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Abstract

Signaling mediated by brain-derived neurotrophic factor (BDNF), which is supported by

the postsynaptic scaffolding protein PSD-95, has antidepressant effects. Conversely, clinical
depression is associated with reduced BDNF signaling. We found that peptidomimetic compounds
that bind to PSD-95 promoted signaling by the BDNF receptor TrkB in the hippocampus and
reduced depression-like behaviors in mice. The compounds CN2097 and Syn3 both bind to the
PDZ3 domain of PSD-95, and Syn3 also binds to an a-helical region of the protein. Syn3 reduced
depression-like behaviors in two mouse models of stress-induced depression; CN2097 had similar
but less potent effects. In hippocampal neurons, application of Syn3 enhanced the formation

of TrkB-Gajy/3-PSD-95 complexes and potentiated downstream PI3K-Akt-mTOR signaling. In
mice subjected to chronic mild stress (CMS), systemic administration of Syn3 reversed the CMS-
induced, depression-associated changes in PI3K-Akt-mTOR signaling, dendrite complexity, spine
density, and autophagy in the hippocampus and reduced depression-like behaviors. Knocking out
Gaijyy3 in hippocampal neurons prevented the therapeutic effects of Syn3, indicating dependence
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of these effects on the TrkB pathway. The findings suggest that compounds that induce the
formation of PSD-95-TrkB complexes have therapeutic potential to alleviate depression.

Introduction

Major depressive disorder (MDD) affects over 17 million U.S. citizens (1), but despite
treatment with at least two different antidepressants, 65% of patients remain symptomatic
(2). Human studies and animal models support the “neurotrophin hypothesis” of depression
proposing that depression is associated with reduced expression or function of brain-derived
neurotrophic factor (BDNF) in depressive states (3, 4), which can be alleviated with
antidepressant therapy (5-7). The hippocampus is one of several limbic structures implicated
in the pathophysiology of depression (8), where BDNF and its high-affinity tropomyosin
related kinase B (TrkB) receptor play a critical role in synaptic plasticity (9). Impairment

of synaptic plasticity plays a crucial role in the development of depression (10). Recent
studies link the pathophysiology of MDD to overactive autophagy (11, 12), and the
lysosomal degradation of BDNF (13). BDNF signaling via the phosphatidylinositol-3 kinase
(PI3K)-Akt pathway has been reported to suppress autophagy (14, 15), suggesting that

the reduced expression of BDNF in depressive states results in hyperactive autophagy and
the degradation of synaptic proteins required for synaptic plasticity. In depressed patients,
synaptic defects are associated with decreased levels of synaptic proteins, such as the
synaptic postsynaptic density protein 95 (PSD-95) (16), and stress can result in hippocampal
neuronal atrophy (17).

An advance in the treatment of depression was the finding that a single infusion of a sub-
anesthetic dose of ketamine, a N-methyl-D-aspartate (NMDA) receptor blocker, produces
rapid antidepressant effects in patients with conventional, treatment-resistant depression

(18, 19). BDNF signaling is required for the antidepressant effects of ketamine (20), and
esketamine acts to inhibit autophagy through the BDNF-mTOR signaling pathway (11).
Using mice, one study found that the antidepressant-like effects of ketamine and its 2R,6R-
hydroxynorketamine metabolite involve TrkB binding and promotion of the BDNF signaling
pathway. (21). Although ketamine can produce a rapid response in some individuals (22),
clinical trial data have raised efficacy and safety issues (23, 24). Thus, there is an urgent
need for the development of new anti-depressant drugs for treatment-resistant depression.

Our previous studies show that heterotrimeric Ga, proteins, which transduce G protein-
coupled receptor signals, are required for TrkB signaling (25). Gaj knockout mice exhibit
severe depressive-like behaviors and decreased dendritic morphology (25). In a stress
model of depression, Gaj; and Gaz proteins were decreased in the hippocampus and
stress-induced depressive-like behaviors were corrected by intra-hippocampal re-expression
of Gaz (25). We found that the postsynaptic density protein PSD-95 associates with TrkB
to amplify BDNF-induced signaling (26, 27). PSD-95, a master synaptic scaffold protein,
contains three PDZ (PSD-95/Discs-large/Zona occludens) domains, of which the PDZ1-2
domains interact directly with the C-termini of NMDAR-GIuUN2 subunits (28, 29) and
also with the C-termini of the TARP auxiliary subunits of AMPA (a-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid) receptors, to regulate AMPAR clustering(30). PSD-95
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therapeutic peptides that target the PDZ1-2 domains, such as Tat-NR2B9c, comprising the
nine carboxy-terminal amino acids of the N-methyl-d-aspartate receptor (NMDAR) GIuN2B
subunit fused to the 11-mer HIV-1 Tat protein uncouple PSD-95 from NMDAR neurotoxic
signaling (31). The PDZ3 domain interacts with PDZ3 ligands, such as CRIPT, neuroligin,
and SynGAP (32), to regulate dendritic arborization and spine number (33). Based on the
CRIPT C-terminus (34), a macrocyclic compound, CN2097, was developed that enhanced
the association of PSD-95 with TrkB to promote BDNF signaling and correct neurological
deficits in a mouse model of Angelman syndrome (27). Additionally, using a structure-based
approach we recently developed and reported a cyclic-peptide, called Syn3, that targets the
PSD-95 PDZ3 domain and adjoining a.C helix to achieve bivalent binding that results in
5-fold stronger affinity compared to CN2097 (35).

Because impaired BDNF signaling has been proposed to underlie the pathophysiology

of major depressive disorder (36) and bipolar disorder (37), we examined whether the
previously developed PSD-95-binding compounds CN2097 and Syn3 could improve
neurobehavioral outcomes in the chronic mild stress (CMS) and corticosterone mouse
models of depression. More potently than CN2097, Syn3 enhanced TrkB-Gaj-PSD-95
synaptic signaling and mitigated depression-like behaviors. The efficacy of Syn3 on the
molecular, cellular, and behavioral levels was dependent on the Gaj; and Gaj3 proteins
that transduce signaling from TrkB. Our data show that compounds that engage PSD-95 to
enhance BDNF-TrkB signaling may have therapeutic potential to alleviate depression.

CN2097 mitigates depressive-like behaviors in mice

We have previously reported that intraperitoneal injection (i.p.) of CN2097 (10 mg/kg)
increases TrkB signaling and facilitates long-term potentiation (26, 27, 38). To investigate
the antidepressant-like activity of CN2097, we tested behavioral efficacy in two mouse
models of depression, one derived from chronic corticosterone administration (called the
CORT model) and the other from chronic mild stress (CMS) (Fig. 1A). In the former,

4- to 5-week-old mice of equal numbers male and female, were subcutaneously (s.c.)
injected daily with corticosterone (20 mg/kg) for 21 consecutive days. As expected, chronic
corticosterone administration resulted in depression-like behaviors, as indicated by increased
immobility time in the forced swim test and tail suspension test, as well as decreased
sucrose intake in a sucrose preference test (Fig. 1B). Subsequently, mice were injected i.p.
with vehicle, CN2097 (at 1 or 10 mg/kg), or the negative control compound CN5135 (27,
38). Behavioral tests performed 12 hours later showed that injection of the greater dose

of CN2097, 10 mg/kg, significantly decreased immobility time in the tail suspension test
(Fig. 1B) and the forced swim test (Fig. 1C), and increased sucrose preference (Fig. 1D),
suggesting antidepressant-like activity. CN5135 (at 10 mg/kg) and CN2097 (at 1 mg/kg)
failed to significantly mitigate depressive-like behaviors in corticosterone-treated mice (Fig.
1B-D). In the CMS model, mice subjected to five weeks of varied and unpredictable

mild stressors (hence, also called CUMS) exhibited depression-like behaviors (Fig. 1E-G),
which were ameliorated by administration of 10 mg/kg of CN2097, evidenced by shortened
immobility time in both the tail suspension test (Fig. 1E) and the forced swim test (Fig. 1F),
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and increased sucrose preference (Fig. 1G). Neither CN5135 nor 1 mg/kg of CN2097 had an
effect on these depression-like behaviors (Fig. 1, E to G).

Experiment-guided model of Syn3 complex with PDZ3ca

CN2097 consists of a macrocycle moiety that has strong affinity for the PDZ3 domain of
PSD-95, but it also binds to the PDZ1 domain (35). We reasoned that a peptidomimetic with
selective binding to the PDZ3 domain would augment BDNF signaling without affecting the
PDZ1/2 domains which are involved in AMPAR or NMDAR function. The PDZ3 domain
shares 44% sequence identity with the PDZ1 domain but uniquely has an unusual additional
alpha helix (a.C) involved in allosteric peptide binding, that packs against the globular

PDZ domain (39). Using a structure-based approach, we previously developed a new
peptidomimetic named Syn3 (35). The amino acid sequences of Syn3 and CN2097 (Fig. 2B)
consist of a seven-residue, poly-Arg, cell-penetrating peptide attached to the PDZ3-binding
cyclic moiety through a disulfide-linkage. The active PDZ3ca binding structure of the Syn3
compound, Syn3*, consists of seven residues derived from the protein SynGAP and six
residues based on the CRIPT cyclic peptide (Fig. 2A). Surface plasmon resonance (SPR)
experiments showed that Syn3* had a dissociation constant (Kq) of 41 nM, which is roughly
a five-fold improvement over CN2097 for binding to the PDZ3ca, and had a higher on-rate
(Kg) as well as off-rate (Ky4) than CN2097 (Fig. 2B), in agreement with the previous report
(35).

As reported previously (35), Syn3 induces strong nuclear magnetic resonance (NMR)
perturbation in backbone amide resonances of PDZ3ca. We generated an experiment-guided
model of Syn3-bound PDZ3ca (Fig. 2C) using the crystal structure (PDB: 5JXB) as
atemplate in HADDOCK 2.4 web server (40). The model uses ambiguous iterative
restraints generated from thirteen non-buried residues of PDZ3ca that showed strong NMR
perturbation (35). These residues—Gly324, Phe325, Asn326 [1e327 \/al328 Gly329, His372,
Glud73, Alad76, 11e377 Lys380, [1e404 and His*0>—were marked as the active residues,
whereas the passive residues were selected automatically by the software. A random
conformation of the peptide was generated, and all peptide residues were marked as active.
A representative model with the best score was chosen using the Pymol version 1.8 software.
This model (Fig. 2C) predicts that the CRIPT cyclic peptide binds the PDZ3 domain
between the B2 strand and a helix with three residues Lys®, Thrll, and Vall3 establishing the
critical binding contacts. The SynGAP-derived residues Phe?, Trp’, and Val® were observed
to interact with the a.C helix residue 11e%%4 (Fig. 2C), which may account for the improved
binding affinity of Syn3 for the PDZ3ca domain (Fig. 2B).

Syn3 acts to promote TrkB signaling in hippocampal neurons

To determine whether the increased affinity and specificity of Syn3 for the PSD-95 PDZ3
domain would effectively enhance BDNF-TrkB responses, we performed signaling studies
in primary murine hippocampal neurons. Similar to previous studies with CN2097 (26),
treatment with Syn3 did not alter BDNF-induced TrkB phosphorylation (Fig. 2D). However,
Syn3 at 0.2 uM, a 10-fold lower concentration than the optimal CN2097 concentration (2
M) (26, 27, 38), significantly enhanced BDNF-induced phosphorylation of Akt (Ser4’3,
Fig. 2E), glycogen synthase kinase 3a/p (GSK3a/B, Ser?1/®) (Fig. 2E), p70S6K1 (S6K,
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at Thr389) and S6 (at Ser235/236) and quantified in (Fig. 2, E and F) (P< 0.001

vs. BDNF single treatment). Total abundance of TrkB, PSD-95, Aktl, GSK3a/B, S6K

and S6 was not significantly altered by Syn3 treatment (Fig. 2D—F). Confirming that

Syn3 specifically enhances TrkB signaling, sShRNA-induced silencing of TrkB blocked
BDNF+Syn3-induced Akt-S6K phosphorylation (Fig. 2G). In the primary hippocampal
neurons, Syn3 treatment alone failed to induce TrkB, Akt and S6K phosphorylation (Fig.
2H). Syn3 also had no effect on platelet-derived growth factor (PDGF) receptor and insulin
receptor signaling. Treatment with recombinant PDGF or insulin treatment increased Akt
and S6K phosphorylation in neurons (Fig. 21), which was not significantly altered by Syn3
pretreatment (Fig. 21). In immortalized HT-22 murine hippocampal neuronal cells, Syn3
pretreatment similarly increased BDNF-induced phosphorylation of Akt (Ser473) and S6
(Ser235/236) (fig. S1A), leaving TrkB phosphorylation and its protein expression unchanged
(fig. S1A).

Syn3increases BDNF-induced neurite outgrowth and dendritic spine formation in
hippocampal neurons

BDNF promotes neurite outgrowth and dendritic spine formation in hippocampal neurons
(41). To explore the effect of Syn3 on dendritic architecture, Sholl analysis was performed
on green fluorescence protein (GFP)-expressing primary murine hippocampal neurons. A
24h-treatment with BDNF significantly enhanced dendritic complexity and the number of
neurite crossings, which was substantially further increased by the addition of Syn3 (Fig.
3, A and B). BDNF increased the number of PSD-95 puncta evaluated by microtubule
associated protein 2 (MAP2)-PSD-95 double fluorescence staining (Fig. 3C). The number of
PSD-95 puncta per 10 um dendrite increased further by co-treatment with BDNF and Syn3
(Fig. 3D). Treatment with the TrkB inhibitor K252a or the pan PI3K-Akt-mTOR inhibitor
LY 294002 blocked the effects of Syn3 demonstrating that Syn3 acts through BDNF-TrkB
signaling. BDNF plus Syn3 stimulation of Akt and S6K phosphorylation was blocked by
K252a or LY294002 (Fig. 3E). Furthermore, the BDNF+Syn3-induced PSD-95 puncta
formation was reversed following treatment with K252a or LY 294002 (Fig. 3F).

Synaptic density was determined by counting the humber of PSD-95-synaptophysin
contacts. Syn3 co-treatment with BDNF significantly increased the number of PSD-95
puncta that colocalized with synaptophysin (Fig. 3, G and H). Compared to BDNF alone,
Syn3 co-treatment increased the number of PSD-95-synaptophysin contacts per 10-um
dendrite (Fig. 3H). Co-treatment with K252a or LY294002 blocked the effect of Syn3 on
synaptic density (Fig. 31), supporting the requirement of the TrkB-Akt-mTOR signaling.
Examining dendritic spines (Fig. 3, J and K), double staining for F-actin and MAP2 showed
that the density of dendritic spines in BDNF-treated hippocampal neurons increased upon
Syn3 co-treatment (Fig. 3K), which was reversed by treatment with K252a or LY 294002
(Fig. 3L).

Syn3 elicits rapid antidepressant-like efficacy

The CMS depression model was employed to study the antidepressant activity of Syn3
in vivo. Syn3 crosses the blood-brain barrier, as indicated by staining for Alexa Fluor
488-labelled Syn3 in the hippocampus after i.p. injection (fig. S2, A and B). Mice subjected
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to five-weeks of continuous CMS stress (Fig. 4A) exhibited depression-like behaviors, with
increased immobility time in the tail suspension test (Fig. 4B) and forced swim test (Fig.
4C), and a significantly decreased preference for sucrose (Fig. 4D). Notably, a single 1
mg/kg dose of Syn3 elicited rapid (within 12 hours) antidepressant-like effects (Fig. 4, B to
D), reducing immobility time in the tail suspension and forced swim tests (Fig. 4, B and C)
and restoring sucrose preference (Fig. 4D).

The hippocampus is implicated in the pathophysiology of depression and is particularly
sensitive to stress and glucocorticoids (42), which can result in hippocampal neuronal
atrophy (17), characterized by reduced synaptic connections (20). We examined the ability
of Syn3 to prevent the reduction in dendritic spine number and synaptic density reported

in the hippocampus following CMS (25). Golgi staining revealed that the number of

total dendritic spines were substantially decreased in hippocampal CA1 neurons of mice
subjected to CMS (Fig. 4E), which was reversed within 12 hours of a single Syn3

injection (Fig. 4E). Dendritic spine density in the CMS group increased following Syn3
administration (Fig. 4E). In CMS-exposed mice, Syn3 restored the number of hippocampal
stubby (immature) and mushroom (mature) spines to that observed in control mice (Fig. 4E).
The number of long thin (immature) spines was unchanged between the three groups (Fig.
4E).

Examining dendritic density in the CA1 (stratum radiatum subregion) of the hippocampus,
the number of PSD-95 puncta, synaptophysin puncta as well as PSD-95-synaptophysin
contacts were significantly decreased following CMS (Fig. 4F). The reduction in synaptic
density was significantly ameliorated following the injection of Syn3. The density

of PSD-95-synaptophysin contacts in the CMS group was increased following Syn3
administration (Fig. 4F). Notably, western blotting showed that synaptophysin and PSD-95
protein expression was decreased in the hippocampal CA1 region of CMS-exposed mice
(Fig. 4G), which was reversed with Syn3 administration (Fig. 4G).

To determine whether this manner of systemic Syn3 injection could elicit longer-lasting
antidepressant-like effects, behavioral studies in mice after CMS exposure were conducted
(Fig. 4H). A 24-hour treatment with Syn3 decreased the duration of immobility in

tail suspension and forced swim tests (Fig. 4H) and reinstated sucrose preference (Fig.
4H). As a positive control, we compared the antidepressant-like effects of Syn3 with
7,8-dihydroxyflavone (7,8-DHF), which stimulates TrkB signaling and promotes rapid
antidepressant responses (43). A single i.p. injection of 7,8-DHF (10 mg/kg), produced
statistically significant antidepressant-like activity in CMS-exposed mice at 24 hours that
was comparable to that of Syn3 (Fig. 4H).

The ability of Syn3 to produce rapid antidepressant-like activity was also tested in

the corticosterone-induced depression model (Fig. 41). Similar to CMS-exposed mice,
behavioral tests demonstrated that a single i.p. injection of Syn3 (1 mg/kg) (Fig. 4l) rapidly
mitigated depression-like behaviors in the corticosterone-injected mice (Fig. 4, Jto L).
Immobility time in both the tail suspension and forced swim tests were both decreased (Fig.
4, J and K), whereas sucrose preference was significantly increased (Fig. 4L) following
Syn3 administration.
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Syn3 restores Akt-mTOR activity in the hippocampus of mice exposed to CMS

Defective TrkB-Akt-mTOR activity in the hippocampus is associated with the depression-
like behaviors in mice(44). Following CMS, the levels of phosphorylated Akt and S6K
were robustly decreased in the hippocampal CAL1 region (Fig. 5A), and Syn3 restored Akt
and S6K phosphorylation (Fig. 5A). Tissue immunofluorescence staining further revealed
downregulation of p-Akt (Fig. 5B) and p-S6 (Fig. 5C) in hippocampal CA1 neurons of
stressed mice, which was restored by Syn3 administration (Fig. 5, B and C). Confirming
that the rapid antidepressant effects of Syn3 were mediated through the TrkB-Akt-mTOR
pathway, bilateral intrahippocampal (CA1) infusion of the TrkB inhibitor K252a or the pan
PI13K-Akt-mTOR inhibitor LY294002 reversed the Syn3-induced antidepressant-like effects
(Fig. 5, D to F). Additionally, the phosphorylation of Akt-S6K in the prefrontal cortex
(PFC) region of CMS-exposed mice was also reduced, which was mitigated following Syn3
administration (fig. S3A).

Our results support that Syn3 enhancement of hippocampal TrkB-Akt-mTOR signaling

is the primary mechanism for the Syn3-induced anti-depressant-like effects in mice. To
determine if Akt signaling in the hippocampus is sufficient to elicit anti-depressive-like
effects we expressed constitutively active Akt in the hippocampal CAL region. An AAV9-
hSyn-S473D-caAktl-Flag (“caAktl”) was bilaterally injected into the hippocampal CA1
region and control mice were injected with AAV9-hSyn-vector control (“Vec”). The

viral constructs contain the human Synapsin 1 (hSyn) promoter region reported to target
transgene expression from adenoviral vectors exclusively to neurons (45). One week
following viral injection, mice were exposed to CMS for five weeks. Western blotting
analyses (fig. S3B) and immunofluorescence staining (fig. S3C) of the hippocampal CAl
region showed that in mice that were exposed to CMS the expression of caAktl substantially
increased Akt and S6K phosphorylation compared to vector controls. Behavior confirmed
that caAktl expression in stressed mice significantly decreased immobility times in the

tail suspension and forced swim tests (fig. S3, D and E), and increased sucrose preference
(fig. S3F). The control AAV9-hSyn-GFP (green fluorescence protein) was injected into the
CAL region for five weeks, and expression was verified (fig. S3G). Expression of caAktl
maintained synaptic density following CMS (fig. S4, A to D), prevented synaptophysin

and PSD-95 protein downregulation (fig. S4E), and maintained dendritic spine number (fig.
S4F). These results support that decreased BDNF-TrkB-Akt signaling contributes to the
depression-like behaviors observed in mice following CMS.

Syn3 facilitates BDNF-induced TrkB-PSD-95-Ga1;3 complex formation in murine
hippocampal neurons

Our previous studies found that PSD-95 binding to TrkB is required for BDNF-induced
Akt-mTOR activation (26, 27). Syn3 specifically binds the PDZ3 domain of PSD-95 (Fig.
2C) and, based on previous studies with CN2097 (26) is hypothesized to promote PSD-95-
TrkB complex formation. Co-IP results in primary hippocampal neurons confirmed that
Syn3 treatment strengthened the BDNF-induced TrkB—PSD-95 association (Fig. 6A). Gaj;
or Gaz binding to BDNF-activated TrkB is required to mediate TrkB receptor endocytosis
and downstream Akt-mTOR activation(25). Gaj; and Gaz binding to BDNF-activated TrkB
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was potentiated after treatment with Syn3 (Fig. 6A). The expression of TrkB, PSD-95, Gaj;
and Gajz was unchanged (Fig. 6A).

To further investigate the role Ga,jj/3 in Syn3-mediated TrkB signaling, a viral ShRNA
approach was utilized to silence Gaj1/3. Specifically, Gaj; and Gaijz ShRNA-expressing
lentiviruses reported in our previous studies (25, 46—48), were co-added to DIV7 primary
murine hippocampal neurons (“Ga1/3-ShRNA”) and knockdown efficiency was verified
after five days. Compared to control neurons transduced with scramble control sShRNA
(“shC™), protein expression of Gaj; and Ga.j3 was substantially decreased in Gaj;/3-ShRNA
neurons (Fig. 6B). Syn3 enhancement of BDNF-induced Akt and S6 phosphorylation was
significantly inhibited by Gaj1/3-knockdown (Fig. 6B), whereas TrkB phosphorylation and
total TrkB, Aktl and S6 expression was unchanged (Fig. 6B). Ga.j1/3-knockdown blocked
BDNF+Syn3-induced neurite outgrowth (Fig. 6C), decreased the number of dendritic spines
(Fig. 6D) and the number of PSD-95-synaptophysin contacts (Fig. 6E).

To confirm that PSD-95 is required for TrkB-Ga.j1/3 complex formation, PSD-95 was
knocked-down in the primary murine hippocampal neurons using two different lentiviral
shRNAs (shPSD-95-s1 or shPSD-95-s2, with non-overlapping sequences) (Fig. 6F).
Whereas PSD-95 silencing failed to alter BDNF-induced TrkB phosphorylation or Ga,jq,
Gaip, Gaiz and TrkB protein expression (Fig. 6F), it inhibited BDNF+Syn3-induced Akt
and S6K phosphorylation (Fig. 6F). These results support that Syn3 binding to PSD-95
facilitates BDNF-induced TrkB:PSD-95:Gaq;3 complex formation to enhance downstream
Akt-mTOR activation in murine hippocampal neurons. Similar results were observed in
primary hippocampal neurons prepared from Ga.jj/3 double knockout (DKO) mice (25),
where BDNF+Syn3-induced downstream TrkB signaling (but not PDGF signaling) was
blocked (fig. S5, A and B), neurite outgrowth inhibited (fig. S5C), and dendritic spine and
synapse formation abolished (fig S5, D and E).

Conditional neuronal knockout of Gajj/3 in the hippocampus prevents the antidepressant
effects of Syn3

The in vitro results in primary murine hippocampal neurons demonstrate that Ga.j1/3 are
absolutely required for TrkB activation of Akt-mTOR signaling, and that Syn3 binding

to PSD-95 facilitates BDNF-induced TrkB-PSD-95-Ga.j1/3 complex formation. To confirm
the role of Ga,j1/3 in vivo, we performed conditional knockout of both Gaj; and Gajz in
hippocampal neurons. AAV9-CMV-FLEX-Cas9-U6-sgGaj; and AAV9-CMV-FLEX-Cas9-
U6-sgGaiz viruses were bilaterally injected into the CA1 region of the hippocampus of
Syn1-Cre C57BL/6J mice (at four-weeks of age), generating hippocampal Ga.j1/3 neuronal
conditional knockout (Gaj1/3-nCKO) mice after three weeks. Compared to control mice
injected with AAV9-CMV-FLEX-Cas9-U6-sgC (“sgC”), mRNA and protein levels of Gaj;
and Ga,jz were significantly decreased in hippocampal tissues of Gaj;/3-nCKO mice (Fig. 7,
A and B). TrkB protein expression and phosphorylation was unaffected by Gaj;/3-nCKO
(Fig. 7B). Akt and S6K phosphorylation was decreased in the hippocampal tissue of
Gajy/3-nCKO mice (Fig. 7B), which was confirmed by immunofluorescence (Fig. 7C). A
single i.p administration of Syn3 failed to rescue Akt-S6K phosphorylation in hippocampal
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CAL tissues of Gaji/3-nCKO mice (Fig. 7A-C) supporting the requirement of Ga.j1/3 for
Syn3-mediated enhancement of TrkB signaling.

Behavioral tests confirmed that conditional knockout of Ga.j1/3 in the hippocampal neurons
elicited depression-like behavior, increasing immobility time in both the tail suspension and
forced swim tests (Fig. 7, D and E) and decreasing sucrose preference (Fig. 7F). Syn3
administration failed to mitigate depressive-like behaviors in Gaj;/3-nCKO mice (Fig. 7, D
to F), demonstrating that Gajy/3 are indispensable for Syn3-induced antidepressant activity
in mice. Gaj1y3-NCKO mice had significantly decreased dendritic spine density (Fig. 7G)
and the number of postsynaptic PSD-95 puncta (Fig. 7, H and 1), presynaptic synaptophysin
puncta (Fig. 7, H and J) and PSD-95-synaptophysin contacts (Fig. 7, H and K) were all
significantly decreased. Syn3 administration failed to reverse the reduction in dendritic spine
density and synaptic density in the Ga.j;;3-nCKO mice (Fig. 7, G to K). Similar results were
obtained using a sShRNA approach to knockdown both Gaj; and Gaz in the hippocampal
CAL1 region (see fig. S6).

Syn3 ameliorates CMS-induced hyperactive autophagy in hippocampal neurons

Autophagy is critical in maintaining neuronal integrity and synaptic structure(15). The
TrkB-Akt-mTOR pathway suppresses autophagy in the hippocampus to facilitate synaptic
plasticity and memory enhancement under stress conditions (14). As CMS decreased the
phosphorylation levels of Akt and S6K, we tested whether autophagy was dysregulated.
Electron microscopy was employed to visualize autophagosomes in the hippocampal CA1
region. Autophagosome vesicles have a characteristic double-membrane, with a smooth
outer membrane and an electron-dense granular inner membrane, containing cellular
components for degradation. CMS significantly increased the number of autophagosomes
within hippocampal neurons (Fig. 8A).

To further monitor autophagic activity in vivo we introduced AAV-mRFP (murine red
fluorescence protein)-GFP-LC3 (light chain 3) to detect autophagosome accumulation.
Autophagosomes, marked by the presence of both GFP and mRFP fluorescence signals
appear as yellow puncta. Following CMS, the average humber of yellow puncta was
significantly increased in the mouse hippocampal neurons (Fig. 8B). Western blotting, Fig.
8C, confirmed the induction of autophagic flux in hippocampal tissues, evidenced by LC3-
Il accumulation, Beclin-1 upregulation and p62 degradation (Fig. 8C). Syn3 normalized
autophagy as indicated by a reduction in the number of autophagosomes in hippocampal
neurons (Fig. 8, A and B) and autophagic flux (Fig. 8C).

Neuronal knockdown of Gaj; and Gaiz (“Gajy/3-nKD”) or conditional knockout
(“Gajy3-nCKO”) increased autophagy in the hippocampal CAL region, showing LC3-I1
accumulation, Beclin-1 upregulation and p62 degradation (Fig. 8, D and E). Treatment with
Syn3, which had failed to restore Akt-mTOR signaling in Ga.ji/3-nKD mice and Ga.jy/3-
nCKO mice (figs. S6 and S7), was ineffective in suppressing hyperactive autophagy (Fig.
8, D and E). These results demonstrate for the first time that CMS results in hyperactive
autophagy and that Syn3-mediated anti-autophagy activity in hippocampal neurons in mice
exposed to CMS requires Gaji/3-mediated TrkB-Akt-mTOR activation.
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Discussion

Mounting evidence has established the involvement of BDNF-TrkB signaling in the
pathophysiology of depression and other mood disorders (6). TrkB signaling is associated
with the mechanism of action of the rapid antidepressant actions of ketamine and
psychedelic drugs (21, 49). Here, we describe a new peptidomimetic-based drug, Syn3,

with anti-depressant-like properties that mimic the rapid-acting effects of ketamine in mouse
models of depression. Notably, in contrast to current anti-depressants, Syn3 acts downstream
of the receptor TrkB to enhance signaling through pathways that have been linked to rapid
antidepressant actions (50).

PSD-95 is a pivotal postsynaptic scaffolding protein which, in addition to regulating
AMPAR and NMDAR function, couples with the receptor TrkB to regulate BDNF signaling
(26, 51). The development of PSD-95—targeted drugs has focused on its PDZ domains, and
we previously reported a peptidomimetic compound, CN2097, that binds the PDZ3 domain
of PSD-95 and mitigates deficits in BDNF signaling to restore synaptic plasticity and
learning in a mouse model of Angelman syndrome (26, 27). Because there is a strong case
for the development of therapeutics that enhance BDNF signaling to alleviate depression, we
started by evaluating the antidepressant effects of CN2097 in the CMS and corticosterone
mouse models of depression and anxiety (25). Although CN2097 elicited rapid (within 12
hours) anti-depressant-like effects in both models across various behavioral measures, a
high dose was required to inhibit depression-like behaviors in mice, likely reflecting the
low affinity of the CN2097 cyclic moiety for the PDZ3 domain, as reported in (35). This
prompted us to develop higher-affinity compounds targeting the PDZ3 domain of PSD-95,
and following rigorous structure-based optimization, a novel Syn3 compound was identified
that bound bivalently with high affinity to the PDZ3 domain and the extended a.C helix of
PSD-95, as previously reported (35).

Syn3 was more potent than CN2097, likewise eliciting rapid antidepressant-like effects in
the CMS and corticosterone mouse models of depression but at a dose that was 10-fold
lower. Likewise in cultured primary hippocampal neurons, Syn3 more potently augmented
BDNF-induced Akt-mTORCI1 signaling, including the inhibitory phosphorylation of
GSK3a/B, the hyperactivity of which has been linked to mood disorders (52). Silencing or
inhibiting TrkB blocked the effects of Syn3 on signaling, dendritic branching, and synapse
formation, thus supporting the pathway specificity of Syn3.

The PI3K-Akt-mTOR pathway is implicated in the pathogenesis of depression (53), and
drugs exhibiting rapid anti-depressant action have been shown to increase mTOR-dependent
synapse formation (54). BDNF acting through mTOR is a negative regulator of autophagy
(15), and dendritic autophagy degrades postsynaptic proteins, such as PSD-95, required for
synapse formation (55, 56). In agreement with our previous work indicating that deficits in
BDNF-mTOR signaling result in increased neuronal autophagy (27), here in hippocampal
neurons of mice exposed to CMS we observed aberrantly high autophagic activity with a
concomitant decrease in PSD-95 protein levels. Within 12 hours, Syn3 restored Akt and
S6K phosphorylation, normalized autophagy, restored PSD-95 expression, and increased
the population of mushroom spines, an indicator of synaptic strengthening, and increased
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synaptic density. Confirming the role of Akt activity, expression of constitutively active
Aktl in mice exposed to CMS maintained S6K activity and synaptic density and prevented
depression-like behaviors.

Syn3 treatment increased the BDNF-induced association between TrkB and PSD-95,
demonstrating the importance of the PDZ3 domain of PSD-95 for PSD-95-TrkB complex
formation. Syn3 also enhanced G j1 and G, 3 binding to BDNF-activated TrkB, which

we previously reported to mediate BDNF/TrkB-induced activation of Akt-mTOR signaling
(25). In mice, neuronal knockout of Ggj1/3 in the hippocampus induced similar molecular,
cellular, and behavioral effects as those of the depression models and blocked the ability of
Syn3 to reverse them. Our observations further demonstrate that heterotrimeric G proteins,
known to transduce G protein-coupled receptor signals, are required for TrkB downstream
signaling, and G knockout mice exhibit severe depression-like behaviors (25).

Both typical and fast-acting antidepressants appear to directly bind and allosterically activate
TrkB (21). However, treatment with TrkB agonists can be problematic due to toxic side
effects resulting from activation of the p75NTR pathway (57) or from a truncated TrkB.T1
isoform that is increased in injury models (58). Promising small-molecule TrkB agonists
have been developed that exert beneficial effects in animal models of depression (59),
although their effects may not be mediated through TrkB activation (60). Our approach

to develop cyclized-peptides that bind intracellularly to PSD-95 circumvents at least these
limitations of TrkB agonists (Fig. 8F). Because BDNF signaling is regulated precisely

at active synapses, through activity-dependent release to control synaptic plasticity (61,

62), Syn3 is anticipated to specifically enhance synaptic TrkB activity while avoiding
non-synaptic TrkB activation and off-target adverse effects. Drugs based on Syn3, that act
downstream of NMDAR/AMPAR activity to enhance BDNF-TrkB signaling may provide a
promising new approach for the treatment of depression as they combine target selectivity
and low toxicity.

Materials and methods

Chemical, reagents, neurons and neuronal cells.

MRNA primers for Gaj1o/3 were described in detail in our previous studies(25, 26, 46), as
well as primary culture of murine hippocampal neurons from newborn C57BL/6J mice with
an equal distribution of male and female (25). Sholl analyses and signaling were performed
at DIV12 hippocampal neurons, and synaptic/dendritic density analyses performed in DIV15
hippocampal neurons. LY294002 and K252a were purchased from TOCRIS (Shanghai,
China). The vendors of the antibodies are listed in table S1. The viral constructs were
obtained from Genechem (Shanghai, China). HT-22 neuronal cells were purchased from
Procell (Shanghai, China, RRID: CVCL_0321) and cells maintained under serum-containing
DMEM medium with antibiotics. All cell culture reagents were from Gibco (Suzhou,
China). All chemicals were provided by Sigma (St. Louis, MO, USA).
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All animal procedures were approved by the Ethics Committee (SY-BR-2022-0125) and
Institutional Animal Care and Use Committees (IACUC) of Soochow University (Suzhou,
China). C57BL/6J mice, 4- to 5-week-old, half male and half female, were purchased

from Shanghai SLAC Laboratory Animal Co. Ltd (Shanghai, China). The generation of
Gajy/3 double knockout (DKO) mice by the CRISPR-Cas9 method and KO verification
was described in detail in our previous study (25). Mice were maintained under specific
pathogen-free (SPF) animal research facilities, with 12-hour dark/12-hour light cycle, 22°
+ 1°C temperatures, and ad libitum access to food. For each single animal experiment, an
equal number of male and female mice were included, with each gender comprising half of
the total sample size, except for cardinal group, there was only a one-mouse difference.

Chronic mild stress (CMS) depression model in mice.

As described (63), the CMS procedure involved the sequential application of various mild
and unpredictable stressors, including forced-swimming activities, living space restraint,
water and food deprivation, wet sawdust, light/dark cycle reversal, and constant illumination
or darkness (63). The CMS procedure lasted for a total of five weeks.

Chronic corticosterone administration.

The adrenal corticosteroid (CAS:50-22-6, product ID: 47130) was purchased Solarbio
(Beijing, China). Mice were subcutaneously (s.c.) injected daily with corticosterone (20
mg/kg, emulsified in propylene glycol) between 10:00 and 12:00 a.m. for 21 consecutive
days (64, 65), and control mice with vehicle.

Tail suspension test.

A detailed protocol of the tail suspension test was reported previously (25). Briefly, in

a soundproof box, mice were suspended by the tail to a hook using adhesive scotch

tape. Immobility was defined as the absence of any movement except for those caused

by respiration and was recorded by two independent observers blinded to the treatment
conditions during a 6-min test period. All behavioral tests were conducted in a quiet and
controlled environment to minimize external disturbances. Mice were allowed to acclimate
to the testing room for 30 min prior to the experiment and were handled gently to minimize
stress.

Forced swim test.

As described previously (25), each mouse was forced to swim in an open cylindrical
container (diameter 16 cm; height 25 cm) with a water depth of 20 cm at approximately
25-26°C. Mice were forced to swim for 6 min. Two observers blinded to the treatment
conditions recorded the duration of immobility. Immobility was defined as floating
motionless in the water, except for small movements necessary to keep the head above
water (63, 66). Throughout the experiments, the water temperature remained consistent.
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Sucrose preference test.

Mice were exposed to 1% sucrose drinking bottle or water bottle for 12 hours, followed by
24 hours of water deprivation. Each mouse was then exposed to two identical bottles, one
containing 1% sucrose solution and the other containing water, for 12 hours. At the end, the
volume of water and sugar solution consumed by each mouse was recorded. The preference
ratio was calculated as volume of sucrose solution consumed/(volume of sucrose solution
consumed + volume of water consumed) x 100 %.

Gene and protein expression detection.

The detailed procedures of co-immunoprecipitation (Co-1P), Western blotting, quantitative
real-time PCR (gRT-PCR) and data quantification were described in detail in our previous
studies (26, 67). For Western blotting, cultured cells and tissues were homogenized in ice-
cold RIPA lysis buffer for 30 min, followed by centrifugation. Total protein concentrations
were determined, and equal amounts were loaded onto SDS-PAGE gels and transferred onto
PVDF membranes. After blocking with 5% milk in TBS-T, membranes were incubated
overnight at 4°C with primary antibodies, then washed and exposed to corresponding
HRP-conjugated secondary antibodies. For analysis of multiple proteins on the same

blot, membranes were stripped and reprobed, or lysates were run on separate gels (sister
gels). Band intensity was always quantified using NIH ImageJ software. For qRT-PCR
assays, RNA was extracted using Trizol reagent (Thermo Fisher Scientific) and quantified
spectrophotometrically. Reverse transcription to cDNA was carried out using the RevertAid
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). For gPCR, the reaction mixture
contained SYBR gPCR Master Mix, forward and reverse primers, and cDNA template.
Samples underwent thermal cycling. Gene expression analysis utilized the delta-delta Ct
method, with normalization to that of GAPDH.

Transit bilateral intrahippocampal injection of virus.

Mice were anesthetized and placed in a stereotaxic frame (RWD Instruments, Shenzhen,
China). The described adeno-associated virus (AAV) was bilaterally microinjected into
the hippocampal CA1 region (anterior-posterior (AP), =2 mm from bregma; medial-lateral
(ML), £1.5 mm; dorsal-ventral (DV), —1.5 mm) at a flow rate of 0.1 pL/min (0.5 pL/side)
using a 10-pL Hamilton syringe (Hamilton Co.). The titer of AAV was 1.0*10711 vg/mL.
AAV-mRFP-GFP-LC3 was purchased from Hanbio Technology (Shanghai, China).

Bilateral intrahippocampal infusion.

For guide cannula implantation, stereotaxic surgeries were performed using the described
protocol (68). Briefly, mice were anesthetized and mounted on a stereotaxic instrument
(RWD Instruments). Two 26-gauge guide cannulae (10 mm length) were implanted
bilaterally into the hippocampus (AP, =2 mm from bregma; ML, £1.5 mm; DV, —1.5 mm).
Cannulae and screws were affixed with dental cement onto the mouse skull. A Hamilton
10-pL microsyringe was utilized to infuse chemicals into each side of the hippocampus,
driven by a microdialysis pump (RWD Instruments). K252a (1 ng/side of the hippocampus)
and LY?294002 (5 ng/side of the hippocampus) were infused at a rate of 0.1 uL/min and a

Sci Signal. Author manuscript; available in PMC 2024 July 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shietal. Page 14

volume of 0.5 uL per side. The vehicle control for LY294002 and K252a was 17% DMSO in
saline.

Neuronal immunofluorescence and spines/puncta quantification in vitro.

The primary murine hippocampal neurons were fixed with 4% paraformaldehyde for 15
min, washed 3x in PBS and incubated with blocking buffer (0.3% Triton X-100 and 5%
goat serum) for 1 hour. Neurons were then incubated with primary antibody overnight at
4°C, washed 3x in PBS, then incubated with secondary antibodies for 2 hours at room
temperature. Slides were washed 3x in PBS, then were mounted onto microscope slides
using ProLong anti-fade reagent with DAPI (Invitrogen). For neurons expressing GFP or
F-actin-GFP, anti-GFP antibody was added. For quantification of spines and puncta in vitro,
spines/puncta were counted from 10-um-long dendrite (second-order, about 35 to 45 um
from soma) from randomly-selected neurons. Puncta and spines were counted by three
examiners who did not have knowledge of the study group.

Golgi staining.
Golgi staining was performed using Rapid Golgi Stain kit according to the manufacturer’s
instructions (FD Neuro Technologies, Shanghai, China). Freshly dissected hippocampal
CAL brain slides were immersed in the impregnation solution, comprising equal volumes
of Solution-A and Solution-B, and stored at room temperature for two weeks in the dark.
Brain tissues were thereafter transferred into Solution-C and stored at room temperature in
the dark for another 48 hours. Brains were then sectioned using a Lecia sliding-freezing
microtome at a thickness of 100 pm. Brain sections were then stained with Solution-D and
Solution-E. Golgi-stained neurons and dendritic segments from hippocampus were imaged
by Pannoramic MIDI (3DHIESTECH). Dendritic spine density analysis was performed
using ImageJ Fiji (version 1.53). Spines were counted from 30-um-long dendritic segments
(about 50 to 80 um from soma) of randomly selected neurons.

shRNA-mediated gene silencing in vitro.

The lentiviral GV369 constructs containing the PSD-95 shRNA

(shPSD-95-s1 targeting TCACGATCATCGCTCAGTATAAACC/shPSD-95-s2

targeting CGCCGTTTGAGTTCTCCTTTATTTT) or TrkB (targeting
CCTTAAGGATAACGAACATTT) were supplied by Genechem (Shanghai, China), each
was transduced to HEK-293 cells by Lipofectamine 3000 to generate lentivirus. Virus was
added at a multiplicity of infection (MOI) of 12 to cultured neurons at DIV7 that were left
for five days, at which point expression of PSD-95 and TrkB in the neurons (DIV12) was
examined by Western blotting. The control neurons were infected with a scramble control
shRNA lentivirus. Knockdown of Gaj; and Gas in primary murine hippocampal neurons
using sShRNA lentivirus was described previously (25).

GFP or F-actin-GFP expression in neurons.

For expressing GFP or F-actin-GFP, the primary murine hippocampal neurons at DIV7 were
infected with GFP-expressing lentivirus or GFP-tagged F-actin-expressing lentivirus (both
from GeneChem, Shanghai, China) at an MOI of 12 for five days.
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Synapse labeling in vivo and data quantification.

The detailed protocols for immunohistofluorescence synapse labeling in mouse hippocampal
CAL1 brain sections and data quantification are as previously described (26). PSD-95 and
synaptophysin-immunostained puncta and PSD-95-synaptophysin contacts (co-localization)
were counted manually by three examiners who did not have knowledge of the study group.

Neuronal knockdown of Ga;; and Gajsz in vivo.

The shRNA plasmids targeting the Ga;; (GNA/II) or Ga;; (GNAI3) with hSyn promoter
of adeno-associated virus 9 (AAV9) (11) were supplied by Genechem. The valid target
sequence of Gaj; (GNA/L) is CCAACAGATGAGTACTTATAT and the valid target
sequence of Gaj3 (GNA/3) is CTGTTACGGATGTCATCATTA. The constructs were
individually transfected into HEK-293 cells to generate AAV and injected to the mice as
reported previously (25). Control mice were injected with AAV9-hSyn scramble control
ShRNA (“shC”).

Neuronal conditional knockout of Gaij; and Ga,z in mice.

AAV9-CMV-FLEX-Cas9-U6-sgGaj; and AAVI-CMV-FLEX-Cas9-U6-sgGaiz were both
generated and verified by Genechem. Both were co-injected into the hippocampal tissues
of the Syn1-Cre C57 mice (4-week-old groups of evenly mixed male and female, obtained
from GemPharmatech, Nanjing, China). The sgRNA target sequence of Gaj; (GNA/I)

is ACGCTGCCGAATCGTTCAGC (PAM: TGG) and the sgRNA target sequence of

Gaijz (GNAI3) is CAGGCGTGATTAAACGTTTA(PAM: TGG). Synl1-Cre C57 mice were
injected with AAV9-CMV-FLEX-Cas9-U6-sgC (“Cas9-C”).

Forced activation of Akt in vivo.

The constitutively-active mutant Aktl (caAktl, S473D) sequence, as reported in our
previous study (69), was tagged with Flag in the C-terminal and the sequence was inserted
into the AAV9-hSyn vector. The construct was transfected to HEK-293 cells to generate
AAV, which was injected bilaterally into mouse hippocampus as reported (25). Control

mice were subjected to bilateral intrahippocampal injection of the empty AAV9-hSyn vector
(“Vec”).

Electron microscopy.

Following deep anesthesia, the mice underwent transcardial perfusion with a 0.9% saline
solution, succeeded by a 2.5% glutaraldehyde solution. Subsequently, the hippocampus was
carefully isolated and was subjected to overnight fixation in a 2.5% glutaraldehyde solution
at a temperature of 4°C. After arinse in 0.1 M phosphate buffer, the tissues were postfixed
with 1% osmium tetroxide for 5 min at room temperature. Dehydration was carried out

with varying concentrations of acetone, culminating in the embedding of the tissues in
epoxy resin. Next, ultrathin sections of the tissues were prepared, stained with uranyl acetate
and lead citrate, and, ultimately, observed utilizing an FEI Tecnai G2 Spirit Transmission
Electron Microscope (FEI Company, a subsidiary of Thermo Fisher Scientific), operated at
80 kV.
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AAV-mRFP-GFP-LC3 assay staining.

Mice were anesthetized and positioned on a stereotaxic frame (RWD Instruments, Shenzhen,
China) for bilateral microinjection of AAV-mRFP-GFP-LC3 into the hippocampal CAl
region (AP, =2 mm from bregma; ML, £1.5 mm; DV, —1.5 mm), administering at a flow

rate of 0.1 pL/min (0.5 pL/side) using a 10-puL Hamilton syringe (Hamilton Co.), with the
AAV titer at 1.0 x 10! vg/mL. The injection coordinates were described above. Following a
10-min dwell time, the pipettes were retracted, the incision was closed, and the brains were
post-fixed overnight in 4% paraformaldehyde at 4°C. Subsequently, the brains underwent
dehydration, embedding, and sectioning, with mounted sections examined using a laser
scanning confocal microscope.

Statistical analysis.

Data following a normal distribution were presented as mean + standard deviation (SD),
except for the Sholl tests [results expressing as mean * standard error of mean (SEM)].

The two-tailed unpaired t test was utilized to compare statistical difference between two
groups. One-way analysis of variance (ANOVA) plus Tukey’s post hoc test were utilized for
multiple groups, with two-way ANOVA with Sidak’s post hoc test applied for Sholl tests.
“Biological repeats” in neurons and cells specifies experiments performed at different times
using independently prepared neurons and cells. Pvalues < 0.05 was statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CN2097 mitigates depression-like behaviorsin mice.

(A) Schematic diagram of the animal protocol. (B to G) Assessment of CN2097 on
antidepressant-like behaviors in corticosterone model (B-D) and CMS model (E-G) mice.
C57BL/6J mice were subcutaneously (s.c.) injected with corticosterone (CORT, 20 mg/kg)
daily for 21 days (B-D) or subjected to chronic mild stress (CMS) for five consecutive weeks
(E-G), thereafter CN2097 (1 or 10 mg/kg) or CN5135 (10 mg/kg) were administered i.p..
After 12 hours, tail suspension (TST; B and E), forced swim (FST; C and F) and sucrose
preference (SPT; D and G) behavioral tests were performed. Data are presented as mean +
standard deviation (SD) from, n = 10 (B to D) or 14 (E to G) mice per group. **P< 0.01,
***p<(0.001, “n.s.” not significant (P> 0.05) by one-way ANOVA plus Tukey’s post hoc
test.
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Figure 2. Syn3 promotes TrkB signaling in hippocampal neurons.
(A) Structure of the active cyclic peptide Syn3*. (B) Comparison of the amino acid

sequences of Syn3 and CN2097 and SPR measurements for binding to the PSD-95 PDZ3ca
domain. (C) Nuclear magnetic resonance (NMR) showing the binding of Syn3 with the
PDZ3ca fragment of PSD-95. (D to F) Effect of Syn3 on TrkB signaling. Primary murine
hippocampal neurons were pre-treated with Syn3 (0.2 uM) or PBS vehicle control (*Veh”)
for 20 min, followed by BDNF (25 ng/mL) treatment for 1 to 20 min. Immunoblotting

and analysis assessing the effect of Syn3 on the relative abundance of the indicated
phosphorylated proteins in primary murine hippocampal neurons that were pre-treated with
Syn3 (0.2 uM) or PBS vehicle control (*“Veh”) for 20 min, followed by BDNF (25 ng/mL)
treatment for 1 to 20 min. (G) Role of TrkB in the signaling effects of Syn3. Primary
murine hippocampal neurons were treated with a lentiviral TrkB shRNA (“shTrkB”) or
lentiviral scramble control non-sense shRNA (“shC”) for five days, after which neurons
were stimulated with BDNF (25 ng/mL) for 20 min after a 20-min pretreatment with

Syn3 (0.2 uM) (“BDNF+Syn3”). TrkB signaling was analyzed in whole cell lysates by
immunoblotting for the indicated proteins. (H) Representative immunoblotting to assess
TrkB-Akt-S6K signaling in primary murine hippocampal neurons treated with Syn3 (0.2
uM) alone for 1 to 20 min and were analyzed by the listed proteins in total lysates. (1)
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Immunoblotting analysis to assess the effect of Syn3 on insulin- or PDGF-induced Akt-S6K
signaling. Primary murine hippocampal neurons were pre-treated with Syn3 (0.2 uM) or
vehicle for 20 min, followed by treatment with insulin (1 ug/mL) or PDGF-BB (25 ng/mL)
for 20 min. Data are presented as mean + SD; in (D to I), n = 5 biological repeats. ***P <
0.001. “n.s.” not significant (P> 0.05) by one-way ANOVA plus Tukey’s post hoc test (D to
F) or Student’s t test (G and I).

Sci Signal. Author manuscript; available in PMC 2024 July 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shietal. Page 24

BDNF-25 ng/mL. 24h BDNF+Syn3 (0.2 uM)

h=25
Veh__ +Syn3 (0.2 uM)

BDNF, 24h

aaaaa

s 31|
z " )
- p-Akt p-S6K LY294002
37KDs- E GAPDH BDNF+Syn3 (0.2 pM), 20 BDNF+Syn3 (0.2 uM), 24h

BDNF-25 n i/mL 24 BDNF- SI in3 (0.2 uM)

Y294002
BONF+Syn3, 24h

BONF-25 ng/mL_24h BONF+Syn3(02uM

Factin posive spinesi10 pm
? i»

. *

H

i

L GonFrsyms 2en

Figure 3. Syn3 enhances BDNF-induced neurite outgrowth and dendritic spine formation in
hippocampal neurons.

(A) Representative neuronal morphology of GFP-expressing primary murine hippocampal
neurons pre-treated with Syn3 (0.2 pM) or PBS vehicle control (“Veh™) for 20 min,
followed by BDNF (25 ng/mL) treatment for 24 hours. Scale bar = 50 pm. (B) Sholl
analyses demonstrates that Syn3 increases neuronal complexity and the number of neurite
crossings (n = 26 neurons). (C and D) Syn3 increases the number of PSD-95 puncta.
Primary hippocampal neurons were pre-treated with Syn3 (0.2 pM) or PBS vehicle control
(*Veh”) for 20 min, followed by BDNF (25 ng/mL) treatment for 24h. Representative
images of immunofluorescence staining for PSD-95 (green fluorescence) and MAP2 (red
fluorescence) are shown (C), scale bars = 10 um, and the number of PSD-95 puncta per
10 pm dendrite from n = 25 neurons over five independent experiments are quantified in
(D). (E toL) Inhibition of TrkB or PI3K-Akt blocks Syn3 effects on Akt-S6K signaling
(E), PSD-95 puncta formation (F, quantified per 10 um dendrite, n = 20 neurons per group
over five independent experiments), synaptic density (G to I) and spine formation (J to L).
Hippocampal neurons were first treated with either the TrkB inhibitor K252a (200 nM) or
the pan PI3K-Akt-mTOR kinase inhibitor LY294002 (1 uM) for 1 hour; then Syn3 (0.2 uM)
for 20 min, followed by BDNF (25 ng/mL) for 20 min for the immunoblotting in (E, n =

5 biological repeats) or 24 hours for immunofluorescence analysis (F to L). For synaptic
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density, representative dendritic staining for PSD-95 (green), synaptophysin (red) and MAP2
(cyan) is shown (G), and PSD-95-synaptophysin contacts per 10 um dendrite was quantified
(H, n = 25 neurons per group over five independent experiments), also in the presence

of K252a or LY294002 (I, n = 20 neurons per group over five independent experiments).
For spine density, representative F-actin-GFP positive hippocampal dendrites are shown (J);
the number of F-actin-GFP positive spines per 10 um dendrite was quantified (K, n = 20
neurons per group over five independent experiments), also in the presence of K252a or
LY294002 (L, n = 15 neurons per group over five independent experiments). In (G and J),
scale bars = 10 ym. Data presented as mean £ SEM (B) or SD (D-L). *P< 0.05 vs. “Veh”
group (A); #P< 0.05 vs. “BDNF” only treatment (A); ***P< 0.001 (D-L), by two-way
ANOVA with Sidak’s post hoc test (B) or one-way ANOVA plus Tukey’s post hoc test (D,
E,F H, I, KandL).
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(A) Schematic showing C57BL/6J mice subjected to 5-week of CMS exposure were i.p.-
injected with Syn3 (1 mg/kg). (B to D) Effect of Syn3 depression-like phenotypes following
CMS. Behavioral tests—tail suspension test (TST, B), forced swim test (FST, C) and sucrose
preference test (SPT, D)—were performed after 12 hours in n = 25 mice per group. (E)
Effect of Syn3 on the CMS-induced reduction in dendritic spines. Representative images
(scale bar 10 um) showing Golgi staining of dendritic spines in hippocampal CA1 neurons
from mice described in (A). The number of stubby, mushroom, and thin spines were counted
from 30-um-long dendritic segments located ~50-80 pum from the soma of n = 26 randomly

selected neurons from N = 7 mice per group. (F) Effect of Syn3 on the CMS-induced

reduction in synaptic contacts. Representative low- and high-magnification images (scale

bars = 10 and 2 pm) of PSD-95 and synaptophysin puncta in hippocampal CA1 brain

sections (stratum radiatum subregion) from mice exposed to CMS. PSD-95-positive clusters,
synaptophysin-positive clusters, and PSD-95-synaptophysin contacts were quantified from
random views from sections from n = 16 mice per group. (G) Effect of Syn3 on PSD-95

and synaptophysin protein expression in hippocampal CA1 tissues of mice exposed to CMS.
Immunoblotting of tissues of n = 6 mice per group, described in (A), were analyzed. (H)
C57BL/6J mice with 5 weeks of CMS exposure were injected i.p. with Syn3 (1 mg/kg)
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or 7,8-DHF (10 mg/kg). After 24 hours, behavioral tests were performed, as in (B to D),

in n = 16 mice per group. (I to L) Effect of Syn3 on depression-like phenotypes in the
corticosterone model. C57BL/6J mice were injected with corticosterone (s.c., 20 mg/kg)
daily for 21 consecutive days. Thereafter, Syn3 (1 mg/kg, i.p.) was administered, and 12
hours later performance on behavioral tests, as described in (B to D), was assessed inn =9
mice per group. Data are presented as mean + SD. *P< 0.05, **P< 0.01, and ***P< 0.001;
“n.s.” not significant (P> 0.05); by one-way ANOVA plus Tukey’s post hoc test.
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Figure 5. Syn3 restores Akt-mTOR activation in hippocampus of mice subjected to CMS.
(A) Effect of Syn3 on CMS-suppressed Akt and S6K phosphorylation. C57BL/6J mice

with 5-week of CMS exposure were i.p. injected with Syn3 (1 mg/kg) for 12 hours, and

the expression of Akt and S6K proteins in hippocampal CAL region (stratum radiatum
subregion) tissues examined by immunoblotting, and phosphorylation quantified (n =7
stands for tissues of seven different mice in each group). (B and C) Effect of Syn3 on p-Akt
and p-S6 immunofluorescence staining in CA1 neurons. Representative p-Akt (Ser*’3) and
p-S6 (Ser235/236) flyorescence images in hippocampal CAL1 brain sections were quantified
from random views of sections from n =5 mice in each group) were performed. (D to

F) Effect of TrkB or PI3K-Akt-mTOR inhibition on Syn3’s antidepressant-like activity.
After 5 weeks of CMS exposure, C57BL/6J mice then underwent bilateral intrahippocampal
infusion of K252a (1 ng in 0.5 pL per side) or LY294002 (5 ng/mL in 0.5 pL per side),
followed by Syn3 administration (i.p., 1 mg/kg) for 12 hours, and performance in the TST
(D), FST (E) and SPT (F) behavioral tests was assessed in n = 16 mice per group. Data are
presented as mean + SD. *P< 0.05, **P< 0. 01, and ***P < 0.001 by one-way ANOVA
plus Tukey’s post hoc test.
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Figure 6. Syn3 facilitates BDNF-induced TrkB-PSD-95-Ga1/3 complex formation in

hippocampal neurons.
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(A) Co-immunoprecipitation (Co-1P) assays assessing the effect of Syn3 on TrkB-PSD-95-

Gajy/3 association. Primary murine hippocampal neurons were treated with BDNF (25

ng/mL, 5 min) alone or after Syn3 (0.2 pM, 20 min pretreatment), followed by co-IP and
immunoblotting. Expression of the indicated proteins was assessed in whole lysate “Input”
and TrkB-associated PSD-95, Gaj; and Ga.j3 were quantified from n = 5 biological repeats.
(B) Role of Ga,jy3 in the effects of Syn3 on BDNF signaling. Primary hippocampal neurons
transduced with the lentiviral Gaj; ShRNA plus lentiviral Gajz ShRNA (Gaj1/3-ShRNA)

or the lentiviral scramble control ShRNA (shC) were treated with BDNF (25 ng/mL) after

a pretreatment with Syn3 (0.2 uM, 20 min). The relative Ga.j1//3 protein expression and

Akt/S6 phosphorylation was quantified in immunoblots from n = 5 biological repeats.
(C to E) Role of Gajy/s in the effects of Syn3 on dendritic branching (C, images of

GFP-expression and Sholl analyses quantifying the number of crossings), spine formation
(D, images and quantification of dendritic F-actin GFP-expression) and synaptic density

(E, images and analysis of PSD-95-synaptophysin contacts). Primary hippocampal neurons
were infected with lentiviral Gajq/3-ShRNA or a lentiviral scramble control ShRNA (shC),
treated with BDNF (25 ng/mL) after Syn3 (0.2 uM, 20 min pretreatment) for 24 hours. Sholl
analyses in (C) was performed on 30 neurons per group; the number of spines per 10-um
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dendrite in (D) was calculated from 17 neurons per group; and synaptic density in (E) was
calculated from 16 neurons per group, each pooled from four independent experiments. (F)
Effect of PSD-95 knockdown on the ability of Syn3 to enhance BDNF signaling. Primary
hippocampal neurons transduced with the lentiviral PSD-95 shRNA (-s1/-s2) or the lentiviral
scramble control shRNA (shC) were treated with BDNF (25 ng/mL) after Syn3 (0.2 uM, 20
min pretreatment), and total cell lysates were analyzed by immunoblotting for the indicated
proteins, quantified from n = 5 biological repeats. Data are presented as mean + SD. *P<
0.05 vs. “shC” (C), ***P < 0.001, “n.s.” not significant (#> 0.05) by one-way ANOVA plus
Tukey’s post hoc test (A, D and F), Student’s #test (B and E), or two-way ANOVA with
Sidak’s post hoc test (C).
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Figure 7. Syn3 failsto mitigate depression-like phenotypes in mice with neuronal conditional
knockout of Ga,jq/3 in the hippocampus.

(A to B) Effect of Gaji/3 neuronal conditional knockout (Gaj1/3-nCKO) on Syn3 signaling.
Schematic, top right (A). AAV9-CMV-FLEX-Cas9-U6-sgGa; (0.25 pL/side) plus AAV9-
CMV-FLEX-Cas9-U6-sgGa.z (0.25 uL/side) were bilaterally injected into the CA1 region
of the hippocampus of Syn1-Cre C57BL/6J mice, generating hippocampal Gaj1/3-nCKO
mice after three weeks. Control Syn1-Cre mice were injected with AAV9-CMV-FLEX-
Cas9-U6-sgC (0.5 L, “sgC”). Gajy/3-nCKO mice were injected with a single dose of Syn3
(1 mg/kg i.p.; pink bars) or not (red bars). mMRNA expression (A) and protein abundance and
phosphorylation by immunoblotting (B) 12 hours after Syn3 injection was quantified from
n = 5 biological repeats. (C) Images and analysis of p-Akt (Ser473) staining in hippocampal
CAL1 brain sections from mice described in (A-B), quantified in sections from n =5 mice

in each group. Scale bar, 20 um. Analysis beside bottom-right merged image. (D to F).
Performance of Gaji/3-nCKO mice described in (A) on the TST (D), FST (E) and SPT (F)
behavioral tests. n = 18 mice per group. (G) Images of Golgi-stained dendritic spines in the
hippocampal neurons from Ga.j1/3-nCKO mice (scale bar, 10 um), with assessment of spine
density (below images, right). Dendritic spines were counted from 30-um-long dendritic
segments located 50-80 um from the soma of n = 26 randomly selected neurons from N =
6 to 7 mice per group. (H to K) Imaging analysis of synaptic density in the hippocampal
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CAL stratum radiatum subregion of Gaj1/3-nCKO mice. The density of PSD-95 puncta
(1), synaptophysin puncta (J) and PSD-95-synaptophysin contacts (K) were quantified in
randomly-selected sections from n = 11 mice. Data are presented as mean + SD. ***P<
0.001 vs. “sgC” group, “n.s.” not signficant (> 0.05) by one-way ANOVA plus Tukey’s
post hoc test.
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Figure 8. Syn3 amelior ates autophagy activation in hippocampal neuronsfollowing CMS.
(A and B) Autophagosome formation in the hippocampal CA1 region, assessed by electron

microscopy (A) and immunofluorescence analysis of AAV-mRFP-GFP-LC3 reporter (B),
in mice exposed to 5 weeks of CMS assessed 12 hours after i.p. injection with a single
injection of Syn3 (1 mg/kg). Autophagosome quantification in (A) was performed in
randomly selected hippocampal neurons from n = 9 mice per group, and from n = 30
randomly selected neurons from six mice each group in (B). (C to E) Western blotting of
hippocampal tissues for markers of autophagic flux in mice after CMS exposure (C) and in
Gaijy/z3 NKD mice (D) and Gajy/3 nNCKO mice (E), after treatment with Syn3 (i.p. 1 mg/kg,
12 hours), from n =5 mice per group. ***P< 0.001 (A to C); ***P< 0.01, **P<0.01

vs. “shC”/*sgC” tissues (D and E); “n.s.” not significant (P> 0.05; D and E), by one-way
ANOVA plus Tukey’s post hoc test. (F) The proposed signaling mechanism derived from
this study. PSD-95, a master synaptic scaffold protein, complexes with TrkB to amplify
BDNF signaling. In response to BDNF, PSD-95 associates with TrkB to recruit Ga.jy/3
resulting in amplification of PI3K-Akt-mTOR signaling. Syn3 facilitates BDNF-induced
TrkB-PSD-95-Gaj1/3 complex formation to restore Akt-mTOR activation in mice subjected
to CMS to increase neurite outgrowth and dendritic spine formation in murine hippocampal
neurons.
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