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Contributed by Fred H. Gage, October 2, 2020 (sent for review August 6, 2020; reviewed by Colleen A. McClung and Chun-Li Zhang)

Synaptotagmin-7 (Syt7) probably plays an important role in
bipolar-like behavioral abnormalities in mice; however, the under-
lying mechanisms for this have remained elusive. Unlike antidepres-
sants that cause mood overcorrection in bipolar depression, N-methyl-
p-aspartate receptor (NMDAR)-targeted drugs show moderate clinical
efficacy, for unexplained reasons. Here we identified Syt7 single nu-
cleotide polymorphisms (SNPs) in patients with bipolar disorder and
demonstrated that mice lacking Syt7 or expressing the SNPs showed
GIuN2B-NMDAR dysfunction, leading to antidepressant behavioral
consequences and avoidance of overcorrection by NMDAR antago-
nists. In human induced pluripotent stem cell (iPSC)-derived and
mouse hippocampal neurons, Syt7 and GIluN2B-NMDARs were local-
ized to the peripheral synaptic region, and Syt7 triggered multiple
forms of glutamate release to efficiently activate the juxtaposed
GIuN2B-NMDARs. Thus, while Syt7 deficiency and SNPs induced
GIuN2B-NMDAR dysfunction in mice, patient iPSC-derived neurons
showed Syt7 deficit-induced GIuUN2B-NMDAR hypoactivity that was
rescued by Syt7 overexpression. Therefore, Syt7 deficits induced
mania-like behaviors in mice by attenuating GIuN2B activity, which
enabled NMDAR antagonists to avoid mood overcorrection.

synaptotagmin 7 | mental disorder | bipolar disorder | mania | induced
pluripotent stem cell

espite past efforts to identify susceptible genes in patients,

the pathogenesis of bipolar disorder (BD) has remained
enigmatic, largely due to its complex multigenic origin. However,
pedigree analysis has suggested a strong heritability of BD
symptoms, indicating that the molecular and cellular deficits key for
the mood abnormalities can be highly focused and stably inherited.
Given that ~40% of BD patients show symptoms of insulin meta-
bolic syndrome (1-3), it is possible that the behavioral and metabolic
abnormalities in BD originate from an identical molecular mecha-
nism functioning in the brain and pancreas. Guided by these clues,
genes involved in both insulin metabolism and neuronal signaling
have been investigated in the neurons derived from induced plu-
ripotent stem cells (iPSCs) of BD patients and mice, leading to the
identification of synaptotagmin-7 (Syt7) as a key factor in bipolar-
like behavioral abnormalities (4). Significantly reduced Syt7 ex-
pression was observed in the blood and iPSC neurons of BD pa-
tients; moreover, Syt7 knockout (KO) mice showed circadian-based
fluctuation of mania- and depression-like behavioral abnormalities.
Syt7 has been suggested to be a high-affinity Ca®* sensor for vesicle
release. Via its two Ca**-binding domains, C2A and C2B, Syt7 in-
teracts with low-concentration Ca®*, SNARESs, and phospholipids to
induce robust membrane fusion (5). In pancreatic p-cells, Syt7 is
essential for the ignition of glucose-stimulated insulin secretion (6,
7). In the brain, Syt7 plays important roles in the action potential
(AP)-triggered asynchronous neurotransmitter release, the fast
synchronous form release during short-term synaptic plasticity, and
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the slow phase of synaptic vesicle (SV) endocytosis (8-12). In
addition, Syt7 can function with the redundancy of Sytl to
mediate the trafficking of the postsynaptic glutamate receptor
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid recep-
tor (AMPAR) (13).

N-methyl-p-aspartate receptors (NMDARs), another major
type of glutamate receptor, have long been known to be in-
volved in neuropsychiatric disorders (14). For instance, ket-
amine, an NMDAR antagonist that has been recently
approved for the clinical treatment of depressive disorders,
likely exerts antidepressant effects through antagonizing the
GIluN2B subunit of NMDARs (15-18). Interestingly, while
ketamine can often induce manic or psychotic symptoms in
individuals without neuropsychiatric disorders (19), it has
promising effects on patients suffering bipolar depression,
because it rarely causes mood overcorrection issues (20-23).
This efficacy is in sharp contrast to other major types of an-
tidepressants, such as tricyclic antidepressants and selective
serotonin reuptake inhibitors, which cause mood switching
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issues during the treatment of bipolar depression (24). Impor-
tantly, not only ketamine, but also other drugs targeting GluN2B-
containing NMDARs or glutamatergic transmission, such as
lamotrigine and riluzole, have no mood overcorrection effects (24,
25). Therefore, the glutamatergic system is likely involved in the
pathophysiology of BD symptoms. However, how these drugs can
avoid the induction of mood overcorrection in patients with bi-
polar depression has remained unclear.

In the present study, we found that in mouse hippocampal
neurons, Syt7 activated GluN2B-NMDARs specifically in the
peripheral synaptic region by triggering multiple forms of glu-
tamate release. Thus, Syt7 deficiency induced GIuN2B hypo-
activity, which directly induced antidepressant behavioral
consequences in the mice. As a result, GluN2B-NMDAR an-
tagonists had a moderate effect on the Syt7 KO mice, which in
turn generated antidepressant consequences and also avoided
intense overcorrection responses. Furthermore, we identified

several SYT7 single nucleotide polymorphisms (SNPs) in BD pa-
tients and found that these mutations could induce GluN2B dys-
function and, consequently, mania-like behavioral abnormalities in
the mice. Finally, we demonstrated that the human iPSC-derived
hippocampal neurons showed identical Syt7/GluN2B dysfunctions
that could be rescued by the overexpression of Syt7. Therefore, we
concluded that the Syt7 deficit-induced GluN2B hypoactivity is
likely a key mechanism behind the mania-like behaviors seen in
the mice lacking functional Syt7.

Results

Dysfunction of GluN2B-Containing NMDARs Is Involved in the
Mania-Like Behavioral Abnormalities of BD. NMDAR antagonists
exert antidepressant effects, probably through inactivation of the
GluN2B subunit (17, 27, 28). We tested the effects of NMDAR
antagonists, including MK-801 (a nonselective NMDAR antag-
onist) and Ro025-6981 (a GIluN2B-specific antagonist) on the
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Fig. 1. NMDAR antagonists have moderate effects on the behavioral abnormalities of Syt7 KO mice. (A and B) Effects of MK-801 (A) and Ro25-6981 (Ro25)

(B) on the FST immobility time in the dark (Left) and light (Right) phases. MK-801, 0.08 to 0.2 mg/kg; Ro25, 2.5 to 20 mg/kg. n = 8, ANOVA. (C and D) Effects of
middle dose MK-801 (C; 0.12 mg/kg) and Ro25 (D; 5 mg/kg) on LH escape failure rate. WT, n = 8; KO, n = 9. (E and F) Sucrose preference ratio of mice treated
with middle dose MK-801 (F) and Ro25 (F). n = 10. (G and H) Effects of middle dose MK-801 (G) and Ro25 (H) on LDB time in light. n = 11. (/) Effects of VPA
(100 to 200 mg/kg) on FST immobility. n = 8, ANOVA. (J) Effects of low-dose VPA (100 mg/kg) on LH escape failure rate. WT, n = 8; KO, n = 9. (K and L) Effects
of low-dose VPA on sucrose preference ratio (K) and LDB time in light (L). n = 11. *P < 0.05; **P < 0.001, Student'’s t test. Error bars represent SEM.
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behavioral abnormalities of the Syt7 KO mice using the forced
swim test (FST), learned helplessness (LH) test, sucrose preference
test (SPT), and light/dark box (LDB) test. Consistent with our
previous report (4), compared with wild-type (WT) mice, the Syt7
KO mice had a shorter immobility time, a lower escape failure rate,
a higher sucrose preference ratio, and a longer time in light in the
dark phase (Zeitgeber time [ZT], 12 to 23), whereas they showed
opposite results in the light phase (ZT 0 to 12) (Fig. 1 A-G).

Through intraperitoneal injection, we tested the effects of a
concentration gradient of MK801/R025-6981 on the FST. In the
WT mice, starting from the middle concentration, the two drugs
could induce drastic reductions in immobility time in both the
dark and light phases (Fig. 1 4 and B). However, in the Syt7 KO
mice, only the highest-concentration drug treatments restored
the light phase immobility time to a normal level, and all drug
treatments failed to show any significant effects in the dark
phase. We then carried out LH and SPT experiments using
middle doses of the drugs. In both phases, MK-801 (0.12 mg/kg)
and Ro25-6981 (5 mg/kg) significantly reduced the LH escape
failure rate and increased the sucrose preference ratio and LDB
time in light in the WT mice; however, in the Syt7 KO mice, the
drug treatments induced only slight changes (Fig. 1 C-H). Thus,
not only MK-801, but also the GluN2B-specific antagonist Ro25-
6981 showed moderate effects on the behavioral abnormalities of
the Syt7 KO mice. To further verify this observation, we tested
the efficacy of valproic acid (VPA), a mood stabilizer, and found
that both high and low doses of VPA could significantly affect
the Syt7 KO mice (Fig. 1 I-L), which verified the avoidance of
the intense effects of NMDAR antagonists on the Syt7 KO mice.
As MK-801 and R025-6981 had remarkable antidepressant ef-
fects on the WT mice, it is likely that the Syt7 KO mice had
dysfunction of GluN2B-NMDARs, and that the derived antide-
pressant effects were crucial for the induction of the mania-like
behavioral abnormalities in these mice.

Syt7 Triggers Glutamate Release in the Peripheral Active Zone to
Activate GIuN2B. To test how dysfunction of GluN2B-NMDARs
is induced by Syt7 deficiency, we first used the superresolution
stochastic optical reconstruction microscopy (STORM) tech-
nique to investigate the synaptic localization of Syt7 and GIluN2B
in hippocampal CALl slices of mice. Antibodies specific for
vGLUT1 and PSD95 were used to delineate the presynaptic
boutons and postsynaptic density (PSD), respectively (Fig. 2 4
and B). The neurotransmission active site was determined with
direct opposition of vGLUT1 and PSD95 within a detected range
of 30 nm, which corresponds to the width of the synaptic cleft (28).
In the WT neurons, the t-SNARE protein SNAP-25 was detected
in the central active zone (AZ) in the majority of investigated
synapses, whereas in most cases, Syt7 was ~100 nm (range, 60 to
170 nm) away from this region (Fig. 2C). As the length of the
synaptic site (AZ/PSD) is usually 250 to 300 nm, this result indi-
cates that Syt7 was largely located in the peripheral AZ.

We then analyzed the localization of GluN2B in comparison
to GIuN2A. In the WT mice, GluN2A penetrated deeply into the
PSD, whereas GIuN2B was mostly ~100 nm away from the
central PSD (Fig. 2 D and E), indicating that GluN2B was largely
located in the peripheral and extrasynaptic areas. Moreover,
GluN2B showed an identical distribution pattern in the WT and
KO slices (Fig. 2F), indicating that the Syt7 deficiency would not
affect the distribution of GIuN2B. In addition, the GluN2B/
PSD95 ratio was significantly increased in the Syt7 KO neurons
(Fig. 2 F and G), indicating enhanced expression of GluN2B.
Immunoblot and quantitative reverse-transcription PCR
(qRT-PCR) analyses confirmed the increased expression of
GIluN2B and other NMDAR subunits in the KO neurons, re-
sembling that in WT neurons treated with Ro25-6981 (Fig. 2H
and SI Appendix, Fig. S1). In the R0o25-6981-treated WT neu-
rons, the increased GIuN2B expression was likely caused by a

31440 | www.pnas.org/cgi/doi/10.1073/pnas.2016416117

homeostatic adjustment (29), analogous to the “synaptic scaling”
in which the blockade of AMPARs is seen to always lead to
increased AMPAR expression (30). Thus, we hypothesized that
the enhanced GluN2B expression in the Syt7 KO mice might
also originate from insufficient activity of GluN2B.

We then carried out whole-cell patch clamp recordings in
acutely dissected hippocampal slices to investigate the GluN2B
activity in Syt7 KO mice. Consistent with previous studies (9-11),
the Syt7 KO neurons did not show any obvious changes in single
AP-evoked AMPAR-mediated excitatory postsynaptic currents
(AMPAR-EPSCs) but did show a more rapid depression in the
amplitude of EPSCs evoked by a short train stimulation (20 Hz, 1
s) compared with the WT mice (S Appendix, Fig. S2). Consistent
with the enhanced expression of NMDAR subunits, the single
AP-evoked NMDAR-EPSCs showed a significantly larger am-
plitude in the Syt7 KO neurons compared with the WT neurons
(Fig. 2I). We applied Ro25-6981 to the recording system and
found that the NMDAR-EPSC amplitude was only slightly re-
duced in both the WT and the Syt7 KO neurons (Fig. 2I), in-
dicating that the GIuN2B-NMDARs were not a major
component of total NMDARSs activated by a single AP. We then
investigated the train stimulation-evoked NMDAR-EPSCs and
found that the WT and Syt7 KO neurons showed similar cu-
mulative charge transfer (Fig. 2 J-L), which was different from
the attenuated train-evoked AMPAR-EPSCs and probably
resulted from the enhanced NMDAR expression in the Syt7 KO
neurons. Although Ro025-6981 did not induce any obvious
changes in either group, we observed that after the drug treat-
ment, the total charge transfer of the Syt7 KO neurons was
greater than that in the WT (Fig. 2L). Thus, the GluN2B-
NMDARSs could be activated to some extent by train AP firing
in the WT hippocampal neurons, whereas in the Syt7 KO neu-
rons, the GluN2B-NMDARs showed hypoactivity during short-
term synaptic plasticity, in which Syt7 plays an important role.

Syt7 is probably a Ca®* sensor for asynchronous release, which
accounts for only ~20% of the total release (9, 31). To investigate
whether GIuN2B was activated by asynchronous release, we ana-
lyzed the train-stimulated AMPAR-EPSCs in the context of 0.2 mM
[Ca®*], which mimicked the residual Ca** influx (Fig. 2M). Com-
pared with the WT slices, the Syt7 KO slices showed obvious re-
ductions in the amplitude of the first EPSCs and the total charge
transfer of the train AMPAR-EPSCs (Fig. 2N). We then analyzed
the train-evoked NMDAR-EPSCs and found that the WT and Syt7
KO slices showed similar levels of total charge transfer and delayed
charge transfer (Fig. 2 O and P) (12). Moreover, the Ro25-6981
treatment significantly reduced the total and delayed charge trans-
fer in the WT mice but failed to obviously affect the Syt7 KO mice.
Thus, GluN2B-NMDARs were activated by residual Ca>*-triggered
glutamate release in the WT mice, but such activation was largely
diminished in the Syt7 KO neurons.

Taken together, our findings demonstrate that both Syt7 and
GluN2B-NMDARs were localized to the peripheral synaptic
region, and that GluN2B-NMDARs could be efficiently acti-
vated by Syt7-triggered glutamate release.

Human SYT7 SNPs Induce GIuN2B Dysfunction and Mania-Like
Behaviors in Mice. To determine whether the SY77 gene itself is
associated with the development of BD in humans, we per-
formed Sanger sequencing analysis in the SY7T7 coding regions of
1,456 BD patients and 1,202 controls. A total of five SNPs, in-
cluding four missense mutations and one synonymous mutation,
were identified in six BD patients, but no Syt7 mutation was found
in any of the healthy control subjects (SI Appendix, Table S1). All
mutations resided on exon 6 of the human SY77 gene, which en-
codes the juxtamembrane linker region of the protein. The com-
bined y? test showed a significant correlation with BD (y* = 4.965,
P =0.0259; OR, 10.78; 95% CI, 0.6061 to 191.6). A harmfulness
evaluation of the four missense mutations was performed on
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Fig. 2. Syt7 triggers glutamate release in peripheral AZ to activate GIUN2B-NMDARs. (A) Sample STORM images of hippocampal slices showing localization of Syt7
(Left) and GIUN2B (Right) in the synapses. (a1-a4) From Left to Right, the face view, side view, and view along the transsynaptic axis of sample synapses showing the
localization of Syt7 (a1 and a2) and SNAP-25 (a3 and a4). (a’1-a’4) Localization of GIuUN2B (a’1 and a’2) and GIuN2A (a’3 and a’4). Curves indicate the fluorescence
intensity projected onto the x-axis. (Scale bars: 2 um in the Top images, 100 nm in the Bottom images.) (B) Schematic of the analytic model for quantifying the distance
of tested proteins to the center of the AZ. (C) Histograms showing the shortest distance of the Syt7/SNAP-25 signal to the AZ center. Syt7, n = 76; SNAP-25, n =71. The
red curve represents the fitted Gaussian curve. (D and E) Shortest distance of the GIUN2A (D; n = 75) and GIUN2B (E; n = 73) signals to the PSD center. (F) Number of
GIuN2B localization points vs. number of PSD95 localization points for each synapse. (G) Quantification of GIuUN2B/PSD95 ratio. (H) Immunoblot (Left) and quanti-
fication (Middle) of GIuUN2B in hippocampal tissues and qRT-PCR data (Right) of GIUN2A/2B in cultured hippocampal neurons. (Left) WT, n = 6; KO, n = 10. (Middle and
Right) n = 9 for both groups. () Sample traces (Left) and mean amplitude (Right) of 2 mM [Ca®*] evoked NMDAR-EPSCs in hippocampal slices. WT, n = 20/17/9; KO, n =
29/17/13. (J-L) Sample traces (J), cumulative charge transfer (K), and total charge (L) of 2 mM [Ca®*] evoked train NMDAR-EPSCs in hippocampal slices. WT, n = 20/17;
KO, n = 38/29. (M) Sample traces of train evoked AMPAR-EPSCs in slices triggered by 0.2 mM Ca?*. (V) Amplitude of the first EPSCs (Upper) and total charge of the
train EPSCs (Lower). WT, n = 8; Syt7 KO, n = 9. (O) Sample traces of train NMIDAR-EPSCs in slices triggered by 0.2 mM Ca?*. (P) Total charge transfer (Left) and decay
time constant (Right) of NMIDAR-EPSCs. n = 14. *P < 0.05; **P < 0.001, Student's t test. Error bars represent SEM.
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PolyPhen-2 (genetics.bwh.harvard.edu/pph2/) based on the struc-
ture and functional predictions. Three of these mutations showed
damage potential on the Syt7 protein structure: 1L.227M, Q247H,
and L314M.

We then carried out the behavioral examinations using human
L227M and Q247H mutations as examples. In the mice, of the
four isoforms of SY77, two (y and 4) had the exon containing
these mutation sites. Thus, we compared the effects of isoform 4
of mouse Syt7 (Syt7"*) and its mutant carl;ying mutations cor-
responding to human L227M/Q247H (Syt7""*™") (Fig. 3 A4 and
B). We suppressed Syt7 expression in the hippocampal dentate
gyrus (DG) through local infusion of lentivirus encoding the
Syt7-specific CRISPRi and simultaneously reintroduced Syt7'*
or Syt7F4mut The qRT-PCR analysis revealed that Syt7'** and
Syt7F4mut were well expressed in the Syt7 knockdown (KD) mice
(Fig. 3C). Behavioral analysis revealed that in the dark phase,
compared with the WT scrambled controls, the Syt7 KD mice
showed a significant reduction in the FST immobility time and
obvious increases in the sucrose preference ratio and LDB time in
light; moreover, the KD mice expressing Syt7"™* showed an ob-
vious alleviation of the behavioral abnormalities, whereas the KD
mice expressing Syt7'F*™¢ still showed behavioral abnormalities

similar to those in the KD mice (Fig. 3 D-F). Therefore, human
Syt7 L227M and Q247H mutations could lead to antidepressant
behavioral consequences in the mice.

We next investigated the activity of GluN2B-NMDARs in
neurons expressing Syt7""*™, The qRT-PCR analysis revealed
that the enhanced GluN2B expression in the Syt7 KO neurons
was rescued by Syt7'F* but not by Syt7F*™ Moreover, the
Ro025-6981 treatment enhanced the expression of GIuN2B in
Syt7™-expressing KO neurons, whereas the Syt7"*™express-
ing neurons were unaffected (Fig. 3G). We carried out a patch
clamp recording analysis to investigate the train stimulation-
evoked NMDAR-EPSCs in 0.2 mM [Ca®*] (Fig. 3H). The
R025-6981 treatment induced significant reductions in EPSC
charge transfer and decay time in the WT scrambled controls but
failed to significantly affect the Syt7 KD neurons; moreover,
expression of Syt7""* in the KD neurons rescued the resistance to
the drug application, whereas the introduction of Syt7"**™" did
not produce obvious changes (Fig. 3 7 and J). Thus, the Syt7" ™t
mutant could not function to activate GluN2B-NMDARs. Taken
together, our data indicate that the SY77 gene is associated with
the susceptibility to BD in humans, and that the Syt7 SNPs
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identified in BD patients could generate antidepressant effects in
the mice through inducing GluN2B dysfunction.

Monitoring Syt7-Triggered Glutamate Release in the Peripheral AZ.
To further our understanding of the glutamate release triggered
by Syt7 or its SNPs in the peripheral AZ, we carried out a struc-
tured illuminating microscopy (SIM) analysis with pHluorin-tagged
synaptophysin (sypHy) as a fluorescence reporter to directly monitor
the SV exocytosis in the AZ of Syt7-defective neurons (Fig. 4 A and
B). The sypHy reporter is quenched by low pH in the SV lumen and
dequenched by SV exocytosis, and changes in the sypHy signal rep-
resent bona fide presynaptic SV cycling events (32). The spatial res-
olution of the SIM system is ~100 nm, which is able to indicate where
SV exocytosis occurs. At this resolution, the frame rate is ~0.4 Hz. To
obtain sufficient data points for analysis, we elongated the protocol of
the 20-Hz stimulation to a 10-s duration. As Syt7 showed strong in-
teraction with residual Ca* to trigger SV release, we used 0.2 mM
[Ca®*] to maximize the Syt7-specific release. Because Sr* is able to
promote asynchronous release and Syt7 is a strong Sr** sensor (5, 12,
33), we used 0.2 mM [Sr**] as a control means to acquire the
maximal segregation of Syt7-triggered and non—-Syt7-triggered SV
release events. Meanwhile, we used 4 mM [Ca**] as another control
to characterize the exocytosis under high [Ca®*].

The imaging analysis revealed that in the WT neurons, the total
amount and kinetics of exocytosis triggered by 0.2 mM Sr** were
similar to those caused by 4 mM Ca** but greater than those
caused by 0.2 mM Ca**. In contrast, in the Syt7 KO neurons,
0.2 mM Sr** triggered significantly less SV release compared with
0.2 mM Ca”*, and the latter elicited much weaker exocytosis
compared with 4 mM Ca** (Fig. 4 C and D). Thus, Syt7 con-
tributed significantly to the SV release elicited by residual levels of
[Ca**]. Importantly, the phenotype of the Syt7 KO neurons was
restored by reintroduction of Syt7"" but not by Syt7"*™"  indi-
cating that the Syt7 SNPs could not effectively elicit SV release.

To evaluate the location of the Syt7-triggered release, we next
analyzed the changes in the full width of half maximal (FWHM)
with the Gaussian distribution of the SypHy signals (Fig. 4 E and
F), which is quantified along the direction of the neurite. In all
groups, the prestimulus FWHM was greatest for the 4 mM Ca**
group compared with the low [Ca®*] and [Sr**] groups, probably
because the baseline level exocytosis was more active at high
[Ca®*]. In the WT neurons, at 2.5 s and 5 s, the FWHM of all
three ion conditions showed significant expansion, and the
FWHM of the low [Ca?*] and [Sr**] groups rapidly climbed to
approach the level of 4 mM [Ca®*] (Fig. 4 E and F). These results
show that the exocytosis area expanded remarkably in response to
the Ca*/Sr*" influx, indicating that the SVs in the peripheral AZ
were competent for exocytosis. However, in the Syt7 KO neurons,
the FWHM of all three groups increased very slowly, indicating
that the spatial characteristics of the exocytosis were unaffected by
changes in ion identity or concentration; namely, that the SVs in
the peripheral AZ were relatively reluctant to release. In addition,
reexpression of Syt7*" in the KO neurons could rescue the
FWHM phenotype, whereas the introduction of Syt7"**™* had no
such effect. Therefore, the Syt7 SNPs could not efficiently induce
SV release in the peripheral AZ of hippocampal neurons.

Retargeting Syt7 to the Central AZ Triggered Glutamate Release but
Could Not Activate GIuN2B-NMDARs. To help elucidate the role of
Syt7 in the activation of GIluN2B-NMDARs, we redistributed
Syt7 to the whole AZ by conjugating the C2 domains of Syt7 to a
short N terminus 20-aa peptide of GAP43 (designated Syt7947*),
which has been previously used to anchor Sytl in the AZ (34).
Because the Syt7 antibody cannot effectively label Syt794P* we
used HA-tagged Syt794F® (Syt794P*.HA) for STORM analysis
and observed that it was extensively distributed across the AZ
(Fig. 5 A and B). We then carried out a patch clamp recording
analysis in cultured hippocampal neurons. The results indicated that
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in Syt7 KO neurons, reexpression of Syt7°AF*? significantly reduced
the amplitude of single AP-evoked AMPAR-EPSCs but failed to
rescue the accelerated amplitude depression of train EPSCs
(Fig. 5 C=F). The attenuation of SV release may have occurred
because Syt7°4"* could compete with Sytl for SVs and SNARE:s.

We next analyzed the train-evoked NMDAR-EPSCs in
0.2 mM [Ca**] (Fig. 5G). The KO neurons expressing Syt794"*
showed a reduced total charge transfer compared with the WT
neurons (Fig. SH). Similar to our results in the slices, R025-6981
application induced a significantly reduced charge transfer in the
cultured WT neurons, whereas the Syt7 KO neurons were unaf-
fected. Moreover, the deficits in the efficacy of R025-6981 in the
KO neurons were rescued by Syt7°" but not by Syt794"*3, We also
analyzed the delayed charge by evaluating the decay time constant
and observed similar results (Fig. 5H). Therefore, the Syt794P*3
distributed across the AZ was able to trigger glutamate release;
however, this failed to activate the GluN2B-NMDARs.

Syt7 Deficit-Induced GluN2B Dysfunction in BD Patient iPSC-Derived
Hippocampal Neurons. In the final step, we aimed to ascertain
whether deficits in the Syt7-GluN2B pathway existed in the
iPSC-derived neurons of BD patients. To this end, we investigated
the iPSC-derived hippocampal DG-like neurons of six patients with
sporadic type I BD (BD-I) and four healthy control subjects (35).
STORM analysis revealed that in the healthy control neurons, Syt7
was largely localized ~100 nm away from the central AZ; moreover,
the BD-I patient iPSC-derived neurons showed significantly re-
duced Syt7 expression compared with the control group (Fig. 6 A
and B), which is consistent with our previous report (4). Further-
more, in the healthy control neurons, GluN2B was ~100 nm away
from the central PSD, and in the diseased neurons, the distribution
of GluN2B was unchanged, but its expression was increased
(Fig. 6C). Immunoblot analysis confirmed the enhanced expression
of GluN2A/2B in the patient neurons (Fig. 6D).

We then performed patch clamp recordings to analyze the
train-evoked NMDAR-EPSCs in 0.2 mM Ca?*. The assayed
neurons showed strong expression of Prox1, a DG-specific marker,
and normal AP firing (Fig. 6E). Although the patient neurons
generally showed a trend toward enhancement of the total charge
transfer compared with controls, the overall charge was only slightly
increased (Fig. 6 F and G). Furthermore, in the healthy control
neurons, the Ro025-6981 treatment induced an attenuation in
NMDAR-EPSCs, whereas the diseased neurons were only slightly
affected (Fig. 6H). In addition, we carried out a rescue experiment
in the neurons of three patients through lentiviral overexpression of
Syt7"™ and found that the defective Ro25-6981 response could be
restored by the expression of Syt7'". Taken together, our results
indicate that the BD patient iPSC-derived hippocampal neurons
showed Syt7 deficit-induced GIuN2B dysfunction, which could be
restored by the exogenous introduction of Syt7.

Discussion

Syt7 Triggers SV Release in the Peripheral AZ. AP-evoked SV re-
lease involves a bulk Ca®*-triggered fast synchronous release and
a residual Ca®"-triggered asynchronous release. Residual Ca®*
also plays important roles in short-term presynaptic plasticity.
Previous studies have suggested that during repetitive electrical
stimulation, the synchronous and asynchronous phases of AP-
evoked SV release are negatively correlated, probably due to a
potential competition for the vesicles within the RRP (36, 37).
However, although Syt7 has also been suggested to be a high-
affinity Ca>* sensor for asynchronous release, loss of Syt7 would
lead to an impairment in fast synchronous release during re-
petitive stimulation, which seems contradictory (10, 11). Thus,
it has been challenging to reconcile the functions of Syt7. In the
present study, our SIM and STORM analyses revealed that
Syt7 triggered SV release specifically in the peripheral AZ and
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Fig. 4. Monitoring Syt7-triggered SV exocytosis in the peripheral active zone using SIM imaging. (A and B) Sample SIM images of sypHy-indicated SV
exocytosis in WT (A) and Syt7 KO (B) hippocampal neurons. (Top) Sample images showing sypHy-indicated presynaptic boutons. (Scale bar: 1 um.) (Middle)
Time-lapse changes in the fluorescence of boutons indicated by the arrowheads in the Top images. (Scale bar: 200 nm.) (Bottom) Fluorescence intensity
projected onto the x-axis. (C) Quantitative analysis of sypHy-measured overall SV exocytosis. WT, n = 98 to 104; Syt7 KO, n = 94 to 101; KO + Syt7™-, n = 76 to
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thus was unlikely to be in physical contact with the majority of
SVsin the RRP. The SVs within the small Syt7-dominated pool
efficiently responded to residual Ca®>* and thus could indis-
criminatingly participate in low [Ca®*]-triggered SV release,
including both asynchronous release and short-term plasticity.
The locally functioning feature of Syt7 could explain why its
absence causes parallel but not opposing changes in these two
types of SV release.

It was recently suggested that in postsynaptic dendritic spines,
Syt7 has a redundant Ca>" sensor role together with Sytl to
mediate AMPAR trafficking during LTP, but that Syt7 defi-
ciency alone does not have this effect (13). In the present study,
our immunoblot and patch clamp recording analyses revealed
that the expression and function of Sytl and AMPARs were
unchanged in the Syt7 KO neurons (Fig. 2 and SI Appendix, Fig.

31444 | www.pnas.org/cgi/doi/10.1073/pnas.2016416117

S2). Furthermore, our results of the STORM analysis indicated
that in the Syt7 KO neurons and the patient iPSC-derived neu-
rons, the distribution of GluN2B was unchanged compared with
that in controls. The experimental approaches that we used
could exclude disturbance from postsynaptic effects. For in-
stance, in the electrophysiological experiments, the 1-s duration
of the train stimulation was very short, so that the recorded
NMDAR-EPSCs were unlikely to be affected by changes in
NMDAR trafficking. Moreover, in the SIM experiments, al-
though the stimulation was elongated to 10 s, the fluorescence
changes of sypHy exclusively represented bona fide presynaptic
vesicle fusion events and thus would not be affected by any
postsynaptic effect either. Therefore, the GluN2B hypoactivity
that we observed was most likely a presynaptic, not a postsyn-
aptic, consequence of Syt7 deficiency.
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GIluN2B Hypoactivity Contributes to the Induction of Mania-Like
Behavioral Abnormalities in Mice. It has been widely accepted
that antagonizing NMDARS can generate antidepressant effects;
this consequence is mostly based on the blockade of the GluN2B
subunit (16-18, 39). A number of studies have suggested that
GIluN2B-containing NMDARSs have only a small, if any, role in
AP-triggered neurotransmission, leading to the hypothesis that
GluN2B is distributed extrasynaptically. However, some studies
have produced evidence that GluN2B can respond to AP-evoked
glutamate release. In the present study, our superresolution
imaging and electrophysiological analyses revealed that GluN2B
was present in the peripheral region of the PSD and was largely
activated by AP-triggered asynchronous glutamate release. As
this type of release in general accounts for a wide range (i.e., 0 to
30%) of the total AP-evoked SV exocytosis (31, 39), depending
on experimental conditions including neuronal subtypes, it might
lead to different observations regarding the activity of GluN2B in
response to AP firing. In the present study, we applied 0.2 mM
Ca** to recapitulate the action of residual Ca** influx in driving
asynchronous SV release while synchronous release was largely
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avoided. Using this approach, we provided solid evidence that
GIluN2B-NMDARs could be significantly activated by Syt7-
triggered asynchronous glutamate release. Our findings should
help resolve the discrepancies in the distribution and function
of GluN2B.

In the present study, we observed that the Syt7 KO mice
showed moderate responses to the application of GluN2B-
NMDAR antagonists. Ketamine is a NMDAR antagonist that
has been approved for the clinical treatment of major depressive
disorder and bipolar depression. Interestingly, during the treat-
ment of bipolar depression, ketamine rarely caused mania or
hypomania, although it always induced mania in healthy people
and nonpsychiatric patients (19-23), as did other drugs that act
through attenuating glutamatergic transmission, such as lamo-
trigine and riluzole (24, 25). In contrast, tricyclic antidepressants
and modulators of serotonin/dopamine/acetylcholine signaling
systems often show severe mood-switching issues (24). In the
present study, using MK-801 and Ro25-6981 as examples, our
results demonstrate a mechanism by which the drugs targeting
glutamatergic transmission can avoid overcorrection effects
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when used for the treatment of depressive-like behavioral ab-  variety of neuropsychiatric and neurodegenerative disorders,
normalities. In addition to the Student’s ¢ test, we further ana-  such as schizophrenia, BD, and Alzheimer’s disease (43, 44). For
lyzed the data using two-way ANOVA to verify our conclusions instance, in BD patients, the number of neurons in the hippo-
(SI Appendix, Fig. S3). Therefore, glutamatergic transmission campus is obviously reduced (44, 45). The hippocampal DG-like
could be an appropriate target for the development of new drugs  neurons derived from BD patients showed a phenotype of hyperac-
for treating bipolar depression. tive AP firing. This neuronal hyperexcitability was accompanied by

reduced Syt7 expression. Consistent with these findings, inactivation
Initiating Mechanistic Research of Syt7 from the Hippocampus. In this  of Syt7 solely in the mouse hippocampus was sufficient to induce
present study, we have identified a mechanism used by Syt7 in  neuropsychiatric-like behavioral abnormalities. Thus, hippocampal
the hippocampus to induce mania-like behaviors. The hippo-  neurons are likely to exhibit phenotypes of BD. Therefore, we
campus has been shown to play important roles in the control of  chose to interrogate the mechanism of mania-like behaviors in
emotions, and acute manipulation of hippocampal neuronal ac-  the hippocampus. However, Syt7 is highly expressed in a variety
tivity can generate changes in mood-related behaviors (40—42).  of brain regions and likely has effects on the release of multiple
The hippocampus has also been suggested to be involved in a  types of neurotransmitters. Moreover, Syt7 is also expressed in
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some peripheral organs, such as pancreatic islets. Consequently, the
actual mechanism of how Syt7 can induce the swings of mania- and
depression-like behaviors is much more complicated than what we
have observed in the hippocampus and likely involves multiple brain
regions and possibly peripheral organs.

Materials and Methods

Human Participants. A total of 1,456 inpatients (708 males and 748 females)
age 19 to 65 y (mean age, 33 + 12.19 y) with BD-I (average age at onset,
27.69 + 10.47 y) according to the International Classification of Diseases,
Tenth Revision criteria were recruited from the First Bethune Hospital of Jilin
University between 2014 and 2017. Criteria for excluding patients from our
analyses included preexisting history of brain organic diseases or other in-
tercurrent clinical body diseases, head trauma, psychosis, hypophrenia, sei-
zure, severe medical conditions, and alcoholism or drug abuse and pregnant
or breastfeeding women. Meanwhile, 1,202 healthy subjects (544 males and
662 females) were also recruited from local communities as age-, sex-, and
education level-matched controls. Criteria for excluding patients within the
control group included a history of major psychiatric or neurologic disorders,
severe head or birth trauma, febrile convulsion, adopted or single parent in
childhood, and family history of inherited psychiatric or neurologic disor-
ders. All of the participants were of Chinese Han origin. Written informed
consent was obtained from all patients and controls. This study was ap-
proved by the Ethics Committees of the Chinese Academy of Medical Sci-
ences and Peking Union Medical College.
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Mouse Primary Neuronal Culture. Mouse hippocampal neurons were dissected
from newborn WT and homozygous Syt7 KO mice in the dark phase and
incubated in 0.25% trypsin-EDTA (Life Technologies) for 15 min at 37 °C.
After washing with Hank’s Buffered Salt Solution plus 5 mM Hepes (Life
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were maintained at 37 °C in a 5% CO,-humidified incubator.

All other methods and materials used in this study are described in detail in
SI Appendix, Materials and Methods.
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