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Abstract In the central nervous system, nitric oxide (NO),
a free gas with multitudinous bioactivities, is mainly pro-
duced from the oxidation of L-arginine by neuronal nitric
oxide synthase (nNOS). In the past 20 years, the studies in
our group and other laboratories have suggested a signifi-
cant involvement of nNOS in a variety of neurological and
neuropsychiatric disorders. In particular, the interactions
between the PDZ domain of nNOS and its adaptor proteins,
including post-synaptic density 95, the carboxy-terminal
PDZ ligand of nNOS, and the serotonin transporter, signifi-
cantly influence the subcellular localization and functions
of nNOS in the brain. The nNOS-mediated protein-protein
interactions provide new attractive targets and guide the dis-
covery of therapeutic drugs for neurological and neuropsy-
chiatric disorders. Here, we summarize the work on the roles
of nNOS and its association with multiple adaptor proteins
on neurological and neuropsychiatric disorders.
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Introduction

Three genetically different isoforms of nitric oxide synthase
(NOS), namely neuronal NOS (nNOS or NOS-I), inducible
NOS (iNOS or NOS-II), and endothelial NOS (eNOS or
NOS-III), account for nitric oxide (NO) production [1].
nNOS, a Ca?*-dependent constitutive synthase, is mainly
expressed in neurons and is strictly regulated by N-methyl-
D-aspartate receptor (NMDAR)-mediated changes in the
concentration of intracellular Ca®* [2]. In the central nerv-
ous system (CNS), nNOS functions by producing NO and
peroxynitrite [ 1-4]. Different from its isoenzymes iNOS and
eNOS, the nitrogen terminal of nNOS contains PDZ (spot-
synchronous density protein, discs-large, ZO-1) domains,
an additional N-terminal extension mostly involved in spe-
cific subcellular targeting [5] (Fig. 1). Proteins with PDZ
domains, such as postsynaptic density-95 (PSD-95), can
directly bind to nNOS via PDZ/PDZ interaction [1, 2]. The
docking of the last 3 residues at the C-terminus of the pep-
tide ligand into a binding pocket constituted by the aB helix
and BB fold of the PDZ domain is the canonical PDZ/PDZ
interaction [6]. However, the core PDZ domain of nNOS is
not itself the binding partner of PSD-95-type PDZ domains
[7, 8]. In other words, the interaction between nNOS and
PSD-95 is not a canonical PDZ/PDZ interaction. nNOS
PDZ has a peptide-binding groove between a § sheet and an
o helix [6]. Apart from nNOS-PSD-95 coupling, the PDZ
domain of nNOS also binds to NOS1AP (nNOS adaptor pro-
tein, previously termed CAPON: C-terminal PDZ-domain
ligand of neuronal NOS) in neurons via peptide/PDZ inter-
action [9]. Although the C-terminal sequence of CAPON
is not completely consistent with the Asp/Glu-X-Val motif,
an optimal nNOS PDZ binding sequence [10], it binds to
the same pocket of the nNOS PDZ domain [11]. Seroton-
ergic signaling is critically regulated by the reuptake of
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Fig.1 Domain structure of human nNOS. PDZ domains, oxygenase,
and reductase are denoted by solid boxes in different colors, and the
amino-acid residue number is shown at the start/end of each domain.
Sequence locations of the N-terminal hairpin loop, heme-binding
cysteine (C415), the caveolin binding consensus sequence, and the

5-HT via the serotonin transporter (SERT). Recently, it has
been demonstrated that the C-terminal sequence of SERT is
another nNOS PDZ binding motif, and the physical inter-
action between nNOS and SERT controls the cell surface
localization and activity of SERT [3]. Moreover, nNOS also
interacts with clathrin assembly lymphoid leukemia, Ca>*/
calmodulin-dependent protein kinase II alpha, Disks large
homolog 4, DLG2, 6-phosphofructokinase (muscle type),
syntrophin, and dynein light chain [2]. In the past 20 years,
our group has investigated the roles of nNOS and its cou-
pling proteins in stroke, major depressive disorder (MDD),
generalized anxiety disorder (GAD), post-traumatic stress
disorder (PTSD), Alzheimer’s disease (AD), and chronic
pathological pain, and revealed several new therapeutic
targets and discovered several innovative candidate drugs
[12-17], among which, ZL.006-05 is going through a phase
II clinical trial (sFDA, Registration No: CTR20221109,
http://www.chinadrugtrials.org.cn/clinicaltrails.searchlist
detail.dhtml).

nNOS and stroke

Stroke is a major public health problem leading to high rates of
death and disability in adults. Among strokes, ischemic stroke
accounts for >70% [18]. After a stroke, iNOS is expressed in
the brain of rodents and humans and participates in the delete-
rious effects of inflammation [19]. Animal studies suggest the
existence of the ischemic penumbra, a brain region that is des-
tined to die with time due to reduced cerebral blood flow [20].
The time-dependent enlargement of infarct volume after stroke
suggests that more and more ischemic penumbra is recruited
into infarction with elapsing time. More recently, penumbral
identification imaging studies have verified the progression of
the ischemic core at the expense of the penumbra [21]. Thus,
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putative CaM autoinhibitory loop are noted. The structural organi-
zation of iINOS and eNOS are similar to nNOS except that they do
not contain a PDZ domain and the iNOS reductase domain lacks
the CaM autoinhibitory loop. The possible binding sites of SERT,
CAPON, and PSD-95 with nNOS PDZ are indicated.

the salvage of ischemic penumbra by pharmacological agents
or physical means is a key therapeutic strategy for ischemic
stroke. However, the precise pathophysiological mechanisms
underlying the recruitment of the ischemic penumbra into
infarction remain to be clarified. Our study suggested that
cerebral ischemia-induced iNOS expression is involved in the
recruitment of penumbra into infarction after stroke in mice
[22], and curcumin, the active ingredient of the Curcuma longa
plant, can prevent cerebral ischemic injury by inhibiting the
expression of iNOS in rats [23]. Therefore, inhibition of iNOS
expression or activity may stop or slow the recruitment of the
penumbra into infarction and may offer a valuable therapeutic
strategy to selectively target the delayed phase of the dam-
age. At the same time, however, we found that the ischemia-
induced iNOS expression is necessary for neurogenesis [22,
24], implicating it in brain repair after stroke. The double
faces of iNOS make the prospect of iNOS inhibitors in the
treatment of stroke dim. The use of nNOS inhibitors or nNOS
knockout (KO) ameliorates cerebral ischemic damage in mice
[25, 26]. Moreover, nNOS inhibition not only has a very sig-
nificant protective effect against stroke [25] but also promotes
neurogenesis [27, 28]. After revealing that the activation of
cAMP response element binding protein (CREB) is necessary
for stroke-induced neurogenesis [29], we demonstrated that
nNOS-derived NO inhibits neurogenesis by down-regulating
CREB phosphorylation in the normal [30] and ischemic hip-
pocampus of rodents [31]. These studies suggest that nNOS is
an attractive target for stroke treatment.

nNOS and neuropsychiatric disorders
In addition to stroke, nNOS also plays a key role in neu-

ropsychiatric disorders, such as MDD and GAD. Neuropsy-
chiatric disorders are complex, heterogeneous disorders and
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rank among the top causes of disease burden and disability
worldwide [32, 33]. Increasing data suggest that life stress
leads to enhancement of nNOS expression and activity in
brain regions including the cortex, hippocampus, amygdala,
hypothalamus, dorsal raphe nucleus, striatum, basal ganglia,
and locus coeruleus, and selective nNOS inhibitors have
antidepressant-like and anxiolytic effects [4, 34]. Because
nNOS-derived NO exerts a negative control on the neuro-
genesis in the adult hippocampus [27, 28, 30] and hippocam-
pal neurogenesis is necessary for the behavioral effects of
antidepressants [35], we investigated whether nNOS regu-
lates depressive behaviors by affecting neurogenesis. We
found that nNOS KO or using an nNOS inhibitor in mice
reverses the chronic mild stress (CMS)-induced behavioral
despair and hippocampal neurogenesis impairment, and dis-
rupting hippocampal neurogenesis abolishes the antidepres-
sant effect of nNOS inhibition, implicating nNOS-mediated
neurogenesis impairment in MDD [36]. Moreover, our study
indicated that nNOS-derived NO downregulates hippocam-
pal glucocorticoid receptor expression through both soluble
guanylate cyclase/cGMP and peroxynitrite ONOO(-)/extra-
cellular signal-regulated kinase (ERK) signal pathways, and
thereby activates the hypothalamic-pituitary-adrenal axis
and leads to depressive behaviors in mice [37].

The serotonergic system has long been implicated in
the pathogenesis of MDD and GAD. Among the various
5-hydroxytryptamine (5-HT) receptor subtypes, the 5S-HT1A
receptor (5-HT1AR) has been predominantly implicated in
the modulation of anxiety-related behaviors [38]. We found
that hippocampal nNOS is a negative regulator of the anxio-
Iytic effects of 5S-HT1AR agonists and selective serotonin
reuptake inhibitors (SSRIs) [39]. A female preponderance
of MDD and GAD is universal and substantial, however,
the mechanisms underlying the female preponderance in
affective disorders are poorly understood. We revealed a
molecular mechanism underlying the sex difference in affec-
tive behaviors. The basal NO level in the hippocampus of
female mice is substantially lower than that in the male hip-
pocampus. CMS leads to excessive NO production in the
male hippocampus because of the upregulation of nNOS
by glucocorticoid release, whereas it causes a NO shortage
in the female hippocampus because of the downregulation
of nNOS by decreased estrogen. Importantly, the sex gap in
affective behaviors disappears when eliminating the differ-
ence in hippocampal NO levels between males and females
[40]. However, the mechanism underlying the sex differ-
ence in affective behaviors is complex and influenced by
various factors. Differences in immune function, the gene
co-expression networks, and amygdala activation patterns
and connectivity may also be possible causes of sex differ-
ences in MDD [41-45]. Although NO produced by nNOS in
the hippocampus is involved in sex differences in emotional
behavior, the actual reason for the lack of NO in the female

hippocampus remains to be further explored. Moreover, we
found that excitatory neurons in the posterior subregion of
the paraventricular thalamic nucleus (pPVT) drive chronic
pain-induced anxiety behaviors through the activation of
nNOS-expressing neurons in the ventromedial prefrontal
cortex (vimPFC), resulting in NO-mediated AMPAR traf-
ficking in vimPFC pyramidal neurons, suggesting that nNOS
is involved in chronic pain-induced anxiety behaviors [46].
More recently, we found that nNOS in the nucleus accum-
bens of mice specifically mediates susceptibility to social
defeat stress through cyclin-dependent kinase 5, which may
explain how the brain transduces social stress exposure into
depressive symptoms [47].

Long-term potentiation (LTP) contributes to certain
forms of learning and memory [48]. Inhibition of nNOS can
cause a major loss of LTP, particularly of late LTP in the hip-
pocampus [49]. Moreover, nNOS is involved in the LTP in
the stratum radiatum [50]. nNOS KO mice have major defi-
cits in the acquisition of contextual fear conditioning, social
behavior, nocturnal motor coordination, and remote spatial
memory [51-53], and display a large increase in aggressive
behavior and excessive, inappropriate sexual behavior [54].
These findings diminish the hope for nNOS inhibitors in
treating stroke and neuropsychiatric disorders.

nNOS-PSD-95 interaction and neurological
diseases

Because directly inhibiting nNOS may cause neurologi-
cal and affective problems, we turn our attention to how to
indirectly interfere with nNOS after stroke. Overstimula-
tion of NMDARs leads to cerebral ischemic damage, which
depends on NMDAR-mediated Ca*" influx and the associa-
tion of nNOS with PSD-95, a scaffolding protein at excita-
tory synapses [55, 56]. Because of the nNOS-PSD-95 inter-
action, a large amount of NO is produced within minutes
after ischemic stroke, resulting in a cascade of excitotoxicity
reactions [1, 2, 57]. Brain nNOS is distributed mainly in the
cytosol and is targeted to membranes by binding to PSD-
95 [1]. We thus hypothesized that stroke may induce the
translocation of nNOS from the cytosol to the membrane
via the nNOS-PSD-95 interaction, and the drugs dissociat-
ing nNOS-PSD-95 may hinder the nNOS translocation, and
thereby prevent stroke damage. The work of Zhou et al.
in our lab tested the hypothesis. We found that ischemia-
induced NMDAR overactivation provokes nNOS translo-
cation from cytosol to the membrane through the nNOS-
PSD-95 interaction, that the translocation is necessary for
NMDAR-dependent neuronal death, and that disrupting the
nNOS-PSD-95 interaction prevents cerebral ischemic injury
in mice and rats [58]. The key structural basis of nNOS-
PSD-95 association is an intra-nNOS salt bridge between
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Asp62 of the PDZ domain and Argl21 of the p-finger
domain, and residues Leul07 to Phelll on the p-finger
of nNOS contribute to conformational changes induced by
their binding to PSD-95 [8]. Based on this, we designed
and developed the small molecule nNOS-PSD-95 inhibitor
Z1.006. This drug can prevent ischemic stroke damage with-
out affecting NMDARs function and the catalytic activity of
nNOS, avoiding major side-effects of NMDARs antagonists
and nNOS inhibitors [58]. This finding opens up the possi-
bility that dissociating nNOS-PSD-95 with small-molecule
drugs and brings hope for clinical therapeutics for stroke.
To develop an nNOS-PSD-95 inhibitor with high affinity,
a cyclic nNOS f-hairpin mimetic peptide with natural and
unnatural amino-acids was recently designed [59]; this
may serve as a template for the development of strong anti-
stroke drugs. Moreover, using a humanized ischemic stroke
model in three-dimensional cerebral organoids derived from
human pluripotent stem cells, Miao’s group demonstrated
the beneficial effect of ZL006 [60]. Interestingly, a nano-
carrier based on liposome conjugated with T7 peptide and
stroke homing peptide allows the drug to easily penetrate
the blood-brain barrier to increase the distribution in the
brain and thereby enhance the anti-stroke effect of ZL.006
[61, 62]. These findings strengthen the clinical translation
potential of ZL006.

The mammalian brain has the ability to rewire itself to
restore lost functions. We investigated the role of nNOS-
PSD-95 association in brain repair after stroke and found
that nNOS derived from neurons and neural stem cells
bidirectionally regulates neurogenesis through CREB
signaling [63]. The nNOS-PSD-95 association nega-
tively controls neurogenesis and neuroregeneration via
upregulating histone deacetylase 2 (HDAC2), and block-
ing nNOS-PSD-95 during the repair phase improves the
stroke outcome by promoting regenerative repair in rats
[64]. In addition, we found that ZL.0O06 positively regulates
the fate of transplanted NSCs and benefits the functional
outcome after stroke in rats [65]. A narrow therapeutic
window limits current therapies for stroke patients. Our
studies showed that ischemia-induced HDAC2 upregu-
lation after stroke causes secondary functional loss by
reducing the survival and neuroplasticity of peri-infarct
neurons as well as augmenting neuroinflammation and
inhibiting HDAC?2 can promote functional recovery from
stroke in rodents, opening a new time window for its treat-
ment [66, 67]. We also showed that the ischemia-induced
nNOS-PSD-95 association in the peri-infarct area of mice
lasts at least until day 7 after stroke and the association
causes excessive tonic gamma-aminobutyric acid (GABA)
inhibition due to GABA release from reversed GABA
transporter-3/4 (GAT-3/4) in reactive astrocytes. Treat-
ment with ZL0O06 after stroke inhibits astrocyte activation
and GABA production, prevents the reversal of GAT-3/4,
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and consequently promotes functional recovery from
stroke [68]. In addition, a study has shown that ZL006 can
reverse the astrocyte impairment induced by the astrocytic
toxin l-alpha amino adipic acid and the consequent loss
of neuronal complexity and synapse loss [69]. Therefore,
nNOS-PSD-95 regulates functional and structural plastic-
ity via not only directly targeting neurons but also indi-
rectly targeting astrocytes.

In the acute phase of stroke, the surface expression
of GABA type A receptors (GABA ,Rs) is substantially
decreased due to their rapid nanoscale rearrangement, which
contributes to the lethal excitotoxicity, and ischemic neu-
ronal death can be attenuated by positive allosteric modu-
lation of GABA ,Rs [70-73]. The functions of GABA,Rs
are negatively regulated by nNOS-derived NO [13, 74]. We
thus developed the dual-target anti-stroke drug ZL006-05
that simultaneously disrupts nNOS-PSD-95 and potentiates
a2-containing GABA ,Rs. We showed that the administra-
tion of ZL006-05 in the acute phase of stroke attenuates
transient and permanent ischemic injury, and significantly
ameliorates long-term functional impairments. ZL006-05
has a treatment window of 12 h after ischemia, crosses the
blood-brain barrier and distributes into the brain rapidly,
and has a high safety profile in toxicokinetics and long-term
toxicological studies. Now, the drug is going through a phase
II clinical trial (Registration No: CTR20221109, http://www.
chinadrugtrials.org.cn/clinicaltrails.searchlistdetail.dhtml).
It not only prevents ischemic brain damage, but ZL006 also
benefits the outcome of traumatic brain injury (TBI). It has
been reported that ZL006 treatment after TBI significantly
reduces brain lesion volume, improves somatosensory,
motor, and memory deficits, and attenuates cognitive impair-
ment via inhibiting neuronal apoptosis and p38 MAPK sign-
aling [75].

Neuropathic pain can result from various disorders,
including postherpetic neuralgia, painful diabetic polyneu-
ropathy, spinal cord injury, stroke, and cancer, which are
usually severe and persistent. Overactivation of NMDARs
in the spinal dorsal horn in the setting of injury repre-
sents a key mechanism of neuropathic pain [76]. Although
short-term use of NMDAR antagonists has antinociceptive
efficacy in animal pain models and clinical practice by
reducing central sensitization, we found that chronically
blocking NMDARs aggravates central sensitization and
produces analgesic tolerance mainly due to the dimin-
ished inhibitory GABAergic synaptic transmission [77].
It has been reported that dissociation of nNOS-PSD-95
by ZL006 has an antinociceptive effect [78] and sup-
presses inflammation-evoked neuronal activation at the
level of the spinal dorsal horn [79]. However, our study
indicated that chronically dissociating nNOS from PSD-
95 leads to the dysfunction of GABA,Rs at the spinal
level and analgesic tolerance through the NO-mediated
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brain-derived neurotrophic factor (BDNF)-K-CI cotrans-
porter 2 pathway in rodents [77]. GABA,Rs in the brain
and spinal cord are heteropentameric ion channels com-
posed of two a, two P, and one y2 subunit. There are 4
o subunits in the mammalian CNS, al, o2, a3, and oS,
in which, al-containing GABA ,Rs mediate benzodiaz-
epines (BZDs)-associated side-effects, whereas a2- and
a3-containing GABA ,Rs are critical components of spinal
pain control [80]. Based on the finding that (+)-borneol, a
bicyclic monoterpene alcohol present in the essential oils
of numerous medicinal plants, selectively potentiates a2-
and o3-containing GABA ,Rs and prevents the analgesic
tolerance caused by the chronic use of the nNOS-PSD-95
blocker ZL006, we designed dual-target compounds that
simultaneously dissociate nNOS-PSD-95 and potentiate
a2 and/or a3 GABA , Rs. Among these compounds, we
found that ZL006-05 blocks nNOS-PSD-95 interaction
and selectively potentiates a2-containing GABA,Rs, a
specific subtype for spinal pain control. ZLLO06-05 reduces
segmental spinal nerve ligation (SNL)-induced mechanical
hyperalgesia and thermal pain, inhibits Freund’s adjuvant-
induced inflammatory pain, and more importantly, it does
not produce analgesic tolerance and unwanted side-effects
in rats [13]. Metastatic bone pain and chemotherapy-
induced peripheral neuropathic pain are the most com-
mon clinical symptoms in cancer patients. Interestingly,
Tao’s group found that ZL006-05 dose-dependently allevi-
ates the bone cancer pain induced by inoculating prostate
tumor cells and the peripheral neuropathic pain induced by
intraperitoneal injection of paclitaxel, without analgesic
tolerance and changes in basal/acute pain and locomotor
function [81], suggesting a new candidate for the manage-
ment of cancer pain and chemotherapy-induced peripheral
neuropathic pain.

To further unleash its therapeutic potential, we prepared
a ZL006-incorporated P407-based thermoresponsive inject-
able hydrogel and found that a single subcutaneous injection
of the hydrogel has a prolonged and stable analgesic action
in mice with SNL [82]. Hemorrhages within the thalamus
often lead to thalamic pain, a pain syndrome without effec-
tive therapeutics. Using an animal model of thalamic pain
prepared by microinjecting type IV collagenase into unilat-
eral ventral posterior medial/lateral nuclei of the thalamus, a
study has shown that ZI1.006 alleviates pain hypersensitivity
in mice, including mechanical allodynia, heat hyperalgesia,
and cold allodynia, in a dose-dependent manner [83]. Col-
lectively, nNOS-PSD-95 plays a significant role in mediat-
ing neuropathological, inflammatory, and bone cancer pain
and thalamic pain. Thus, nNOS-PSD-95 may be a promis-
ing therapeutic target in the clinical management of chronic
pain.

NMDAR-mediated excitotoxicity is widely accepted to be
a common mechanism for neuronal loss in neurodegenerative

diseases. Amyloid beta (Af)-induced neurotoxicity and
oxidative stress are critical for the pathogenesis of AD. It
has been reported that the nNOS-PSD-95 inhibitor ZL006
reduces AP1-42-induced neuronal damage and oxidative
stress through activating Akt/Nrf2/heme oxygenase-1 signal-
ing pathways [84]. Sirtuin-3 (SIRT3), an NAD+-dependent
protein deacetylase located in mitochondria, regulates mito-
chondrial functions, maintains cellular antioxidant status,
and plays a role in Parkinson’s disease (PD) [85, 86]. In an in
vitro PD model, ZL006 attenuates MPP*-induced neuronal
injury through Sirt3-mediated inhibition of mitochondrial
dysfunction [87], suggesting a novel class of therapeutics for
PD. Moreover, ZLLO06 protects spinal cord neurons against
ischemia through Sirt3-mediated inhibition of mitochondrial
dysfunction [88].

nNOS-PSD-95 interaction and neuropsychiatric
disorders

Exposure to stress stimulation increases c-FOS immuno-
reactivity in the lateral septum, paraventricular nucleus
of the hypothalamus, periaqueductal grey, dentate gyrus
(DG), and ventral CA1 of the hippocampus. Disruption of
nNOS-PSD-95 by ZL006 reduces the stress-induced c-FOS
immunoreactivity in the dorsal DG and ventral CA1 [89],
implicating hippocampal nNOS-PSD-95 in the modula-
tion of stress-related behaviors. It has been reported that
the nNOS-PSD-95 inhibitors ZL0O06 and IC87201 possess
antidepressant-like behavioral properties without effect on
locomotor activity, and more interestingly, different from
various traditional drugs, they have more immediate activ-
ity [90].

Social isolation (SI) was common during the COVID-19
pandemic and may enhance attack behavior in humans, but
lacks effective clinical management for the behavior so far. It
is known that nNOS inhibition can cause aggressive behav-
ior [54]. A recent study showed that the nNOS-PSD-95 path-
way mediates the SI-induced escalation of attack behavior
and the dissociation of nNOS-PSD-95 by ZL006 mitigates
SI-induced escalated attack behaviors in mice [91], suggest-
ing a promising therapeutic strategy for treating aggressive
behaviors.

Opioids are widely used in the clinic as analgesics with
strong effects, but their application is restricted by addic-
tion. Opioid abuse is a dramatic challenge for the whole of
society because of the high relapse rate. Overactivation of
NMDARs is implicated in altered forms of neural plasticity
in opioid addiction [92, 93]. Oliva et al. evaluated the impact
of a PSD95-nNOS inhibitor on the rewarding effects of mor-
phine and found that inhibition of PSD95-nNOS decreases
morphine reward and relapse-like behavior, highlighting a
novel therapeutic for the treatment of opioid addiction [94].
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Normal fear learning and memory allow animals to pre-
dict and avoid physical dangers but these mechanisms can
lead to symptoms of syndromes, such as PTSD, a neuropsy-
chiatric affective disorder that can result in excessive fear
and anxiety after exposure to or witnessing traumatic events
[95]. Fear conditioning causes a robust increase in nNOS-
PSD95 binding in the amygdala, the inhibition of nNOS-
PSD95 by systemic and direct intra-amygdala infusion
of ZL006 attenuates conditioned fear memory, and more
interestingly, unlike NMDAR antagonists, the administra-
tion of ZLL0O06 does not affect locomotion, social interac-
tion, object recognition memory, and spatial memory [96]
as well as source memory, a key feature of episodic mem-
ory in humans [97]. Fear renewal is defined as the return of
the conditioned fear responses after extinction. It has been
shown that S-nitrosylation of GluA1 in the lateral amygdala
is required for fear renewal and ZL.006 inhibits fear renewal
by reducing the S-nitrosylation [98]. Moreover, we have
shown that PSD-95-nNOS coupling can regulate contextual
fear extinction in the dorsal CA3 of mice [15]. Therefore,
these findings highlight PSD95-nNOS interaction as a novel
target for PTSD.

Pain consists of sensory and affective components.
Although the sensory component of pain has been clearly
explained at the molecular and neural circuit levels, the
neuronal mechanism underlying the effective component
of pain is still unknown. It has been reported that activa-
tion of glutamatergic transmission and subsequent nNOS-
PSD-95 interaction within the ventral part of the bed nucleus
of the stria terminalis mediates the negative affective com-
ponent of pain, and ZL006 dose-dependently suppressed
formalin-induced conditioned place aversion [99]. Chronic
pain patients often have GAD, and some of them suffer
from anxiety even after analgesic administration. We have
shown that administration of ZL006 significantly reduces
the S-nitrosylation of AMPAR-interacting proteins in the
vmPFC, resulting in anxiolytic-like effects in anxious mice
after ibuprofen treatment [100].

nNOS-CAPON interaction and neuropsychiatric
disorders

Anxiety disorders are among the most common psychiatric
illnesses, with core features including excessive fear and
anxiety or avoidance of perceived threats that are persis-
tent and impairing [101]. Anxiety disorders generally start
before or in early adulthood and cause significant suffering
and disability. Among children and adolescents, the lifetime
prevalence of anxiety disorders is estimated to be between
15% and 20% [102].

SSRIs and BZDs are the most commonly prescribed
anxiolytics. However, the severe side-effects of BZDs
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and the slow onset of SSRIs render their use problem-
atic [103]. CAPON, which has a phosphotyrosine-bind-
ing domain (PTB) at its N-terminal and a PDZ ligand
motif at its C-terminal, mediates the interactions with
dexamethasone-induced ras protein 1 (Dexrasl), scrib-
ble, and synapsin via PTB and binds to the nNOS PDZ
via a peptide/PDZ interaction [104]. The work of Zhu et
al. in our lab indicated that the nNOS-CAPON associa-
tion plays a critical role in emotional regulation and can
serve as a target for developing new anxiolytic agents
[17]. We found that augmenting nNOS-CAPON inter-
action in the hippocampus gives rise to anxiogenic-like
behaviors, whereas dissociating CAPON from nNOS
in the hippocampus produces anxiolytic-like effects in
mice. Animals subjected to CMS display a substantially
increased nNOS-CAPON interaction in the hippocampus
and a consequent anxiogenic-like phenotype. Uncoupling
nNOS-CAPON reverses the CMS-induced anxiogenic-
like behaviors. Dexras1-ERK signaling accounts for the
behavioral effects of the nNOS-CAPON association [17].
By analyzing how the C-terminal sequence of CAPON
binds to the pocket of the nNOS PDZ domain and the
chemical conformation of ValO of the C-terminal pep-
tide of CAPON affects the nNOS-CAPON interaction,
we designed and synthesized a series of compounds that
are derived from the condensation of dicarboxylic acids
with D- or L-valine methyl ester. Among them, ZLc-002
is a potent nNOS-CAPON blocker and it uncouples nNOS
and CAPON but not nNOS and PSD-95 and produces
significant anxiolytic-like effects in a rapid-onset man-
ner. Moreover, our follow-up study found that NF-kB in
the hippocampus mediates anxiogenic behaviors probably
via regulating the association of nNOS-CAPON-Dexras]
signaling in mice [105], and the nNOS-CAPON inhibitor
Z1c-002 produces anxiolytic effects by promoting syn-
aptogenesis in CMS-induced animal models of anxiety
[106]. Moreover, fluoxetine, a classical SSRI, activates
postsynaptic 5-HT1ARs, and in turn, disrupts the nNOS-
CAPON interaction in the DG, thereby modifying anxiety
behaviors in mice [107].

PTSD is a neuropsychiatric affective disorder that can
result in excessive fear and anxiety after exposure to or
witnessing traumatic events. Exposure therapy based on
extinction learning is the first-line treatment for PTSD.
However, fear extinction is relatively easy to learn but
difficult to remember; extinguished fear relapses under a
number of circumstances [108]. The consolidation of fear
extinction memory is a time-dependent process by which
recently learned safe memory is transformed into long-
term memory and is crucial for preventing the return of
fear memory. The consolidation of fear extinction requires
gene expression in the mPFC and amygdala, whereas the
consolidation of fear memory does it in the hippocampus
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and amygdala [109]. We showed that the nNOS-CAPON
blocker can prevent the return of extinguished fear extinc-
tion. Extinction learning-induced association of CAPON
with nNOS in the infralimbic (IL) subregion of the mPFC
negatively regulates extinction memory and dissociating
nNOS-CAPON can prevent the return of extinguished fear
in mice, suggesting a new target for treating PTSD [16].
NMDAR activation and ERK signaling upregulation in
the IL have been shown to be critical for the consolida-
tion of extinction memory [110, 111]. It is known that
the nNOS-CAPON association causes ERK dysfunc-
tion through Dexrasl nitrosylation [17]. We found that
NMDAR activation can induce nNOS-CAPON associa-
tion after extinction learning, resulting in ERK dysfunc-
tion and Dexras] nitrosylation in the IL of mice [16].
Thus, the role of NMDAR activation in the IL on the
consolidation of fear extinction memory is contradic-
tory: while NMDAR activation mediates the consolida-
tion of extinction memory, it diminishes the consolidation
of extinction memory via leading to ERK dysfunction,
which may explain why fear extinction is difficult to
remember.

The negative role of nNOS-CAPON in extinction con-
solidation also works in drug abuse. We found that the
nNOS-CAPON association in the dorsal hippocampus
blocks the consolidation of morphine-conditioned place
preference (CPP) extinction. Morphine CPP extinction train-
ing increases nNOS-CAPON interaction, and blocking the
morphine-induced nNOS-CAPON association during and
after extinction training prevents the reinstatement and spon-
taneous recovery of morphine CPP through ERK2-medi-
ated neuroplasticity and extinction memory consolidation
in mice, revealing a target to prevent the reinstatement of
drug abuse [112].

A growing number of studies have demonstrated that
ketamine has a rapid and sustained antidepressant action.
Recently, it has been reported that ketamine may improve
depressive behavior by reducing nNOS expression and
enhancing CAPON and Dexras1 expression in rats [113].
CAPON is colocalized with spinophilin in the dorsolateral
PFC of MDD patients and interacts with spinophilin in the
human brain. There are increased CAPON and spinophi-
lin levels and decreased synapsin in the dorsolateral PFC
of MDD patients and the PFC of mice exposed to chronic
unpredictable mild stress [114]. Moreover, fluoxetine inhib-
its depressive behaviors in mice by reducing nNOS-CAPON
interaction in the DG [107]. Together, these studies suggest
that the nNOS-CAPON interaction may involve the modula-
tion of depressive behaviors.

Schizophrenia involves morphological brain changes,
including changes in synaptic plasticity and altered dendritic
development. Overexpressing CAPON in the hippocampus
markedly increases nNOS-PSD-95 interaction, reduces

dendritic spine density, changes dendritic spine morphology
at CA1 synapses, causes impairment in social memory, and
decreases spatial working memory in mice [115]. In cultured
neurons, overexpressing CAPON causes excessive growth
of filopodia-like protrusions, a neuropathological feature of
schizophrenia [116]. Thus, the nNOS-CAPON interaction
may be involved in changes in brain morphology reported
in schizophrenia.

nNOS-CAPON interaction and neurological
diseases

Excepting the negative implication of the nNOS-CAPON
association in emotional disorders, it is also involved in the
pathophysiology of neurological diseases. We have shown
that increased nNOS-CAPON association contributes to
excitotoxicity and abnormal dendritic spine development in
cultured neurons and models of AD. Dissociating CAPON
from nNOS reduces memory defects in 4-month-old APP/
PS1 mice and ameliorates dendritic injuries both in vivo
and in vitro. S-nitrosylation of Dexrasl and downregula-
tion of ERK-CREB-BDNF signaling might be downstream
of NOS-CAPON [14]. Excepting extracellular deposits of
Ap, the major component of senile plaques, neurofibrillary
tangles composed of hyperphosphorylated tau protein are
another neuropathological hallmarks of AD. Ap pathology
leads to the accumulation of CAPON protein and thereby
induces tau pathology and neuronal cell death, revealing a
novel mediator that links AP, tau, and neurodegeneration
[9]. The gradual accumulation of CAPON over long peri-
ods could enhance the CAPON-nNOS interaction, there-
fore disrupting nNOS-CAPON could be a novel approach
for the treatment of AD and related diseases. Moreover,
neuroinflammation plays a critical role in the pathogenesis
of AD [117]. It has been reported that CAPON plays a
proactive role in the process of inflammation in the hip-
pocampus and cerebral cortex by transferring from the
cytoplasm to the nucleus, and through the NMDAR-nNOS
signal pathway, implicating nNOS-CAPON in neuroinflam-
mation [118].

An excitotoxic stimulus can induce nNOS-CAPON
interaction in neurons. Uncoupling nNOS-CAPON inhib-
its the excitotoxic activation of p38MAPK and subse-
quent neuronal death [119]. The nNOS-CAPON inhibitor
N-cyclohexylethyl-AD(OMe)AYV, designed by targeting the
PDZ of nNOS, has a neuroprotective effect on ischemic
stroke in rats [120]. Interestingly, it has been reported that
the CAPON PDZ ligand motif does not bind to nNOS,
and in contrast, full-length CAPON forms an unusually
stable interaction with nNOS. By mapping the discrepancy
between full-length CAPON and its C-terminal PDZ motif,
the authors showed that the ExF motif, a novel internal
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Fig. 2 Implications of NMDAR
activation-induced nNOS-
PSD-95 and nNOS-CAPON
associations in neurological

and neuropsychiatric dis-
orders. ZL006 disrupts the

nNOS-PSD-95 interaction and
Z1.c002 uncouples nNOS and
CAPON and shows significant

beneficial effects on stroke,

PD, AD, chronic pain, MDD,
generalized anxiety disorder,
PTSD, and addiction. NMDAR,
N-methyl-D-aspartate receptor;
PD, Parkinson’s disease; AD,
Alzheimer’s disease; PTSD,
post-traumatic stress disorder.

region, is sufficient and necessary for binding to nNOS,
and the C-terminal PDZ motif promotes the stability of
the nNOS-CAPON complex. Peptides comprising both the
PDZ ligand motif and the ExF motif or only comprising the
ExF motif are able to inhibit the NMDA-evoked activation
of p38 excitotoxic pathways, providing a distinct pharma-
cological target in nNOS-CAPON-mediated excitotoxicity
[121]. Moreover, we found that the nNOS-CAPON inter-
action affects stroke recovery. Ischemia increases nNOS-
CAPON association in the peri-infarct area of mice in the
subacute phase of stroke. Dissociating nNOS-CAPON in
the delayed period reverses the stroke-induced impairment
of motor function by enhancing functional and structural
neuroplasticity, offering a target for functional restoration
after stroke [122].

As downstream signaling of NMDAR activation,
nNOS-CAPON is also involved in the regulation of
chronic pain. TAT-GESYV, a selective peptide inhibitor
of nNOS-CAPON, attenuates mechanistically distinct
forms of neuropathic pain without the unwanted motor
ataxic effects of NMDAR antagonists in mice, possibly
via p38 MAPK-mediated downstream effects [123]. Using
Z1.c002, a small molecular drug we developed, it has been
reported that dissociating CAPON from nNOS suppresses
formalin-evoked inflammatory pain in rats and mechanical
and cold allodynia in a mouse model of paclitaxel-induced
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neuropathic pain. More interestingly, the administration of
Z1.c002 also enhances the inhibitory effect of paclitaxel on
breast or ovarian tumor cell line viability [124]. In addi-
tion, CAPON is involved in peripheral nerve regenera-
tion through the regulation of nNOS activity, the nNOS-
CAPON interaction occurs in Schwann cells, and sciatic
nerve injury induces nNOS-CAPON interaction in rats
[125, 126], implicating the nNOS-CAPON interaction in
peripheral nerve injury.

nNOS-SERT interaction and MDD

MDD is one of the most common mental disorders and
current treatments have notable limitations. The SERT
is presently the primary target for antidepressants [127].
However, the therapeutic effects of SSRIs can take several
weeks to emerge [128]. Ketamine and its derivatives have
rapid action but produce unwanted side-effects, including
abuse potential, cognitive impairment, psychotomimetic/
dissociative symptoms, and neurotoxicity [129, 130].
Sun et al. in our lab investigated the role of SERT-nNOS
coupling in the dorsal raphe nucleus (DRN) and found
that the DRN SERT-nNOS interaction is implicated in
the modulation of depressive behaviors and dissociat-
ing SERT from nNOS in the DRN produces a fast-onset
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Fig. 3 Dual-target anti-stroke
drug ZL006-05. ZL006-05
blocks the nNOS-PSD-95
interaction while selectively
potentiating a2-containing
GABA 4Rs and thereby inhibits
NO overproduction and reduces
excitability, consequently
preventing stroke damage

and relieving chronic pain.
GABA Rs, GABA type A
receptors; NMDAR, N-methyl-
D-aspartate receptor.

NO overproduction

Stroke or Chronic pain
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or
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antidepressant effect, revealing a fast-onset antidepressant
target [12]. By inhibiting 5-HT reuptake, SSRIs elevate
5-HT levels in the synaptic cleft and thereby increase the
activation of postsynaptic 5-HT;,Rs in the cortex, hip-
pocampus, and other brain regions [131]. The serotoner-
gic neurons in the DRN project to the cortex and limbic
system and are a major source of 5-HT in the brain [132].
Unlike postsynaptic 5-HT, 4Rs, the activation of soma-
todendritic 5-HT,R,,,, in the DRN has an autoinhibi-
tory function, suppressing serotonergic signaling [133].
Desensitization of 5-HT, R, breaks the signaling bal-
ance in favor of postsynaptic 5-HT, ,Rs activation after
weeks of SSRIs treatment, which accounts for the delayed
onset of SSRI action. In the recent study, we sought to
separate these opposing effects of 5-HT ,Rs. In the sero-
tonergic neurons of the DRN, there is physical interac-
tion between nNOS and SERT controlling the cell surface
localization of the SERT [3]. We found that CMS expo-
sure increases the nNOS-SERT interaction, blockade of
which enhances SERT translocation to the cell surface
selectively in DRN neurons, reduces extracellular 5-HT

levels and 5-HT 4R, activity, and exhibits fast-onset

antidepressant effects in mice. Using optogenetic stimu-
lation and pharmacogenetic studies, we demonstrated that
the rapid antidepressant effect depends on the increased
firing of serotonergic DRN neurons and DRN-mPFC sero-
tonergic circuit activity [12].

The SERT is a natural ligand of the nNOS PDZ domain
and binds to the pocket constituted by the aB helix and
BB fold of this domain through its C-terminal peptides
[3]. The binding site on the nNOS PDZ domain is a shal-
low and long groove containing the binding pocket of the
conserved sequence GLGF (Gly?!, Leu??, Gly??, Phe?*)
[11]. By analyzing the chemical mechanism of binding the
C-tail of SERT to the PDZ of nNOS in the DRN, the group
of Prof. Li TY designed a common chemical structure and
synthesized a series of compounds. The group of Prof.
Zhou QG assessed the effects of a series of compounds
on the SERT-nNOS interaction, using cultured 293T cells
transfected with plasmids encoding nNOS and SERT, and
showed that the small molecule ZZL-7 is a potent blocker
of SERT-nNOS, and more importantly, intraperitoneal
or intragastric administration of ZZL-7 produces a fast-
onset antidepressant effect without abnormal behaviors,
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Fig. 4 The nNOS-SERT inhibi-
tor ZZL.007 has a rapid-onset
antidepressant effect. Patho-
logical factors of MDD induce
the nNOS-SERT interaction in
the dorsal raphe nucleus and
thereby lead to the internaliza-
tion of SERT. The decreased
cell surface SERT causes
overactivation of 5-HT1AR_
and depressive behaviors.
ZZ1.-7 blocks the nNOS-SERT
interaction and facilitates the
membrane localization of
SERT, thereby increasing 5-HT
reuptake and reducing 5-HT1A-
R, activity, consequently
producing a rapid antidepressant
effect. SERT, serotonin trans-
porter; 5-HT1AR, ., 5S-HT1A
autoreceptor.
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including locomotor activity, memory, aggressive behav-  Conclusions and perspectives

ior, addiction, or abnormal brain waves [12]. ZZL-7 may

serve as a novel approach to selectively promote sero-  Although we found that nNOS in the CNS is implicated in
tonergic signaling to create rapidly acting antidepressant  ischemia-induced brain injury, the modulation of MDD and

activity.
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GAD, and chronic pain-induced anxiety, the development of
drugs targeting nNOS is limited, because directly inhibiting
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nNOS enzymatic activity can result in side-effects like impair-
ment of memory formation and aggressive behaviors. nNOS-
mediated protein-protein interactions, including the nNOS-
PSD-95, nNOS-CAPON, and nNOS-SERT interactions, are
involved in the development of neurological and neuropsychi-
atric disorders. Based on the chemical mechanism of binding
the coupling proteins to the nNOS PDZ domain, we designed
and developed small molecule inhibitors of protein-protein
interactions, such as Z1L006, ZL.c002, and ZZL-7. Our and
other follow-up studies have demonstrated that ZL.O06 and
Z1.c002 are effective for the treatment of neurological and
neuropsychiatric disorders, including stroke, MDD, GAD,
PTSD, AD, PD, chronic pain, drug addiction, and other dis-
orders, without unwanted side-effects (Fig. 2). Given that the
nNOS-PSD-95 association and GABA ,Rs dysfunction are
deeply involved in ischemic brain damage, and the functions
of GABA 4R are negatively regulated by nNOS-derived NO
[13, 58, 74], we developed the dual-target anti-stroke drug
Z1.006-05 that blocks nNOS-PSD-95 and selectively potenti-
ates a2-containing GABA ,Rs (Fig. 3). In the field of MDD
treatment, rapid-onset antidepressants are urgently needed.
Although it has been extensively demonstrated that keta-
mine has rapid and robust effectiveness in treatment-resistant
MDD, its clinical use has notable limitations as it is a sched-
uled agent with abuse potential. We found that dissociating
nNOS-SERT in the DRN can serve as a new, rapidly-acting
treatment for MDD, and the small molecular compound
Z71.-7 that disrupts nNOS-SERT creates a fast-onset antide-
pressant effect (Fig. 4). In our study, ZLc002 was designed
based on the binding of the PDZ ligand motif to the nNOS
PDZ. However, the ExF motif but not the PDZ ligand motif
is sufficient and necessary for the nNOS-CAPON interac-
tion. Thus, the design concept of small molecule inhibitors
of nNOS-CAPON interaction needs to be updated. Based on
the above research progress on nNOS and its protein-protein
interactions, we believe that the research and development of
drugs targeting nNOS-mediated protein-protein interactions
will bring hope for the clinical therapy of neurological and
neuropsychiatric disorders. However, it is worth emphasizing
that excitation-inhibition balance is the basic condition for
the CNS to normally work. Excitation and inhibition are usu-
ally interdependent. Interference with excitatory or inhibitory
targets alone may lead to excitation/inhibition imbalance and
thereby cause unwanted side-effects. Therefore, double-target
drugs based on excitation-inhibition balance will be the future
trend of drug development for neurological and neuropsychi-
atric diseases.

Limitation

NO is an important signaling molecule that is involved
in synaptic functional plasticity. NO modulates several

important neuronal processes, including glutamate and
GABA release [134], the mobility of synaptic vesicles [135],
the intrinsic excitability of target neurons [136], the expres-
sion of synaptic proteins [137], modification of BDNF-TrkB
signaling [138], and both LTP and long-term depression
(LTD) [139]. NO can either facilitate or suppress synaptic
plasticity, depending on the brain area, concentration, and
cellular environment [134, 140]. The production of NO by
neurons is caused by NMDAR-mediated activation of nNOS.
Thus, the nNOS-PSD-95 interaction, as a downstream event
of NMDAR activation, may have a significant impact on
synaptic plasticity. However, the effect of nNOS-PSD-95
coupling and blocking this coupling on LTP and LTD has
rarely been studied. Although our research shows that the
nNOS-PSD-95 blocker ZL006 has no effect on spatial
memory [58], its impact on learning and memory cannot be
ruled out, because the paradigms of learning and memory
are diverse. Particularly, chronic psychological stress can
facilitate LTD and impair LTP; this alteration is critical for
the development of MDD, as it leads to particular biased
learned cognition and behavioral patterns [141].
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