with antibodies to the NMDA receptor. Indi-
vidual neurons were imaged before treatment, after treatment
with Tat for 16 h and again after treatment with RAP for 8 h (24 h
elapsed time) (Fig. 5A). The cells were fixed and labeled with
antibodies to the NR2A and 2B subunits of the NMDA receptor.
In naive cultures immunocytochemistry revealed that 70 * 2%
(n = 7) of PSD95-GFP puncta colocalize with NR2A or 2B
(Waataja et al., 2008). In cultures treated with RAP in the contin-
uous presence of Tat, 74.5 = 2.5% (n = 4) of PSD95-GFP puncta
colocalize with NR2A or 2B immunoreactivity. Because the same
percentage of puncta colabel with NR2 immunoreactivity, we con-
clude that the new puncta are comparable with those in naive cells. It
is difficult to track the loss and recovery of a single puncta through a
24 h experiment and through the fixing process, because the cell’s
morphology changes over the course of the experiment. However, as
shown in the inset to Figure 5, it is clear that in a region of dendrite
that underwent loss and clear repopulation with new PSD95—
GFP puncta, the new puncta contain NR2-immunoreativity.

Discussion
HIV-1 infection of the CNS results in dendritic pruning and a
reduction in spine density (Sa et al., 2004), changes that precede
neuronal death and are thought to result in cognitive decline
(Zink et al., 2002; Buttini et al., 2005). Here, we used an imaging-
based assay to study the effects HIV-1 Tat, a protein released by
virus-infected cells, on synaptic connections between rat hip-
pocampal neurons in vitro. Tat induced a dramatic loss of syn-
apses. The initial steps leading to synapse loss, binding to LRP,
activation of NMDA receptors and a rise in [Ca* " |;, were similar
to those previously reported for Tat-induced cell death (Liuetal.,
2000; Self et al., 2004; Eugenin et al., 2007). However, while sub-
sequent activation of nNOS was required for cell death, synapse
loss was mediated by the ubiquitin—proteasome pathway, consis-
tent with a previous study that showed that Tat altered spine
morphology via the proteasomal pathway (Aprea et al., 2006).
This bifurcation in the pathway is consistent with the hypothesis
that synapse loss is a coping mechanism rather than a symptom of
the neuron’s demise. Indeed, Tat-induced synapse loss was re-
versible, suggesting that rapid, dynamic changes in the number of
synapses might balance excitatory input with survival. Perhaps
the synapse loss that presents early in HAD can be reversed to
improve neurocognitive outcomes in NeuroAIDS patients.

We used an in vitro assay to track changes in the number of
individual synapses within a neural network over time (Kim etal.,

<«

the absence (control, circles) or presence of T m nutlin-3 (open triangles) or 100 v L-NAME
(squares). Pl fluorescence was normalized to that measured from cells treated for 48 h with 1
mu glutamate (100%). Pl fluorescence from untreated wells was subtracted from each curve
(0%). Concentration response curves were generated by fitting a logistic equation to the data
using a nonlinear, least-squares curve fitting program (Origin 6.0) and ECy values calculated. A
logistic equation of the form A Pl Fluorescence = [(A, — A;)/(1 + (X/ECso) P)]+A, where
X = Tat concentration, A; = percentage change in Pl fluorescence without Tat, A, = percent-
age change in Pl fluorescence at maximal Tat concentration and p = slope factor. A set of
triplicate wells from a single plating of cells was defined as a single experiment (n = 1). All data
are presented as mean = SEM.
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2008; Waataja et al., 2008). [Ca*" ], imag-
ing and immunocytochemistry had previ-
ously confirmed that PSD95-GFP puncta
represent functional postsynaptic sites and
their close apposition to functional neuro-
transmitter release sites indicated that they
corresponded to functional synapses B
(Waataja et al., 2008). This imaging ap-
proach has several strengths. Longitudinal
imaging enabled detection of synapse loss
and recovery from the same cell and auto-
mated processing was objective and quan-
titative, enabling hypothesis testing.
HIV-1 Tatis a regulatory protein that is
released by acutely infected cells and can
be taken up rapidly by other cells (Frankel
and Pabo, 1988). Tat enters neurons via
LRP expressed on the cell surface (Liu et
al., 2000). LRP is an endocytic receptor
that binds multiple lipoprotein ligands
(May et al., 2007). It is also a signal trans-
duction receptor that participates in neu-
rodevelopment and synaptic plasticity
(Herz and Chen, 2006). LRP is associated
with neurodegenerative disease. Poly-
morphisms in the genes for LRP, and
its ligands apolipoprotein E and
a-macroglobulin are linked to Alzhei-
mer’s disease (Schellenberg et al., 2000)
and HAD (Corder et al., 1998). A role for
LRP in Tat-induced synapse loss was es-
tablished by inhibition of synapse loss by
RAP. RAP is a molecular chaperone that
prevents LRP from interacting with li-
gands and facilitates LRP folding and traf-
ficking within the secretory pathway (Bu,
2001). Recombinant RAP has been used
extensively as an antagonist in the study of
LRP function. There is precedent for LRP
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ligands such as activated «a2- 0 8
macroglobulin activating NMDA recep-
tors to increase [Ca’"]; (Bacskai et al.,
2000). That Tat activates NMDA receptors
is well established (Mattson et al., 2005)
although, several possible mechanisms of
activation have been proposed. Activation
of kinases that phosphorylate the NMDA
receptor (Haughey etal., 2001) or protein-
protein interactions (Eugenin et al., 2007)
are most compatible with the LRP-
mediated effects described here. However,
direct activation of the receptor (Prender-
gast et al., 2002), modulation of Zn inter-
actions with NMDA receptors (Songetal., 2003) and recruitment
and activation of the 20S proteasome (Aprea et al., 2006) have all
been described. NMDA receptor mediated increases in [Ca*"];
initiate both synaptic plasticity and cell death (Albensi, 2007).
Thus, the initial stages of Tat-induced synapse loss closely parallel
those reported for initiating cell death pathways.

The path leading to synapse loss diverged from that leading to
cell death; the mechanism of synapse loss shared some features in
common to those that produce synaptic plasticity. Downstream
from the Tat-induced [Ca**]; increase, the activation of an ubig-
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Tat-induced PSD loss is reversible. 4, Schematic shows time line for experiments. B, Representative images display
labeled PSDs on neurons expressing PSD95—GFP and DsRed2 before (0 h) and during (16 and 24 h) treatment with 50 ng/ml Tat.
The LRP inhibitor RAP (50 nm) was added after 16 h (bottom frames). Note that PSDs lost after 16 h exposure to Tat recovered
following treatment with RAP. C, Graph shows significant PSD loss after 16 h exposure to Tat which was sustained for 48 hin the
continued presence of Tat (squares) or if Tat was removed after 16 h (open diamonds). PSDs recovered to control (circles) levels
following addition of RAP at 16 h (triangles). Data are expressed as mean = SEM *p << 0.01 relative to control; *p << 0.001
relative to Tat alone for 16 h (ANOVA with Bonferroni post test). D, Bar graph summarizes the net changes in the number of
PSD95—GFP puncta (PSDs) 24 h after no treatment (control, open bar) or the addition of Tat (solid bars). The indicated treatments
were applied after 16 h exposure to Tat and changes were measure 8 h later (24 h elapsed time). Data are expressed as mean =
SEM. *p << 0.01 relative to control; * p < 0.05 relative to Tat alone for 24 h (ANOVA with Bonferroni post test).

uitin ligase was required for synapse loss. Expression of ARF in-
hibits the E3 ubiquitin ligase MDM2, also known as Hdm2
(Zhang et al., 1998), and was shown here to prevent synapse loss.
That the Tat-induced synapse loss was mediated by the ubiquit-
in—proteasome pathway is in good agreement with previous re-
ports of Tat-induced changes in dendritic morphology. In neu-
rons transfected with a Tat expression vector, Tat recruited
proteasomes to microtubules with subsequent MAP2 degrada-
tion (Aprea et al., 2006). The path leading to activation of the
ubiquitin—proteasome pathway appears most similar to that de-
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scribed for long-term depression of synaptic transmission (Col-
ledge et al., 2003) and excitotoxicity (Waataja et al., 2008). Inter-
estingly, Tat itself is a substrate for MDM?2 although,
ubiquitination does not target Tat to the proteasome but instead,
plays a regulatory role (Bres et al., 2003). Because PSD95APEST-
GFP puncta were resistant to Tat-induced loss, it appears that
PSD95 is the relevant substrate for synapse loss induced by ubiq-
uitin ligase activity. The ubiquitin—proteasome pathway medi-
ates many of the dynamic changes in spine structure and function
that underlie synaptic plasticity (Ehlers, 2003; Bingol and
Schuman, 2006).

Significant neurological improvement accompanies initiation
of highly active antiretroviral therapy in patients with HAD
(Bellizzi et al., 2006), consistent with the idea that cognitive im-
pairment is due at least in part to reversible actions of the virus.
RAP enabled a dramatic recovery of PSD95-GFP puncta in the

PSDs recovered after RAP-induced reversal of Tat-induced synapse loss contain NMDA receptorimmunoreactivity. A,
Representative images display labeled PSDs on a neuron expressing PSD95—GFP and DsRed2 before (0 h) and during (16 and 24 h)
treatment with 50 ng/ml Tat. The LRP inhibitor RAP (50 nm) was added after 16 h. Eight hours after administering RAP, the number
of synapses recovered (24 h frame). B, After collecting the live cellimage at 24 h (as shown in A 24 h frame) the cells were fixed and
labeled with antibodies to DsRed and the NR2A and 2B subunits of the NMDA receptor as described in Materials and Methods.
Confocal micrographs display PSD95—GFP fluorescence (green) and NR2A and NR2B (red) immunoreactivity. Merged images
display overlapping puncta (yellow). Processed images display puncta within the DsRed2 mask (blue). The same image-
processing algorithm described in Materials and Methods was used to identify both NR2 immunoreactive puncta and PSD95—GFP
puncta. The insets are enlarged images of the boxed region. Note that NR2A and NR2B immunoreactivity includes nontransfected
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continued presence of Tat. In contrast,
withdrawal of Tat, addition of the Ca®"
chelator BAPTA or blocking NMDA re-
ceptors with MK801, treatments that pre-
vented PSD loss when applied before Tat,
failed to reverse the decline in the number
of synapses. Thus, there appears to be a
window during which these agents may
protect from Tat-induced synapse loss. Al-
ternatively, BAPTA and MK801 might fail
to induce recovery of synapses because
NMDA receptor-mediated [Ca*"]; in-
creases are required for synapse forma-
tion. The reversal of synapse loss by RAP is
intriguing. RAP is known to prevent the
entry of Tat but, presumably Tat is already
in the cell when RAP was applied at 16 h.
The observation that removing Tat did not
reverse or even halt the continued loss of
synapses suggests that RAP does more
than prevent further entry of Tat into the
cell. RAP binds to LRP with high affinity
(Bu, 2001) potentially disrupting protein-
protein interactions that are required for
synapse loss. Another intriguing question
is whether synapses recover because RAP
induces their formation or does RAP en-
able the cell to re-equilibrate to its original
number of synapses (Desai, 2003) by re-
moving the signal driving synapse loss. A
better understanding of the processes that
initiate the formation of synapses follow-
ing neurotoxic insult could guide the de-
velopment of drugs that improve cognitive
function in HAD.

Tat-induced synapse loss differed tem-
porally and mechanistically from neuronal
death. That these pathways are distinct was
supported by the failure of NOS inhibitors
to prevent synapse loss while completely
preventing Tat-induced cell death. This
observation is consistent with previous
studies that have demonstrated that acti-
vation of nNOS mediates Tat-induced
neuronal apoptosis (Eugenin et al., 2007).
In contrast, Tat-induced synapse loss was
prevented by treatment with the ubiquitin
ligase inhibitor nutlin-3 at concentrations that were without ef-
fect on cell survival. Thus, synapse loss is not necessarily a step on
the path toward death; instead it may be a coping mechanism that
enables the cell to adapt to excessive excitatory input (Hasbani et
al., 2001; Waataja et al., 2008). This conclusion is supported by
experiments in which the development of ischemic tolerance re-
sulted from ubiquitin proteasome-mediated synaptic remodel-
ing that rendered neurons refractory to NMDA receptor-
mediated toxicity (Meller et al., 2008). Many of the hallmark
signs and symptoms of neurodegenerative disease might actually
be coping mechanisms (Finkbeiner et al., 2006).

The initial stages of Tat-induced synapse loss closely parallel
those reported for triggering cell death pathways and have been
explored as potential targets for neuroprotective drugs. Modula-
tion of LRP (Eugenin et al., 2007), block of NMDA receptors
(Anderson et al., 2004; Gendelman, 2007), and chelation of
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[Ca?™*]; (Tymianski et al., 1994) produced encouraging results in
vitro but did not generally translate into high neuroprotective
efficacy in the clinic. Because neuronal loss has consistently failed
to correlate with neurological impairment (Adle-Biassette et al.,
1999), protecting synapses from HIV-1 neurotoxicity, possibly at
targets distinct from those that improve neuronal survival
(Bellizzi et al., 2006), might be an effective strategy to improve
cognitive function in HAD. In preliminary studies, we found that
lithium, a drug shown to improve neurocognitive function in
HAD patients (Letendre et al., 2006), increases the number of
synapses between hippocampal neurons (H. J. Kim and S. A.
Thayer unpublished observations). A potential drawback to pro-
tecting synapses is that if synapse loss is a coping mechanism,
then preventing downregulation of synapses may actually in-
crease neuronal death. This cautions that optimal neuroprotec-
tive agents would act upstream of the bifurcation in the neuro-
toxicity pathway, before the synapse loss and cell death pathways
diverge, or act at dual targets to improve survival and retain
connectivity.
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