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Synaptotagmin 7 Mediates Both Facilitation and
Asynchronous Release at Granule Cell Synapses

Josef Turecek and X Wade G. Regehr
Department of Neurobiology, Harvard Medical School, Boston, Massachusetts 02115

When an action potential invades a presynaptic terminal it evokes large, brief Ca 2� signals that trigger vesicle fusion within milliseconds
that is followed by a small residual Ca 2� (Cares ) signal. At many synapses Cares produces synaptic facilitation that lasts up to hundreds of
milliseconds and, although less common, Cares can also evoke asynchronous release (AR) that persists for tens of milliseconds. The
properties of facilitation and AR are very different, which suggests that they are mediated by distinct mechanisms. However, recently it
has been shown that the slow calcium sensor synaptotagmin 7 (Syt7) mediates facilitation at many synapses where AR does not occur, and
conversely Syt7 can mediate AR without mediating facilitation. Here we study cerebellar granule cell synapses onto stellate cells and
Purkinje cells in mice of both sexes to assess the role of Syt7 in these phenomena at the same synapse. This is of particular interest at
granule cell synapses where AR is much more calcium dependent and shorter-lived than facilitation. We find that Syt7 can mediate these
two processes despite their divergent properties. In Syt7 knock-out animals, facilitation and AR are smaller and shorter lived than in
wild-type animals, even though the initial probability of release and Cares signals are unchanged. Although there are short-lived Syt7-
independent mechanisms that mediate facilitation and AR in Syt7 KO animals, we find that at granule cell synapses AR and facilitation are
both mediated primarily by Syt7.
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Introduction
Activation of presynaptic cells opens voltage gated Ca 2� channels
within presynaptic boutons leading to large, fast, highly localized
Ca 2� signals that trigger rapid vesicle fusion. Ca 2� then binds to
Ca 2�-binding proteins and diffuses, thereby collapsing spatial
gradients and giving rise to a small residual Ca 2� (Cares) signal
that persists for tens of milliseconds and controls neurotransmit-

ter release in multiple ways. Cares can elevate the probability of
release (PR) to produce synaptic facilitation of synchronous re-
lease for hundreds of milliseconds. Facilitation is present at syn-
apses throughout the brain, and is most prominent at synapses
with low initial PR. Cares can also trigger asynchronous release
(AR) that lasts for tens of milliseconds following single stimuli
(Atluri and Regehr, 1998; Iremonger and Bains, 2007). AR is not
apparent at most synapses, but when observed it is most promi-
nent following bursts of presynaptic activity or during sustained
activation (Atluri and Regehr, 1998; Lu and Trussell, 2000; Hefft
and Jonas, 2005; Iremonger and Bains, 2007; Best and Regehr,
2009; Labrakakis et al., 2009; Peters et al., 2010).

It has been hypothesized that facilitation and AR involve spe-
cialized Ca 2� sensors, and that the same sensor might mediate
both phenomena (Rahamimoff and Yaari, 1973; Zucker and Re-
gehr, 2002; Jackman and Regehr, 2017). However, many synapses
facilitate in the absence of AR, whereas some synapses with AR do
not facilitate (Hefft and Jonas, 2005; Labrakakis et al., 2009; Pe-
ters et al., 2010). Further, when both phenomena are present at
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Significance Statement

At synapses made by cerebellar granule cells, presynaptic activity elevates calcium for tens of milliseconds, which in turn evokes
both asynchronous release (AR) and synaptic facilitation. AR is more calcium sensitive and shorter-lived than facilitation at these
synapses, suggesting that they are mediated by different mechanisms. However, we find that the slow calcium sensor synaptotag-
min 7 mediates both of these phenomena. Small, rapidly decaying components of AR and facilitation are present in Syt7 KO
animals, indicating that additional mechanisms can contribute to both AR and facilitation at these synapses.
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the same synapses, their time course and Ca 2� dependence can
be different (Atluri and Regehr, 1998; but see Molgó and Van der
Kloot, 1991). These observations made it seem unlikely that the
same Ca 2� sensor mediates both AR and facilitation.

Despite the differences between the two processes, recent studies
indicate that synaptotagmin 7 (Syt7) can contribute to either facili-
tation or AR (Wen et al., 2010; Bacaj et al., 2013; Jackman et al., 2014;
Luo et al., 2015; Luo and Südhof, 2017; Turecek et al., 2017). The
properties of Syt7 make it a strong candidate for both processes
because it is the Synaptotagmin isoform with the highest affinity
for Ca 2� and the slowest kinetics (Sugita et al., 2002; Brandt et al.,
2012), and it is widely expressed (Mittelsteadt et al., 2009). Syt7
was initially implicated in AR at the zebrafish neuromuscular
junction, where sustained presynaptic activation led to Syt7-
dependent AR (Wen et al., 2010). Initial studies of cultured mam-
malian synapses found that eliminating Syt7 did not alter synaptic
responses (Maximov et al., 2008), but it was subsequently found
that in the absence of Syt1 AR is prominent and Syt7-dependent
(Bacaj et al., 2013). At the young calyx of Held, sustained high-
frequency stimulation led to slow currents that were attributed to
AR, and that were strongly reduced in Syt7 KOs (Luo and Südhof,
2017). However, facilitation is absent or very weak at synapses
where Syt7 has been implicated in AR. In contrast, at three types
of hippocampal synapses and thalamocortical synapses, paired-
pulse facilitation is prominent in wild-types, but eliminated in
Syt7 KOs (Jackman et al., 2016). At Purkinje cell (PC) synapses and
vestibular synapses, Syt7-mediated facilitation is present but it is
masked by depression (Turecek et al., 2017). At synapses where
Syt7 has been implicated in facilitation, AR is not apparent. Thus,
Syt7 mediates facilitation without producing AR at some syn-
apses, but mediates AR without generating facilitation at others.

Here we determine the role of Syt7 in transmission at synapses
made by cerebellar granule cells (grCs) onto stellate cells (SCs),
and PCs. These synapses are of particular interest because they
have large facilitation, AR is prominent after single stimuli, and
AR is shorter-lived and more Ca 2� dependent than facilitation
(Atluri and Regehr, 1998). We find that Syt7 elimination strongly
attenuates both AR and facilitation and decreases their duration,
indicating that both processes are mediated primarily by Syt7. We
also conclude that additional mechanisms mediate the rapid AR
and facilitation remaining in Syt7 KO mice.

Materials and Methods
Animals. Syt7 KO mice and wild-type littermates (Chakrabarti et al.,
2003) of either sex were used. All mice were handled in accordance with
NIH guidelines and protocols approved by Harvard Medical Area Stand-
ing Committee on Animals. Experiments and analysis shown in Figures
1, 3 and 5 were performed blind. Experiments in Figures 2, 4, 6 –8 were
initially performed blind but blinding was abandoned because the geno-
type could be reliably determined from physiology alone.

Slice preparation. P16 –P23 animals of both sexes were anesthetized
with ketamine/xylazine and transcardially perfused with solution con-
taining the following (in mM): 110 choline Cl, 2.5 KCl, 1.25 NaH2PO4, 25
NaHCO3, 25 glucose, 0.5 CaCl2, 7 MgCl2, 3.1 Na pyruvate, 11.6 Na
ascorbate, 0.002 (R)-CPP, 0.005 NBQX, oxygenated with 95% O2/5%
CO2, kept at 4°C. The cerebellum was removed and horizontal/transverse
slices (250 �m) were made using a Leica 1200S vibratome in choline
ACSF maintained at 4°C. Slices were then transferred to a holding cham-
ber with solution containing the following (in mM): 127 NaCl, 2.5 KCl,
1.25 NaH2PO4, 25 NaHCO3, 25 glucose, 2 CaCl2, 1 MgCl2, and allowed
to recover at 35°C for at least 30 min before cooling to room temperature.

Electrophysiology. Experiments in Figures 2–7 were performed at room
temperature and experiments in Figure 8 were performed at 35°C. Unless
otherwise stated, the composition of ACSF used for recording was the

same as for slice incubation. Whole-cell voltage-clamp recordings were
made from PCs or molecular layer interneurons in the outer third of the
molecular layer (SCs) in vermal lobules V and VI. Borosilicate electrodes
(1–1.5 M� for PCs, 1.5–2.5 M� for SCs) were filled with the following
(in mM): 35 CsF, 100 CsCl, 10 EGTA, 10 HEPES, pH 7.3 with CsOH. A
recording electrode (1.5–2.5 M�) filled with ACSF was placed several
hundred micrometers away in the molecular layer to stimulate parallel
fibers (0.2 ms pulses, 5– 40 �A). For PCs, the tip of the stimulation
electrode was placed within 10 –50 �m of the PC layer to activate parallel
fibers synapses close to the PC body. For SCs, the electrode was placed in
alignment with the SC body and at a depth to prevent activation of
off-beam fibers (Carter and Regehr, 2000). For all experiments measur-
ing facilitation, the average initial EPSC amplitude was kept between 100
and 250 pA to minimize the activation of off-beam fibers and to maintain
voltage-clamp. PCs were held at �60 mV, with series resistance (1–10
M�) compensated up to 80% and whole-cell capacitance compensated
only for the cell body (5 pF). SCs were held at �70 mV and series resis-
tance and whole-cell capacitance were left uncompensated. Experiments
were performed in the presence of bicuculine (20 �M) or SR-95531 (5
�M) to block GABAARs. Experiments measuring mEPSCs were per-
formed in SCs in the presence of 0.5 �M TTX and performed in slices
unperturbed by stimulation electrodes.

In paired recordings between grCs and PCs, cell-attached recordings
were obtained from grCs using electrodes filled with the following (in
mM): 135 K-gluconate, 20 KCl, 2 MgCl2, 10 HEPES, 0.1 EGTA pH 7.3
using KOH. When searching for grCs, brief infrequent (0.1 Hz) pulses of
positive pressure were applied in the grC layer. Regions of the grC layer in
which puffs elicited synaptic currents were then targeted for single-cell
recordings. grCs were at least 150 �m away from the recorded PC to
avoid ascending branch synapses which are reported to have different
properties than parallel fiber synapses (Sims and Hartell, 2005). grCs
were held in cell-attached mode with a holding potential of �60 mV and
3–5 ms voltage steps of 50 –200 mV were pulsed to elicit action currents
as previously described (Schmidt et al., 2013). For grC to PC pairs, PCs
were recorded using leaded glass electrodes (1–1.5 M�) filled with the
following (in mM): 110 Cs2SO4, 10 HEPES, 10 EGTA, 4 CaCl2, 1.5 MgCl2,
5.5 MgSO4, 4 Na2-ATP, 0.1 D600, and 5 QX-314, pH 7.3 with CsOH. For
these experiments, PCs were held at �70 mV and series resistance and
whole-cell capacitance were left uncompensated.

For experiments measuring the effect of EGTA-AM, 20 �M EGTA-AM
was washed into the bath for 15 min. Data were collected from multiple
cells within the same slice following wash-in. Thus, data shown in Figure
7 are from some cells in which recordings were maintained before, dur-
ing and after wash-ins, as well as cells in which recordings were made
following wash-in. Experiments measuring AR in Sr 2� were performed
as previously described (Xu-Friedman and Regehr, 2000). Briefly, control
ACSF contained the following (in mM): 2 CaCl2 and 1 MgCl2, which was
then replaced with ACSF containing 2 EGTA, 4 SrCl2, and 1 MgCl2.
EGTA binds Ca 2� with high affinity (Kd of �100 nM), Sr 2� with mod-
erate affinity (Kd �30 �M) and Mg 2� with low affinity (Kd �15 mM),
resulting in estimated free divalent levels of 2 Sr 2�, 1 Mg 2�, and very low
free Ca 2�. All data shown in Figure 6 are wash-ins.

Ca 2� transients were measured from either Mg-Green AM or Fura-2
AM (240 �M) loaded into parallel fibers as previously described (Regehr
and Tank, 1991; Regehr and Atluri, 1995; Atluri and Regehr, 1996; Bre-
nowitz and Regehr, 2014). Briefly, indicator was loaded into a pipette
(8 –15 �m diameter), which was lowered into the molecular layer under
positive pressure for 3 min. Fast green (1%) was included to allow visu-
alization under bright field. A suction pipette (15–20 �m diameter) was
positioned near the outflow of the labeling pipette to confine the area of
indicator loading. Slices were imaged using a 60� objective and custom-
built photodiode at least 1 h following loading, with imaging sites �300
�m from the loading site. A stimulus electrode was placed �400 �m
from the imaging site to excite parallel fibers. Mg-Green and Fura-2 were
excited by a tungsten and xenon lamp, respectively.

Sr2�levels were determined as described previously (Xu-Friedman and
Regehr, 1999, 2000). Briefly, fluorescence transients in Sr2�were normalized
to transients in Ca 2� at the same imaging site and converted to relative
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concentrations by adjusting for the binding affinity of Mg-Green for
Ca 2�versus Sr 2�(multiplying Sr 2� transients by 5.5 � KD-Sr/KD-Ca).

Analysis. Recordings were collected using a MultiClamp 700B (Mo-
lecular Devices) sampled at 20 kHz and filtered at 2 kHz. All data were
collected in Igor Pro (WaveMetrics). All analysis was performed using
custom-written scripts in MATLAB (MathWorks). Paired-pulse facilita-
tion was measured from averages of at least 10 trials per interstimulus
interval. For short interstimulus intervals in PCs, EPSCs were elicited
during the decay of the initial EPSC. In these cases, the initial EPSC from
long duration interstimulus intervals was subtracted. All data in figures
are summarized as mean 	 SEM across individual cells. In some cases,
error bars are occluded by markers. Number of experiments are presented in
figure legends as number of cells, except for Ca2� imaging experiments
where the number of slices are indicated. In text, fit coefficients are pro-
vided 	 SD, and all other values are summarized as mean 	 SEM.

To quantify AR, events were detected for each trial. Histograms of
asynchronous release versus time were generated by summing the events
across all trials, and dividing by the number of trials. The peak amplitude
of the synchronous component (within 9 ms following stimulation) was
used as a measure of the number of synapses stimulated. Histograms of
asynchronous release versus time for each cell were therefore divided by
the peak amplitude of the synchronous EPSC, measured from the aver-
aged trace of all trials for that cell.

In paired recordings, only trials in which action potentials were evoked
in the grC were included for analysis. The amplitude of the evoked cur-
rent in PCs for each trial was measured as the average of 2 ms around the
peak current following stimulation. At least 120 acceptable trials were
collected per cell, and up to 600 trials were collected for cells with low PR.
Trials in which spontaneous release obscured the detection of postsyn-
aptic events were discarded. A double Gaussian fit was applied to histo-
grams of EPSC amplitudes for each cell and used to estimate the number
of successes and failures. For all cells, release events were also detected
manually by visual inspection, which resulted in good agreement with
Gaussian fits. In rare cases, histograms of evoked responses contained
two peaks, and were discarded. To determine the paired-pulse ratio
(PPR), all trials were averaged and the PPR was measured from the
averaged trace as the peak amplitude of the second EPSC divided by the
peak amplitude of the first. The potency was determined by averaging all
trials in which there was a successful release event on the first stimulus
and measuring the peak amplitude of the first EPSC.

Experimental design and statistical analysis. Facilitation curves and AR
were averaged across cells and fit with a single exponential and offset of
the form: PPR � 
c � Ae�
t�t0�/�� or release � 
c � Ae�
t�t0�/�� For
facilitation curves, the offset was set to 1, and t0 was the smallest inter-
stimulus interval (10 ms for 25°C, 5 ms for 35°C). For AR, t0 was taken as
the time when individual events could first be detected following syn-
chronous release (9 ms following stimulation for experiments at 25°C, 5
ms for experiments at 35°C). In all cases data were well-fit by single
exponentials (R 2 � 0.95). Once single exponential fits were obtained,
permutation tests were used to determine whether fit coefficients be-
tween wild-type and Syt7 KO were significantly different (Quinn and
Keough, 2002). Wild-type and Syt7 KO data were randomly assigned to
two groups and the averages were fit with the above equations. The
residuals, or the differences between the fit coefficients between the two
groups (A1–A2; �1–�2), were collected. This process was repeated 10,000
times to generate a distribution of residuals. The difference between
observed, unpermutated, wild-type, and Syt7 KO data were then com-
pared with the generated distribution. A p value was obtained as the
number of generated residuals greater than the observed difference, with
p � 0.01 considered significant.

For imaging experiments, results were compared using two-tailed un-
paired Student’s t tests. For paired grC to PC recordings, the distributions
of PR, PPR, and potency were compared between wild-types and Syt7
KOs using a two-sample Kolmogorov–Smirnov (K–S) test. The distribu-
tions of mEPSC amplitudes and mEPSC frequencies were compared
between wild-types and Syt7 KOs using two-sample K–S tests.

Immunohistochemistry. P21 female mice were anesthetized with ket-
amine/xylazine (100/10 mg/kg) and perfused transcardially with PBS
followed by 4% paraformaldehyde (PFA) in PBS. The brain was removed

and kept in PFA overnight. Transverse sections of the cerebellum
(50 �m) were permeabilized using 0.2% Triton X-100 in PBS for 10 min
and blocked with 4% normal goat serum in 0.1% Triton X-100 for 1 h at
room temperature. Slices were incubated overnight at 4°C with primary
Syt7 antibodies (mouse anti-Syt7 targeting the C2A domain, UC Davis/
NIH NeuroMab Facility, clone N275/14; RRID:AB_11030371; 1 �g/ml,
1:100). Following overnight incubation with Syt7 antibodies VGLUT1
primary antibodies (guinea pig anti-VGLUT1; Synaptic Systems 135304;
1 �g/ml, 1:1600) were applied alone for 2 h at room temperature to
reduce background. Slices were then incubated with secondary antibod-
ies for 2 h at room temperature (anti-guinea pig-AlexaFluor488, Abcam,
ab150185; anti-mouse-AlexaFluor647, Abcam, ab150115). All tissue was
stained and processed in parallel. z-Stacks of lobule VI along the vermis

Figure 1. Immunohistochemical localization of Syt7 in the cerebellar cortex. A, Parallel fi-
bers originate from granule cells and extend laterally in transverse sections, forming synapses
onto stellate and PCs in the cerebellar cortex (vermal lobule VI). The SC and PC dendrites are
oriented perpendicular to the surface of the slice. B, Transverse sections of cerebellar cortex
immunolabeled for the presynaptic marker VGLUT1 (green) and Syt7 (magenta) in a wild-type
(top) and Syt7 KO (bottom). ML, Molecular layer; PCL, Purkinje cell layer; GCL, granule cell layer.
C, Expanded view of the molecular layer for the images in B.

3242 • J. Neurosci., March 28, 2018 • 38(13):3240 –3251 Turecek and Regehr • Syt7 Mediates Facilitation and AR at grC Synapses

https://scicrunch.org/resolver/AB_11030371


were collected using an Olympus Fluoview1000 confocal microscope.
Images were collected using the same settings, and processed identically
in ImageJ.

Results
Syt7 is present in the molecular layer of the cerebellum
We used immunohistochemistry to determine whether Syt7 is
expressed in parallel fibers of the cerebellum. In transverse
sections of the cerebellum, grCs give rise to parallel fibers that
traverse the slice, whereas PC and SC dendrites are oriented or-
thogonally into the slice (Fig. 1A). Because of the preservation of
parallel fibers, this orientation was used for both anatomy and
physiology experiments. grCs form glutamatergic synapses onto
both PCs and SCs in the molecular layer of the cerebellum and
express VGLUT1. In wild-type animals Syt7 labeling was promi-
nent in the molecular layer where VGLUT1-expressing grC syn-
apses are enriched (Fig. 1B,C). Syt7 labeling was weak in KO
animals, whereas the expression of VGLUT1 in grC synapses was
comparable.

Facilitation and asynchronous release are strongly attenuated
in Syt7 KO animals
We examined synaptic facilitation by stimulating with pairs of
stimuli separated by different interstimulus intervals. The result-
ing synaptic currents evoked for different interstimulus intervals
are shown for the grC to PC synapse for wild-type animals (Fig.
2A, top) and for Syt7 KO animals (Fig. 2A, middle) and the aver-
age paired-pulse facilitation curves for many cells are shown
(Fig. 2A, bottom). The facilitation curves were fit to the equation

(1 � Ae�
t�t0�/�), where A is the amplitude
of facilitation and � is the time constant of
facilitation. The magnitude and time con-
stant of facilitation were reduced, respec-
tively, from 2.12 	 0.04 to 1.02 	 0.06 and
from 85 	 5 to 46 	 7 ms in Syt7 KO mice.
Similar experiments were performed at
the grC to SC synapse (Fig. 2B), and the
magnitude and time constant of facilita-
tion were reduced, respectively, from
1.52 	 0.07 to 0.67 	 0.08 and from 132 	
20 to 35 	 10 ms in Syt7 KO mice. The
decreases in amplitudes and time con-
stants of facilitation were statistically sig-
nificant (p � 0.01, permutation test; see
Materials and Methods). These results indi-
cate that Syt7 mediates most of the facilita-
tion at these synapses, but there is also a
Syt7-independent mechanism that medi-
ates shorter-lived facilitation in Syt7 KO
mice.

The observation that PPR decays more
rapidly in Syt7 KO animals than in wild-
type animals raises the question as to
whether facilitation is normally mediated by
two processes with different time courses in
wild-type animals:

PPR � 1�Afaste
�
t�t0�/�

fast

� Aslowe�
t�t0�/�slow, (1)

and for Syt7 KO animals the slow compo-
nent is selectively eliminated and facilita-
tion is mediated only by the fast
component:

PPR � 1�Afaste
�
t�t0�/�

fast. (2)

A fit to Equation 1 for the average PPR in grC to PC synapses in
wild-type animals yielded constants {Afast, �fast, Afast, �slow} of
{1.12, 47 ms, 1.04, 147 ms}, and a for a fit to Equation 2 for PPR
in Syt7 KO animals {Afast, tfast} are {1.02, 47 ms}. The similarity of
Afast and �fast for wild-type and Syt7 KO would seem to suggest
that PPR is a consequence of a fast and a slow component in
wild-type animals, and that the slow component is eliminated
selectively in Syt7 KO animals. However, the double exponential
fit is essentially indistinguishable from the single exponential fit
(Fig. 2A) and both are good fits to the data (R 2 �0.95) making it
unclear whether a double exponential fit is more appropriate.
Moreover, the four free parameters of the double exponential fits
cannot be precisely estimated because there are only seven points.
Thus, we conclude that the faster decay of facilitation in Syt7 KO
animals is compatible with either an acceleration of a single ex-
ponential decay, or with the selective elimination of a slow com-
ponent of facilitation.

Synaptic facilitation can be reduced either as a direct effect on
the mechanism of facilitation, or indirectly by increasing the PR.
Previous studies indicated that the initial PR is not altered at the
CA3 to CA1 synapse in Syt7 KO animals (Jackman et al., 2016). At
that synapse, PR was assessed with input/output curves and with
the use-dependent block of NMDARs by MK801. These approaches
are more difficult to apply at grC synapses. Input/output curves
are highly sensitive to slice orientation for grC parallel fibers, and

Figure 2. Facilitation is strongly attenuated in Syt7 KO animals at synapses made by granule cells onto PCs and SCs. Paired-pulse
facilitation in wild-type and Syt7 KO mice. A, Representative paired-pulse facilitation at the grC to PC synapse in wild-type (top) and
Syt7 KO (middle). PPR as a function of interstimulus interval (t) is summarized (bottom) for wild-type (n � 9) and Syt7 KOs (n �
10). Fits to single (solid) and double (dashed) exponential fits are shown. B, Same as in A, but at grC to SC synapses for wild-type
(n � 6) and Syt7 KO (n � 7). Data are mean 	 SEM. For some points error bars are occluded by markers.
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use-dependent blockade by MK-801 is impractical because at this
age PCs do not express NMDARs and the NMDAR component in
SCs is extremely small. Most grCs form a single contact onto SCs
and PCs, allowing a measure of release from single putative re-
lease sites. Given the extremely low connection probability be-
tween grCs and SCs, we therefore determined whether initial
PR was altered by determining the properties of single grC to PC
connections (Fig. 3). We stimulated single grCs using brief volt-
age steps in a cell-attached configuration that also allowed us to
detect the presynaptic action potential. We targeted grCs at least
150 �m lateral from the PC (Fig. 3A), which provide parallel fiber
inputs to PCs that consist of single contacts. grC stimulation
generated artifacts in the PC that were followed by synaptic cur-
rents in some trials, and by failures in others (Fig. 3B,C). Suc-
cesses and failures were evident as two distinct distributions in
the histogram of the response amplitudes (Fig. 3C), and the frac-
tion of trials in which release was detected was used as a measure
of PR. There was considerable variability in the magnitude of PR,
but there was no significant difference between the initial PR

between wild-type and Syt7 KOs (Fig. 3G, left; wild-type: 0.44 	
0.06, n � 19; Syt7 KO: 0.48 	 0.05 n � 17; p � 0.80, K–S test).
There was also no difference in the potency, or the amplitude of
successful events, between wild-types and Syt7 KOs (wild-type:
16.9 	 2.8 pA, n � 19; Syt7 KO: 14.4 	 2.4 pA, n � 17; p � 0.32,
K–S test). This suggests that differences in facilitation are not a
secondary consequence of alterations in the initial PR at grC to PC
synapses.

We also examined facilitation at synapses between individual
grCs and PCs to provide additional insight into the mechanism of
facilitation. Average synaptic responses evoked by pairs of stimuli
are shown for synapses with a low initial PR (Fig. 3D) and high PR

(Fig. 3E) for both wild-type and Syt7 KO animals. For wild-type
animals, facilitation was variable but was generally larger at synapses
with low initial PR, as illustrated by plotting PPR as a function of PR

and fitting to a line, with PPR � (1 � 2.65) � 2.41 � PR (Fig. 3F, left;
R2 � 0.34). The more prominent facilitation at low initial PR syn-
apses is consistent with more severe vesicle depletion at high PR

synapses (Zucker and Regehr, 2002). Facilitation in Syt7 KO animals
is also variable and dependent on PR, but it is less steeply dependent
upon PR than for wild-type animals, with PPR � (1 � 1.39) �
0.97 � PR (Fig. 3F, right; R2 � 0.16). Facilitation (PPR-1) was sig-
nificantly reduced in Syt7 KOs (Fig. 3G, right; wild-type: 1.58	0.23,
n � 19; Syt7 KO: 0.93 	 0.12, n � 17; p � 0.01 K–S test).

Facilitation at individual synapses showed the same trend as
the facilitation evoked by extracellular stimulation of many par-
allel fibers (Fig. 2; 2.12 for wild-type animals and 1.02 for Syt7 KO
animals for an interstimulus interval of 20 ms), but facilitation
for individual sites was slightly smaller than extracellular stimu-
lation. This may reflect the contribution of individual synapses
that have a very low initial PR (�0.1). In paired recordings, such
synapses are expected to be difficult to identify, and have large
facilitation, particularly in wild-type animals. We found several
such synapses in which postsynaptic currents could be detected
only by evoking a brief burst in a grC, but events following the
first stimulus were too infrequent to be quantified to measure PR.
As PR could not be measured, these cells were not included in the
analysis. It is therefore expected that difficulty in detecting very

Figure 3. The probability of release at single granule cell to PC synapses is unaltered in Syt7
KO animals. Cell-attached recordings were used to stimulate single grCs and PC responses were
measured. A, Experimental configuration. A single grC was stimulated in cell-attached mode
and whole-cell responses were recorded in PCs at least 150 �m away in the transverse plane.
B, Synaptic currents evoked by a voltage step to a grC cell body (top) were recorded in PCs.
Averaged synaptic responses of failed and successful release events for wild-type (left) and Syt7
KOs (right). Voltage steps applied to grCs generated a small stimulus artifact preceding synaptic
currents. C, Histogram of response amplitudes for pairs shown in B. PR was calculated as the
fraction successes. D, Averaged synaptic currents evoked by two stimuli (20 ms) for cells from
wild-type and Syt7 KO animals shown in B and C. E, Example of averaged synaptic currents at
grC to PC pairs that had high initial PR. F, All grC to PC pairs plotted by PPR versus PR for

4

wild-types (left; n � 19) and Syt7 KOs (right; n � 17) with linear fits. Filled markers indicate
cells shown in B–D. G, Cumulative histograms of PR (left) and PPR (right) for all paired record-
ings, two-sample K-S test, **p � 0.01.
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low PR synapses could have increased average PR and reduced the
average PPR of paired recordings.

We also examined the role of Syt7 in AR by comparing AR in
wild-type and Syt7 KO animals. Previous studies have shown that
the properties of AR at grC to SC and grC to PC synapses are
similar (Atluri and Regehr, 1998; Xu-Friedman and Regehr,
1999, 2000), but that it is much easier to quantify AR in SCs because
quantal events are large, rapid and readily detected and there is
much less noise and spontaneous activity compared with PCs.
We therefore studied asynchronous release at grC to SC synapses.
AR at this synapse consists of a prominent fast component and a
much smaller slow component (Atluri and Regehr, 1998). Here we
focus on the fast component of AR. In wild-type animals a single
stimulus evoked an average EPSC with rapid kinetics (Fig. 4A).
When individual trials were examined on an expanded vertical
axis individual quantal events were apparent (Fig. 4B) that could
be detected and quantified (Fig. 4C). The high release rates asso-
ciated with synchronous release made it impractical to detect
quantal events closely time-locked to stimulation (Fig. 4B,C,
gray region). The AR in wild-type animals (Fig. 4D) had a time
constant of 6.2 	 0.4 ms. In Syt7 KO animals, the average EPSC
(Fig. 4A) was qualitatively similar to that observed in wild-type

animals. However, as shown in individual
trials (Fig. 4B, C) AR was strongly attenu-
ated in Syt7 KOs. A summary of AR in KOs
indicates that compared with wild-type an-
imals the magnitude of AR is reduced to
�44% (p � 0.01, permutation test) and
the time constant of decay following a sin-
gle stimulus significantly decreased from
6.2 	 0.1 ms for wild-type animals to
4.0 	 0.1 ms for Syt7 KO animals (p �
0.01, permutation test). On average the
total number of asynchronous events was
reduced to 31% in Syt7 KOs. The reduc-
tion in asynchronous events could not be
accounted for by changes in quantal size
because we found no differences in
mEPSC amplitude in SCs, which receive
their glutamatergic inputs exclusively
from parallel fibers (wild-type: 66.9 	 2.2
pA, n � 18; Syt7 KO: 61.8 	 3.4 pA, n � 8;
K–S test, p � 0.49). We also did not ob-
serve differences in mEPSC frequency
(wild-type: 0.43 	 0.12 Hz, n � 18; Syt7
KO: 0.30 	 0.05 Hz, n � 8; K–S test, p �
0.35). Thus, just as for synaptic facilita-
tion, AR at the grC to SC synapse is pri-
marily mediated by Syt7.

Presynaptic Ca 2� signaling in granule
cells is unaltered in Syt7 KO animals
Facilitation and AR at the grC to PC and SC
synapses is Ca2� dependent (Atluri and Re-
gehr, 1996), and it is possible that changes in
presynaptic Ca2� could alter facilitation
and AR in Syt7 KO animals. We compared
presynaptic Ca2� signals in wild-type and
Syt7 KO animals by using the low affinity
fluorescent Ca 2� indicator Mg green (Fig.
5A), as has been used extensively to char-
acterize presynaptic Ca 2� signals in cere-
bellar parallel fibers (Regehr and Tank,

1991; Sabatini and Regehr, 1995; Dittman and Regehr, 1997; Xu-
Friedman and Regehr, 1999). This approach relies on labeling
many parallel fibers with a small amount of indicator and recording
Ca2�-dependent fluorescence transients from many presynaptic
boutons. This has been a useful approach to characterize presynaptic
Ca2� entry because low levels of indicator can be used to avoid
significant perturbation of presynaptic Ca2� signals (Sabatini and
Regehr, 1995; Dittman and Regehr, 1997). We have also previously
shown that low affinity Ca2� indicators provide a good measure of
the time course of presynaptic Ca2� signals (Regehr and Atluri,
1995; Kreitzer et al., 2000). We found that the time courses of Ca2�

signals evoked by single stimuli were similar in wild-type and Syt7
KO animals (wild-type: t1/2 � 18.1 	 1.4 ms, n � 6; Syt7 KO: t1/2 �
16.4 	 0.4 ms, n � 6; unpaired two-tailed Student’s t test, t(10) �
1.12, p � 0.29). We used trains of five stimuli at 50 Hz to determine
whether there could be changes in Ca2� signals between stimuli (Fig.
5B), but found that ratio of the first and second stimuli were similar
in wild-type and Syt7 KO animals (wild-type: F2/F1 � 1.06 	
0.01, n � 7; Syt7 KO: F2/F1 � 1.06 	 0.1, n � 6; unpaired two-
tailed Student’s t test, t(10) � �0.43, p � 0.68).

It is difficult to use low affinity Ca 2� indicators to quantify the
magnitude of presynaptic Ca2� signals because fluorescence changes

Figure 4. Asynchronous release at the granule cell to SC synapse is mediated primarily by Syt7. A, Extracellular activation of grC
parallel fibers with single stimuli evoked synaptic responses in SCs: the average EPSC (100 trials) showed a large prominent
synchronous component in both wild-types (left) and Syt7 KOs (right). B, Asynchronous quantal events were apparent in individual
trials (stimulus artifact and synchronous EPSC has been blanked). C, Raster plot of quantal events for all trials for cells shown in
A and B. D, The time course and amplitude of quantal events evoked by single stimuli summarized across cells for wild-types (left;
n � 17) and Syt7 KOs (right; n � 10). Data are mean 	 SEM. For some points error bars are occluded by markers.
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are proportional to both the number of
activated fibers, and to the size of the pre-
synaptic Ca 2� signal in each fiber (Regehr
and Atluri, 1995). However, high affinity
Ca 2� indicators such as fura-2 can be
used to estimate the amplitude of presyn-
aptic Ca 2� entry (Fig. 5C). This approach
relies on the observation that Ca 2� entry
for each of two closely spaced stimuli is
similar (Regehr and Atluri, 1995; Kreitzer
et al., 2000), but the second stimulus pro-
duces a smaller increase in fura-2 fluores-
cence (Sabatini and Regehr, 1995; Chen
and Regehr, 1997). This is because the first
stimulus produces such large Ca 2� signals
that most of the fura-2 binds Ca 2�, and
there is a less unbound fura-2 present for
the second stimulus. If the presynaptic
Ca 2� entry evoked by a single pulse is in-
creased, then less fura-2 is available to re-
spond to the second stimulus and F2/
F1 decreases (Sabatini and Regehr,
1995). We found, however, that F2/F1

was not different in wild-type and Syt7
KO animals (wild-type: F2/F1 � 1.40 	
0.02, n � 9; Syt7 KO: F2/F1 � 1.38 	
0.02, n � 10; unpaired two-tailed Stu-
dent’s t test, t(17) � 0.77, p � 0.45). We
also used a related approach and mea-
sured the maximal change in fluorescence
(Fmax) and determined F1/Fmax, which
provides another measure of the magni-
tude of presynaptic Ca 2� signals (Mara-
vall et al., 2000). There was also no
significant change in F1/Fmax (wild-
type: F1/Fmax � 0.32 	 0.02, n � 9; Syt7
KO: F1/Fmax � 0.32 	 0.01, n � 10; un-
paired two-tailed Student’s t test, t(17) �
�0.05 p � 0.96). Thus, we conclude that differences in facilita-
tion and AR in Syt7 KO animals and wild-type animals are not a
consequence of alterations in presynaptic Ca 2� signaling.

The Sr 2� dependence of asynchronous release
AR is often studied by replacing extracellular Ca 2� with Sr 2�,
which increases the amplitude and time course of AR while at-
tenuating the amplitude of synchronous release (Dodge et al.,
1969; Zengel and Magleby, 1980; Goda and Stevens, 1994; Searl
and Silinsky, 2002; Bekkers, 2003; Shin et al., 2003; Calakos et al.,
2004; Zhao et al., 2006; H. Yang and Xu-Friedman, 2010; Babai et
al., 2014). We therefore examined the properties of AR in wild-
type and Syt7 KO animals in the presence of Sr 2�. Before deter-
mining the properties of AR in the presence of Sr2� we measured
presynaptic Sr2� signals in wild-type and Syt7 KO animals using an
established approach (Xu-Friedman and Regehr, 1999, 2000; see
Materials and Methods). Presynaptic Sr 2� signals are larger and
longer lasting than presynaptic Ca 2� signals in wild-type animals
(Fig. 6A), which is a consequence of less-effective presynaptic buffer-
ing and extrusion of Sr 2� relative to Ca 2� (Xu-Friedman and
Regehr, 1999, 2000). Presynaptic Sr 2� signals were the same in
wild-type and Syt7 KO animals (Fig. 6A), indicating that any
differences in AR occurs downstream of Sr 2� signaling. Chang-
ing from external Ca 2� to Sr 2� reversibly attenuated the synchro-
nous EPSC amplitude, and increased the magnitude and duration

of AR in both wild-type and Syt7 KO animals (Fig. 6B). AR was
more prominent in the presence of Sr 2� than in the presence of
Ca 2� (Fig. 6C–E). A comparison of the AR evoked in the pres-
ence of Sr 2� in wild-type and Syt7 KO animals revealed an �2- to
3-fold reduction in AR in Syt7 KO mice (Fig. 6F, right, squares;
Table 1). These findings establish that just as for AR mediated
by Ca 2�, most AR mediated by Sr 2� relies on Syt7, but a
component of AR remains even when Syt7 is eliminated.

The dependence of facilitation on residual Ca 2�

It has previously been shown that the slow Ca 2� chelator EGTA
can be used to accelerate the decay of residual Ca 2� in grC pre-
synaptic boutons (Atluri and Regehr, 1996). This in turn de-
creased the amplitude and accelerated the decay of facilitation
and AR, and established that these phenomena depend upon
residual Ca2�. Facilitation was not completely eliminated by even
the highest concentration of EGTA-AM used. This suggested that
this component of facilitation might be driven by high local Ca 2�

rather than residual Ca 2�, or that it involved a different mecha-
nism. We therefore assessed whether the remaining facilitation in
Syt7 KO mice is also sensitive to EGTA using bath application of
EGTA-AM in wild-type and Syt7 KO animals. We used a concen-
tration of EGTA-AM (20 �M) that accelerates the decay but does
not affect the peak of Ca 2� transients in parallel fibers (Atluri and
Regehr, 1996). In wild-types we found after exposure to EGTA-AM

Figure 5. Presynaptic Ca 2� signaling is unaltered in Syt7 KO animals. A, Parallel fibers were loaded with the low affinity Ca 2�

indicator Mg-Green-AM (Kd � 7 �M for Ca 2�), and stimulated. Ca 2�-dependent presynaptic fluorescence changes are shown for
average wild-type (black) and Syt7 KO animal (red). The half decay time was measured and summarized (right; wild-type: n � 6,
Syt7 KO: n � 6). B, Same as in A, but for brief stimulus trains (5 stimuli at 50 Hz). Averages are shown for wild-type and Syt7 KOs
(left) with single stimuli overlaid. The ratio between the amplitude of the first and second transient in the train are summarized
(right; wild-type: n � 7, Syt7 KO: n � 6). C, Parallel fibers were labeled with the high affinity Ca 2� indicator Fura-2-AM (Kd � 0.2
�M) and responses were evoked by one and two stimuli. Averages are shown for a wild-type (black) and Syt7 KO (red). The ratio of
the amplitudes of the responses evoked by two stimuli and one stimulus provides a measure of the magnitude of presynaptic Ca 2�

entry, and is summarized (right; wild-type: n � 9, Syt7 KO: n � 10). Traces are normalized to peak values evoked by a single
stimulus. Data are mean 	 SEM.
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the magnitude of facilitation was reduced to 57% of control
(Control: A � 2.12 	 0.04; EGTA: A � 1.21 	 0.08; p � 0.01,
permutation test) and time constant of decay was reduced to 57%
of control (Control: � � 85 	 5 ms; EGTA: � � 49 	 9 ms; p �
0.01, permutation test; Fig. 7A,B). In Syt7 KOs EGTA-AM re-

duced the magnitude of facilitation to
50% of control (Control: A � 1.02 	 0.06;
EGTA: A � 0.51 	 0.09; p � 0.01, permu-
tation test) and the time constant of decay
to 48% of control (Control: � � 46 	 7
ms; EGTA: � � 22 	 9 ms; p � 0.01, per-
mutation test; Fig. 7C,D). These findings
suggest that the component of facilitation
that remains in Syt7 KO animals has ap-
proximately the same Ca 2� dependence
as the facilitation present in wild-type an-
imals. We did not examine the effect of
EGTA on AR in Syt7 KO animals because
AR is exceedingly small and the decay is
very rapid.

Facilitation and asynchronous release
in physiological conditions
Our studies thus far have been performed
at room temperature in the presence of 2
mM external Ca 2�, which are the condi-
tions of most previous studies of facilita-
tion and AR at these synapses. It is known
that presynaptic waveform, presynaptic
Ca 2�signaling, and neurotransmitter re-
lease are highly dependent on tempera-
ture and external Ca 2� levels. This raises
the possibility that the contribution of
Syt7 to synaptic transmission, AR, and fa-
cilitation could be different under physio-
logical conditions. We therefore extended
our studies to more physiological condi-
tions (35°C, and 1.5 mM external Ca 2�).
Under these conditions in wild-type ani-
mals, facilitation at the grC to PC synapse
was prominent and decayed slightly faster
than at room temperature (� � 63 ms). In
Syt7 KO animals the amplitude of facilita-
tion was significantly smaller (wild-type:
A � 1.78 	 0.06; Syt7 KO: A � 0.87 	
0.03, p � 0.01, permutation test) and
faster (wild-type: � � 64 	 6 ms; Syt7 KO:
� � 17 	 2 ms; p � 0.01, permutation test;
Fig. 8A,B). The accelerated decay of facil-
itation in Syt7 KO animals is particularly
obvious under these experimental condi-
tions. A fit to Equation 1 for PPR in wild-
type animals yielded constants {Afast, �fast,
Aslow, �slow} of {0.44, 15 ms, 1.40, 85 ms},
and a for a fit to Equation 2 for PPR in Syt7
KO animals {Afast, �fast} are {0.87, 17 ms}.
It is difficult to precisely estimate the pa-
rameters of the double exponential fit,
and as for room temperature experiments
the faster decay of facilitation in Syt7 KO
animals is compatible with either an accel-
eration of a single exponential decay or
with the selective elimination of a slow

component of facilitation.
We also studied AR under these experimental conditions at

the grC to SC synapse. In wild-type animals, AR was less promi-
nent and decayed more rapidly than in room temperature exper-

Figure 6. The Sr 2� dependence of asynchronous release in wild-type and Syt7 KO animals. A, Presynaptic divalent levels
were measured in the presence of extracellular Ca 2� and extracellular Sr 2� using Mg-Green in wild-type and Syt7 KO
animals as described in Materials and Methods. B, Synaptic currents were evoked by single stimuli in the presence of
external Ca 2� and Sr 2� and peak EPSC amplitudes are shown as a function of time for representative cells. C, Example
traces from cells shown in B in the presence of Ca 2� and Sr 2�. D, Raster of quantal events shown during the application
and washout of Sr 2� for example cells shown in B and C. E, Summary of delayed events evoked by single stimuli in the
presence of Ca 2� and Sr 2� for wild-type (n � 7) and Syt7 KO mice (n � 7). F, Left, The frequency of quantal events in the
presence of Ca 2� is shown as a function of time for wild-type (top graph, black) and Syt7 KO animals (top graph, red) in a
semilogarithmic plot with logarithmic binning. A point-by-point ratio of the rate of events of wild-type to Syt7 KO animals
is plotted in the lower graph. Right, Similar analysis but for events in the presence of Sr 2�. Data are mean 	 SEM. For some
points error bars are occluded by markers.
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iments (Fig. 8C–F). As at room temperature and 2 mM external
Ca 2�, AR was dominated by a rapid component that could be
well described by a single exponential fit. Under near physiolog-
ical conditions, AR was reduced to 30% in Syt7 KOs (p � 0.01,
permutation test). Differences in time course of AR were not
statistically significant (wild-type: � � 3.8 	 0.1 ms; Syt7 KO: � �
2.8 	 0.1 ms; p � 0.50, permutation test), although there was a
trend toward an accelerated decay. These studies indicate that the
qualitative contribution of Syt7 to AR and facilitation are the
same at 35°C in 1.5 mM external Ca 2� as at 24°C in 2 mM external
Ca 2�. We find, however, that under physiological conditions AR
is less prominent, and the Syt7-independent component of facil-
itation is very short-lived.

Discussion
Our primary finding is that Syt7 can mediate both AR and facilita-
tion at the same synapses, even though AR is much shorter-lived and
much more Ca2� dependent than facilitation. Although most facil-
itation and AR at grC synapses is reliant on Syt7, they are also par-
tially mediated by a Syt7-independent mechanism.

Syt7 mediates both facilitation and
asynchronous release
Previous studies suggested that Cares pro-
duces both facilitation and AR, but it was
not known whether the same Ca 2� sensor
mediates both phenomena (Zucker and
Lara-Estrella, 1983; Van der Kloot and
Molgó, 1993), The observations that AR
decays much more rapidly than facilita-
tion, and that reducing extracellular Ca 2�

strongly attenuates AR but increases facil-
itation, suggested that the mechanisms
underlying these phenomena must differ
(Atluri and Regehr, 1998). Nonetheless,
here we show that despite these differ-
ences, Syt7 mediates both phenomena at
the same synapses.

A recent model can qualitatively ac-
count for some aspects of the role of Syt7
in these two phenomena (Jackman and
Regehr, 2017). According to this model,
Syt1 and Syt7 bind to phospholipids in the
presence of Ca 2�, reducing the energy
barrier for vesicle fusion. For low-frequ-
ency stimulation high local Ca 2� drives
rapid synchronous release mediated en-
tirely by Syt1 and does not activate Syt7
due to its high affinity and slow kinetics.
Syt7 is instead activated after several mil-
liseconds and this activation persists for
tens of milliseconds. If both Syt1 and Syt7
are activated, as occurs for closely spaced
stimuli, they lead to a slightly larger reduc-
tion in the energy barrier than for Syt1
alone, which leads to facilitation. AR could be produced by modest
Syt1 activation for many milliseconds after an action potential acting
in concert with Syt7 to produce AR.

This scheme provides a framework that accounts qualitatively
for the roles of Syt7 in AR and facilitation, but it is highly specu-
lative. Moreover, there are many unknown features that could
also contribute to how Syt7 mediates facilitation and AR at dif-
ferent synapses. The precise location of Syt7 is important, but is

not known. Syt7 is thought to be present on plasma membranes
(Sugita et al., 2001), but its location relative to docked vesicles is
unknown, and whether it might also be present at low levels in
vesicles is difficult to rule out. The absolute level of Syt7 expres-
sion could also affect its function, and it is possible that AR and
facilitation are differentially sensitive to Syt7 levels. Syt7 is alter-
natively spliced (Sugita et al., 2001; Fukuda et al., 2002), and it is
possible that the relative expression of different splice variants

Figure 7. Facilitation in wild-type and Syt7 KO animals is dependent on residual Ca 2�. A, Paired-pulse facilitation for a
representative PC shown before (control; gray) and after bath application of EGTA-AM (20 �M for 15 min; bottom, black). B, Same
as in A, but for a Syt7 KO. C, Summary of the effect of EGTA on paired-pulse facilitation in wild-type grC to PC synapses (control: n �
17; EGTA: n � 8). D, Same as in C, but for Syt7 KOs (control: n � 11; EGTA: n � 9). Data are mean 	 SEM. For some points error
bars are occluded by markers.

Table 1. Fit parameters for average paired-pulse facilitation and asynchronous
release

Figure Expt
Cell
type Conditions Genotype A �, ms c

2 PPR PC 2 Ca, 25°C Wild-type 2.12 	 0.04 85 	 5 1
2 PPR PC 2 Ca, 25°C Syt7 KO 1.02 	 0.06 46 	 7 1
2 PPR SC 2 Ca, 25°C Wild-type 1.52 	 0.07 132 	 20 1
2 PPR SC 2 Ca, 25°C Syt7 KO 0.67 	 0.08 35 	 10 1
4 AR SC 2 Ca, 25°C Wild-type 0.122 	 0.005 6 	 1 0.005 	 0.002
4 AR SC 2 Ca, 25°C Syt7 KO 0.054 	 0.003 4 	 1 0.002 	 0.001
6 AR SC 2 Sr, 25°C � Sr Wild-type 0.272 	 0.003 28 	 1 0.006 	 0.001
6 AR SC 2 Sr, 25°C � Sr Syt7 KO 0.131 	 0.003 20 	 1 0.004 	 0.003
7 PPR PC 2 Ca, 25°C � EGTA Wild-type 1.21 	 0.08 49 	 9 1
7 PPR PC 2 Ca, 25°C � EGTA Syt7 KO 0.51 	 0.09 22 	 9 1
8B PPR PC 1.5 Ca, 35°C Wild-type 1.78 	 0.06 64 	 6 1
8B PPR PC 1.5 Ca, 35°C Syt7 KO 0.866 	 0.033 17 	 2 1
8F AR SC 1.5 Ca, 35°C Wild-type 0.090 	 0.002 4 	 1 0.001 	 0.001
8F AR SC 1.5 Ca, 35°C Syt7 KO 0.033 	 0.001 3 	 1 0.002 	 0.001

The PPR and AR evoked by single stimuli were fit with equations of the form PPR � 
c � Ae�
t�t0�/�� or
release �
c � Ae�
t�t0�/��. For facilitation curves, c was set to 1, and t0 was the smallest interstimulus interval
(10 ms for 25°C, 5 ms for 35°C). For AR, t0 was taken as the time when individual events could first be detected
following synchronous release (9 ms following stimulation for experiments at 25°C, 5 ms for experiments at 35°C).

Expt, Experiment.
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could determine the extent of facilitation or AR. The manner in
which Syt7 and Syt1 interact to produce facilitation is not known.
Finally, the extent of interactions between Syt7 and other pro-
teins has not been characterized. Further studies will be required
to distinguish between these possibilities, and to determine how
Syt7 can play diverse roles across many different synapses.

Syt7 and facilitation
This study adds to the list of synapses in which facilitation is
mediated primarily by Syt7. At multiple hippocampal synapses
and at corticothalamic synapses, paired-pulse plasticity is entirely
mediated by Syt7 (Jackman et al., 2016). At PC and vestibular
synapses, Syt7 mediates facilitation that is normally masked by
depression, but that is revealed during frequency step trains or
when PR is reduced (Turecek et al., 2017). However, in contrast to
other synapses, some facilitation remains at grC to PC and SC
synapses in Syt7 KOs

Previous studies suggest that the presence of Syt7 in presyn-
aptic boutons does not always result in obvious facilitation. In
many instances a high initial PR results in partial vesicle depletion
that obscures facilitation (Müller et al., 2010; Lu and Trussell,
2016; Turecek et al., 2016; Chen et al., 2017b). This occurs at
vestibular and PC synapses that depress in normal external Ca 2�,
but Syt7-dependent facilitation is revealed in low external Ca 2�

when the initial probability is reduced (Turecek et al., 2017). This
could explain the apparent lack of facilitation for cultured syn-
apses and the zebrafish neuromuscular junction, but postsyn-
aptic mechanisms such as receptor desensitization could also

obscure facilitation. It is more difficult to understand why Syt7
does not mediate facilitation at the calyx of Held even when the
initial PR is lowered (Luo and Südhof, 2017). It is possible that
Syt7 expression levels are not sufficiently high at the calyx of Held
to facilitate release. It will be informative to compare Syt7 expres-
sion levels at the calyx of Held with synapses where the role of
Syt7 in facilitation is well established.

Syt7 and asynchronous release
It has been shown that Syt7 can mediate the prominent AR ob-
served when fast synaptotagmin isoforms are eliminated (Bacaj et
al., 2013), and asynchronous events during prolonged trains at
the zebrafish neuromuscular junction (Wen et al., 2010). It has
also been observed that at the calyx of Held prolonged high-
frequency trains evoke a Syt7-dependent tonic current that has
been attributed to AR (Luo and Südhof, 2017). Here we show that
a single stimulus can trigger Syt7-dependent AR even in wild-
type animals where fast synaptotagmin isoforms are present. We
also used Sr 2� to examine AR because it had been proposed that
the Ca 2� sensor that mediates AR had a higher sensitivity to Sr 2�

than to Ca 2�. However, we found that AR triggered by Sr 2� was
mediated by both Syt7-dependent and Syt7-independent mech-
anisms. This suggests that although Sr 2� is a useful tool to pro-
duce large and prolonged AR, it is not particularly helpful in
identifying the Ca 2� sensor for AR.

AR is not a prominent feature of most synapses, even those
containing Syt7. Why does Syt7 evoke AR at grC synapses but not
at others? One possibility is that AR occurs, but is obscured for

Figure 8. Facilitation and asynchronous release under physiological conditions in wild-type and Syt7 KO animals. Experiments were performed at 35°C in 1.5 mM external Ca 2�. A, Paired-pulse
facilitation in representative PCs for wild-type and Syt7 KO animals. B, Summarized paired-pulse facilitation curves for wild-types (n � 5) and Syt7 KOs (n � 5). Single (solid) and double (dashed)
exponential fits are shown. Asynchronous release was examined in wild-type and Syt7 KO animals (C–F). C, Average evoked current by single stimuli in a representative wild-type SC. D, Single stimuli
evoked delayed events during single trials for cells shown in C. Synchronous component of the EPSC and stimulus artifact are blanked. E, Raster plot of quantal events. F, The time course and
amplitude of quantal events evoked by single stimuli summarized across cells in wild-type (n � 9) and Syt7 KOs (n � 8). Data are mean 	 SEM. For some points error bars are occluded by markers.
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technical reasons. In SCs, synchronous release is rapid, allowing
the detection of delayed events several milliseconds after stimu-
lation. In PCs evoked EPSCs and quantal events are much smaller
and slower, which can obscure short-lived AR (Diamond and
Jahr, 1995; Atluri and Regehr, 1998; Rudolph et al., 2011). An-
other factor is the Ca 2� signal seen by Syt7. AR is highly Ca 2�-
sensitive (Atluri and Regehr, 1998). Parallel fiber boutons have
large residual Ca 2� signals that could be effective at promoting
Syt7-mediated AR (Brenowitz and Regehr, 2007), whereas resid-
ual Ca 2� signals elsewhere may not be sufficiently large to pro-
mote AR (Scott and Rusakov, 2006; Delvendahl et al., 2015). An
additional factor is the presence of fast synaptotagmin isoforms
that can prevent AR (Xu et al., 2007; Kochubey and Schneggen-
burger, 2011; Chen et al., 2017a). It is unclear whether this is a
clamping effect in which Syt1/2 directly suppresses AR, or whether it
reflects competition between sensors. More generally other pre-
synaptic proteins may suppress AR, just as complexin and Syt1/2
suppress spontaneous vesicle fusion (Xu et al., 2007; X. Yang et
al., 2010).

Syt7-independent AR and facilitation
The mechanisms responsible for the short-lived components of
AR and facilitation present in Syt7 KO animals are not known.
Whether these components are also present in wild-type animals,
or are compensatory mechanisms only present in Syt7 KO ani-
mals is also not known. There are several candidate mechanisms
that could mediate the short-lived Ca 2�-dependent facilitation
present in Syt7 KO animals (Jackman and Regehr, 2017). The
remaining facilitation is much smaller in amplitude and decays
�3 times more rapidly than facilitation in wild-type animals, and
is EGTA-sensitive suggesting it is Ca 2�-dependent. The remain-
ing component could be mediated by a Ca 2� sensor with more
rapid kinetics than Syt7. Another possibility is Ca 2�-dependent
facilitation of Ca 2� influx through P/Q-type Ca 2� channels
(Borst and Sakmann, 1998; Cuttle et al., 1998). P/Q-type chan-
nels account for a large fraction of the Ca 2� channels in grC
synapses (Mintz et al., 1995). Modest enhancement of Ca 2� entry
(�20%) would be sufficient to account for the remaining facili-
tation, but increases in Ca 2� entry could be difficult to detect
whether they are confined to those channels that trigger vesicle
fusion. The small, transient component of AR remaining in Syt7
KO animals could also be mediated by an additional sensor (Sara-
swati et al., 2007; Yao et al., 2011; Kaeser and Regehr, 2014; but
see Groffen et al., 2010; Pang et al., 2011). Another possibility is
that Ca 2� increases in grC presynaptic boutons are sufficient to
activate fast synaptotagmins to a small extent and trigger a small
amount of AR. Further experiments are needed to determine the
mechanisms of Syt7-independent AR and facilitation and to de-
termine whether they are mediated by the same Ca 2� sensor, or
whether they are mediated by distinct mechanisms.
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