
ductive and nonreproductive tissues alike. De- 
ficiency of androgens (and probably estrogens) 
in males, due to castration or a decline in pro- 
duction with old age, is a major factor in the 
development of osteoporosis in men as well 
(19, 20). 

The benefits of sex steroid replacement 
during late postreproductive life derive pri- 
marily from the actions of sex steroids on 
nonreproductive tissues, whereas its side ef- 
fects result from actions on reproductive tis- 
sues. The favorable effects of estren on bone 
and its lack of effect on reproductive tissues 
indicate that mechanism-specific ligands may 
offer advantages over estrogens or SERMs 
(21, 22) in the setting of hormone replace- 
ment therapy. Growing concern about the 
efficacy and safety of existing hormone re- 
placement therapies (23, 24) makes these 
new ideas timely. 
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Treatment of Ischemic Brain Damage 
by Perturbing NMDA Receptor- 

PSD-95 Protein Interactions 
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Yu-Tian Wang,2'3'4 Michael W. Salter,3'6t Michael Tymianski1'6'7t 

N-methyl-D-aspartate receptors (NMDARs) mediate ischemic brain damage 
but also mediate essential neuronal excitation. To treat stroke without 
blocking NMDARs, we transduced neurons with peptides that disrupted the 
interaction of NMDARs with the postsynaptic density protein PSD-95. This 
procedure dissociated NMDARs from downstream neurotoxic signaling 
without blocking synaptic activity or calcium influx. The peptides, when 
applied either before or 1 hour after an insult, protected cultured neurons 
from excitotoxicity, reduced focal ischemic brain damage in rats, and im- 
proved their neurological function. This approach circumvents the negative 
consequences associated with blocking NMDARs and may constitute a prac- 
tical stroke therapy. 
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Protein-protein interactions govern signals in- 
volved in cell growth, differentiation, and inter- 
cellular communication through dynamic asso- 
ciations between modular protein domains and 
their cognate binding partners (1). At excitatory 
synapses of central neurons, ionotropic gluta- 
mate receptors are organized into multiprotein 
signaling complexes within the postsynaptic 
density (PSD) (2). A prominent organizing pro- 
tein is PSD-95 (3), which couples the NMDAR 
to intracellular proteins and signaling enzymes 
(2, 4). Through its second PDZ domain 
(PDZ2), PSD-95 binds the COOH-terminus 
tSXV motif of NMDAR NR2 subunits as well 
as neuronal nitric oxide synthase (nNOS) (3, 
4). This binding couples NMDAR activity to 
the production of nitric oxide (NO), a signal- 
ing molecule that mediates NMDAR-depen- 
dent excitotoxicity (5). NMDAR activity is 
unaffected by genetically disrupting PSD-95 
in vivo (6) or by suppressing its expression in 
vitro (7). Nonetheless, PSD-95 deletion 
dissociates NMDAR activity from NO 
production and suppresses excitotoxicity (7). 

Although NMDARs mediate ischemic 
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brain injury (8), blocking them is deleteri- 
ous to animals and humans (9-11). Target- 
ing PSD-95 protein therefore represents an 
alternative therapeutic approach for diseas- 
es that involve excitotoxicity. Because mu- 
tation or suppression of PSD-95 is thera- 
peutically impractical, we hypothesized 
that perturbing its interaction with 
NMDARs could suppress excitotoxicity 
and ischemic brain damage. This might be 
achieved by the intracellular introduction 
of peptides that bind to either the NR2 or 
the PDZ2 interaction domains (Fig. 1A). To 
bind PDZ2 domains, we constructed a pep- 
tide comprising the nine COOH-terminal 
residues of NR2B (Lys-Leu-Ser-Ser-Ile- 
Glu-Ser-Asp-Val; NR2B9c) (3). To bind 
NR2 subunits, we used residues 65 to 248 
of PSD-95, encoding the first and second 
PDZ domains (PDZ1-2). NR2B9c and 
PDZ1-2 were rendered cell-permeant by 
fusing each to the cell-membrane transduc- 
tion domain of the human immunodeficien- 
cy virus-type 1 (HIV-1) Tat protein (Tyr- 
Gly-Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg- 
Arg) (12) to obtain a 20-amino acid pep- 
tide (Tat-NR2B9c) and the fusion protein 
pTat-PDZ1-2, respectively (13). 

First, we determined whether Tat- 
NR2B9c would transduce into neurons. The 
fluorophore dansyl chloride was conjugated 
to Tat-NR2B9c and to a control peptide com- 
prising HIV-1 Tat residues 38 to 48 (Lys- 
Ala-Leu-Gly-Ile-Ser-Tyr-Gly-Arg-Lys-Lys; 
Tat38-48) outside the transduction domain 
(14). These were bath-applied to cultured 
cortical neurons and their fluorescence was 
visualized by confocal microscopy. Neurons 
treated with Tat-NR2B9c-dansyl (10 pIM) ex- 
hibited fluorescence in their cytoplasm and 
processes, indicating intracellular peptide up- 
take (Fig. 1B, left), whereas cultures treated 
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with Tat38-48-dansyl (10 FJM), devoid of the 
transduction domain, exhibited only back- 
ground signal indicating no peptide uptake (Fig. 
1B, right). Tat-NR2B9c-dansyl accumulation 
was detectable in neurons within 10 min of 
application, peaked during the next 20 min, and 
remained detectable for 5 hours after washing 
the peptide from the bath (Fig. 1C). 

Next we determined whether Tat-NR2B9c 
could perturb preformed NMDAR-PSD-95 
complexes by examining its effects on the 
coimmunoprecipitation of PSD-95 with NR2 
subunits (13). The P2 membrane protein frac- 
tion of rat forebrain tissue, which is enriched 
in synaptic structures, was incubated with 
Tat-NR2B9c or with one of three controls: 
Tat38-48, the Tat transduction sequence con- 
jugated to two alanine residues (Tat-AA), or 
a Tat-NR2B9c peptide in which the COOH- 
terminal tSXV motif contained a double point 
mutation (Lys-Leu-Ser-Ser-Ile-Glu-Ala-Asp- 
Ala; Tat-NR2B-AA) rendering it incapable of 
binding PSD-95 (3). None of these controls, 
each lacking an intact PDZ binding motif, 
reduced the coimmunoprecipitation of PSD- 
95 with NR2B. However, Tat-NR2B9c, in 
which the Ile-Glu-Ser-Asp-Val sequence is 
preceded by residues unique to the NR2B 
COOH-terminus, selectively reduced the co- 
immunoprecipitation of PSD-95 with NR2B 
(Fig. 1D), but not with NR2A (Fig. IE). 
Thus, NR2A may be more tightly bound to 
PSD-95. Alternatively, the incomplete ho- 
mology of Tat-NR2B9c for the NR2A 
COOH-terminus may make it less effective in 
perturbing PSD-95-NR2A binding (13). 

Because synaptic and whole-cell NMDAR 
currents are unaffected when PSD-95 is lacking 
(6, 7), we examined NMDAR currents and 
Ca2+ fluxes when PSD-95 is dissociated. Bath 
application of Tat-NR2B9c (50 nM) to acute rat 
hippocampal slices had no effect on synaptic 
responses of CAl neurons evoked by stimula- 
tion of the Schaffer collateral-commissural 
pathway (Fig. 2A). Tat-NR2B9c also had no 
effect on patch recordings in CA1 neurons of 
the primarily AMPAR (AMPA receptor)-me- 
diated total excitatory postsynaptic current 
(EPSC) (Fig. 2B) (15), nor on the isolated 
NMDA component of the EPSC (Fig. 2C) (13). 
Moreover, pretreating cultured cortical neurons 
with Tat-NR2B9c or with pTat-PDZl-2 (each 
at 50 nM) did not alter 45Ca2+ uptake produced 
by applying NMDA (Fig. 2D). The rate of rise 
and peak levels of free intracellular calcium 
concentration ([Ca2+]) in response to NMDA 
were also unaffected by Tat-NR2B9c (13, 16). 
CNQX (6-cyano-7-nitroquinoxaline-2,3-dione; 
10 IOM) and nimodipine (2 ILM) were present in 
the extracellular solution in these and all further 
experiments in cultures, so as to isolate signal- 
ing to NMDARs and prevent secondary activa- 
tion of AMPARs or of voltage-gated Ca2+ 
channels, respectively (7, 17, 18). 

We next determined whether Tat-NR2B9c 

affected signaling events downstream of NO production by nNOS (7, 19). We focused 
NMDAR activation. NMDA-evoked changes on nNOS activity because it mediates neurotox- 
in guanosine 3',5'-monophosphate (cGMP) ic sequelae of NMDAR activation (5) and, 
level were measured as a surrogate measure of along with other signaling molecules bound to 
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Fig. 1. Utility of Tat peptides in dissociating the NMDAR-PSD-95 interaction (A) The hypothesis: 
The NMDAR-PSD-95 complex (left panel) may be dissociated using Tat peptides fused either to the 
COOH-terminus of NR2B (Tat-NR2B9c; middle) or to the first and second PDZ domains of PSD-95 
(pTat-PDZ1-2; right), thus reducing the efficiency of excitotoxic signaling. (B) Visualization of 
intraneuronal accumulation of Tat-NR2B9c-dansyl (10 LM) but not Tat38-48-dansyl (10 VFM) 30 
min after application to cortical cultures (excitation, 360 nm; emission, >510 nm; representative 
of five experiments). Fluorescence of cultures treated with Tat38-48-dansyl was similar to 
background. (C) Time course of Tat-NR2B9c-dansyl (10 JLM) fluorescence after application to 
cortical cultures at room temperature (symbols: mean + SE of four experiments). Inset: fluores- 
cence images from a representative experiment. (D and E) Coimmunoprecipitation of PSD-95 with 
NR2 subunits in rat forebrain P2 membrane fractions treated with Tat peptides. (D) Tat-NR2B9c 
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PSD-95, should be dissociated from 
NMDARs by Tat-NR2B9c. Cultured cortical 
neurons were pretreated with Tat-NR2B9c 
(50 nM), the noninteracting Tat-NR2B-AA 
(50 nM), or sham washes for 1 hour and then 
challenged with NMDA (0 to 1000 FiM). 
NMDA produced a concentration-dependent 
increase in cGMP that was significantly sup- 
pressed (average of 39.5 + 6.7%) by pretreat- 
ing the cultures with Tat-NR2B9c, but not 
with Tat-NR2B-AA (Fig. 2E). 

Although Tat-NR2B9c treatment did not 
affect NMDAR-mediated currents or Ca2+ 
fluxes, it interfered with NMDAR-PSD-95 
binding and suppressed downstream NO sig- 
naling. Thus, we examined whether such 
treatment enhances neurons' resilience to 
NMDA toxicity. Cortical neuronal cultures 
were pretreated with sham washes, Tat- 
NR2B9c, or the noninteracting control Tat- 
NR2B-AA (each at 50 nM) for 1 hour, then 
exposed to NMDA (0 to 100 FLM) for 1 hour 
followed by a 20-hour observation period 
(fig. S1, inset). Cell death at all NMDA con- 
centrations was significantly reduced by Tat- 
NR2B9c pretreatment, whereas Tat-NR2B- 
AA was ineffective (fig. Si). Pretreatment 
with pTat-PDZ1-2 also attenuated NMDA 
neurotoxicity to a similar degree (fig. S1) 
(13), which suggested that targeting either 
side of the NMDAR-PSD-95 interaction 
(Fig. 1A) reduces excitotoxic damage. 

Agents that block NMDAR activity are del- 
eterious or ineffective in treating stroke in ani- 
mals and humans (9-11). Because Tat- 
NR2B9c attenuates NMDA toxicity without 
blocking NMDARs, we reasoned that its appli- 
cation in the treatment of stroke would consti- 
tute an improvement over NMDAR blockers. 

We first determined whether Tat-NR2B9c 
could be delivered into the brain in the intact 
animal. C57BL/6 mice (25 g) were injected 
intraperitoneally with a 500-1Jmol dose of ei- 
ther Tat-NR2B9c-dansyl or Tat38-48-dansyl as 
a cell-impermeant control. Coronal brain sec- 
tions taken 1 hour after injection were exam- 
ined by confocal microscopy for fluorescent 
peptide uptake (13). Brains from animals inject- 
ed with Tat-NR2B9c, but not Tat38-48-dansyl, 
exhibited strong fluorescence in the cortex (fig. 
S2A) (20). Similar results were obtained with 
intravenous injection in rats (21), confirming 
that Tat-NR2B9c enters the brain upon periph- 
eral administration. 

Next, we examined whether pretreatment 
with Tat-NR2B9c would reduce stroke dam- 
age. Adult male Sprague-Dawley rats were 
subjected to transient middle cerebral artery 
occlusion (MCAO) for 90 min by the intralu- 
minal suture method (13, 22, 23). Animals 
were pretreated by a single intravenous bolus 
injection with saline, the Tat-NR2B-AA con- 
trol, or Tat-NR2B9c 45 min before MCAO (3 
nmol/g). Body temperature, blood pressure, 
and blood gases were monitored and main- 
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Fig. 2. Neurophysiological effects of Tat peptides (all at 50 nM). (A) Effect of Tat-NR2B9c on field 
EPSCs (fEPSCs) of CA1 neurons in acute hippocampal slices. (B) Effect of Tat-NR2B9c or Tat38-48 
(control) on whole-cell EPSCs. (C) Effect of Tat-NR2B9c on the pharmacologically isolated NMDA 
component of the EPSC. (D) Effect of Tat-peptide pretreatment for 1 hour on NMDA-evoked 
45Ca2+ uptake in cortical cultures. (E) Effect of Tat-NR2B9c pretreatment for 1 hour on NMDA- 
evoked cGMP production in cortical cultures. Asterisk: differences from control and Tat-NR2B-AA 
at each NMDA concentration (Bonferroni t test, P < 0.01). Bars in (D) and (E) are means + SE for 
12 cultures in three separate experiments. 

tained throughout the experiment (table S1). 
The extent of cerebral infarction was mea- 
sured 24 hours after MCAO onset (fig. S2C, 
inset). The postural reflex test (24) and the 
forelimb placing test (25) were used to grade 
neurological function on a scale of 0 to 12 
(normal = 0; worst = 12) during MCAO (at 
50 min) and 24 hours thereafter. 

Pretreatment with Tat-NR2B9c produced a 
trend toward improvement in 24-hour neuro- 
logical scores (fig. S2B). Moreover, the treat- 
ment reduced the total cerebral infarction vol- 
ume by 54.6 ? 11.3% [fig. S2C(i); analysis of 
variance (ANOVA), F = 7.289, P = 0.0048]. 
This was largely accounted for by a 70.7 + 
11.2% reduction in cortical infarction [fig. 
S2C(ii), ANOVA, F = 8.354, P = 0.0027], 
thought to be largely caused by NMDAR- 
dependent mechanisms. 

A stroke treatment with a single-bolus 
injection would be most therapeutically valu- 
able if effective when given after the onset of 
ischemia. To evaluate whether Tat peptides 
could be neuroprotective when applied after 
insult in vitro, we first exposed cultured cor- 
tical neurons to an NMDA challenge (0 to 
100 JLM) for 1 hour, and then treated these 

cultures with the Tat peptides (all at 50 nM) 
described in the pretreatment study (fig. S1). 
Attenuation of NMDA toxicity in cultures 
treated with Tat-NR2B9c or pTat-PDZI-2 
was significant relative to cultures treated 
with control peptides (Fig. 3A). 

Finally, we examined whether treatment 
with Tat-NR2B9c could attenuate ischemic 
neuronal damage in vivo when applied after 
stroke onset. Rats were subjected to tran- 
sient MCAO for 90 min as before, and 
intravenous saline or Tat-peptide bolus 
(Tat-NR2B9c or Tat-NR2B-AA; 3 nmol/g) 
was injected 1 hour after MCAO onset (Fig. 
3C, inset). Infarction volume and neurolog- 
ical outcome measurements were per- 
formed at times identical to the pretreat- 
ment study. Physiological parameters were 
monitored throughout the 24-hour experi- 
ment and were maintained equivalent be- 
tween groups (table S2). Animals treated af- 
ter MCAO with Tat-NR2B9c, but not with 
Tat-NR2B-AA or saline, exhibited a signifi- 
cant improvement in 24-hour neurological 
scores (Fig. 3B; ANOVA, F = 17.25, P < 
0.0001). Treatment with Tat-NR2B9c re- 
duced the volume of total cerebral infarction 
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Fig. 3. Neuroprotection after in- A 
suit by treatment with Tat- 
NR2B9c in vitro and in vivo. (A) 
Decreased excitotoxicity at 20 
hours in cultured cortical neu- 
rons treated 1 hour after NMDA 
application with 50 nM Tat- 
NR2B9c or pTat-PDZ1-2. Bars 
indicate means + SE for 12 cul- o 
tures in three separate experi- o 

ments. Asterisk: differences from c 
control, Tat-NR2B-AA and pTat- o 
GK (13) at each NMDA concen- 
tration (Bonferroni t test, P < . 
0.005). (Right) Representative 
phase contrast and propidium l- 
iodide fluorescence images of 
treated and control cultures 20 
hours after challenge with 100 
FM NMDA. (B) Composite neu- 
rological scores (see text) during 
and 24 hours after MCAO. As- 
terisk: difference from control 
and Tat-NR2B-AA (ANOVA; F = 
17.25, P < 0.0001). (C and D) 
Treatment with Tat-NR2B9c (3 
nmo/g, 9 animals) but not mu- C 
tated Tat-NR2B-AA (8 animals) 
or saline controls (10 rats) sig- 
nificantly reduced (C) total in- 
farct area and volume (inset) 
(ANOVA; F = 12.0, P < 0.0005) 
and (D) cortical infarct area and 
volume (inset) (ANOVA; F = 

12.64, P = 0.0001), measured 
24 hours after transient MCAO. 
Symbols and bars indicate 
means + SE. (E) Representative 
appearance of hematoxylin and 
eosin-stained rat brain sections 
from each treatment group. 
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by 67.0 + 3.7% (Fig. 3C; ANOVA, F = 

11.99, P = 0.0002). Similar to the pretreat- 
ment study, this reduction was accounted for 

by an 87.0 + 4.4% reduction in cortical 
infarction volume (Fig. 3, D and E; ANOVA, 
F = 12.64, P < 0.0001). 

Our results show that introducing into 
cells an exogenous peptide containing the 
COOH-terminal nine amino acids of the 
NR2B NMDAR subunit has profound ef- 

fects on signaling pathways downstream of 
NMDAR activation, on in vitro excitotox- 

icity, and on in vivo ischemic brain dam- 

age. The effects of this peptide are lost by 
mutating amino acids that are essential for 

mediating PDZ binding to PSD-95. Inter- 

fering with the interaction between 
NMDARs and PSD-95 may interrupt sig- 
naling downstream from NMDARs that 
leads to neuronal death. Because this oc- 

curs without affecting NMDAR activity, 
adverse consequences of blocking 
NMDARs are not expected. Efficacy after 
the insult onset suggests targeting of the 
NMDAR-PSD-95 interaction as a practical 
future strategy for treating stroke. It is 

probable that a similar approach could be 
used to modulate signals mediated by pro- 
tein-protein interactions that lead to other 
human diseases. 
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We report here the adoptive transfer, to patients with metastatic mela- 
noma, of highly selected tumor-reactive T cells directed against overex- 
pressed self-derived differentiation antigens after a nonmyeloablative con- 
ditioning regimen. This approach resulted in the persistent clonal repopu- 
lation of T cells in those cancer patients, with the transferred cells prolif- 
erating in vivo, displaying functional activity, and trafficking to tumor sites. 
This led to regression of the patients' metastatic melanoma as well as to 
the onset of autoimmune melanocyte destruction. This approach presents 
new possibilities for the treatment of patients with cancer as well as patients 
with human immunodeficiency virus-related acquired immunodeficiency 
syndrome and other infectious diseases. 
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Immunotherapy of patients with cancer requires 
the in vivo generation of large numbers of 
highly reactive antitumor lymphocytes that are 
not restrained by normal tolerance mechanisms 
and are capable of sustaining immunity against 
solid tumors. Immunization of melanoma pa- 
tients with cancer antigens can increase the 
number of circulating CD8+ cytotoxic T lym- 
phocyte precursor cells (pCTLs), but to date 
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this has not correlated with clinical tumor re- 
gression, suggesting a defect in function or 
activation of the pCTLs (1). 

Adoptive cell transfer therapies provide 
the opportunity to overcome tolerogenic 
mechanisms by enabling the selection and 
activation of highly reactive T cell sub- 
populations and by manipulation of the host 
environment into which the T cells are 
introduced. However, prior clinical trials, 
including the transfer of highly active an- 
titumor T cell clones, failed to demonstrate 
engraftment and persistence of the trans- 
ferred cells (2-5). Lymphodepletion can 
have a marked effect on the efficacy of T 
cell transfer therapy in murine models (6- 
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9) and may depend on the destruction of 
regulatory cells, disruption of homeostatic 
T cell regulation, or abrogation of other 
normal tolerogenic mechanisms. 

To determine whether prior lymphodeple- 
tion might improve the persistence and function 
of adoptively transferred cells, 13 HLA-A2+ 
patients with metastatic melanoma received im- 
munodepleting chemotherapy with cyclophos- 
phamide and fludarabine for 7 days before the 
adoptive transfer of highly selected tumor-reac- 
tive T cells and high-dose interleukin-2 (IL-2) 
therapy (10) (Table 1). These patients all had 
progressive disease refractory to standard ther- 
apies, including high-dose IL-2, and eight pa- 
tients also had progressive disease despite ag- 
gressive chemotherapy. The patients received 
an average of 7.8 X 1010 cells (range, 2.3 X 
1010 to 13.7 x 1010) and an average of nine 
doses of IL-2 (range, 5 to 12 doses). The T cells 
used for treatment were derived from tumor- 
infiltrating lymphocytes (TILs) and were rap- 
idly expanded in vitro (11). All cultures were 
highly reactive when stimulated with an HLA- 
A2+ melanoma or an autologous melanoma 
cell line (Table 1 and table S1). 

Six of the 13 patients had objective clin- 
ical responses to treatment and four others 
demonstrated mixed responses, with signifi- 
cant shrinkage of one or more metastatic 
deposits (11). Objective tumor regression 
was seen in the lung, liver, lymph nodes, and 
intraperitoneal masses and at cutaneous and 
subcutaneous sites. Five patients, all with 
evidence of concomitant cancer regression, 
demonstrated signs of autoimmune melano- 
cyte destruction, including four patients with 
vitiligo and one patient with anterior uveitis 
(Table 1). All patients recovered from treat- 
ment with absolute neutrophil counts greater 
than 500/mm3 by day 11 after T cell infusion 
but with slower recovery of CD4+ cells, as 
expected after fludarabine therapy (12). 

To investigate the function and fate of the 
transferred T cell populations, T cell receptor 
(TCR) expression was examined using a pan- 
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