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Treatment of cerebral ischemia by disrupting ischemia-
induced interaction of nNOS with PSD-95

Li Zhou'»>, Fei Li*»’, Hai-Bing Xu!®, Chun-Xia Luo'?, Hai-Yin Wu'?, Ming-Mei Zhu'!, Wei Lu*, Xing Ji?,

Qi-Gang Zhou!* & Dong-Ya Zhu'-3

Stroke is a major public health problem leading to high rates

of death and disability in adults1:2. Excessive stimulation of
N-methyl-D-aspartate receptors (NMDARs) and the resulting
neuronal nitric oxide synthase (nNOS) activation are crucial

for neuronal injury after stroke insult3-7. However, directly
inhibiting NMDARs or nNOS can cause severe side effects
because they have key physiological functions in the CNS5:8-12,
Here we show that cerebral ischemia induces the interaction

of nNOS with postsynaptic density protein-95 (PSD-95).
Disrupting nNOS-PSD-95 interaction via overexpressing the
N-terminal amino acid residues 1-133 of nNOS (nNOS-N;_;;3)
prevented glutamate-induced excitotoxicity and cerebral
ischemic damage. Given the mechanism of nNOS-PSD-95
interaction, we developed a series of compounds and discovered
a small-molecular inhibitor of the nNOS-PSD-95 interaction,
ZL0O06. This drug blocked the ischemia-induced nNOS-PSD-95
association selectively, had potent neuroprotective activity

in vitro and ameliorated focal cerebral ischemic damage in
mice and rats subjected to middle cerebral artery occlusion
(MCAO) and reperfusion. Moreover, it readily crossed the blood-
brain barrier, did not inhibit NMDAR function, catalytic activity
of nNOS or spatial memory, and had no effect on aggressive
behaviors. Thus, this new drug may serve as a treatment for
stroke, perhaps without major side effects.

PSD-95 is a scaffolding protein that binds both NMDARs and nNOS
at excitatory synapses and assembles them into a macromolecular
signaling complex!>!4, Activation of nNOS depends on its association
with PSD-95 and on NMDAR-mediated calcium influx®. It is known
that nNOS contributes to glutamate-induced neuronal death”. Brain
nNOS exists in particulate and soluble forms'> and is distributed
mainly in the cytosol'®. nNOS is targeted to membranes by bind-
ing to syntrophin, PSD-95, PSD-93 or synapse-associated protein-90
(ref. 17). Neurons lacking PSD-95 or nNOS show reduced excitotoxic
vulnerability'8. Notably, the solubility of nNOS is decreased after
ischemia!®. As membrane-associated protein complexes are generally
insoluble?, we wondered whether ischemia-induced neuronal death
is caused by NMDAR-dependent nNOS translocation from cytosol

to membrane via nNOS-PSD-95 interaction. If so, disrupting the
ischemia-induced nNOS-PSD-95 interaction may be a strategy to
treat stroke that not only prevents ischemic damage but also avoids
the undesirable effects of directly blocking NMDAR function and
inhibiting nNOS activity.

To address this hypothesis (Fig. 1a), we performed coimmuno-
precipitation experiments with the ipsilateral cortices of mice sub-
jected to MCAO and 24-h reperfusion. Ischemia caused a significant
increase in nNOS-PSD-95 complex (Fig. 1b). To determine whether
the nNOS-PSD-95 interaction is related to NMDAR activation, we
treated cultured neurons with glutamate and glycine (Glu-Gly).
Reciprocal coimmunoprecipitations showed that the treatment
promoted nNOS-PSD-95 interaction (Fig. 1c,d). The increase in
the nNOS-PSD-95 complex was not due to nNOS overexpression
because ischemia reduced nNOS expression (Fig. 1e). Moreover, the
NMDAR-2B (NR2B)-specific antagonist Ro25-6981 or Tat-NR2B9c,
a peptide that uncouples PSD-95 and NR2B (ref. 13), decreased the
amount of nNOS-PSD-95 complex in the cultured neurons treated
with Glu-Gly (Supplementary Fig. 1), suggesting a role for NMDAR-
dependent signaling in inducing nNOS-PSD-95 interaction.

To explore whether NMDAR activation provokes nNOS trans-
location from cytosol to membrane, we examined nNOS amounts in
the membrane and cytosol fractions of cultured neurons treated with
Glu-Gly. The treatment increased nNOS abundance in the membrane
fraction (Fig. 1f), decreased nNOS abundance in the cytosol fraction
(Fig. 1g), had no effect on total amounts of nNOS (nNOS / B-actin:
0.769+0.051 (Mg?*-free Locke’s buffer) versus 0.777 £ 0.75 (Glu-Gly),
n =3, P> 0.05) and enhanced nNOS immunofluorescence intensity
in the membrane of neurons (Fig. 1h). The nNOS translocation may
have a key role in cerebral ischemia because nNOS was necessary for
NMDAR-dependent neuronal death (Supplementary Fig. 2).

To examine whether disrupting the nNOS-PSD-95 interaction
prevents cerebral ischemic injury, we generated a lentiviral vector that
selectively expresses nNOS-N _, .., a region crucial for nNOS-PSD-
95 interaction?!22, and named it LV-nNOS-N, _,5,-GFP. LV-nNOS-
N, _,35;-GFP effectively infected neurons and produced considerable
nNOS-N, 4, peptides in vitro (infection efficiency: ~82%) (Fig. 2a,b)
and in the cortex of C57BL/6 mice (Fig. 2¢,d). Coimmunoprecipitation
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Figure 1 Glutamate-induced nNOS translocation from cytosol to plasma membrane via its binding to PSD-95. (a) The hypothesis: cerebral ischemia may induce
the translocation of NNOS from cytosol to membrane via NNOS-PSD-95 interaction, and blocking the interaction by drugs may hinder the nNOS translocation, thus
reducing ischemic injury following stroke. (b—d) Coimmunoprecipitation experiments. Samples were immunoprecipitated (IP) and analyzed by western blotting (WB)
with the indicated antibodies (top), and the data were quantified (bottom, n = 3). (b) nNOS-PSD-95 complex amounts in the cortex after ischemia and reperfusion.
(c,d) nNOS-PSD-95 complex amounts in neurons after NMDAR overstimulation, as determined by reciprocal coimmunoprecipitation. (e) Immunoblots showing
nNOS amounts in the cortex after ischemia and reperfusion (top) and quantification of the data (bottom, n = 3). (f,g) nNOS content in membrane fractions (f) and
cytosol fractions (g) in neurons after NMDAR overstimulation. Representative immunoblots (top) and quantification of these data (bottom, n= 3). (h) Representative
nNOS immunofluorescence in glutamate- and vehicle-treated neurons (red, nNOS; green, B-111-tubulin; blue, Hoechst). Scale bar, 5 um. Ischemia and reperfusion:
mice were subjected to MCAO for 90 min and reperfusion for 30 min. NMDAR overstimulation: cultured cortical neurons were treated with 50 pM glutamate with
10 uM glycine for 30 min. Values are means £s.e.m., *P< 0.05, **P< 0.01, ***P < 0.001, versus sham in b and e and versus vehicle in ¢, d, fand g.

experiments showed that LV-nNOS-N, ,,,-GFP significantly Fig. 3a) at day 5 after infections. Next, we infused LV-nNOS-N,_, ;-
decreased the amount of nNOS-PSD-95 complex in cultured neurons ~ GFP into the right cortex of mice. Five days later, we induced ischemia
treated with Glu-Gly (Fig. 2e) and in the ischemic cortex (Fig. 2f)  in the right hemisphere by MCAO and tested neurological outcome
and had a weak effect in the nonischemic cortex (Supplementary and infarct size at 24 and 24.5 h after reperfusion, respectively.
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Figure 3 Effects of target compounds on
nNOS-PSD-95 interaction. (a) Structures of
target compounds. nindicates the number of
CH,. (b) Structure of ZLO06. (c,d) Coimmuno-
precipitation experiments showing the effect of
ZLL006 on nNOS-PSD-95 interaction. Samples
were immunoprecipitated and analyzed by
western blotting with the indicated antibodies
(top), and the data were analyzed (bottom).

(c) nNOS-PSD-95 complex amounts in the cortex
of mice subjected to 90 min MCAO and 30 min
reperfusion (n = 3). (d) nNOS-PSD-95 complex
amounts in neurons exposed to 50 uM glutamate
with 10 uM glycine for 30 min (n = 3). (e) Effects
of ZLOO6 on nNOS amounts in the membrane
fraction of cultured cortical neurons exposed to

50 uM glutamate with 10 uM glycine for 30 min
(n=3). (f) Structure-activity relationship of
representative compounds. IC5, of compounds was
measured in cultured cortical neurons exposed to
50 uM glutamate with 10 uM glycine for 30 min.
N, no effect. Coimmunoprecipitation experiments
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were performed in organotypic hippocampal slice
cultures (OHSCs) exposed to 25 uM NMDA for
24 h (Supplementary Fig. 13). Compounds
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exposure. Similar results were observed in each
of three experiments. Values are means +s.e.m.,
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logical deficit (Fig. 2i). The mortality was 6/14
and 2/10 mice for LV-GFP control and LV-
nNOS-N,_,,;-GFP, respectively, indicating an amelioration of ischemic
injury. Moreover, LV-nNOS-N| _,;,-GFP reduced lactate dehydrogenase
release from cultured neurons treated with Glu-Gly (Fig. 2j).

To develop small molecules suitable for clinically treating stroke
by disrupting the ischemia-induced nNOS-PSD-95 interaction, we
focused on the mechanism for nNOS-PSD-95 PDZ dimer formation.
A salt bridge between Asp62 on the nNOS PDZ domain and Argl21
on the nNOS B-finger domain is structurally required for the nNOS
B-finger, which interacts with PSD-95. Disruption of this intra-nNOS
salt bridge melts down the -finger structure and prevents its interaction
with PSD-95. Moreover, residues Leul07 to Phel11 on the B-finger are
crucial for conformational changes induced by its binding to PSD-95
PDZ2 (ref. 22). We thus designed and synthesized a series of compounds
with a hydrophobic ring A and a hydrophilic ring B with a carboxyl
group. To enhance their flexibility, we designed a linker connecting
rings A and B (Fig. 3a). These compounds may bind the B-finger via
forming an ionic bond between their carboxyl group and the amino
group in Argl21 and forming a hydrophobic bond between their ring
A and Leul07 or Phelll, thus hindering the conformational change
of nNOS PDZ.

We obtained several compounds that prevented glutamate-induced
excitotoxicity in vitro. Among them, [5-(3,5-dichloro-2-hydroxy-
benzylamino)-2-hydroxybenzoic acid], which we named ZL006
(Fig. 3b), was the most potent. Its structure was confirmed by 'H
nuclear magnetic resonance, !*C nuclear magnetic resonance,
mass spectrometry and infrared spectra (Supplementary Table 1).
Coimmunoprecipitation experiments with the cortices of mice sub-
jected to MCAO and 24 h reperfusion showed that pretreatment with

Z1.006 (1.5 mg per kg body weight intravenously (i.v.), 15 min before
MCAO) inhibited the ischemia-induced increase in nNOS-PSD-95
complex (Fig. 3c). Moreover, ZL006 significantly reduced nNOS-
PSD-95 complex (Fig. 3d) and membranous nNOS abundance
(Fig. 3e) in neurons treated with Glu-Gly. ZL006 had a weak effect
on nNOS-PSD-95 interaction (Supplementary Fig. 3b) and did not
change nNOS expression (nNOS / B-actin: 0.961 £ 0.133 (vehicle)
versus 1.051 £0.133 (ZL006), n = 3, P> 0.05) in nonischemic cortex.
These findings suggest that ZL006 disrupts the nNOS-PSD-95 inter-
action in vitro and in vivo.

To examine whether ZL006 is specific for nNOS-PSD-95, we
investigated its effects on nNOS-C-terminal PDZ domain ligand of
nNOS, PSD-95-synaptic Ras GTPase-activating protein-1 and NR2B-
PSD-95 interactions in the ischemic cortices. The drug did not affect
these PDZ-mediated protein-protein interactions (Supplementary
Fig. 4a—c). Moreover, disruption of the glutamate-induced nNOS-
PSD-95 binding by ZL006 cannot be explained by its targeting of
AMPA-type glutamate receptors because the AMPA receptor anta-
gonist CNQX had a very weak effect on nNOS-PSD-95 interaction
and did not potentiate the effect of ZL006 (Supplementary Fig. 4d).

To establish the structure-activity relationship of the compounds we
screened, we measured their effects on NMDA-induced lactate dehydro-
genase release and nNOS-PSD-95 interaction. The half-maximal
inhibitory concentration (IC,,) values of these compounds were in
accordance with their effects on NMDA-induced nNOS-PSD-95
binding (Fig. 3f). The carboxyl group at R,, the hydroxyl group at
R, and the length of linker between rings A and B were crucial for
their activities.
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Figure 4 ZLOO6 prevents NMDAR-dependent excitotoxicity and cerebral ischemia. (a) NO synthesis in cultured neurons exposed to 50 uM glutamate
with 10 uM glycine for 30 min. Imaging of NO synthesis (left) and summarized data (right, n = 3). Scale bar, 40 um. (b) Lactate dehydrogenase release
from cultured neurons exposed to 50 uM glutamate with 10 uM glycine for 30 min. Morphological changes of neurons (left) and summarized data
(right, n = 3). Scale bar = 60 um. (c-h) Effects of ZLOO6 on cerebral ischemia in mice subjected to 90 min MCAO and reperfusion. Neurological score
and infarct size were measured at 24 and 24.5 h, respectively, after reperfusion. (c) Representative of triphenyltetrazolium chloride—stained slices.
(d,e) Dose-effect relationship experiments (n = 7-9). ZLOO6 or vehicle was administrated at 1 h after reperfusion. (d) Infarct size. (e) Neurological
score. (f-h) Therapeutic window experiments (n = 8-10). Vehicle was given at 1 h after reperfusion. (f) Infarct size. (g) Neurological score. (h) Mortality.
(i,j) Effects of ZLOO6 on cerebral ischemia in rats subjected to 120 min MCAO and 96 h reperfusion. ZLOO6 or vehicle was administered 1 h after
reperfusion (n=8-11). (i) Infarct size. (j) Neurological score. Values are means +s.e.m., *P < 0.05, **P< 0.01, ***P < 0.001 versus control in a and
b and versus sham in d—j; #P < 0.05, #P < 0.01, ##P < 0.001 versus vehicle.

We next investigated the effect of ZL006 on nitric oxide (NO) syn-
thesis and lactate dehydrogenase release in cultured neurons treated
with Glu-Gly. ZL006 inhibited NMDAR-dependent NO synthesis in
a concentration-dependent manner (Fig. 4a) and inhibited lactate
dehydrogenase release with an IC, of 8.2 x 1078 M, and it also ame-
liorated morphological changes (Fig. 4b), suggesting a neuroprotective
effect. To examine whether ZL006 has benefits in cerebral ischemia,
we treated MCAO mice with ZL006 (i.v.) at 1 h after reperfusion
and tested neurological outcome and infarct size at 24 and 24.5 h
after reperfusion, respectively. ZL006 reduced infarct size (Fig. 4c,d)
and neurological deficit (Fig. 4e) in a dose-dependent manner. The
mortality was 3/10, 3/10, 2/10 and 1/10 mice for vehicle and 0.375,
0.75 and 1.5 mg per kg body weight ZL006, respectively. To examine
the therapeutic window, we treated MCAO mice with ZL006 (1.5 mg
per kg body weight) at 1, 3 or 5 h after reperfusion. When given at
1 or 3 h, ZL006 reduced infarct size (Fig. 4f), neuroscore (Fig. 4g) and
mortality (Fig. 4h). Moreover, ZL006 (1.5 mg per kg body weight, i.v.,
1 h after reperfusion) substantially reduced infarct size and neuro-
score of rats subjected to 120 min of MCAO and 96 h of reperfusion
(Fig. 4i,j). In normal rats, ZL006 crossed the blood-brain barrier
readily and did not change cerebral blood flow, platelet aggregation
or bleeding time (Supplementary Figs. 5-7). In ischemic rats, ZL006
did not change body weight, arterial blood pressure, P,O,, P,CO,,
pH and rectal temperature (Supplementary Table 2). In addition,
71006 did not inhibit NMDAR, excitatory postsynaptic currents and
nNOS activity (Supplementary Figs. 8 and 9). Because ZL006 was
ineffective against NMDAR-dependent lactate dehydrogenase release
from cultured NosI~/~ neurons (lacking nNOS) and against ischemic

injury in NosI™/~ mice (Supplementary Fig. 10a,b), it seems that
nNOS is required for its neuroprotective effects. Moreover, ZL006
was ineffective against staurosporine-induced neuronal death in the
presence of Ro25-6981, suggesting its specificity for NMDAR-
mediated neuronal death (Supplementary Fig. 10c).

nNOS inhibition has proved to impair learning and memory
Accordingly, we investigated a possible effect of ZL006 on spatial
memory in mice. ZL006 did not change the acquisition of a spatial
water maze task, although the nNOS inhibitor 7-NI markedly
decreased spatial memory (Supplementary Fig. 11). Additionally,
NosI~/~ mice displayed excessive aggressiveness?>. We thus investi-
gated a possible effect of ZL006 on aggressive behaviors in mice and
found no such effect (Supplementary Fig. 12).

Despite the ubiquity of PDZ domain-containing proteins, PSD-95 and
nNOS above any others are key in NMDAR-dependent excitotoxicity!8.
Ischemia induces translocation of nNOS from the cytosol to the cell
membrane. The translocation may place nNOS adjacent to other PSD-95
ligands, such as the NR2 subunit of NMDARs®, and account for NMDAR-
dependent cerebral ischemic injury?*. Blocking the nNOS transloca-
tion by dissociating nNOS and PSD-95 with LV-nNOS-N, _,,,-GFP
or ZL006 ameliorated cerebral ischemic damage in this study.

NMDAR dysfunction is implicated in multiple brain disorders
Selective NMDAR antagonists produce severe side effects, includ-
ing cognitive problems, hallucinations and even coma!®?728, The
inhibition of nNOS impairs learning and memory'>!2 and produces
aggressive behavior?. In humans, abnormal NOS and NO metabo-
lism is implicated in the pathogenesis and pathophysiology of some
neuropsychiatric disorders®’. ZL006 did not inhibit nNOS catalytic

11,12

25,26
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activity and NMDAR function, and it had no effect on aggressive
behavior and spatial memory. Thus, this drug may treat stroke with-
out major side effects.

METHODS

Methods and any associated references are available in the online version
of the paper at http://www.nature.com/naturemedicine/.

Note: Supplementary information is available on the Nature Medicine website.
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ONLINE METHODS

Animals. The experimental protocol was approved by the Institutional Animal
Care and Use Committee of Nanjing Medical University. We made every effort
to minimize the number of mice used and their suffering. In this study, we used
homozygous nNOS-deficient mice (NosI1~/~ mice; C57BL/6;129-Nos1!"1P1h)
and their wild-type littermates of similar genetic background (B6129SF2)
(from Jackson Laboratories, and maintained at Model Animal Research Center
of Nanjing University), young-adult male (6-7 weeks old) C57/BL/6 mice and
Sprague-Dawley rats (9-10 weeks old or 10 days old). We maintained animals
at controlled temperature (20 + 2 °C) and group housed them (12-h light-dark
cycle) with access to food and water ad libitum.

Cell culture and glutamate treatment. We prepared and maintained primary
cultures of cortical neurons from postnatal day 0 C57BL/6 mice, Nos1~/~ and
wild-type mice as described previously®!. Neurons used were cultured for 7-9 d
in vitro. To induce NMDAR-dependent excitotoxicity, we briefly rinsed cells
in Mg?*-free Locke’s buffer (154 mM NaCl, 5.6 mM KCI, 3.6 mM NaHCO,,
1.3 mM CaCl,, 5.6 mM p-glucose and 5 mM HEPES, pH 7.4) and placed them
in the same buffer with 50 uM glutamate and 10 uM glycine for 30 min.

Imaging of nitric oxide synthesis by confocal microscopy. NO synthesis in
the cortical neurons was visualized with a cell-permeable fluorescent precur-
sor, DAF-FM (4-amino-5-methylamino-2,7-difluorofluorescein) diacetate
(Calbiochem). Inside cells, this is hydrolyzed by cytosolic esterases to nonper-
meable DAF-FM. In the presence of nitric oxide and oxygen, the relatively non-
fluorescent DAF-FM is converted into the highly fluorescent and photostable
triazole form, DAF-FM T, whose fluorescence intensity is directly proportional
to the NO concentration. The spectra of the adduct of DAF-FM is independent
of pH, and the lowest detection limit of NO by this fluorochrome is 3 nM?32.

Membrane protein fraction extraction. We extracted membrane protein frac-
tions of cortical neurons with the Mem-PER Eukaryotic Membrance Protein
Extraction Reagent Kit (Pierce) as described previously3. The Supplementary
Methods contain more details.

Surgical preparation, infarct volume measurement and neuroscore assess-
ment. We induced focal cerebral ischemia in mice and rats by MCAO and
reperfusion (Supplementary Fig. 14) and performed neuroscore assessment
and infarct volume measure as described previously>*. The Supplementary
Methods contain more details.

Coimmunoprecipitation. Cultured neurons, organotypic hippocampal slice
cultures (OHSCs) or the cortices of mice were lysed and centrifuged. We pre-
incubated the supernatant with protein G-Sepharose beads (Sigma-Aldrich)
and then centrifuged to obtain the target supernatant. We incubated antibody-
conjugated protein G-Sepharose beads with the target supernatant, centrifuged,
washed and heated the beads to elute bound proteins and analyzed proteins by
immunoblotting. The Supplementary Methods contain more details.

Lentivirus production and stereotaxic injection. We amplified the coding
sequence of nNOS-N, _, .5 (N-terminal amino acid residues 1-133 of nNOS)
by RT-PCR and ligated them into the pGC-FU plasmid (Shanghai GeneChem)
to produce pGC-FU-nNOS-N, _, ;5. As a control, we also generated a lentiviral
vector that expresses GFP alone (LV-GFP). We carried out cortical injection of
LV-nNOS-N, _,,.-GFP or LV-GFP with a stereotaxic instrument (World Precision
Instruments). At day 5 after injection, we induced focal cerebral ischemia in
mice by MCAO and reperfusion and performed neuroscore assessment and
infarct volume measurements at 24 and 24.5 h after reperfusion, respectively.
The Supplementary Methods contain more details.

Synthesis of target compounds. We synthesized ZL006 as follows: we dissolved
3,5-dichloro-2-hydroxybenzaldehyde (3.82 g) or 4-aminosalicylic acid (3.06 g)
in 50 ml ethanol (20 mM), mixed them and refluxed for 30 min, and then cooled
to room temperature (22-25 °C). We isolated precipitated solid by filtering the
reaction mixture and dried it under infrared light. We suspended the intermedi-
ate in 50 ml ethanol and added NaBH, (1.5 g) to the suspension at 0-5 °C. We
stirred the mixture for 30 min and refluxed for 30 min. We added H,O (50 ml)
to the reaction mixture to remove residual NaBH, We adjusted the reaction
mixture to pH 3-4 with concentrated hydrochloric acid and then concentrated
it to ~50 ml by rotary evaporation and cooled to room temperature. We isolated
the solid by filtration and dried it at 50 °C for 8 h to get a pure product ZL006 at
80.2% yield. We synthesized other target compounds by a similar process.

Statistical analyses. Data are presented as means * s.e.m. The significance
of differences was determined by one-way analysis of variance followed by
Scheffe’s post hoc test. When two factors were assessed, the significance of dif-
ferences was determined by two-way analysis of variance. x? test was used to
compare the mortality of animals between groups. Differences were considered
significant when P < 0.05.

Additional methods. Detailed methodology, including behavioral testing,
electrophysiological recordings, morphological analysis of cortical neurons,
cell viability assays, western blot analysis, NOS activity assay, preparation
and maintenance of OHSCs, ZL006 concentration determination in blood,
cerebrospinal fluid and brain tissue, platelet aggregation and bleeding time
measures, is described in the Supplementary Methods.
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