
Diverse roles of Synaptotagmin-7 in regulating vesicle
fusion
Vincent Huson and Wade G Regehr

Available online at www.sciencedirect.com

ScienceDirect
Synaptotagmin 7 (Syt7) is a multifunctional calcium sensor

expressed throughout the body. Its high calcium affinity makes

it well suited to act in processes triggered by modest calcium

increases within cells. In synaptic transmission, Syt7 has been

shown to mediate asynchronous neurotransmitter release,

facilitation, and vesicle replenishment. In this review we provide

an update on recent developments, and the newly emerging

roles of Syt7 in frequency invariant synaptic transmission and in

suppressing spontaneous release. Additionally, we discuss

Syt7’s regulation of membrane fusion in non-neuronal cells,

and its involvement in disease. How such diversity of functions

is regulated remains an open question. We discuss several

potential factors including temperature, presynaptic calcium

signals, the localization of Syt7, and its interaction with other

Syt isoforms.
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Background
Syt7 binds calcium with high-affinity and slow kinetics

[1–3], making it well suited to sense low levels of residual

calcium (typically submicromolar) that linger long after

elevated activity. This contrasts with the fast Syt iso-

forms, Syt1 and Syt2, which mediate synchronous vesicle

fusion, by binding calcium rapidly with low affinity [4,5].

Syt7 is involved in many processes in non-neuronal cells

(Figure 1a), including chromaffin cells, and pancreatic a
and b cells. Here, Syt7 mediates secretion of stress

hormone, insulin, and glucagon. In addition, Syt7 also

mediates lamellar body exocytosis, phagocytosis, bone

remodeling, lysosomal exocytosis, and membrane repair

(reviewed in Ref. [6]). Early reports placed Syt7 on the

plasma membrane in synapses [7,8], while in PC12 and
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chromaffin cells it was found on the secretory granule [9–

11], suggesting its localization might differ depending on

the cell type.

Syt7 is also implicated in diverse aspects of synaptic

transmission. It contributes to asynchronous release

(AR), a component of release that is not tightly locked

to presynaptic action potentials, but triggered by a small

residual calcium signal that remains elevated for tens of

milliseconds following an action potential [12]. This was

first shown at the zebrafish neuromuscular junction

(NMJ). Here, release evoked by stimulus trains was

initially synchronous, but during sustained stimulation

AR became prominent. This AR component was strongly

attenuated by Syt7 knockdown (Figure 1b, [13]). After a

single presynaptic action potential, AR is usually small or

absent, but it can become prominent in the absence of fast

Syt isoforms (Figure 1c). Calcium binding to the C2A

domain of Syt7 was shown to be required for this AR [14].

These findings suggested that AR does not require the

involvement of fast Syt isoforms, and is evoked by Syt7

responding to residual calcium. In addition, Syt7 can

mediate synaptic facilitation in which the second of

two closely spaced stimuli is more effective at evoking

neurotransmitter release (Figure 1d, [15]). Synaptic facil-

itation is distinct from AR in that it involves Syt7 enhanc-

ing synchronous release mediated in part by fast Syt

isoforms. Facilitation is a widespread form of plasticity

that is apparent at many synapses with a low initial release

probability (PR) [16]. Finally, Syt7 can also interact with

calmodulin to promote rapid calcium-dependent recovery

from depression (Figure 1e, [17]). Syt7’s high affinity

calcium binding appears to be essential for it to function

in these processes, and in many cases, Syt7 appears to

work in concert with other Syt isoforms [18].

Syt7 involvement in many different processes in many

types of cells, has been reviewed recently [6,18]. In this

review we will summarize advances of the past two years,

and conclude by highlighting the open questions that

remain regarding the functions and mechanisms, includ-

ing a discussion of the many potential factors regulating

Syt7.

Recent progress
Asynchronous release

Recent studies revealed that Syt7 makes diverse contri-

butions to AR at different synapses. At both the molecular

layer interneuron to Purkinje cell (MLI to PC) synapse

and the calyx of Held synapse, AR is similar to the
www.sciencedirect.com
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Proposed functional roles of Synaptotagmin 7. Simplified schematics summarize some of the primary roles proposed for Syt7.

(a) Secretion of stress hormone (chromaffin cell), glucagen (a cells pancreas), insulin (b cells pancreas), and lysosomes for membrane repair.

(b) At the zebrafish NMJ 100 Hz activation initially evokes rapid EPSCs without AR but after several minutes AR is apparent in WT animals but not

in Syt7 KO animals. Schematic based on Ref. [13].

(c) AR is evoked by single stimuli in cultured hippocampal cells in Syt1 KO animals and this release is largely eliminated by knocking down Syt7.

Schematic based on Ref. [14].

(d) Activation of synapses with two closely spaced stimuli results in synaptic facilitation in WT animals that is absent in Syt7 KO animals.
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zebrafish NMJ (Figure 1b). In these synapses, AR is not

apparent following single stimuli, but AR increases dur-

ing prolonged stimulus trains [19�,20�]. At MLI to PC

synapses most release was synchronous, but a component

of AR became apparent during 20 Hz stimulation; this

component was reduced to about 50% in Syt7 knock-out

(KO) mice [20�]. At the calyx of Held synapse, prolonged

100 Hz activation led to buildup of a steady-state com-

ponent, which was attributed to AR. This component was

reduced to �50% in Syt7 KO mice. It was concluded that

stimulus trains activate Syt7 to promote AR, which could

allow high frequency presynaptic activation to more reli-

ably evoke postsynaptic firing [19�]. Similarly, in somato-

sensory cortex pyramidal cell to Martinotti cell (SSC-PC

to MC) synapses pronounced AR during (and after)

100 Hz stimulation was reduced to �50% in Syt7 KO

mice [21]. Contrary to the examples above, at the granule

cell to Purkinje cell (grC to PC) synapse single stimuli

evoked synchronous release that is accompanied by AR,

which decayed with a time constant of �4 ms. In Syt7 KO

animals, AR was reduced to �35% [22�]. These findings

indicate that in wild-type (WT) animals most AR at the

grC to PC synapse is Syt7-dependent.

However, at the PC to deep cerebellar nuclei (DCN)

synapse, AR was not apparent following single stimuli or

during high frequency trains, despite the presence of Syt7

[23��]. This seemingly contradictory finding may be

explained by the presence of Syt isoforms (Syt1 or Syt2)

with low calcium affinity and rapid kinetics, which have a

profound effect on AR at other synapses. When these are

knocked out, rapid vesicle fusion is eliminated and AR

becomes prominent [4,5]. Fast Syt isoforms can suppress

AR [24–26], although the extent of suppression is strongly

reduced at room temperature [27�]. It is possible that

sensors for rapid release and AR are in competition

[28,29]. As such, in order to promote AR levels of fast

sensors need to be low and levels of sensors for AR must

be high. This is consistent with a recent study of inhibitory

synapses made by DCN neurons onto cells in the inferior

olive (IO). DCN to IO synapses have exclusively AR [30�].
These synapses lack fast Syt isoforms in WT animals, but

viral expression of Syt1 in presynaptic cells makes these

synapses exclusively rapid and eliminates AR. Interest-

ingly, in Syt7 KO animals AR is still present at the DCN to

IO synapse, but it has extremely slow kinetics. This sug-

gests that Syt7 helps to mediate AR at this synapse in WT

animals, but in the absence of Syt7 an additional unidenti-

fied calcium sensor mediates slow AR.

The recent studies of AR at the calyx of Held, the PC to

MC, the MLI to PC, the grC to PC, the PC to DCN and
(Figure 1 Legend Continued) Schematic based on Ref. [15].

(e) (left) Synapses were activated with 50 action potentials at 20 Hz and the to

waiting Dt, synapses were again activated and the total charge transfer was q

Similar experiments, but using sucrose, also found that recovery from depress
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the DCN to IO synapse found that AR was reduced but

not eliminated in Syt7 KO mice [19�,20�,21,22�,23��,30�].
This is in line with the idea that other calcium sensors can

also mediate AR. At the calyx of Held, a further reduction

in AR in Syt2/Syt7 DKO mice suggests that Syt2 contrib-

utes to AR [19�]. At the grC to PC synapse, AR evoked by

Syt7 and the AR that remains in Syt7 KO mice have

similar kinetics [22�]. However, at the DCN to IO syn-

apse the kinetics are slowed considerably in Syt7 KO

mice [30�]. Together, these studies suggest that multiple

calcium sensors can evoke AR, some with even slower

kinetics than Syt7.

Facilitation

The properties of synaptic facilitation are highly variable

at different synapses, but in most cases facilitation is

completely or substantially Syt7-dependent (Table 1).

Perhaps the simplest measure of facilitation is to quantify

the paired-pulse ratio (PPR) as a function of interstimulus

interval: for paired-pulse facilitation PPR > 1, and for

paired-pulse depression PPR < 1. At a number of hippo-

campal, cerebellar, and corticothalamic synapses, the

magnitude of paired-pulse facilitation ranges from

1.2 to 3.2 and the time constant of facilitation ranges

from 18 to 150 ms [15,20�,22�]. Despite the diverse prop-

erties of paired-pulse facilitation, Syt7 has a major influ-

ence on facilitation at all of these synapses. At three

hippocampal synapses, thalamocortical synapses, and

the MLI to PC synapse, facilitation is entirely eliminated

in Syt7 KO [15,20�].

An increase in the initial PR can indirectly influence

short term plasticity, as increased pool depletion may

obscure facilitation. However, no difference in initial PR

was observed at numerous types of synapses in Syt7 KO

mice, across a number of different methods

[15,17,19�,20�,21,22�,23��,31]. Furthermore, even when

extracellular calcium was lowered, facilitation did not

reappear in Syt7 KO mice, arguing against a role for

depletion [15].

Other synapses, such as the PC to DCN synapse, the

calyx of Held and vestibular synapses have a high PR that

depletes the release ready pool (RRP) [19�,23��]. Under

standard experimental conditions, this leads to strong

paired pulse depression, obscuring any contribution of

facilitation. However, decreasing external calcium lowers

PR, reduces depletion, and can reveal facilitation. At the

PC to DCN and vestibular synapses, in low external

calcium, paired pulse facilitation is small, but an approxi-

mately twofold facilitation is apparent during prolonged

high frequency stimulation that is absent in Syt7 KO
tal charge transfer arising from this stimulus was quantified (P1). After

uantified (P2). Recovery was more rapid at short times for WT animals.

ion was more rapid in WT mice. Schematic based on Ref. [17].

www.sciencedirect.com
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Table 1

Contribution of Syt7 to synaptic transmission at different synapses

Synapse Wild-type Syt7 KO Syt7−
dependent
recovery

T
(°C)

Cae

mM
Reference

PPF τ (ms) train ARs ARt PPF τ (ms) train ARs ARt

PP to grC 0.8 150 0.14 − − − − 33 2 [15]
MF to CA3 1.3 18 10 − − 1.9 − 33 2
CA3 to CA1 1.2 105 0.6 − − − − 33 2
corticothalamic 2.2 103 2.8 − − − − 33 2
SSC-PC to MC 0.4 2.2 ++ 0.2 1.2 + 35 2 [21]
MLI to PC 1.2 − ++ − − + yes 22 2 [•20]
grC to PC 2.1 85 ++ 1 46 + 22 2 [•22]

1.8 64 0.9 17 35 1.5
grC to MLI 1.5 132 ++ 0.7 35 + 22 2

PC to DCN 0.2 1.1 − − − −0.4 − − 35 0.3 [••23]
− − − − − − − − no 35 1.5

vestibular 0.8 − − − 0.1 − − 35 0.5
− − − − − − − − no 35 1.5

calyx of Held 0.7 0.8 0.55 1.2 22 0.6 [•19]
− − − ++ − + no 22 2

PP to grC: perforant path to hippocampal granule cell synapse.

MF to CA3: Mossy fiber to CA3 pyramidal cell synapse.

CA3 to CA1: hippocampal CA3 to CA1 pyramidal cell synapse.

Corticothalamic: synapse between layer VI cells and thalamic relay neurons.

SSC-PC to MC: Somatosensory cortex pyramidal cell to Martinotti cell.

MLI to PC: synapse between cerebellar molecular layer interneurons and Purkinje cells.

grC to PC: cerebellar granule cell to Purkinje cell synapse.

grC to MLI: cerebellar granule cell to molecular layer interneuron synapse.

PC to DCN: Purkinje cell to deep cerebellar nuclei synapse.

PPF: amplitude of paired pulse facilitation for 2 closely spaced stimuli (A2/A1 � 1).

t: time constant of decay of PPF.

Train: peak amplitude of enhancement during a stimulus train (An/A1 � 1). Consult original references for details.

ARs: AR following a single stimulus.

ARt: AR during a prolonged trains of high frequency stimulation.

Syt7 dependent recover is a qualitative assessment of whether recovery from depression after high frequency stimulation is Syt7 dependent.

Cae: external calcium levels.

Grey, no information; dark green, large effects; light green, small effects; red, no effect.
animals [23��]. At the calyx of Held synapse facilitation is

apparent in low calcium, but the extent of facilitation is

unaltered in Syt7 KO animals [19�]. This is consistent

with previous studies suggesting that other mechanisms,

such as use-dependent increases in calcium entry, con-

tribute to facilitation [32–34], but it is not clear why Syt7-

dependent facilitation is absent at this synapse.

At synapses made by cerebellar grCs onto MLIs and PCs,

a facilitation component also remains in Syt7 KO animals,

though greatly reduced in magnitude and duration. This

component remained EGTA sensitive, indicating that the

mechanism for this facilitation is also calcium-dependent

[22�]. The more rapid kinetics suggest that it could be

mediated by a calcium sensor with different calcium

binding properties than Syt7. Additionally, at the grC

to PC synapse the decrease in time course of facilitation in

Syt7 KO animals is much more pronounced under physi-

ological conditions, than at room temperature (Table 1).

This indicates that the remaining facilitation mechanism

in Syt7 KO animals is highly temperature-dependent.

Thus, although numerous mechanisms may contribute to

synaptic facilitation, at most facilitating synapses
www.sciencedirect.com 
characterized to date, Syt7 determines a substantial frac-

tion, or all, of the facilitation.

Regulation of vesicle pools

Syt7 has also been implicated in regulation of vesicle

pools. A Syt7-dependent increase in replenishment of the

RRP could provide a means of increasing steady state

synaptic strength during high frequency stimulation [17].

The original study of Syt7 and replenishment was not

performed in physiological conditions (10 mM external

Ca, room temperature [17]). However, a recent study

found that Syt7 also promotes replenishment in more

physiological conditions at the MLI to PC synapse (2 mM

external Ca, room temperature [20�]). Considering the

plots of cumulative Inhibitory Post-Synaptic Current

(IPSC) amplitude versus stimulus number, it was con-

cluded that replenishment rates during 100 Hz trains

were reduced by �22% in Syt7 KOs. Furthermore, fol-

lowing high frequency stimulation, synaptic strength

recovered with a time constant of 4 s in WT animals

and 7 s in Syt7 KO animals [20�]. In contrast, at the calyx

of Held synapse, the amplitude of Excitatory Post-Syn-

aptic Currents (EPSCs) evoked by high-frequency trains

was unaffected in Syt7 KOs, suggesting that
Current Opinion in Neurobiology 2020, 63:42–52
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replenishment is not impaired [19�]. Similarly, at the PC

to DCN synapse, recovery from depression was not

slowed in Syt7 KO animals. Though Syt7 KO reduced

steady-state synaptic strength during high-frequency

trains in this synapse, this could be entirely accounted

for by a reduction in facilitation [23��]. Overall, replen-

ishment estimates based on cumulative synaptic current

need to be interpreted with caution, as many different

synaptic properties can influence this measure [35�,36].

Contributions from Syt7 to additional processes have

recently been identified. The size of the reserve and

resting pools were found to be larger in Syt7 KOs [37],

though this is not in line with previous observations

[17,38]. Several Syts, including Syt7, have also been

shown to regulate endocytosis [8,39–41]. Multi-vesicular

asynchronous release was found to be specifically targeted

to a slower Syt7-dependent endocytic pathway that,

enigmatically, did not require Syt7’s C2 domains [42].

In conclusion, while there are several indications of Syt7

regulating vesicle pools, the mechanism behind this and

the impact on release remain unclear.

Frequency invariance

It had been established that Syt7 can facilitate evoked

transmission and mediate AR. However, Syt7 is also

present in PCs, that make depressing synapses onto

DCN neurons and that do not have prominent AR. What

could Syt7 be doing at PC to DCN synapses? Frequency

invariant synaptic transmission, an unusual property of

PC to DCN synapses, provided a clue.

Most synapses depress more prominently when the acti-

vation frequency is increased (Figure 2a, b top). This is

attributed to depletion of the RRP (Figure 2b). For such

synapses, the charge transfer (synaptic current amplitu-

de � frequency) is sublinear (Figure 2c). Such synapses

are very effective at conveying a change in stimulus

frequency rather than absolute frequency (Figure 2d

[43]). In contrast, frequency invariant synapses depress

to the same steady-state levels for a broad range of

stimulus frequencies (Figure 2e, f top). Frequency invari-

ance is a relatively rare synaptic attribute that was first

described at vestibular synapses [44], but has subse-

quently been observed at PC to DCN synapses and

MLI to PC synapses [20�,45,46]. Such synapses convey

charge transfer that scales linearly with stimulation fre-

quency (Figure 2g), and they faithfully convey the rate of

presynaptic activation (Figure 2h).

The properties of PC to DCN synapses, required for

frequency invariance, were found to be inconsistent with

a single pool of homogeneous vesicles. As such, it had

been proposed that transmission must be mediated by

two pools of vesicles. One pool with a high initial PR that

depresses, and a second with a low initial PR that
Current Opinion in Neurobiology 2020, 63:42–52 
facilitates [46]. Syt7-dependent facilitation of the low

PR component allows a frequency-dependent increase

in PR. This compensates for a frequency-dependent

increase in depletion of the RRP, resulting in frequency

invariance (Figure 2f, [23��]). When considering contri-

butions from different vesicle pools during 100 Hz stim-

ulation, the importance of facilitation becomes clear

(Figure 2i, j). The high PR pool depletes with high

frequency activation so that, by the end of the train,

transmission is mediated primarily by the low PR pool.

In WT animals, facilitation increases PR counteracting

depletion (Figure 2j). In Syt7 KO animals, facilitation is

absent, and, consequently, depletion of the pools dictates

transmission (Figure 2i). This shows how facilitation

alone counteracts depletion to produce frequency invari-

ance at PC to DCN and vestibular synapses. Neverthe-

less, at the MLI to PC synapse, Syt7-dependent regula-

tion of facilitation and replenishment have both been

implicated in frequency invariance [20�].

The widespread expression of Syt7 in the brain raises the

possibility that Syt7-dependent frequency invariant syn-

apses may be more prevalent than is currently

appreciated.

Suppressing spontaneous vesicle fusion

Recent studies suggest that Syt7 is similar to fast Syt

isoforms in its ability to suppress (clamp) spontaneous

vesicle fusion. At the calyx of Held, miniature EPSC

(mEPSC) frequency is elevated eightfold in Syt2 KO

mice, which is consistent with the described role of fast

Syts in clamping spontaneous vesicle fusion. Although

mEPSC frequency is not significantly elevated in Syt7

KO mice (relative to control), there is a larger increase in

mEPSC frequency in Syt2/7 double KO mice (>20-fold)

than in Syt2 single KO mice [19�]. This suggests that at

the calyx of Held, Syt7 suppresses spontaneous vesicle

fusion in the absence of Syt2.

It appears that in some circumstances Syt7 can also

suppress spontaneous vesicle fusion in WT animals. In

regions of the IO where inhibitory synapses lack fast Syt

isoforms, mIPSC frequency is low in WT animals and is

elevated �10-fold in Syt7 KO animals [30�]. These find-

ings suggest that Syt7 strongly suppresses spontaneous

vesicle fusion in WT animals at synapses lacking fast Syt

isoforms.

Several molecular mechanisms have been advanced for

Syt1 clamping. Fusion may be inhibited directly by lock-

ing the SNARE complex in a tripartite interface of the

C2B domain together with Complexin [47]. Steric hin-

drance may also play a role, either by forcing the SNARE

C-terminals to point away from the lipid membrane [48],

or with ring oligomers of C2 domains keeping opposing

membranes apart [49]. The latter hypothesis is also

supported by the observation that disruption of
www.sciencedirect.com
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Syt7 allows synapses to be frequency invariant.

(a) For a typical depressing synapse, high frequency stimulation results in depression to a steady-state level that is smaller for higher frequencies

www.sciencedirect.com Current Opinion in Neurobiology 2020, 63:42–52



48 Cellular neuroscience
oligomerization, through mutating the Syt1 C2B domain,

increases constitutive fusion in PC12 cells [50]. Further

studies are needed to determine whether Syt7 uses these

mechanisms to clamp vesicle fusion.

Non-neuronal regulation of exocytosis

Recent findings have advanced our understanding of Syt7

in non-neuronal cells. In chromaffin cells, Syt7 and Syt1

trigger rapid and slow granule exocytosis, respectively

[51]. Syt7 has been shown to be the main granule fusion

sensor when calcium signals are small, consistent with its

high calcium affinity [11]. It was also shown that fusion

mediated by Syt1 and Syt7 tended to occur at different

fusion sites, and that different types of calcium channels

differentially contribute to Syt1 and Syt7-mediated

fusion. Together, these findings reinforce the view that

Syt7 is present on a specialized population of granules,

comprising a distinct pool from Syt1 regulated granules.

Syt7 is also implicated as a major Ca2+-sensor in promot-

ing insulin secretion from pancreatic b-cells [52].

Recently, Syt4, a Ca2+-insensitive isoform, was found

to interact with Syt7 to attenuate Syt7-mediated exocy-

tosis, thereby increasing the threshold for glucose-stimu-

lated insulin release [53�]. This observation is reminiscent

of the finding that Syt4 can form hetero-oligomers with

Syt1, which decreases neurotransmitter release by pre-

venting the calcium-triggered insertion of Syt1 into the

plasma membrane [54]. The finding that Syt4 can also

prevent Syt7-dependent release raises the possibility that

association between different Syt isoforms might provide

a general means of regulating Syt-dependent signaling.

Disease

Recent studies have implicated Syt7 in several different

disease mechanisms. The absence of presenilin, a protein

long implicated in Alzheimer’s disease [55,56], has been

found to decrease Syt7 levels and alter synaptic transmis-

sion [57�]. A role for Syt7 in mediating lysosome
(Figure 2 Legend Continued) (100 Hz versus 10 Hz).

(b) The frequency dependence of steady-state synaptic strength (PSCSS) is

is less time for recovery between stimuli.

(c) The charge transfer (PSC � stimulus frequency) as a function of stimulus

(d) An example schematic showing what happens to such a synapse when 

another factor of five.

(e) For a small subset of synapses steady-state synaptic strength is frequen

strength (10 Hz and 100 Hz traces are superimposed).

(f) Steady-state synaptic strength (PSCSS) is the same for a broad range of 

transmission mediated by two pools of vesicles. One pool is very effective f

second pool has a very low initial PR but facilitates in a frequency-depende

Syt7-dependent and in Syt7 KOs transmission exhibits the frequency depen

(g) Such a synapse provides linear charge transfer.

(h) Frequency invariant synapse is excellent at conveying rate codes as illus

(i) Model of the response of a synapse from a Syt7 KO animal to 100 Hz sti

properties. Steady-state transmission at the synapse is frequency-depende

(j) Same as i but for a WT animal in which Syt7-dependent facilitation enha

transmission at this synapse is frequency independent.

Figure adapted from extended data Figures 1 and 9 [23��].
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exocytosis for plasma membrane repair [58–60] has been

implicated in treatment of muscular dystrophies with

halofuginone, an inhibitor of the TGFb/Smad3-signaling

pathway. In the presence of halofuginone, Syt7 compen-

sates for disruption of dysferlin, the default mediator of

membrane repair in muscle cells [61]. Finally, Syt7 also

promotes proliferation in several different cancer cell

lines [62–65].

Regulation of Syt7’s functional diversity

As discussed in the previous paragraphs, Syt7 is a highly

multifunctional protein, influencing synaptic transmis-

sion through many separate processes, such as AR and

facilitation (Table 1). Many factors could contribute to

this diversity, including: external calcium levels, temper-

ature, initial PR, residual calcium signals, local calcium

signals, different Syt7 isoforms, the localization of Syts,

the presence of fast calcium sensitive Syts, the contribu-

tion of multiple vesicle pools with different properties,

the presence of calcium-insensitive Syts, and the levels of

Syt7 present in the terminals.

External calcium levels and temperature are controlled

by the experimenter, and a departure from physiological

conditions can artificially alter the relative contributions

of Syt7 to AR and facilitation. At elevated temperatures,

sustained high frequency stimulation reliably evokes

synchronous release, but at room temperature release

becomes desynchronized as a result of the impaired

ability of Syt1 to suppress AR (Figure 3a, [27�]). Elevated

external calcium levels (above physiological levels) can

increase the initial PR, thereby promoting depletion that

can decrease or even mask facilitation. In addition, it will

increase the size of the residual calcium signals that can

promote AR. Typical departures from physiological con-

ditions (decreased temperature and elevated external

calcium) will artificially accentuate the contribution of

AR and decrease the extent of facilitation.
 attributed to depletion of the RRP that is more pronounced when there

 frequency is sublinear and eventually plateaus.

the stimulus frequency is increased by a factor of five and then by

cy invariant and 10 Hz and 100 Hz plateau at the same synaptic

stimulus frequencies. This is thought to be achieved by having

or low frequency stimulation but it depletes at high frequencies. The

nt manner to overcome frequency-dependent depletion. Facilitation is

dence of typical depressing synapses.

trated in a schematic for increases in stimulus frequencies.

mulation with release mediated by two pools of vesicles with different

nt.

nces release from pool 2 during repetitive stimulation. Steady-state
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Figure 3
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Factors that can influence the role of Syt7 in synaptic transmission.

(a) The effect of temperature on the properties of transmission. Figure inspired by Ref. [27�].
(b) Examples of different types of residual presynaptic calcium signaling that can influence the activation of Syt7 such as large amplitude, short-

lived signals in black, small amplitude, and long-lived signals in blue.

(c) Schematics showing the arrangement of Syt7 and Syt1 C2 domains controlling vesicle fusion and the corresponding expected transmission.

Syt1 is shown tethered to the vesicle. Syt7 is drawn tethered to the plasma membrane, in line with [7,8], though its subcellular location remains a

subject of debate.
Presynaptic residual calcium signals are an important

factor in controlling Syt7 activation. The amplitudes

and time courses of residual calcium signals can vary

greatly (Figure 3b, [66–68]), and this could lead to differ-

ential contributions of Syt7 to AR and facilitation,

because of the different calcium dependencies of these
www.sciencedirect.com 
processes. If single stimuli evoke large residual calcium

signals, then there is the potential to effectively activate

Syt7 and produce facilitation or AR. However, if the

calcium transients are short-lived, then there will not

be a large enough buildup during sustained activation

to activate Syt7. In contrast, during sustained activation,
Current Opinion in Neurobiology 2020, 63:42–52
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even a small residual calcium signal will build up sub-

stantially, provided it is long-lived. This would lead to a

situation where Syt7 is not very effectively activated by

single stimuli, but sustained stimulation would lead to a

large buildup of residual calcium that could effectively

activate Syt7 and produce AR and/or facilitation.

High levels of fast and calcium-insensitive Syts will

suppress AR and could contribute to the lack of AR at

many synapses [24–26,30�,53�,54]. The localization of

Syt7 and fast Syts could also be an important factor

(Figure 3c). If release is only mediated by Syt7, then

stimulation will produce AR, whereas if release is medi-

ated only by Syt1, then release will be synchronous and

non-facilitating. When transmission is the summated

response of multiple vesicles, there are two extreme cases

to consider. If there is combined fusion of some vesicles

that rely exclusively on Syt7, and others that rely solely on

Syt1, then release should be a mixture of non-facilitating

fast transmission and facilitating AR (Figure 3c; Non-

uniform distribution). Conversely, when the fusion of all

vesicles relies on both Syt7 and Syt1, then AR should be

small due to suppression by Syt1, and facilitation should

be prominent (Figure 3c; Cooperation). The relative

sensitivity of AR and facilitation to Syt7 levels is not

known, but it is another potential factor in determining

Syt7’s effect on neurotransmitter release.

Concluding remarks
These are just some of the issues that could regulate the

ability of Syt7 to evoke AR and produce facilitation, as

well as to regulate other functions such as accelerating

replenishment and suppressing spontaneous vesicle

fusion. Many fundamental issues remain unclear regard-

ing the mechanisms of Syt7 in transmission. For example,

the ability of different Syt7 isoforms to contribute to

different aspects of transmission is not known [7,8,69].

The location of Syt7 within a bouton, plasma membrane,

vesicle or elsewhere, is not known [7–10,58,69,70]. Addi-

tional exploration of molecular mechanisms will provide

insight into the diverse contributions of Syt7.
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The primed SNARE-complexin-synaptotagmin complex for
neuronal exocytosis. Nature 2017, 548:420-425.

48. Grushin K, Wang J, Coleman J, Rothman JE, Sindelar CV,
Krishnakumar SS: Structural basis for the clamping and Ca2+
activation of SNARE-mediated fusion by synaptotagmin. Nat
Commun 2019, 10:2413.

49. Rothman JE, Krishnakumar SS, Grushin K, Pincet F: Hypothesis -
buttressed rings assemble, clamp, and release SNAREpins for
synaptic transmission. FEBS Lett 2017, 591:3459-3480.

50. Bello OD, Jouannot O, Chaudhuri A, Stroeva E, Coleman J,
Volynski KE, Rothman JE, Krishnakumar SS: Synaptotagmin
oligomerization is essential for calcium control of regulated
exocytosis. Proc Natl Acad Sci U S A 2018, 115:E7624-E7631.

51. Schonn J-S, Maximov A, Lao Y, Südhof TC, Sørensen JB:
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