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Neuropeptides and neurotrophic factors secreted from dense core
vesicles (DCVs) control many brain functions, but the calcium
sensors that trigger their secretion remain unknown. Here, we
show that in mouse hippocampal neurons, DCV fusion is strongly
and equally reduced in synaptotagmin-1 (Syt1)- or Syt7-deficient
neurons, but combined Syt1/Syt7 deficiency did not reduce fusion
further. Cross-rescue, expression of Syt1 in Syt7-deficient neurons,
or vice versa, completely restored fusion. Hence, both sensors are
rate limiting, operating in a single pathway. Overexpression of
either sensor in wild-type neurons confirmed this and increased
fusion. Syt1 traveled with DCVs and was present on fusing DCVs,
but Syt7 supported fusion largely from other locations. Finally, the
duration of single DCV fusion events was reduced in Syt1-deficient
but not Syt7-deficient neurons. In conclusion, two functionally re-
dundant calcium sensors drive neuromodulator secretion in an
expression-dependent manner. In addition, Syt1 has a unique role
in regulating fusion pore duration.
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o date, over 100 genes encoding neuropeptides and neurotrophic

factors, together referred to as neuromodulators, are identified,
and most neurons express neuromodulators and neuromodulator
receptors (1). Neuromodulators travel through neurons in dense core
vesicles (DCVs) and, upon secretion, regulate neuronal excitability,
synaptic plasticity, and neurite outgrowth (2-4). Dysregulation of
DCV secretion is linked to many brain disorders (5-7). However,
the molecular mechanisms that regulate neuromodulator secre-
tion remain largely elusive.

Neuromodulator secretion, like neurotransmitter secretion
from synaptic vesicles (SVs), is tightly controlled by Ca**. The
Ca®* sensors that regulate secretion have been described for
other secretory pathways but not for DCV exocytosis in neurons.
Synaptotagmin (Syt) and Doc2a/b are good candidate sensors
due to their interaction with SNARE complexes, phospholipids,
and Ca®* (8-11). The Syt family consists of 17 paralogs (12, 13).
Eight show Ca**-dependent lipid binding: Sytl to 3, Syt5 to 7,
and Syt9 and 10 (14, 15). Sytl mediates synchronous SV fusion
(8), consistent with its low Ca®*-dependent lipid affinity (15, 16)
and fast Ca®*/membrane dissociation kinetics (16, 17). Sytl is
also required for the fast fusion in chromaffin cells (18) and fast
striatal dopamine release (19). Synaptotagmin-7 (Syt7), in con-
trast, drives asynchronous SV fusion (20), in line with its a higher
Ca** affinity (15) and slower dissociation kinetics (16). Syt7 is
also a major calcium sensor for neuroendocrine secretion (21)
and secretion in pancreatic cells (22-24). Other sensors include
Syt4, which negatively regulates brain-derived neurothropic factor
(25) and oxytocin release (26), in line with its Ca** independency.
Syt9 regulates hormone secretion in the anterior pituitary (27)
and, together with Syt1, secretion from PC12 cells (28, 29). Syt10
controls growth factor secretion (30). However, Syt9 and Syt10
expression is highly restricted in the brain (31-33). Hence, the
calcium sensors for neuronal DCV fusion remain largely elusive.
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Because DCVs are generally not located close to Ca®* channels
(342), we hypothesized that DCV fusion is triggered by high-affinity
Ca”" sensors. Because of their important roles in vesicle secretion,
their Ca®* binding ability, and their high expression levels in the
brain (20, 31, 35-38), we addressed the roles of Doc2a/b, Syt1, and
Syt7 in neuronal DCV fusion.

In this study, we used primary Doc2a/b-, Sytl-, and Syt7-null
(knockout, KO) neurons expressing DCV fusion reporters (34,
39-41) with single-vesicle resolution. We show that both Sytl
and Syt7, but not Doc2a/b, are required for ~60 to 90% of DCV
fusion events. Deficiency of both Syt1l and Syt7 did not produce
an additive effect, suggesting they function in the same pathway.
Sytl overexpression (Syt1-OE) rescued DCV fusion in Syt7-null
neurons, and vice versa, indicating that the two proteins compensate
for each other in DCV secretion. Moreover, overexpression of
Sytl or Syt7 in wild-type (WT) neurons increased DCV fusion,
suggesting they are both rate limiting for DCV secretion. We
conclude that DCV fusion requires two calcium sensors, Syt1 and
Syt7, that act in a single/serial pathway and that both sensors
regulate fusion in a rate-limiting and dose-dependent manner.

Results

Doc2al/b Are Not Involved in DCV Fusion. To identify the calcium
sensor(s) for DCV fusion in neurons, we used single hippocampal
neurons cultured on glia micro islands expressing the DCV fusion
reporter neuropeptide Y (NPY)-super ecliptic pHluorin (SEP)
(Fig. 1 4 and B) to quantify DCV fusion at single-vesicle resolution
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[(34, 39, 40) see also SI Appendix, Supplemental Methods]. Ves-
icle fusion was triggered by bursts of action potentials at 50 Hz
(Fig. 14). The total number of DCVs per neuron was quantified
upon brief NHy superfusion to dequench NPY-SEP in all DCVs
(Fig. 1 A and B).

Doc2a/b are soluble high-affinity calcium sensors reported to
trigger spontaneous and asynchronous SV fusion (35, 36, 38). Due
to their high Ca®* affinity (42), we hypothesized that Doc2a/b are
suitable Ca?*-sensors for DCV fusion. To test this, DCV fusion
was quantified in Doc2a/b double-null (DKO) neurons and double
heterozygous (DHZ) littermate controls. DCV fusion upon high
frequency stimulation, visualized by rapid dequenching of NPY-
SEP puncta (Fig. 1 4 and B), was abundant in DHZ neurons and
occurred almost exclusively during stimulation (SI Appendix, Fig.
S1). Doc2a/b deficiency did not alter the number of DCV fusion
events nor the total number of DCVs per neuron (SI Appendix,
Fig. S1 A and E).

DCV Fusion Requires Both Syt1 and Syt7. Due to their established
roles in synaptic and neuroendocrine vesicle secretion and high
brain expression levels (20, 31, 33), we next tested the role of Sytl
and Syt7 using Syt1 knock-down [Syt1-KD (43)], Syt7-null mutant
[Syt7-KO (44)], and Syt1-KD/Syt7-KO neurons. Immunoblotting
for Sytl confirmed Syt1-KD as shown before (SI Appendix, Fig.
S2 B and C) (43). WT neurons showed many fusion events in
response to high frequency stimulation. However, in Syt1-KD or
Syt7-KO neurons, the number of fusion events was reduced by
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64 and 69%, respectively (Fig. 1C and SI Appendix, Fig. S2D).
Strikingly, loss of both Sytl and Syt7 did not produce additive
effects but a similar reduction in fusion events (76% reduction) as
in single mutant neurons (Fig. 1C and SI Appendix, Fig. S2D). The
absence of Syt1 and/or Syt7 did not significantly alter the timing of
the remaining fusion events (SI Appendix, Fig. S2 E and F) or the
total number of DCVs per neuron (Fig. 1E). The released frac-
tion, defined as the number of fusing vesicles divided by the total
DCV pool (Fig. 1E), showed a threefold reduction in Syt1-KD,
Syt7-KO, and Syt1-KD/Syt7-KO neurons (Fig. 1D). Hence, DCV
fusion in hippocampal neurons requires both Sytl and Syt7, and
loss of both sensors does not produce additive effects, suggesting
that the two sensors function in a single pathway.

Syt1 and Syt7 Cross-Rescue DCV Fusion. We next asked whether the
absence of one sensor can be bypassed by overexpressing the
other (“cross-rescue™). To test this, Syt1 or Syt7 was overexpressed
in Syt7-KO or Sytl-null mutant (Syt1-KO) (8) neurons, respec-
tively. We first confirmed that in Syt1-KO neurons, DCV fusion
was reduced to a similar extent as in Syt1-KD neurons (Fig. 24).
Furthermore, Syt1 re-expression in Syt1-KO neurons fully rescued
DCV fusion as well as the released fraction (Fig. 2 A and B).
Strikingly, overexpression of Syt7 in Syt1-KO neurons also rescued
DCV fusion (Fig. 2C), similar to Syt1 expression. Conversely, Syt1
overexpression in Syt7-KO neurons also rescued DCV fusion to
a comparable extent as Syt7 (Fig. 2 E and F). Cross-expression
of either Sytl or Syt7 did not affect the total number of DCVs
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Fig. 1.

Synaptotagmin-1 and synaptotagmin-7 are required for neuropeptide vesicle fusion. (A) Stimulation paradigm with a single vesicle fluorescence

intensity trace. (B, Left) Representative image of NPY-SEP-infected neuron during Tyrode’'s NH, application. (Scale bar: 20 um.) (Right) Neurite before
(baseline) and during (16 x 50 AP at 50 Hz) stimulation and during NH,4 application (NH,). (Scale bar: 10 um.) (C) Median number of neuropeptide vesicle
fusion events per neuron in a cumulative plot in Syt1-KD (green), Syt7-KO (red), and Syt1-KD/Syt7-KO (blue) neurons, respectively. (D) Fusing fraction is
reduced in Syt1-KD, Syt7-KO, and Syt1-KD/Syt7-KO neurons [X? (4) = 14.05, P = 0.0028]. *P < 0.05, **P < 0.01, nonsignificant P > 0.05. (E) Deficiency of Syt1 or
Syt7 does not affect the total number of DCVs per neuron [X? (4) = 1.233, P = 0.75]. The numbers before and after the dash represent the number of in-
dependent experiments/animals and the number of neurons, respectively.
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Fig. 2. Synaptotagmin-1 and synaptotagmin-7 cross-rescue neuropeptide vesicle fusion. (A) Median number of neuropeptide vesicle fusion events in WT, and
Syt1-KO neurons with and without Syt1-OE in a cumulative plot. (B) Fusing fraction in Syt1-KO neurons is rescued by Syt1-OE [X? (3) = 19.28, P < 0.0001]. For
lentiviral infection, 2 pL lentivirus was used. For the effects of different volumes of lentivirus, see S/ Appendix, Fig. S4. (C and D) Same as A and B but with Syt7-
OE. The fusing fraction in Syt1-KO neurons is rescued by Syt7-OE [X? (3) = 20.96, P < 0.0001]. Neurons with a fusing fraction above 0.9 were plotted at 0.9 for
visualization purposes. (E and F) Same as A and B but with Syt7-KO neurons with Syt7-OE and Syt1-OE. The fusing fraction in Syt7-KO neurons is rescued by
Syt7-OE and Syt1-OE [X? (4) = 15.96, P = 0.0012]. *P < 0.05, **P < 0.01, ***P < 0.001, nonsignificant P> 0.05. The numbers before and after the dash represent
the number of independent experiments/animals and the number of neurons, respectively.

(SI Appendix, Fig. S3 A-C). Hence, Sytl and Syt7 are function-
ally redundant in supporting DCV fusion upon overexpression.

Overexpression of Syt1 and Syt7 in WT Neurons Increases DCV Fusion.
The cross-rescue data suggest that endogenous Syt1/7 levels are
rate limiting for DCV fusion. To confirm this, Syt1 and Syt7 were
overexpressed in WT neurons. Overexpression resulted in a 50
and 100% increase in Sytl and Syt7 immunostaining intensity,
respectively, without affecting the expression of the other sensor
(SI Appendix, Fig. S5 C and D). Total DCV pool sizes were
unaffected (SI Appendix, Fig. S5 A and B). Overexpressing Syt1
(Fig. 34) or Syt7 (Fig. 3C) in WT neurons increased DCV fu-
sion and the released fraction twofold and 1.5-fold, respectively
(Fig. 3 B and D). These data suggest that endogenous levels of
Sytl and Syt7 are indeed both rate limiting for DCV fusion in
neurons.
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Syt1, and to a Lesser Extent Syt7, Are Present on Traveling and Fusing
DCVs. The lack of additive effect in Syt1-KD/Syt7-KO neurons
(Fig. 1) suggests that Sytl and Syt7 operate in a single pathway.
Therefore, we tested where in the neuron Sytl and Syt7 are lo-
cated and specifically whether both are present on DCVs. First,
we tested colocalization of endogenous Syt1/7 with NPY-SEP in
neurites. Colocalization is expressed by the Manders M1/M2
coefficient, which reports the co-occurring fraction of color 1 with
color 2 and ranges from 0 (no overlap) to 1 (complete overlap).
Sytl and VGIuT1 largely colocalized (VGlutl:Sytl = 0.83 and
Syt1:VGIuT1 = 0.70, SI Appendix, Fig. S6 A and B), in line with
Syt1’s presence on SVs (45-47). However, Sytl puncta were also
observed extrasynaptically (Fig. 44 and SI Appendix, Fig. S64) and
highly colocalized with NPY-SEP (Manders NPY:Sytl = 0.72,
Syt1:NPY = 0.62; Fig. 4 A and B). NPY:Sytl colocalization
was significantly higher than NPY:VGIuT1 (Fig. 4B, Manders
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Fig. 3. Overexpression of Syt1-OE and Syt7-OE in WT neurons increases neuropeptide vesicle fusion. (A) Median number of neuropeptide vesicle fusion
events in WT neurons with and without Syt1-OE in a cumulative plot. (B) Fusing fraction is increased in WT neurons with Syt1-OE (Mann-Whitney U= 193, P <
0.05). Neurons with a fusing fraction above 0.9 were plotted at 0.9 for visualization purposes. (C and D) Same as A and B but with Syt7-OE (Mann-Whitney U =
174, P < 0.05). *P < 0.05, nonsignificant P > 0.05. The numbers before and after the dash represent the number of independent experiments/animals and the

number of neurons, respectively.

NPY:VGlutl = 0.40 and 0.36 in Syt1KO and Syt7KO neurons,
respectively).

NPY-SEP colocalized only partially with Syt7 (Manders co-
efficient = 0.45, Fig. 4 C and D), but Syt7 showed large overlap
with both NPY-SEP and the synaptic vesicle marker VGIuT1
(Manders coefficient = 0.83 and 0.73, respectively). Hence, Syt7
localizes to presynaptic terminals and colocalizes with some
extrasynaptic DCVs. Together, this suggests that DCVs colocalize
with Sytl and to a lesser extent with Syt7.

Next, we expressed Sytl or Syt7 fused to SEP, expected to be
at the luminal side of DCVs as described for SVs (10). In this way,
plasma membrane—targeted Syt1/7-SEP is quenched by application
of acidic solution, and DCV-targeted Syt1/7-SEP is dequenched by
NH,. Hence, acid and NH4 washes probe the plasma membrane
and vesicular fraction of Syt1/7-SEPs, respectively (Fig. 4E). Sytl-
SEP was primarily on acidic intracellular locations, with only +20%
on the plasma membrane (Fig. 4 F and H), in line with previous
reports (48-50). Syt7-SEP localized predominantly to the plasma
membrane, and +40% was localized to acidic intracellular com-
partments (Fig. 4 G and H), also in line with previous reports (48, 49,
51). These results suggest that Syt1 is primarily targeted to secretory
vesicles, while Syt7 is largely targeted to the plasma membrane.

To confirm if Syt (and Syt7 to some extent) is indeed targeted
to DCVs, we tested co-traveling of Syt1/7-mCherry fusion constructs
with NPY-SEP, visualized by NH4 superfusion (Fig. 47). In contrast
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to colocalization analysis (Fig. 4 A-D), co-traveling analysis only in-
cludes moving puncta/vesicles. We first confirmed that the Syt-mCherry
constructs fully rescued DCV fusion in Syt1-KO and Syt7-KO neurons,
respectively (SI Appendix, Fig. S7 A-F). Next, we tested their co-
traveling with NPY-SEP (Fig. 4 J and K). The DCV marker trav-
eled together with Syt1-mCherry in 64 + 3% of cases and to a lesser
extent with Syt7 (42 + 4%, Fig. 4J and K). These data suggest that
Syt1 localizes to DCVs, and Syt7 also, but to a lesser extent.

To test whether Sytl and Syt7 are present on fusing DCVs,
Syt1-SEP or Syt7-SEP were co-expressed with NPY-mCherry in
Syt1-KO or Syt7-KO neurons, respectively (Fig. 54), together with
Synapsin-enhanced cyan fluorescent protein (ECFP) as a synapse
marker. NPY-mCherry is a red DCV fusion reporter that detects
DCV cargo release (52) (in contrast to NPY-SEP, which detects
fusion pore opening, see SI Appendix, Supplemental Methods).
DCV fusion events are defined as the (sudden) disappearance of
NPY-mCherry puncta, and corresponding Sytl/7-SEP dequench-
ing in the same location was quantified. Syt1-SEP fluorescence
increased upon stimulation at Synapsin-ECFP-labeled synapses,
most likely because of Syt1-SEP expression on SVs (SI Appendix,
Fig. S8E). Therefore, only extrasynaptic NPY-mCherry fusion events
were analyzed for Sytl-SEP dequenching. Syt1-SEP dequenching
directly preceded NPY-mCherry loss in 67% of the events (Fig. 5 B
and C and SI Appendix, Fig. S8C), suggesting that the majority of
fusing DCVs express Syt1-SEP.
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Fig. 4. Syt1, and to lesser extent Syt7, colocalizes and co-travels with NPY-mCherry. (A) Representative image of neuron immunostained for Syt1, NPY-SEP,
and VGIuT1. (Scale bars: large image: 20 pm; zoomed image: 5 pm.) To detect extrasynaptic Syt1, higher laser powers were required than for synaptic Syt1
detection (S/ Appendix, Fig. S6 A and B). (B) Quantification of colocalization between Syt1, NPY-SEP, and VGIuT1 [X? (5) = 31.74, P < 0.0001]. (C) Repre-
sentative image of neuron immunostained for Syt7, NPY-SEP, and VGIuT1. (Scale bars: large image: 20 pm; zoomed image: 5 pm.) (D) Quantification of
colocalization between Syt7, NPY-SEP, and VGIuT1 [X? (5) = 25.25, P < 0.0001]. (E) Cartoon of Syt-SEP, localized at the plasma membrane or at acidic in-
tracellular compartments, at a neutral pH (7.4) and during bath application of acidic pH (pH 5.5) or NH4-contaning imaging solution. (F and G) Average Syt1-
SEP (n =7 cells) (F) and Syt7-SEP (n = 7 cells) (G) fluorescence response during bath application of pH 5.5 or 50 mM NH,4 Tyrode’s solution. (H) Quantification of
plasma membrane/intracellular fraction of Syt1-SEP and Syt7-SEP [X? (4) = 24.56, P < 0.0001]. () Cartoon of co-traveling of NPY-mCherry and Syt-SEP vesicles.
(J) mCherry-Syt1 and mCherry-Syt7 partially co-travel with NPY-SEP vesicles. (Scale bars: 5 um.) (K) Quantification of co-traveling of NPY with Syt1-SEP or Syt7-
SEP and vice versa [X? (4) = 19.47, P < 0.0002]. The numbers before and after the dash represent the number of neurites and the number of trafficking vesicles,
respectively. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, nonsignificant P > 0.05.
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Fig. 5. Fusing NPY-mCherry vesicles colocalize with Syt1-SEP and to lesser extent with Syt7-SEP events. (A) Schematic representation of NPY-mCherry events
co-fusing with Syt-SEP. (B) Representative images of fusing NPY-mCherry with and without increase of Syt1-SEP. (C) Percentage of colocalization of fusing
NPY-mCherry events (red lines of typical example traces) with sudden appearance of Syt1-SEP (green lines of typical example traces). n represents the number
of cells and the number of extrasynaptic NPY fusion events. Synapses were defined by an accumulation of VGIuT1 vesicles/above threshold VGIuT1 fluorescence.
Fusion events that do not overlap with these VGIUT1 accumulations were considered extrasynaptic. (D) Representative images of fusing NPY-mCherry with and
without increase of Syt7-SEP. (E) Same as C but with Syt7-SEP. n represents the number of cells and the number of NPY fusion events. The numbers before and
after the dash represent the number of neurons and the number of DCVs, respectively. Scale bars represent 10 s (x-axis) and 0.2 AF/F (y-axis).

We next tested whether Syt7-SEP localizes to fusing DCVs. In
35 + 0.05% of the fusion events, Syt7-SEP dequenching (Fig. 5 D
and E) preceded NPY-mCherry loss (Fig. 5 D and E and SI Appendix,
Fig. S8D). These events occurred at Synapsin-ECFP-labeled synap-
ses and outside synapses (SI Appendix, Fig. S84). Hence, the majority
of fusion events (with cargo release) do not express Syt7-SEP.
Together, these data suggest that Syt1 is present on traveling and
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fusing DCVs, while Syt7 regulates DCV fusion primarily from
another location, probably the plasma membrane.

Syt1, but Not Syt7, Drives Fusion Pore Duration. Syt1 and Syt7 regu-
late fusion pore dilation and stability in PC12 and chromatffin cells
(53-57). To test this in neurons, the duration of single fusion
events was assessed in all genotypes. The duration was defined as
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the time between the onset of NPY-SEP dequenching, indicating
fusion pore opening, and return to baseline levels, indicating ei-
ther a) fusion pore closure followed by vesicle reacidification
(“kiss-and-run”) or b) complete DCV cargo release (“full fusion”)
followed by cargo diffusion in extracellular space (41) (Fig. 6 4
and B). Fusion event duration varies over a wide range (SI Ap-
pendix, Fig. S24) (58), probably because of al) variable fission
efficiency for kiss-and-run events, a2) variable expression of pro-
ton pumps per DCV, bl) variable cargo condensation limiting
diffusion out of DCVs, and b2) cargo binding to the extracellular
matrix limiting diffusion after full vesicle collapse (41). These
factors were considered a constant among genotypes.

In WT neurons, fusion events lasted for 12.0 + 1.3 s (Fig. 6 D,
F, and H). In Syt1-KO, the median duration was significantly
shorter, 5.5 s (Fig. 6 C-F), and rescued by Sytl overexpression
(16.5 s, Fig. 6 C and D). In contrast, Syt7-OE did not rescue the
shorter event duration in Syt1-KO neurons (5.4 s, Fig. 6 E and
F). In Syt7-KO, Syt7-KO + Syt7-OE, and Syt7-KO + Syt1-OE
neurons, fusion event duration was normal (Fig. 6 G and H).
Together, these data suggest that Sytl, but not Syt7, regulates
fusion event duration.

Fusion timing, defined as the latency to fusion onset relative to
the onset of stimulation, was not significantly different between
all groups tested (SI Appendix, Fig. S3 D-F). Given existing ev-
idence for specific roles of Syt1/7 during initial phases of release
(8, 18, 20, 21), we compared the percentage of vesicles that fused
during the first 50 action potentials (AP), or during the first 150
AP, and found no differences (SI Appendix, Fig. S9 A-D and F,
respectively). Finally, the relative number of delayed fusion events,
after the end of the stimulation, was also not significantly different
(SI Appendix, Fig. S10 B, D, F, and H). Hence, Sytl and Syt7 do
not affect the timing of DCV fusion events.

Syt1 Is Rate Limiting for Fusion Pore Regulation. To test whether
Sytl is also rate limiting for fusion pore duration (as for fusion
triggering), we assessed if Sytl overexpression in WT neurons in-
creases fusion event duration. Indeed, Syt1 overexpression prolonged
event duration (Fig. 7 A and B), whereas Syt7 overexpression did
not (Fig. 7 C and D). This suggests that endogenous levels of Sytl,
but not Syt7, are rate limiting for the regulation of fusion pore
duration. Finally, we tested whether the transmembrane (TM)
domain of Sytl is required for fusion event duration by expressing
GAP43-Syt1/7, Syt1/7 mutants lacking their TM domains and in-
stead containing a palmitoylation site that localizes these con-
structs to the plasma membrane (59, 60) (SI Appendix, Fig. S11 A,
B, G, and H). GAP43-Sytl expression rescued DCV fusion in
Syt1-KO neurons (SI Appendix, Fig. S11 C and D) but failed to
prolong event duration (SI Appendix, Fig. S11 E and F). In con-
trast, GAP43-Syt7 did not rescue DCV fusion in Syt7-KO neurons
and did not alter event duration (SI Appendix, Fig. S11 I-L).
These data indicate that Syt7, unlike Syt1, requires its TM domain
to support DCV fusion and that Sytl requires its TM domain to
regulate fusion pore duration (either for functional protein for-
mation and/or correct targeting).

DCV Fusion Requires the Ca**-Binding Capacity of Syt1 and Syt7. To
confirm whether Syt1 and Syt7 are indeed Ca** sensors for DCV
fusion, we expressed Sytl and Syt7 variants that cannot bind
Ca®* [Syt1-DA and Syt7-DA (20)] in Syt1KO or Syt7KO neurons.
Overexpression of Sytl-DA and Syt7-DA did not restore DCV
fusion (SI Appendix, Fig. S12 A, B, E, and F) in Syt1KO or Syt7KO
neurons, respectively. Similarly, the shortened event duration ob-
served in Syt1-KO neurons was not rescued by overexpression of
Syt1-DA (SI Appendix, Fig. S12 C and D). These data suggest that
Ca** binding is indeed required for Syt1/7-dependent DCV fusion,
and both Sytl and Syt7 are main Ca** sensors for DCV fusion.
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Discussion

Calcium sensors have been identified for fusion of SVs (8, 20),
lysosomes (61), secretory granules in pancreatic a- and f-cells
(22, 23, 62, 63), and in neuroendocrine cells (18, 21). However,
the calcium sensors responsible for neuromodulator release in
most neurons remained largely unknown. In this study, we show
that in hippocampal neurons, Sytl or Syt7 deficiency, but not
DOC2A/B deficiency, each reduced DCV fusion by 60 to 90%
(Figs. 1 C and D and 2 A-F and SI Appendix, Figs. S1 A and E,
S4 D-1, ST A-F, S11 A I, and S12 A-H). Syt1 or Syt7 deficiency
did not selectively affect specific components of DCV fusion (S
Appendix, Figs. S2F, S3 D-F, and S9) but affected fusion equally
(Fig. 1 C and D), and the deficiency of both did not produce
additive effects (Fig. 1 C and D and SI Appendix, Fig. S2D). This
indicates that, in hippocampal neurons, Sytl and Syt7 together
drive fusion of the same vesicle pool with the same kinetics in a
single secretory pathway. This situation is different from the best
studied systems so far, where sensors have specialized functions
and drive fusion of distinct release phases: Sytl drives synchro-
nous SV fusion in neurons and fast secretory granule fusion in
chromaffin cells, while Syt7 primarily drives asynchronous and
slow fusion in these two systems (8, 18, 20, 21) and may be in-
volved in vesicle priming (20, 21) and activity-dependent pool
replenishment (49). Syt7 overexpression does not restore (Sytl-
driven) synchronous SV release in Syt1-KO neurons (20), and
the combined deficiency of Sytl and Syt7 reduces both phases,
producing clear additive effects (20, 21). Hence, while Sytl and
Syt7 have clearly specialized functions in SV and chromaffin
granule exocytosis, they do not for DCVs. This difference may be
explained by evolutionary adaptations, optimizing chromaffin
granule and SV exocytosis for fast/ultrafast kinetics, while there
may not be an evolutionary advantage for optimizing neuro-
modulator signaling further. Sytl and Syt7 most likely emerged
by gene duplication of an ancestral Syt. Our data suggest that this
duplication happened first, making secretory pathways more
efficient and stimulus dependent, and that Sytl and Syt7 subse-
quently became more specialized to drive different phases of fast
or ultrafast vesicle fusion in highly specialized secretory pathways
but not in the DCV pathway. Although our data indicate that
Sytl and Syt7 do not have specialized functions in DCV exocy-
tosis, their contributions are not equal, for example, Sytl over-
expression rescues fusion better than Syt7, and Sytl supports
DCYV fusion when anchored in DCVs or the plasma membrane,
but this is unclear for Syt7.

DCV fusion is not completely abolished in Sytl- and Syt7-
deficient neurons (Fig. 1 C and D), suggesting other calcium
sensors regulate DCV fusion. Syt3 and Syt5 are the best candi-
dates to support these remaining events as they mediate Ca**-
dependent liposome fusion (14), bind SNARE proteins (64), and
are expressed in the hippocampus (31, 33).

Although Syt1 and Syt7 have specialized functions in synaptic
transmission, but not in the DCV secretory pathway, the two
sensors appear to act on a single pool of vesicles in both situa-
tions. Functional redundancy among Syts has been shown for the
maintenance of the readily releasable vesicle pool (65), and Syt7
overexpression inhibits the increase of spontaneous SV fusion in
Sytl-deficient neurons (20). Hence, with or without specialized
functions, the two sensors do not act in parallel pathways but
drive fusion of a single pool of vesicles in a single pathway for
SVs and DCVs alike.

Neuromodulator signaling is a slow process relative to synaptic
transmission, and DCV fusion requires prolonged stimulation
with very few DCVs fusing upon single AP stimulation (34) and
during the onset of high frequency stimulation (SI Appendix, Fig.
S9 A-C). The key determinants of these slow kinetics remain
incompletely understood, but one relevant observation is that DCVs,
unlike SVs, do not typically cluster at the active zone (39, 66), where
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Fig. 6. Synaptotagmin-1, but not Syt7, is required for event duration. (A) Representative images of NPY-SEP events. (B) Representative fluorescence traces of
NPY-SEP event ROIs. The duration was defined as the time between the onset of NPY-SEP (baseline fluorescence + 2 SD) and return to baseline levels. Scale bar
represents 2 s (x-axis) and 1 AF/F (y-axis). (C) Normalized cumulative median event duration per neuron in WT, Syt1-KO, and Syt1-KO neurons with Syt1-OE.
For lentiviral infection, 2 pL lentivirus was used. For the effects of different volumes of lentivirus, see SI Appendix, Fig. S4. (D) Event duration in Syt1-KO
neurons is rescued by Syt1-OE [X? (3) = 13.27, P = 0.0013]. (E) Normalized cumulative median event duration per neuron in WT, Syt1-KO, and Syt1-KO neurons
with Syt7-OE. (F) Event duration in Syt1-KO neurons is not rescued by Syt7-OE [X? (3) = 13.28, P = 0.0013]. (G) Normalized cumulative median event duration
per neuron in WT neurons, Syt7-KO, and Syt7-KO neurons with Syt7-OE. (H) Event duration is unaltered in Syt7-KO neurons with Syt1-OE and Syt7-OE [X? (4) =
1.475, P = 0.67]. All data presented in this figure corresponds to data presented in Fig. 2. The numbers before and after the dash represent the number of
independent experiments/animals and the number of neurons, respectively. **P < 0.01, ***P < 0.001, nonsignificant P > 0.05. The text refers to a WT event
duration of 12.0 + 1.3 s, computed over all three experiments, for representative purposes.
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Fig. 7. Syt1-OE, but not Syt7-OE, increases DCV event duration. (A and B) Fusion duration is prolonged in WT neurons with Syt1-OE (Mann-Whitney U = 218,
P < 0.05). (C and D) Fusion event duration is not affected in WT neurons with Syt7-OE (Mann-Whitney U = 258, P = 0.89). The numbers before and after the
dash represent the number of neurites and the number of trafficking vesicles, respectively. All data presented in this figure corresponds to data presented in

Fig. 3. *P < 0.05, nonsignificant P > 0.05.

Ca®* channel accumulation produces rapid local Ca** transients
(67, 68). Hence, it will take longer before Ca** transients spread
through the terminal/axon and activate DCV Ca?* sensors. Since
Syt1 is among the Ca®* sensors with the lowest Ca>* sensitivity (15),
Ca®* must rise to a high micromolar level before this sensor is
activated. This reasoning contributes to an explanation for the slow
DCV release onset. However, previous studies indicate a consid-
erable delay between the peak of (bulk) Ca®* increase in axons and
the onset of DCV fusion (34). Therefore, additional factors prob-
ably contribute to the slow DCV release onset.

Overexpression of Sytl or Syt7 fully compensated for each
other’s loss in DCV fusion (cross-rescue, Fig. 2), despite being in
different cellular locations (Figs. 4 A-K and 5 B-E). Hence, the
subcellular localization of Ca®* sensors for DCV fusion, and also
their different Ca®* sensitivity (9, 15), do not have a major influence
on their capacity to support DCV fusion. A similar conclusion was
reached for the localization of Syt1 in synaptic vesicle fusion (59, 60).

Syt1 and Syt7 were shown to act as redundant Ca®* sensors for
Ca®*-dependent a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor (AMPA) receptor exocytosis during the induction of
long-term potentiation (69). While loss of either Sytl or Syt7 was
sufficient to lose most DCV fusion events (Figs. 1 C and D and
2 A-F and SI Appendix, Figs. S4 D-H, S7 A-F, and S11 C, D, I, and
J), AMPA receptor insertion was lost only after losing both (69).
Hence, native Sytl/7 expression levels are probably more rate
limiting for DCV fusion than for AMPA receptor insertion, as WT
neurons do not express enough of one Syt to compensate for the
loss of the other in single null mutant neurons (Fig. 1 C and D).
This conclusion is further supported by the fact that either Syt1 or

van Westen et al.
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Syt7 overexpression produced substantial (twofold and 1.5-fold,
respectively) increase in DCV fusion in WT neurons (Fig. 3 A-D).
Syt1 messenger RNA levels were not affected after Syt7KD nor did
Sytl levels differ between Syt7 null mutant neurons with and
without Syt7 overexpression (20), suggesting neurons do not
compensate for the loss of one sensor by increasing expression
of the other. Similarly, WT neurons overexpressing either Syt
did not result in altered expression of the other (SI Appendix, Fig.
S5 C and D). Because Sytl and Syt7 cellular expression levels are
rate limiting for DCV fusion (Fig. 3 A-D), at least in hippocampal
neurons, transcription regulation of either of the two genes is a
powerful way to regulate neuromodulation.

Syt1 deficiency, but not Syt7 deficiency, shortened the duration
of DCV fusion events (Fig. 6 A-H and SI Appendix, Figs. S11 E, F,
K, and [ and S12 C, D, G, and H) in contrast to effects of Syt7 loss
in neuroendocrine secretion (56, 70). This is consistent with pre-
vious observations of shortened event duration of single SV fusion
events in Syt1-KO neurons (51). A shorter event duration may
reflect a more rapid fusion pore reclosing (kiss-and-run) or a more
rapid pore dilation followed by more rapid cargo diffusion (full
fusion). Alternatively, Sytl deficiency may affect cargo aggrega-
tion and subsequently alter the time it takes for the crystalline core
to dissolve. However, the main indicator of cargo processing and
crystallization, the pH, was not visibly changed in neurons, as Syt1-
deficient vesicles were still quenched (Fig. 64). It is therefore
likely that Sytl regulates fusion event duration by affecting pore
stability. This is in line with structural studies suggesting that Syt1
Ca®* binding and membrane insertion reorients the SNARE
complex to act as a lever that increases fusion pore size (71).
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In line with these observations, a Sytl mutant with a gain-of-
function for membrane insertion showed increased fusion pore
expansion and cargo release in PC12 cells (72). This suggests that
Sytl requires its membrane interaction to support fusion pore
dilation and subsequent cargo release. In principle, alterations in
cargo release efficiency because of Sytl loss may confound pool
size estimations. However, these estimations were not signifi-
cantly different with or without Sytl (SI Appendix, Fig. S54).

Sytl overexpression increased fusion event duration in WT
neurons (Fig. 7 A-D) but not in Syt7-KO neurons. (Fig. 6 G and
H). This suggests that Sytl is sufficient to prolong fusion pore
opening but requires Syt7. The unique properties of Syt7 appear
to be a prerequisite for Sytl to promote fusion pore open dura-
tion. Finally, GAP43-Syt1 fully rescued DCV fusion but not fusion
event duration, whereas GAP43-Syt7 did not (SI Appendix, Fig.
S11 A-I). Together, this suggests that the pore duration, but not
the pore opening, requires the luminal/transmembrane domain of
Sytl, possibly for a correct Sytl topology.

The fact that Syt1, but not Syt7, regulates fusion event duration
suggests that Sytl acts downstream of Syt7 in DCV secretion.
Unlike other secretory pathways, especially in synapses and
chromaffin cells, the sequence of events is still poorly defined, and
the molecules characterized only partially. At the fusion step,
multiple R-SNARE:s (73, 74) may work with SNAP25 (73, 75), but
the Qa SNARE (syntaxin paralog) and SM-protein (Muncl8
paralog) are unknown. The Rab3A/RIM/Muncl3 complex is es-
sential (76) and may act upstream of the SNAREs. The fact that
Sytl regulates DCV fusion event duration suggests that at least
one role of Syt1 is downstream of the action of all these molecules.
It is quite plausible that both Syts have additional roles as dem-
onstrated for the synaptic vesicle and chromaffin granule pathways
(77, 78). Syt7 has been suggested to facilitate priming, contributing
to the fast phase of secretion in neuroendocrine secretion (21). In
contrast to SVs or chromaffin granules (CGs), we currently have
no way of defining the readily releasable pool for neuronal DCVs
(no protocol/stimulus to define the release-ready DCV pool like
hyperosmotic sucrose for SVs or Ca** flash for CGs). Therefore,
the “primed” state/pool is not yet defined for DCVs either. Better
definitions of DCV pools and their release probabilities (34) are
required to define better working models for the DCV pathway
and the molecular function(s) of Sytl and Syt7.

Materials and Methods

Animals. Primary hippocampal cultures were prepared from Doc2ab-DKO and
DHz littermates, or Syt1-KO, Syt7-KO C57BL/6J mice with WT littermates, of
both sexes. Doc2a/b-DKO animals were previously described (35). Syt1-KO (8)
and Syt7-KO animals (44) were a kind gift from Thomas C. Sudhof, Stanford
University, Stanford, CA. Syt heterozygous animals were crossbred to gen-
erate WT and KO littermate pups for culturing. Animals were genotyped
at E18 (Syt1) or PO (Syt7 and Doc2a/b) prior to culturing. All animals were bred
and housed in line with institutional and Dutch governmental guidelines, and all
procedures were approved by the ethical committee of the Vrije Universiteit,
Amsterdam, The Netherlands (DEC-FGA 11-03 and AVD112002017824).

Primary Neuronal Cultures. Primary cultures were prepared as described
previously (40). For more details, see S/ Appendix.

Constructs and Infections. hNPY-SEP and hNPY-mCherry were made by re-
placement of NPY-Venus (79) with SEP or mCherry. NPY-SEP is used for all
experiments with the exception of those presented in Fig. 5 and S/ Appendix,
Fig. S8. See SI Appendix, Supplementary Methods for a detailed explanation
and rationale on the two constructs. Syt1 open reading frame and Syt1-short
hairpin RNA were a kind gift from T. C. Studhof (43). Mouse copy DNA was
prepared from the short (403 amino acid [aal, Ensembl Syt7-201) splice variant
of Syt7 and sequenced. Syt1 and Syt7 were cloned into a lentivirus backbone,
additionally encoding a nuclear-targeted mCherry signal. To generate Ca?*-
binding mutant Syts (Syt1-DA and Syt7-DA), Ca**-binding aspartates were
substituted for alanines as described previously (20). Fluorescent-Syt fusion
constructs were made by cloning a fluorescent protein (mCherry or SEP) to the
N terminus of Syt1 and Syt7, preceded by a preprotachykinin signal peptide to
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ensure endoplasmic reticulum targeting [kind gift from Jakob B. Serensen,
University of Copenhagen, Copenhagen, Denmark (80)]. GAP43-Syt1, encoding
GAP43 1 to 41 aa fused to the N terminus of Syt1 96 to 422 aa, was a kind gift
from Edwin R. Chapman, University of Wisconsin, Madison, WI (59, 60). GAP43-
Syt7 was generated by fusing the coding sequence of GAP43 1 to 41 aa to Syt7
41 to 403 aa. All constructs were driven by a Synapsin promoter, sequence
verified and cloned into a pLenti vector and produced as described (81). Syt1-
KD and Syt-rescue constructs were applied to neuronal cultures at DIV2. All
other infections were performed at DIV10.

Live-Cell Imaging. Live-cell imaging was performed at DIV15 to 20. Micro-
scope hardware, software, and imaging solutions are described in S/ Ap-
pendix. Field stimulation electrodes delivered 16 trains of 50 AP at 50 Hz
with 500-ms intervals. No stimulation was used for Syt localization (Fig. 4
E-H) and co-traveling experiments (Fig. 4 /-K). Cultures were kept at room
temperature (21 to 24 °C) perfused with Tyrode’s solution. A 10-s exposure
to Tyrode’s NH4 was used to dequench SEP at the end of each stimulation.
For visualization purposes, brightness and contrast of representative exam-
ples were adjusted linearly and equally between groups.

Immunocytochemistry. Immunostainings were performed using standard
procedures (S/ Appendix).

Imaging Analysis. In ImageJ, regions of interest (ROIs) of 3 x 3 pixels (equals
0.6 x 0.6 pm) were placed manually on SEP fusion events, somatic events not
included. Movement of dequenched vesicles out of the ROIs in X/Y direction
is very rare but was detected by an expert observer during validation of the
ROI placements in the image stack (movie) and lead to repositioning or
cancellation of the ROI. ROI intensity measures were exported to MATLAB
for semiautomated detection of fusion events and duration. Intensity traces
were plotted as AF/F,, with the average fluorescence of the first 10 frames
used to determine Fy. Events were defined as a sudden increase of 2 SD
above Fy. Pool estimation was performed using SynD software (82) in
MATLAB. For this, a neurite mask (soma not included) was drawn in SynD to
estimate the number of puncta/DCVs. Detection parameters were optimized
to detect vesicle puncta and kept constant during all datasets. For each
neuron, the intensity of an individual DCV was estimated by taking the
fluorescence intensity mode per cell in the first two quantiles. Pool size was
estimated by correcting the puncta intensities on the individual DCV in-
tensity. Manders overlap coefficient (M1/M2) was determined on neurites
exclusively, including above threshold fluorescence as determined in Image)J
using the JACoP plugin (83). The Mander’s coefficient can be defined as the
fraction of total signal in one channel that overlaps/co-occurs with (above
threshold) signal of the other channel: 0 representing no overlap, and 1
indicating complete overlap.

Statistics. Data that violated normality (D’Agostino-Pearson) and homoge-
neity (Fligner-Killeen) was tested with the two-sided Mann-Whitney U test
or Kruskal-Wallis (generating a U-statistic and X%-statistic, respectively) and
Dunn’s multiple comparison with the Benjamini-Hochberg correction. For
cumulative plots, the cumulative median number of events were taken for
each time point for each neuron. Box plots were plotted with 25 and 75%
interquartile range and Tukey whiskers, presenting the median value in or
next to the box plot. The number before and after the dash represents the
number of independent experiments and the number of neurons, re-
spectively. When assumptions of homogeneity and normality were met,
data were tested with Student'’s t test or one-way ANOVA and the Holm-
Sidak correction and plotted as mean + SEM. N represents the number of
litters, and n represents the number of individual neurons, unless stated
otherwise.

Western Blotting. Western blots were performed using standard procedures
(SI Appendix).

Data Availability. The code and data generated during the current study have
been submitted to the Dataverse online repository (DOI: 10.34894/BGJAXY) (84).
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