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SUMMARY

Neurotransmitter release can be synchronous and
occurwithinmillisecondsof actionpotential invasion,
or asynchronous and persist for tens of milliseconds.
The molecular determinants of release kinetics
remain poorly understood. It has been hypothesized
that asynchronous release dominates when fast Syn-
aptotagmin isoforms are far fromcalciumchannels or
when specialized sensors, such as Synaptotagmin 7,
are abundant. Here we test these hypotheses for
GABAergic projections onto neurons of the inferior
olive, where release in different subnuclei ranges
from synchronous to asynchronous. Surprisingly,
neither of the leading hypotheses accounts for
release kinetics. Instead, we find that rapid Synapto-
tagmin isoforms are abundant in subnuclei with
synchronous release but absent where release is
asynchronous. Viral expression of Synaptotagmin 1
transforms asynchronous synapses into synchro-
nous ones. Thus, the nervous system controls levels
of fast Synaptotagmin isoforms to regulate release
kinetics and thereby controls the ability of synapses
to encode spike rates or precise timing.

INTRODUCTION

Neurotransmitter release can occur within a millisecond after ac-

tion potential invasion (Katz and Miledi, 1965; Sabatini and Re-

gehr, 1996; Borst and Sakmann, 1996), but many synapses

also have a slow component of release that persists for tens to

hundreds of milliseconds (Atluri and Regehr, 1998; Lu and Trus-

sell, 2000; Hefft and Jonas, 2005; Iremonger and Bains, 2007;

Daw et al., 2009; Best and Regehr, 2009; Peters et al., 2010).

These components, known respectively as synchronous and

asynchronous release, allow synapses to provide different types

of signals and contribute to neural processing in diverse ways.

Most consideration of synaptic transmission and neural compu-

tations has focused on the precisely timed signals provided by

synchronous release (Abbott and Regehr, 2004), but asynchro-

nous release also has important functional roles (Kaeser and Re-
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gehr, 2014). Asynchronous release provided by fast-spiking

interneurons in the cortex is well suited to suppressing epilepti-

form activity (Manseau et al., 2010). Asynchronous release can

also build during sustained activation to provide a slow, long-

lasting signal that is effective at activating high-affinity receptors

such as metabotropic receptors, or that can activate ionotropic

receptors to provide graded inhibition independent of the pre-

cise timing of inputs (Hefft and Jonas, 2005; Daw et al., 2009;

Best and Regehr, 2009). Synapses across the brain have a

wide variety of release properties: some are exclusively synchro-

nous, others are exclusively asynchronous, and many combine

both synchronous and asynchronous components.

The molecular determinants of the relative contributions of

synchronous and asynchronous release to transmission are

not known, even though each component has been studied

extensively. Synchronous release is a consequence of fast Syn-

aptotagmin (Syt) isoforms (Syt1, Syt2, and Syt9) sensing high

local increases from nearby calcium channels that are opened

by action potentials (Llinás et al., 1992; Borst and Sakmann,

1996; Schneggenburger and Neher, 2000; Xu et al., 2007; Egger-

mann et al., 2011). Numerous mechanisms have been proposed

to mediate asynchronous release at different types of synapses.

One possibility is that fast Syt isoforms are located far away from

calcium channels and are only exposed to small, slow calcium

signals. This hypothesis was motivated by the observation that

introducing the slow buffer EGTA to presynaptic terminals elim-

inates asynchronous release while sparing synchronous release

(Atluri and Regehr, 1998; Hefft and Jonas, 2005; Iremonger and

Bains, 2007). Alternatively, there is growing evidence supporting

specialized slow, high-affinity calcium sensors mediating asyn-

chronous release (Sun et al., 2007; Yao et al., 2011; Kochubey

and Schneggenburger, 2011; Bacaj et al., 2013). Synaptotag-

min 7 (Syt7) is such a sensor thatmediates asynchronous release

at several synapses (Wen et al., 2010; Bacaj et al., 2013; Luo

et al., 2015; Luo and Sudhof, 2017; Chen et al., 2017b; Turecek

andRegehr, 2018). This raises the possibility that the presence of

sensors such as Syt7 might regulate release kinetics (although

see Jackman et al., 2016; Turecek et al., 2017). It has been diffi-

cult to test these hypotheses, because in most brain areas syn-

apses from different presynaptic sources with diverse release

kinetics are mixed together, and it has been impractical to study

them in isolation.

The IO has several technical advantages for understanding the

factors that control the timing of neurotransmitter release. The IO
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Figure 1. GABA Release in the IO Ranges from Synchronous to Asynchronous

(A) Sagittal view showing cells in the deep cerebellar nuclei (DCN) forming GABAergic synapses in the inferior olive (IO).

(B) Evoked IPSCs in response to a single stimulus in the rostral dorsal cap of Kooy (rDCK, left), rostral beta subnucleus (rIOBe,middle), and principal IO (PIO, right),

with averages (black) and single trials (gray).

(C) Coronal outline of the rostral (left) and caudal (right) IO. Each marker is a single cell; the color map corresponds to the decay time of the averaged IPSC (DAO,

dorsal accessory olive; rMAO, medial accessory olive; cDCK, caudal dorsal cap of Kooy; IOB/A, subnuclei A-B; IOBe/C, beta/C subnuclei).

(D) Plot of average decay time for individual cells in each IO subnucleus. Number of experiments in Table S1. See also Figure S1.
provides climbing fibers that drive motor learning in the cere-

bellar cortex. Long-range projections from the DCN and vestib-

ular nuclei (VN) are the primary sources of GABAergic inhibition,

and there are virtually no interneurons within the IO (Fredette and

Mugnaini, 1991; Fredette et al., 1992) (Figure 1A). Inhibitory syn-

apses are therefore relatively homogeneous compared to other

brain regions. In addition, the IO has a stereotyped anatomy,

and it is divided into subnuclei that communicate with specific

regions of the cerebellar system, forming a feedback loop be-

tween the cerebellar cortex, DCN, and IO (Voogd and Glickstein,

1998; Sugihara and Shinoda, 2004; Pijpers et al., 2005; Sugihara

and Shinoda, 2007; Yu et al., 2014). The kinetics of GABA release

can be different between subnuclei: release is synchronous in

the dorsal cap of Kooy (DCK) (Urbano et al., 2006) and asynchro-

nous in the principal IO (PIO) (Best and Regehr, 2009). Finally,

inhibitory presynaptic boutons in the IO are larger and easier to

optically resolve than synapses in other brain regions.

Herewe study themechanism that controls release kinetics for

inhibitory inputs in the IO. Syt7 can be present at equal levels in

neighboring regions with very different release kinetics, and the

removal of Syt7 does not eliminate asynchronous release. This

indicates that the Syt7 does not determine whether release is

synchronous or asynchronous. We find that for inhibitory synap-

ses in the IO, fast Syts are present at synapses with synchronous

release but absent from synapseswith exclusively asynchronous

release. Presynaptic expression of Syt1 at synapses that are nor-
mally asynchronous and lack Syt1 leads to highly synchronized

release. These findings exclude the hypothesis that fast Syts

mediate both synchronous and asynchronous release, with syn-

chronous release occurring when fast Syts are close to calcium

channels and asynchronous release occurring when fast Syts

are far from calcium channels. We find, instead, that it is the

presence or absence of fast Syt isoforms that controls release ki-

netics. Previously, the ability of Syt1 to both promote synchro-

nous release and suppress asynchronous release had only

been apparent in genetic experiments in which elimination of

fast Syt isoforms both eliminates synchronous release and leads

to more pronounced asynchronous release (Littleton et al., 1993;

DiAntonio and Schwarz, 1994; Geppert et al., 1994; Yoshihara

and Littleton, 2002; Sun et al., 2007; Kochubey and Schneggen-

burger, 2011; Bacaj et al., 2013; Luo and Sudhof, 2017; Chen

et al., 2017a), and it had not been thought that synapses lacking

fast Syts were present in wild-type animals. Here we see that

inhibitory inputs to the IO tune their release kinetics by controlling

the level of fast Syt isoforms.

RESULTS

The Kinetics of GABA Release Are Regionally
Segregated in the IO
In order todeterminehow thekineticsofGABAreleaseare region-

ally segregated throughout theentire IOofmice,wemeasured the
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properties of inhibitory postsynaptic currents (IPSCs) across

many subnuclei. For each neuron, we evoked IPSCs with single

stimuli for many trials, determined the rise time and decay time

constant from the average response, and quantified the jitter in

the time to peak from the individual trials (Figures 1B and S1A–

S1J). These findings are summarized by plotting the color-

coded properties as a function of spatial location within the IO

(Figures 1C, S1K, and S1M) and by plotting the properties for

neurons within each subnucleus (Figures 1D, S1L, and S1N).

We found that the properties of IPSCs evoked by a single stim-

ulus varied widely across different subnuclei of the IO. Release in

the rostral dorsal cap of Kooy (rDCK) was exclusively synchro-

nous (Figure 1B, left), as in rats (Urbano et al., 2006; Best and Re-

gehr, 2009). Responses had a rapid rise, decayed smoothly with

a single exponential decay, and exhibited no sign of asynchro-

nous release. Quantification of the rise times and decay times

from the average IPSCs, and the jitter in the time for individual

trials, revealed that IPSCs in the rDCK consistently exhibited

synchronous release with no apparent contribution from asyn-

chronous release (Urbano et al., 2006; Best and Regehr, 2009).

These properties were consistent for all rDCK neurons (Figures

1C, 1D, and S1K–S1N). The properties of synapses in the prin-

cipal IO (PIO) were very different (Figure 1B, right) (Best and Re-

gehr, 2009). Individual trials consisted of many quantal events

spread out over tens of milliseconds, and the average IPSC

had a very slow rise time and a slow decay time. All cells within

the PIO had a similar slow rise time, slow decay time, and large

jitter in time to peak. These properties are all consistent with syn-

apses that release asynchronously and lack a synchronous

component. IPSCs in the rostral beta subnucleus (rIOBe) had

both synchronous and asynchronous components (Figure 1B,

middle). This is apparent in individual trials in which there was

a rapidly rising component that was accompanied by delayed

events characteristic of asynchronous release. There was vari-

ability in synaptic properties within the rIOBe, suggesting that

within this sub-nucleus asynchronous and synchronous release

make variable contributions (Figures S1B and S1C).Most subnu-

clei in the rostral IO received asynchronous inhibitory inputs,

whereas most subnuclei in the caudal IO had synchronous inhib-

itory inputs.

These findings establish that the kinetics of GABA release

within the IO are diverse and range from purely synchronous to

exclusively asynchronous, or a combination of both (Figures

1D, S1L, and S1N). Importantly, the release kinetics are region-

ally segregated, in contrast to most brain areas where synapses

from many presynaptic sources are intermingled. We took

advantage of regional segregation of synapses with vastly

different kinetics to study the molecular properties that deter-

mine the ratio of synchronous to asynchronous release.

Assessing the Role of Syt7 in Asynchronous Release in
the IO
We began by testing the hypothesis that differential expression

of Syt7 could account for differences in release kinetics. Syt7

is a high-affinity calcium sensor that mediates asynchronous

release at several synapses (Bacaj et al., 2013; Wen et al.,

2010; Luo et al., 2015; Luo and Sudhof, 2017; Turecek and Re-

gehr, 2018). We performed immunohistochemistry to determine
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the regional distribution of Syt7 within the IO (Figures 2A and 2B).

Inhibitory synapses were identified with a VGAT antibody that

was also used to identify the subnuclei in the rostral (Figure 2A,

top) and caudal IO (Figure 2B, top). Syt7 was apparent in IO sub-

nuclei in wild-type animals and absent in Syt7 KO animals

(Figure 2A, middle; Figure 2B, middle). Syt7 is present at both

excitatory and inhibitory synapses, and we therefore used

VGAT signals to generatemaps of Syt7 levels at inhibitory synap-

ses (Figure 2A, bottom; Figure 2B, bottom; Figure S2; see STAR

Methods). Subnuclei with asynchronous release tended to have

higher Syt7 levels than subnuclei with synchronous release (Fig-

ures 2C and 2D), but there were notable exceptions. Syt7 was

similarly high at inhibitory synapses in the IOB/A where release

is exclusively synchronous, and in the IOBe/C where asynchro-

nous release is prominent (Figures 2E–2G). Thus, we conclude

that Syt7 levels alone do not always explain differences in

release kinetics in different regions of the IO and that the abun-

dance of Syt7 does not determine the synchrony of release.

We next examined asynchronous release in Syt7 KOmice. We

used low-intensity stimulation to measure kinetics in the PIO,

where release is exclusively asynchronous. Low stimulus inten-

sities evoked small responses, and the quantal events making

up these responses were apparent. Surprisingly, the kinetics of

asynchronous release were significantly slowed in Syt7 KOs

(Figures 2H–2J). This is evident when the time courses of normal-

ized average synaptic currents are compared for wild-type and

Syt7 KO animals (Figure 2I). In Syt7 KO animals there is a delay

before a slowly rising synaptic current is apparent, and the syn-

aptic current is much longer lasting than in wild-type animals

(Figure 2I). To determine whether there were changes in the total

amount of evoked release, we compared synaptic currents

evoked by the same large stimulus intensity at which release

was maximal (see STAR Methods; Figures 2K and 2L). There

was considerable variability in the magnitude of synaptically

evoked currents, presumably reflecting variability in the number

of DCN axons stimulated. On average, there was a decrease in

the amplitude of evoked release (wild-type, 914 ± 80 pA; Syt7

KO, 469 ± 35 pA; p < 0.01, Student’s t test), and as with low stim-

ulus intensities the time course of release was consistently

altered. However, the total amount of synaptic charge was not

significantly different for wild-type and Syt7 KO mice, because

the decrement in the amplitude of asynchronous release was

offset by a more prolonged time course (wild-type, 2,780 ±

300 pC; Syt7 KO, 2,970 ± 200 pC; p = 0.60, Student’s t test, Fig-

ures 2K and 2L). Thus, elimination of Syt7 does not reduce the

total amount of asynchronous release in the IO.

Release in Syt7 KO animals provided an important insight

into IO synapses with different degrees of synchrony. When

measuring evoked transmission in the PIO of Syt7 KO mice,

there was a dramatic elevation of spontaneous release. This

prompted us to measure mIPSC frequency in the presence of

TTX in wild-type and Syt7 KOs. In wild-type animals, the rate

of spontaneous release is low and is similar for subnuclei

receiving synchronous and asynchronous release (Figure 3A).

In the rDCK, where release is synchronous, and in the PIO, where

release is asynchronous, mIPSCs were infrequent in wild-type

animals (Figure 3A, left). Across the IO mIPSCs are infrequent

in all subnuclei in wild-types (Figure 3A, middle, right). In Syt7



Figure 2. The Presence of Syt7 Does Not Confer Asynchronous Release onto DCN-IO Synapses
(A) Coronal view of the rostral IO with subnuclei outlined immunostained for VGAT (top) and Syt7 (middle). VGAT was used as a mask to display the intensity of

Syt7 at inhibitory synapses (bottom), with regions lacking VGAT staining shown in gray. Examples are from awild-type (left) and Syt7 KO (right). Scale bar, 200 mm.

(B) Same as in (A), but for the caudal IO.

(C) Median intensity of Syt7 in VGAT-positive boutons for each subnucleus (Syt7 KO signal subtracted).

(D) Average IPSC decay time plotted against median Syt7 intensity at VGAT boutons for each subnucleus, with IOBe/C (white) and IOB/A (dark) highlighted.

Markers are mean ± SEM for decay time and median Syt7 intensity for all measured boutons within each subnucleus.

(E) Individual boutons in the caudal IO from the IOB/A (left), and IOBe/C (right) from areas indicated in (B) from awild-type animal. Images are from single sections.

Scale bar, 2 mm.

(F) Example evoked synchronous IPSCs in the IOB/A (left) and asynchronous IPSCs from a cell in the IOBe/C (right), with averaged IPSCs (black) and individual

trials shown (gray).

(G) Summary of decay kinetics of averaged IPSCs in the IOBe/C and IOB/A. Markers are individual cells.

(H) Low-intensity stimuli evoked asynchronous IPSCs from the PIO in a wild-type animal (left) and from a Syt7 KO (right) with averages (top) and individual trials

(bottom).

(I) Averaged IPSCs normalized to peak amplitudes for examples shown in (H).

(J) Half-rise (left) and time constants of decay (right) of averaged IPSCs for wild-type and Syt7 KOs.

(K) Example IPSCs evoked by high-intensity stimulation in the PIO of wild-type and Syt7 KOs.

(L) Properties of currents evoked by maximal intensity showing amplitude (left), half-rise and decay (middle) times, and total charge (right). Markers are individual

cells. **p < 0.01, unpaired two-tailed Student’s t test. Number of experiments in Table S1. See also Figure S2.
KOs, the rate of mIPSCs was elevated in the PIO, but not in the

rDCK (Figure 3B, left). We found that across the IO, mIPSC fre-

quency was specifically upregulated in regions where release

is asynchronous and was unchanged in areas receiving synchro-

nous release (Figure 3B, middle, right). Across the IO the density

of inhibitory synapsesmeasured anatomically was unchanged in

Syt7 KOs (Table S2). We grouped subnuclei into those receiving

synchronous release (rDCK, cDCK, and IOB/A), mixed synchro-

nous and asynchronous release (rIOBe and IOBe/C), and exclu-

sively asynchronous areas (DAO, PIO, and MAO) and compared

the mIPSC frequency for each subnucleus (Figure 3C). The

greatest elevation of mIPSC frequency in Syt7 KOmice occurred
for subnuclei where release is exclusively asynchronous

(Figure 3D).

The differential enhancement of mIPSC frequency is consis-

tent with the ability of Syt7 to clamp release. At the calyx of

Held it is known that mEPSC frequency is unaltered in Syt7 KO

animals, but mEPSC frequency is much higher in Syt7/Syt2

dKO mice than in Syt2 KO mice (Luo and Sudhof, 2017). This

suggests that the ability of Syt7 to clamp release only becomes

apparent in the absence of fast Syt isoforms, because elimina-

tion of Syt7 alone does not have an effect on spontaneous

release at many synapses (Luo and Sudhof, 2017; Chen et al.,

2017b; Turecek et al., 2017; Turecek and Regehr, 2018;
Neuron 101, 938–949, March 6, 2019 941



Figure 3. Syt7 Clamps Spontaneous Release

Only in Areas Where There Is Prominent

Asynchronous Release

(A) Examples of mIPSCs (left) from the rostral dorsal

cap of Kooy (rDCK, top) and principal inferior olive

(PIO, bottom) in a wild-type animal. Summary of all

wild-type cells color coded by mIPSC frequency in

the rostral (middle) and caudal IO (right).

(B) Examples of mIPSCs for the rDCK (top) and PIO

(bottom) in a Syt7 KO. Summary for all Syt7 KO cells

are shown for rostral (middle) and caudal IO (right).

(C) Plot of mIPSC frequency for wild-type and Syt7

KO cells for each subnucleus. Subnuclei are ar-

ranged in order based on IPSC kinetics, ranging

from predominantly synchronous (Sync.) to both

synchronous and asynchronous (Mixed) to exclu-

sively asynchronous (Async.). Data are individual

cells.

(D) Difference in average mIPSC frequency (Syt7

KO –wild-type; mean ± SEM) for each subnucleus in

(C). Number of experiments in Table S1. *p < 0.05,

**p < 0.01, two-tailed Student’s t test.
Jackman et al., 2016; Bacaj et al., 2013; Luo et al., 2015). Here

we see that mIPSC frequency is preferentially elevated in regions

where asynchronous release is prominent. One possibility is that

the differential effect of Syt7 KOs on mIPSC frequency is a

consequence of the differential expression of fast Syt isoforms.

Areas that have asynchronous release may lack fast Syt iso-

forms, and the elimination of Syt7 would then be expected to

selectively elevate mIPSC frequency in these regions.

Asynchronous Release Is Mediated by the Absence of
Fast Syt Isoforms
It is possible that asynchronous synapses in the IO lack fast Syt

isoforms (Syt1, Syt2, and Syt9). It is well established that

removing rapid Syt isoforms from synapses using molecular ge-

netics eliminates synchronous release and promotes asynchro-

nous release (DiAntonio and Schwarz, 1994; Geppert et al.,

1994; Xu et al., 2007; Bacaj et al., 2013; Chen et al., 2017a),

but this was thought to occur only under artificial conditions by

genetically manipulating Syt expression. It is assumed that in

wild-type animals, for transmission triggered by action poten-

tials, synapses contain at least one of the rapid Syt isoforms.

Neurons in the DCN do not express Syt9 (Mittelsteadt et al.,

2009), so we determined whether Syt1 and Syt2 are present at

inhibitory synapses in the IO.

We compared the expression of markers for GABAergic

(VGAT) and glutamatergic (VGLUT2) synapses with the expres-

sion of Syt1/2 (staining simultaneously for both Syt1 and Syt2)

using immunohistochemistry and confocal microscopy. VGAT,

VGLUT2 (green), and Syt1/2 (purple) were present throughout

the IO and surrounding reticular formation (RF) (Figures 4A and
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4C). At highmagnification, GABAergic syn-

apses were abundant in the RF and in the

dorsal accessory olive (DAO), which is

adjacent to the RF (Figure 4B). Merged im-

ages showed that Syt1/2 were present at

GABAergic synapses in the RF (Figure 4B,
merged, white) but were excluded from GABAergic boutons in

the DAO (Figure 4B, merged, green). To determine whether

Syt1/2 were specifically absent from GABAergic synapses, we

analyzed Syt1/2-VGAT signal correlation for individual boutons

(Figure S3; see STAR Methods). VGAT-positive boutons were

identified, and the degree of signal correlation of VGAT and Syt

for each GABAergic bouton wasmeasured as the Pearson’s cor-

relation coefficient R2. VGAT fluorescence was thresholded and

each bouton was color-coded by the extent of Syt1/2-VGAT cor-

relation (Figure 4B, lower). Syt1/2 and VGAT levels were highly

correlated for individual boutons in the RF, but not in the DAO.

A similar analysis using VGLUT2 for glutamatergic synapses (Fig-

ures 4D and S4) showed that Syt1/2 were present at excitatory

synapses in both the RF and DAO. We also repeated the same

analysis using 3D structured illumination microscopy, which

can reduce the point-spread function by half compared to

confocal microscopy (Figures 4E and 4F). There was no differ-

ence in the correlation of Syt1/2 and VGAT between imaging

methods, and differences in Syt1/2-VGAT correlations between

the RF andDAOwere apparent with both techniques (Figure 4G).

Thus, Syt1/2 were present at excitatory and inhibitory synapses

in theRF. In theDAO,Syt1/2werepresent at excitatory synapses,

consistentwith synchronizedglutamatergic release in the IO (Fig-

ures 4BandS4) (Best andRegehr, 2008). In contrast, Syt1/2were

excluded from GABAergic boutons within the DAO (Figures 4B

and S3), where inhibitory transmission is asynchronous.

We next assessed the presence of Syt1/2 at inhibitory synap-

ses across the ventral brainstem. High-resolution images were

acquired, and the correlation of Syt1/2 and VGAT was analyzed

for each inhibitory bouton (Figure 5A). As in Figure 4B, VGATwas



Figure 4. GABAergic Synapses in Some IO Subnuclei Lack Sensors for Fast Vesicle Fusion

(A) Coronal image of ventral brainstem immunostained for VGAT (top) and Syt1/Syt2 (bottom). Dashed line indicates midline, with reticular formation (RF) and

dorsal accessory olive (DAO) outlined. Scale bar, 200 mm.

(B) High-power single-plane view of VGAT-positive boutons in RF (left) and DAO (right). Raw images shown from top to bottom for VGAT, Syt1/2, merged

channels, and correlation analysis. YZ and XY planes are indicated by yellow ticks. Scale bar, 1 mm.

(C) Same as in (A), but for VGLUT2 and Syt1/2.

(D) Same as in (B), but for VGLUT2.

(E) Comparison of confocal (left) and 3D-SIM (right) in the RF. Scale bar, 1 mm.

(F) Same as in (E), but for the DAO.

(G) Distribution of correlation coefficient values are shown left to right: RF confocal, RF 3D-SIM, DAO confocal, and DAO 3D-SIM. **p < 0.01, K-S test. Number of

experiments in Table S1. See also Figures S3 and S4.
used to identify GABAergic synapses. Syt1/2 were used to

assess the presence of fast Syts but labeled both glutamatergic

and GABAergic boutons. Thus, in merged images green labeling

indicates GABAergic boutons where Syt1/2 are not present,

purple indicates primarily glutamatergic boutons where Syt1/2

are present and VGAT is absent, and overlapping VGAT and

Syt1/2 is white. Finally, R2 images show the color-coded

R2 values for each GABAergic bouton (Figure 5A). Each subnu-

cleus contained thousands of boutons, allowing us to examine

the distribution of Syt1/2-VGAT correlation within each subnu-

cleus (Figure 5B). The regional dependence of Syt1/2 levels is

apparent in the anatomical map displaying the R2 of Syt1/2

and VGAT for inhibitory boutons in the entire ventral brainstem

(Figure 5C). These results indicate that Syt1/2 are present at

most GABAergic boutons in regions surrounding the IO (the

RF), the rDCK, cDCK, and the IOB/A. Syt1/2 are absent at

most synapses in DAO, PIO, and rMAO and present at a fraction

of synapses in rIOBe and IOBe/C.

In order to compare Syt1/2-VGAT correlation to the release ki-

netics in different regions, we made maps of the IO color coded

by the average time constant of IPSC decay in different subnu-

clei (Figure 5D) based on the data in Figure 1C. In order to
summarize the anatomical data, we quantified the fraction of

inhibitory synapses lacking Syt1/2 (defined as R2 < 0.1) for direct

comparison to the average IPSC decay time (Figures 5E and 5F).

Syt1/2 were present at most inhibitory synapses in the DCK and

the IOB/A, which are regions where the average decay time is

less than 30 ms and release is primarily synchronous. Syt1/2

were absent from most inhibitory synapses in DAO, PIO, MAO,

and IOBe/C, which are regions where the decay of the IPSC is

slow and release is primarily asynchronous. Syt1/2 were absent

in approximately half of synapses in the rIOBe, which is a region

where inhibition has both synchronous and asynchronous com-

ponents. Thus, there was a correlation between the absence of

Syt1/2 at inhibitory synapses and the extent of asynchronous

release (Figures 5E and 5F). Regions with prominent Syt1/2-

VGAT correlation were mainly synchronous, and regions lacking

Syt1/2-VGAT correlation had primarily asynchronous release.

Expression of Syt1 Is Sufficient to Synchronize Release
at Asynchronous Synapses
These results suggest that a lack of Syt1/2 leads to asynchro-

nous release for inhibitory synapses within the IO. If this is the

case, then introducing Syt1 into these synapses should be
Neuron 101, 938–949, March 6, 2019 943
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sufficient to transform release from asynchronous to synchro-

nous. We tested this prediction by presynaptically expressing

channelrhodopsin-2 (ChR2-YFP) alone or bicistronically ex-

pressing ChR2-YFP and Syt1 using AAVs (Figure 6). We then re-

corded light-evoked synaptic responses in regions of the IO that

normally receive asynchronous inhibitory inputs. ChR2-YFP

fluorescence was apparent in the IO and could be used to iden-

tify regions of the slice containing presynaptic fibers expressing

ChR2 (Figure 6A). Inhibitory synapses that expressed ChR2

alone did not contain Syt1 (Figure 6A), but when ChR2 and

Syt1 were both expressed, inhibitory YFP-expressing synapses

also contained Syt1 (Figure 6B). When ChR2 alone was ex-

pressed, all optically evoked responses in the PIO were asyn-

chronous (Figures 6C, 6E, and 6F). However, when ChR2 and

Syt1 were expressed, IPSCs in every cell were synchronous

with rapid rise times and decay times (Figures 6D–6F). These

findings show that the presence of a fast Syt isoform controls

the kinetics of neurotransmitter release at these synapses.

DISCUSSION

Our primary finding is that in wild-type animals the exclusion of

fast Synaptotagmin isoforms at some specialized synapses

leads to exclusively asynchronous release. The differential pres-

ence of Syt1/2 at inhibitory synapses across the IO is ideally

suited to control the timing of GABA release and thereby tailor

the properties of inhibition within each subnucleus.

Release Kinetics in the IO Are Not Determined by
Distance between Fast Syts and Ca Channels
Our findings exclude the hypothesis that synchronous release

andasynchronous releasearebothmediatedby fastSyt isoforms

with release kinetics controlled by the distance between release

sites and calcium channels within the IO. If this were the case,

then fast Syts would be present at all inhibitory synapses across

IO subnuclei regardless of whether they mediated synchronous

or asynchronous release. However, we found that fast Syts are

absent in inhibitory boutons within subnuclei that have exclu-

sively asynchronous release. In addition, the ability of viral Syt1

expression to transform synapses from asynchronous to syn-

chronous suggests that it is the presence or absence of Syt1

rather than some other mechanism such as calcium signaling

that is the primary determinant of differential release kinetics. It

is unclear whether asynchronous release at other synapses is

mediated by similar mechanisms, because synapses outside

the IO generally have both synchronous and asynchronous com-

ponents and appear to have an abundance of fast Syt isoforms.
Figure 5. Lack of Syt1/2 in GABAergic Synapses Correlates to Asynch

(A) Example single-plane views of GABAergic boutons, Syt1/2, and correlation a

(B) Distribution of correlation coefficient values for all regions normalized by num

(C) Map of correlation coefficient values for rostral (left) and caudal (right) vent

bar, 200 mm.

(D) Map of the rostral (left) and caudal (right) IO color mapped for the average IP

(E) Plot of the fraction of GABAergic boutons lacking Syt1/2 (R2 < 0.1, empty m

formation (RF).

(F) Plot of average IPSC decay time versus fraction of VGAT boutons lacking Sy

mean ± SEM, and anatomy are individual animals. Number of experiments in Ta
ThePresenceof Syt7DoesNotDetermine if a Synapse Is
Asynchronous
There is growing evidence supporting specialized slow, high-

affinity calcium sensors mediating asynchronous release (Sun

et al., 2007; Yao et al., 2011; Kochubey and Schneggenburger,

2011; Bacaj et al., 2013). Our findings indicate that the mere

presence of such a calcium sensor cannot account for whether

synapses in the IO are synchronous or asynchronous. Syt7,

which mediates asynchronous release at several synapses

(Wen et al., 2010; Bacaj et al., 2013; Luo et al., 2015; Luo and

Sudhof, 2017; Chen et al., 2017b; Turecek and Regehr, 2018),

is generally more prominent at asynchronous synapses in the

IO, but it can also be present at comparable levels in regions

with very different release kinetics. The remarkable feature of

synapses in the IO is that despite the drastically altered kinetics

in the absence of Syt7, the total asynchronous release is not

significantly different. The observation that the kinetics of asyn-

chronous release are much slower in Syt7 KO animals suggests

that Syt7 can control the kinetics of asynchronous release in

wild-type animals. At other synapses, asynchronous release is

affected to different degrees in Syt7 KO animals, but at every

synapse some component of asynchronous release remains

when Syt7 is absent. There can be a wide range of kinetics for

the remaining component of asynchronous release (Bacaj

et al., 2013; Luo and Sudhof, 2017; Turecek and Regehr, 2018;

Weber et al., 2014). These results suggest that there are addi-

tional calcium sensors with different properties that can mediate

asynchronous release at inhibitory synapses in the IO and

elsewhere.

Even though Syt7 levels could not always account for the ki-

netics of release, the role of Syt7 in clamping release was nega-

tively correlated with release synchrony and the presence of fast

Syts. This is consistent with a previous study at the calyx of Held

showing that the elimination of Syt7 does not increase sponta-

neous fusion in wild-type animals but that when Syt2 is elimi-

nated the additional removal of Syt7 elevated mEPSC frequency

(Luo and Sudhof, 2017). In IO subnuclei where Syt1 is present,

there is synchronous release, and the elimination of Syt7 had

no effect on spontaneous release. In contrast, in IO subnuclei

where Syt1 is absent, release is asynchronous, and the elimina-

tion of Syt7 increased spontaneous release. Previous studies

have also shown that the elimination of fast Syts leads to an

elevation of spontaneous release (Littleton et al., 1993; Xu

et al., 2009; Kochubey and Schneggenburger, 2011; Bacaj

et al., 2013; Luo and Sudhof, 2017; Chen et al., 2017a). This

raised the possibility that spontaneous fusion in subnuclei lack-

ing fast Syts would be higher than in subnuclei where fast Syts
ronous Release in the IO

nalysis for IO subnuclei. Scale bar, 2 mm.

ber of boutons within each subnucleus.

ral brainstem (top) with IO subnuclei segmented and labeled (bottom). Scale

SC tdecay.

arkers) and average IPSC decay time (filled gray) for subnuclei and reticular

t1/2 (R2 < 0.1). Each marker is data from one subnucleus. Physiology data are

ble S1.
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Figure 6. Expression of Syt1 Is Sufficient to

Drive Synchronous Release at Typically

Asynchronous Synapses

(A) GABAergic boutons in the PIO expressing ChR2-

YFP alone immunostained for VGAT and Syt1. Scale

bar, 2 mm.

(B) Same as in (A), but expressing ChR2-YFP

and Syt1.

(C) Release evoked by optical simulation in one cell

when ChR2 was expressed alone (top) and map of

decay time for all cells in the rostral IO (bottom).

(D) Same as in (C), but for ChR2 and Syt1

expression.

(E) Summary of decay time for optical stimulation of

ChR2 alone or ChR2+Syt1 in the PIO.

(F) Same as in (E), but for rise time. Markers are in-

dividual cells. **p < 0.01, two-tailed Student’s t test.

Number of experiments in Table S1.
are present. However, we found that this was not the case and

that mIPSCs in wild-type animals were uniformly low in all IO

subnuclei.

Fast Syts Suppress Asynchronous Release
Our findings support the hypothesis that fast Syt isoforms sup-

press asynchronous release. In the simplest scheme for neuro-

transmitter release, fast Syts mediate synchronous release,

another calcium sensor such as Syt7 mediates asynchronous

release, and total release at a synapse reflects the summation
946 Neuron 101, 938–949, March 6, 2019
of these two components. However, in

the IO, Syt7 is present at inhibitory synap-

ses in subnuclei such as the IOB/A, where

release is synchronous. Syt7 is expressed

at many synapses that have tightly syn-

chronized release, and it has become

apparent that the presence of a sensor

capable of mediating asynchronous

release does not necessarily lead to prom-

inent asynchronous release. Our study es-

tablishes that within the IO asynchronous

release is prominent when fast Syts are

excluded from synapses. This is shown

more explicitly in the PIO, DAO, and

rMAO,where release is normally asynchro-

nous but where the viral expression of

Syt1 promotes synchronous release and

suppresses asynchronous release (Fig-

ure 6). Thus, the abilities of fast Syt

isoforms to simultaneously promote syn-

chronous release and suppress asynchro-

nous release are used by DCN neurons to

control the timing of GABA release in

different IO subnuclei.

Synapses with Both Synchronous
and Asynchronous Components
Synapses in numerous brain regions have

mixed synchronous and asynchronous
release that resembles GABA release in the rIOBe and IOBe/C

of the IO. Our findings suggest there are twoways that regulating

the levels of fast Syts could contribute to mixed synchronous

and asynchronous release. One possibility is that boutons con-

taining fast Syts mediate synchronous release, boutons lacking

fast Syts mediate asynchronous release, and the ratio of syn-

chronous to asynchronous release is determined by the fraction

of synapses where fast Syts are present. Another possibility is

that each synapse is capable of both synchronous and asyn-

chronous release. We found that Syt1/2 levels were lower in



regions with mixed synchronous and asynchronous release than

for regions with purely synchronous release (Figure S3G). Thus, it

is possible that individual synapses generally contribute both

asynchronous and synchronous components, with the relative

contribution at individual synapses dictated by the levels of

fast Syts. If this is the case, when fast Syts are present but at

very low levels and a sensor for asynchronous release is also

present, both synchronous release and asynchronous release

can occur at the same synapse. It will be necessary to study in-

dividual synapses to determine the extent to which single synap-

ses can mediate both synchronous and asynchronous release.

Do Low Levels of Fast Syts Promote Asynchronous
Release at Other Synapses?
The role of fast Syts in controlling the relative contributions of

synchronous and asynchronous release raises the possibility

that asynchronous release elsewhere is mediated by the

absence or low abundance of fast Syt isoforms. It is difficult to

test this hypothesis for several reasons, as most synapses lack

the experimental advantages of the IO. Presynaptic boutons

are typically smaller, more closely packed, and difficult to resolve

optically in most brain regions. Moreover, synapses of diverse

presynaptic origin are generally mixed together rather than being

regionally segregated, making it impossible to correlate struc-

tural and functional experiments. It may therefore be necessary

to devise new approaches to determine if Syt1/2 regulation is a

general mechanism to control release timing at many types of

synapses.

Functional Roles of Synchronous and Asynchronous
Release in the IO
The differences in release kinetics in the IO suggest that release

timing can be controlled in order to optimize synaptic function.

Kinetic differences in DCN to IO synapses in different subnuclei

are consistent with regional specializations that allow the cere-

bellum to perform different computations. Numerous specializa-

tions within the loop between the DCN, the IO, and the cerebellar

cortex have been described previously. For example, neurons in

the IO and cerebellar cortex have regional differences in their

firing properties, and some cell types and synaptic connections

are preferentially present only in specific lobules of the cerebellar

cortex (Witter and De Zeeuw, 2015; Urbano et al., 2006; Guo

et al., 2016). A defining feature of the IO is that in many regions

IO neurons are electrically coupled via gap junctions, allowing

them to provide synchronous climbing fiber activity to the cere-

bellar cortex. In some IO subnuclei, the absence of fast Syts

leads to exclusively asynchronous release, and it has been pro-

posed that the slow-release kinetics generate tonic inhibitory

currents that are ideal for shunting gap-junctional coupling be-

tween IO neurons (Lang et al., 1996; Best and Regehr, 2009; Le-

fler et al., 2014). The asynchronous release in these subnuclei

produces graded inhibition that is controlled by input frequency

without regard to precise timing.Many presynaptic IO-projecting

DCN neurons fire spontaneously, enabling persistent graded

tonic inhibition (Najac and Raman, 2015). In other subnuclei,

exclusively synchronous inhibitory inputs are suited to precisely

control spike timing rather than spike synchrony (Urbano et al.,

2006). Mixed asynchronous and synchronous release could
allow inhibition to both influence spike timing and provide graded

inhibition of electrical coupling.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-Syt1 Synaptic Systems Cat# 105011; RRID: AB_887831

Mouse monoclonal anti-Syt2 Zirc Cat# Znp-1; RRID: AB_10013783

Mouse monoclonal anti-Syt7, clone N275/14 UC Davis/NIH NeuroMab Cat# 75-265; RRID: AB_11030371

Guinea-pig polyclonal anti-VGAT Synaptic Systems Cat# 131004; RRID: AB_887873

Guinea-pig polyclonal anti-VGLUT2 Synaptic Systems Cat# 135404; RRID: AB_887884

Goat anti-guinea-pig AlexaFluor488 Abcam Cat# Ab150185

Goat anti-guinea-pig DyLight 594 Abcam Cat# Ab102376

Goat anti-guinea-mouse AlexaFluor568 Abcam Cat# Ab175473

Goat anti-guinea-mouse AlexaFluor647 Abcam Cat# Ab150115

Experimental Models: Organisms/Strains

C57/BL6 Charles River N/A

B6.129S1-Syt7tm1Nan/J Jackson Labs JAX:004950; RRID: IMSR_JAX: 004950

Viruses

AAV9-hSyn-ChR2-YFP UPenn Vector Core 26973-AAV9

AAV9-hSyn-ChR2-YFP-2A-Syt1 Boston Children’s Virus Core N/A

Chemicals

NBQX disodium salt Abcam Cat# ab120046

(R,S)-CPP Abcam Cat# ab120160

SR95531 Abcam Cat# ab120042

Strychnine HCl Sigma Cat# S-8753

TTA-P2 Alomone labs Cat# T-155

Software and Algorithms

Igor Pro Wavemetrics https://www.wavemetrics.com/

MATLAB Mathworks https://www.mathworks.com/products/matlab.html

ImageJ/FIJI NIH https://fiji.sc/

FluoView Olympus https://www.olympus-lifescience.com/
CONTACT FOR REAGENT AND RESOURCE SHARING

Information and requests for resources or reagents should be directed to and will be fulfilled by the Lead Contact, Wade Regehr, at

wade_regehr@hms.harvard.edu.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animals were handled in accordance with NIH guidelines and protocols approved by Harvard Medical Area Standing Committee

on Animals. All animals were housed according to Harvard Medical Area Standing Committee on Animals. Adult (RP60) C57/BL6 of

both sexes were obtained from Charles River. Syt7 KO and wild-type littermates (Chakrabarti et al., 2003) were bred from heterozy-

gous crosses (Jackson labs). Experiments were initially performed blind, but blinding was abandoned because Syt7 KOs could be

easily identified by increased spontaneous release.

METHOD DETAILS

Viruses
AAV2/9-hSyn-hChR2(H134R)-EYFP was obtained from the University of Pennsylvania Vector Core. AAV2/9-hSyn-hChR2(H134R)-

EYFP-2A-Syt1 was generated by the Boston Children’s Virus Core. Experiments in Figure 6 were performed blind to virus identity.
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Stereotaxic surgeries were performed on adult (RP60) C57/BL6 male mice anesthetized with ketamine/xylazine (100/10 mg/kg)

supplemented with isoflurane (1%–4%). Viruses were injected through fine-tipped glass capillary needles via a Nanoject III (Drum-

mond) mounted on a stereotaxic (Kopf). Unilateral (for anatomy) or bilateral (for electrophysiology) injections were made in the cer-

ebellum targeting theDCN, 2.5mm lateral, 2mmposterior from lambda, 2.5mmdepth. 300-500 nL of virus suspensionwas delivered

to each site at a rate of 100 nL/minute, and the needle was retracted 10 min following injection. Subcutaneous analgesic (buprenor-

phine 0.05 mg/kg) was administered for 48 hr post-surgery.

Slice preparation
Slices were obtained from adult (RP60) C57/BL6 mice or from Syt7 KOs and wild-type littermates of both sexes (Chakrabarti et al.,

2003). Animals were anesthetized using ketamine/xylazine (100/10 mg/kg) and transcardially perfused with solution composed of 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,S)-CPP, 0.005 NBQX, oxygenated with 95%O2 / 5%CO2, kept at 35
�C. The back of the skull was removed and the hind brain was

dissected by making a cut between the border of the cerebellum and midbrain. The dura was carefully removed from the hindbrain

and the cut face was glued down. 250 mm thick coronal sections of the brainstem were made on a Leica 1200S vibratome and were

then transferred to a holding chamber with ACSF containing in mM: 127 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 25 glucose,

1.5 CaCl2, 1 MgCl2, and allowed to recover at 35�C for at least 20 min before cooling to room temperature. For experiments involving

an AAV, electrophysiology was performed 10-20 days after injections.

Electrophysiology
All experiments were performed at room temperature with a flow rate of 3-5 mL/min. Recording ACSF had the same composition as

incubation ACSF except external Ca2+ was raised to 2.5 mM andMg2+ lowered to 0.5 mM tomaximize the amount of release evoked

by single stimuli. Borosilicate electrodes (1-2 MU) contained internal solution consisting in mM of: 110 CsCl, 10 HEPES, 10 TEA-Cl,

1 MgCl2, 4 CaCl2, 5 EGTA, 20 Cs-BAPTA, 2 QX314, 0.2 D600, pH to 7.3. Cells were held at �70 mV, and all experiments were per-

formed in the presence of 5 mMNBQX to block AMPARs, 2.5 mM (R,S)-CPP to block NMDARs, and 0.5 mMstrychnine to block glycine

receptors. IO neurons have prominent subthreshold membrane potential oscillations (Llinás and Yarom, 1981a, 1981b, 1986; Ture-

cek et al., 2016) and conditions were adjusted to minimize oscillatory activity. 1 mMTTA-P2 was included in the ACSF to block t-type

Ca2+ channels that can drive sub-threshold oscillations (Llinás and Yarom, 1981b). The blockade of t-type channels does not influ-

ence the release of GABA in the IO (Best and Regehr, 2009). Trains of stimuli were avoided to prevent evoking electrically coupled

bursts of IO neurons. Experiments were performed at room temperature to suppress oscillations. For most experiments, a glass mo-

nopolar stimulus electrode (2-3 MU) filled with ACSF was placed within the IO or in the surrounding reticular formation. Single stimuli

were applied every 5 s at low stimulus intensities in which single asynchronous quantal events could be identified. For experiments

measuring maximal charge in wild-type and Syt7 KOs, a glass monopolar stimulus electrode (2 MU) was placed in the dorsomedial

edge of the dorsal PIO and cells were recorded 100 mm away in the dorsal PIO. Single stimuli were applied every 10 s, and the stim-

ulation intensity was ramped from 10-100 mA. Total evoked charge typically reached maximal values between 30-80 mA, and the

charge for one second after stimulation evoked by 100 mA stimulation was used as a measure of maximally evoked release. DCN

axons expressing ChR2 were stimulated by 473 nm light (0.5-1 ms, 80 mW/mm2) generated by an LED (Thorlabs). Illumination

was guided through a 60x objective producing an 80 mm diameter spot that was positioned several hundred mm away from the re-

corded cell. All data are presented as individual cells unless otherwise noted. Whole-cell capacitance and series resistance was left

uncompensated for all experiments. All currents were reversible at 0mV, indicating that they were notmediated by gap junctions. For

some cells, the GABAARs antagonist SR95531 (5 mM) was washed in at the end of the experiments to ensure currents weremediated

by GABAARs. One hundred trials were typically collected per cell to ensure smooth averaged currents. Measurements of mIPSC fre-

quency were performed in the presence of TTX (0.5 mM) and in slices unperturbed by stimulus electrodes. Raphe obscurus neurons

along the midline could be identified physiologically by their high input-resistance and lack of spontaneous bursts that reflect elec-

trical coupling, and were avoided.

Immunohistochemistry
Adult (RP60)malemicewere anesthetized using ketamine/xylazine (100/10mg/kg) and perfused transcardially with PBS followed by

4% paraformaldehyde (PFA) in PBS. Brains were removed and post-fixed overnight in PFA. The brainstem was mounted in 6% low-

melting agarose and sliced coronally on a Leica VT1000S vibratome (30-50 mm). For immunohistochemistry, sections of the IO were

subdivided into rostral and caudal sections with the same criteria used for physiology experiments (see Quantification and Statistical

Analysis). Free-floating slices were then permeabilized (0.2% Triton X-100 in PBS) for 10 min and blocked for 1 hr (4% Normal Goat

Serum in 0.1% Triton X-100) at room temperature, followed by incubation overnight at 4�Cwith primary antibodies (Mouse anti-Syt1,

Synaptic Systems 105011, 1:500; Mouse anti-Syt2, Zirc znp-1, 1:200; Guinea-pig anti-VGAT, Synaptic Systems 131004, 1 mg/mL,

1:200; Guinea-pig anti-VGLUT2, Synaptic Systems 135404, 1 mg/mL, 1:1200, Mouse anti-Syt7, UC Davis/NIH NeuroMab Facility,

clone N275/14, RRID: AB_11030371, 1 mg/mL, 1:100). Antibodies targeting Syt1 and Syt2 have been validated for immunohisto-

chemistry in brainstem tissue using conditional knockout mice (Kochubey et al., 2016; Bouhours et al., 2017). Antibodies targeting

Syt7 have been validated for staining in tissue using global knockout mice (Turecek et al., 2017). For all analyzed experiments

presented here, antibodies for Syt1 and Syt2 were mixed together and labeled with the same secondary. To prevent background
Neuron 101, 938–949.e1–e4, March 6, 2019 e2



when co-staining with VGLUT2 and Syt1/2, Syt1/2 primary antibodies were applied alone overnight at 4�C, then VGLUT2 primary

antibodies alone for 2 hr at room temperature. Secondary antibodies were then applied for 2 hr at room temperature (anti-

Guinea-pig-AlexaFluor488, Abcam ab150185; anti-Guinea-pig-DyLight594, Abcam ab102376; anti-Mouse-AlexaFluor568, Abcam

ab175473; anti-Mouse-AlexaFluor647, Abcam ab150115). Slices were mounted using #1.5 coverslips and Prolong Diamond Anti-

fade mounting medium. Z stacks of each sample were collected on an Olympus Fluoview1000 confocal microscope with FluoView

software using a 60X 1.42 NA oil immersion objective, and mosaics of the entire ventral brainstem were collected on a motorized

stage. Acquisition settings were kept constant across the entire mosaic. Images were collected with xy resolution of 0.129 mm/pixel

with 16 bit depth and z-spacing of 0.25 mm/section. Individual stacks were 132 3 132 3 3.25 mm in size.

For 3D-SIM, tissue was prepared as described above, but with minor modifications to optimize resolution. Slice thickness was

reduced to 7-10 mm and slices were mounted on glass slides instead of free-floating. Immunostaining was then performed at

4�C. Blocking and permeabilization solution (4%Normal Goat Serum in 0.01% Triton X-100) was applied for 1 hr. Primary antibodies

were applied for 45 min, followed by 1 hr incubation with secondary antibodies. Slides were mounted with precision cover glasses

(thickness 170 ± 5 mm, Zeiss). Imaging was performed using a DeltaVision OMX V4 Blaze system (GE Healthcare). Images were

collected using a 60X 1.42 NA oil immersion objective and each channel was collected on separate Edge 5.5 sCMOS cameras

(PCO). Z stacks were collected with xy resolution of 0.04 mm/pixel and z-spacing of 0.125 mmwith 15 raw images collected per plane

(five phases, three angles). Images were reconstructed with channel-specific measured optical transfer function and Weiner filter

constant of 0.002 in softWoRx 6.1.3 (GE Healthcare). Stacks were collected in the dorsal accessory olive and adjacent reticular for-

mation in 90 3 90 3 6.6 mm volumes.

QUANTIFICATION AND STATISTICAL ANALYSIS

Electrophysiology analysis
Recordings were collected with a Multiclamp 700B (Molecular Devices) in Igor Pro (Wavemetrics). Data were sampled at 20 kHz and

filtered at 4 kHz. All analysis was performed using custom-written scripts in MATLAB (Mathworks). Stimulus artifacts were blanked

for clarity. For all cells, the average synaptic current was used to calculate the half-rise time, decay time and jitter. To calculate jitter,

the time of peak current amplitude for each trial was measured, and the standard deviation of peak times was calculated. mIPSCs

were detected using a first derivative and integration threshold using customwritten scripts inMATLAB.mIPSCs in Syt7 KOswere so

frequent that individual events often summated, and therefore the amplitude of mIPSCs could not be reliably measured. For all cells,

an image of the recording configuration showing the position of the recording and stimulation electrodes and full view of the IO were

captured under a 5x objective using a CCD. Images were later used to assign cells to a commonmap of the IO (Paxinos and Franklin,

2001; Fu andWatson, 2012; Yu et al., 2014). Cells in the caudal IOwere restricted to caudal sections in which the lateral arms of the IO

were single bands of gray matter and no DAO or PIO was visible. Cells included in the rostral IO were restricted to rostral sections in

which the IOBe and DCKwere visible and the lateral aspect of the PIO and DAOwas clearly defined. Statistical significance for phys-

iology experiments was assessed using unpaired two-tailed Student’s t test. All data are presented as individual cells unless other-

wise noted.

Anatomical and co-localization analysis
Confocal imageswere not de-noised or processed in anyway, and analysis were performed on rawdata using custom-written scripts

in MATLAB. Images were prepared for display in ImageJ, making only minor increases in brightness in some cases.

For analysis of Syt7 levels, VGAT signals were used to identify VGAT-positive boutons. VGAT-positive boutons were identified as

local maxima of signals in 2D images. A set VGAT intensity was used to threshold the VGAT channel, and the average Syt7 intensity

within the thresholded region was used as the Syt7 level for that bouton. Subnuclei were identified using VGAT staining (see below),

and the median Syt7 intensity was collected for wild-type and Syt7 KOs. The median Syt7 intensity for Syt7 KOs for each subnucleus

was subtracted from median wild-type intensity for final analysis shown in Figure 2.

For co-localization analysis of VGAT and Syt1/2, we first attempted to assess co-localization using object-basedmethods in which

VGAT and Syt1/2 boutons were detected and co-localization wasmeasured as the nearest neighbor distance. However, this method

was problematic because the morphology of boutons was heterogeneous and often poorly fit by a 3D Gaussian. We therefore used

pixel-based co-localization that is much simpler and is also insensitive to the shape of boutons. Co-localization was determined by

the degree of signal correlation using Pearson’s correlation coefficient (Figures S3A–S3E). VGAT and Syt1/2 staining was robust with

little background, which provided the high signal to noise required by this method. We limited our final analysis to determining

whether Syt1/2 was present at synapses or not because quantitative conclusions can be difficult to draw from the degree of signal

correlation. Similar analysis could not be performed for Syt7 and VGAT because Syt7 expression was diffuse.

VGAT-positive boutons were identified as local maxima of signals in each imaged 3D volume. For each identified VGAT synapse, a

1.5 3 1.5 3 1.25 mm volume of interest was drawn around the bouton centroid. The intensity of VGAT signal and Syt1/2 signal was

collected for each voxel within the region of interest and plotted against each other. Voxels in the periphery of the region of interest

(outer 0.25 mm) that had strong VGAT signals from neighboring boutons were detected by a set intensity threshold and were ignored.

The correlation between VGAT and Syt1/2 signal wasmeasured using linear regression, obtaining a value of R2 that was then used as
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ameasure of co-localization. Inmany caseswithin the IO, VGAT andSyt1/2were partially anti-correlated (slope of regression line < 0).

In these cases R2 was set to 0.01. Analysis was performed similarly for confocal and 3D SIM data.

For analysis of individual IO subnuclei, regions were outlined by visual inspection of a VGAT mosaic image. The reticular formation

was drawn as a 1703 1703 3.25 mm volume just dorsal to the DAO, as shown in Figure 4A. In order to measure the density of VGAT-

positive synapses for each nuclei in wild-type and Syt7 KOs, small 1000-3000 mm3 volumes of neuropil were selected for analysis to

avoid cell bodies and myelinated fiber tracts. Several nuclei were grouped because they were too small to be reliably distinguished

and compared across experiments, such as the ventrolateral outgrowth which was incorporated into the rostral beta subnucleus.

Others were grouped because the borders could not be clearly defined, such as the grouping of the caudal beta subnucleus and

subnucleus C, and grouping of caudal subnuclei A and B. Statistical significance between distribution of R2 values of different sub-

nuclei were assessed using two-sample Kolmogorov-Smirnov tests. Summary points in Figure 5E are shown as average of left and

right subnuclei from individual animals.

DATA AND SOFTWARE AVAILABILITY

Data and custom-written Igor and MATLAB analysis scripts are available upon request.
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