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SUMMARY

The timing and size of inhibition are crucial for dy-
namic excitation-inhibition balance and information
processing in the neocortex. The underlying mecha-
nism for temporal control of inhibition remains un-
clear. We performed dual whole-cell recordings
from pyramidal cells (PCs) and nearby inhibitory in-
terneurons in layer 5 of rodent neocortical slices.
We found asynchronous release (AR) of glutamate
occurs at PC output synapses onto Martinotti cells
(MCs), causing desynchronized and prolonged firing
inMCs and thus imprecise and long-lasting inhibition
in neighboring PCs. AR is much stronger at PC-MC
synapses as compared with those onto fast-spiking
cells and other PCs, and it is also dependent on PC
subtypes, with crossed-corticostriatal PCs produc-
ing the strongest AR. Moreover, knocking out synap-
totagmin-7 substantially reduces AR strength and
recurrent inhibition. Our results highlight the effect
of glutamate AR on the operation of microcircuits
mediating slow recurrent inhibition, an important
mechanism for controlling the timing and size of
cortical inhibition.

INTRODUCTION

The timing and amount of recurrent synaptic inhibition are critical

for the dynamic balance of excitation and inhibition and the regu-

lation of information processing in cortical networks. GABAergic

interneurons thatmediate synaptic inhibition showgreat diversity

in their morphology, firing patterns, synaptic plasticity, and gene

expression (Markram et al., 2004; Moore et al., 2010); different

interneuron types display unique functions in the network (Black-

man et al., 2013; Jonas et al., 2004; Pouille and Scanziani, 2004;
Silberberg, 2008; Stefanelli et al., 2016; Wilson et al., 2012). Pre-

vious studies revealed the cellular composition, synaptic con-

nectivity, and dynamics of inhibitory microcircuits in both hippo-

campus (Mittmann et al., 2004; Pouille and Scanziani, 2004) and

neocortex (Silberberg, 2008). Parvalbumin (PV)-positive fast-

spiking (FS) basket cells are the potential interneuron type medi-

ating the onset-transient inhibition (i.e., fast recurrent inhibition),

due to short-term depression (STD) at pyramidal cell (PC) to FS

cell (PC-FS) synapses in response to a burst of PC action poten-

tials (APs) (Pouille and Scanziani, 2004; Silberberg, 2008; Silber-

berg and Markram, 2007). In contrast, somatostatin (SST)-posi-

tive Martinotti cells (MCs) mediate the late-persistent inhibition

(i.e., slow recurrent inhibition) resulting from short-term facilita-

tion (STF) at PC-MC synapses (Blackman et al., 2013; Kapfer

et al., 2007; Pouille and Scanziani, 2004; Silberberg, 2008; Silber-

berg andMarkram, 2007; Zhu et al., 2011). In comparisonwith FS

cells that discharge precisely at the onset of PC burst, MCs

discharge persistently but with less temporal precision at late

phase of PC burst (Pouille and Scanziani, 2004; Rozov et al.,

2001). Interestingly, MC APs often outlast the presynaptic PC

burst (Kapfer et al., 2007; Silberberg and Markram, 2007). The

delayed firing in MCs and the resultant slow recurrent inhibition

in neighboring PCs could be attributed to the overwhelming

STF and the relatively slow membrane time constant of MCs

(Kapfer et al., 2007; Pouille and Scanziani, 2004; Silberberg

and Markram, 2007). However, it remains unclear what deter-

mines the AP precision and long-lasting firing in MCs.

In response to trains of presynaptic APs, both synchronous

release (SR) and asynchronous release (AR) of neurotransmitters

would occur in certain types of synapses, including GABAergic

(Daw et al., 2009; Hefft and Jonas, 2005; Jiang et al., 2012,

2015; Lu and Trussell, 2000; Manseau et al., 2010) and glutama-

tergic synapses (Beierlein et al., 2003; Evstratova et al., 2014; Ire-

monger and Bains, 2007; Luo and S€udhof, 2017). Unlike SR, AR

is not tightly coupled to individual presynaptic APs. At

GABAergic synapses, the occurrence of AR provides long-lasting

inhibition to the postsynaptic cells, resulting in a reduction in

their spiking probability and precision and thus a decrease in their
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synchronization (Best and Regehr, 2009; Hefft and Jonas, 2005;

Manseau et al., 2010). However, the occurrence of AR in glutama-

tergic synapses enhances and prolongs the postsynaptic

spiking activities (Iremonger and Bains, 2007) and promotes the

temporal precision of APs (Evstratova et al., 2014; Luo and

S€udhof, 2017). Recent studies revealed that the slowCa2+ sensor

synaptotagmin-7 (Syt7) plays an important role in both STF and

asynchronous neurotransmitter release (Chen et al., 2017; Jack-

man et al., 2016; Luo and S€udhof, 2017; Turecek and Regehr,

2018). Thus, it is of interest to examine whether the glutamatergic

AR occurs at PC-MC synapses with STF and regulates spiking

activities in MCs and the resultant inhibition, and whether AR is

dependent on the identity of pre- or postsynaptic cells.

We performed dual whole-cell recordings from two PCs or PC

and nearby interneurons in layer 5 of rodent somatosensory cor-

tex (SSC). We found that glutamate AR occurs at PC output syn-

apses in a target-cell-specific manner, with PC-MC pairs

showing the strongest AR as compared with PC-PC and PC-

FS pairs. In addition, AR is also dependent on presynaptic PC

subtype; PCs projecting to dorsal striatum produce the stron-

gest AR, as compared with those projecting to the pontine nuclei

and the contralateral SSC. Glutamate AR from PC increases the

neuronal excitability, prolongs AP firing, and reduces AP tempo-

ral precision of postsynaptic MCs. Thus, neighboring PCs

receive long-lasting and desynchronized inhibitory postsynaptic

potentials (IPSPs). We further demonstrate that glutamate AR

depends on presynaptic Ca2+ level and Ca2+ sensor Syt7. There-

fore, glutamate AR is a unique physiological property of PC-MC

synapses and contributes to the regulation of cortical inhibition

and information processing.

RESULTS

Desynchronized and Prolonged Slow Recurrent
Inhibition and MC Firing
We performed dual whole-cell recordings from two neighboring

PCs in layer 5 of rat SSC slices (Figure 1A). Approximately 26%

of the PC-PC pairs (n = 29/113) showed slow disynaptic IPSPs in

response to presynaptic AP bursts (15–30 APs at 100–200 Hz).

Pairs with fast disynaptic IPSPs were rare (<1%, n = 7/1,216

pairs) (Kapfer et al., 2007; Silberberg and Markram, 2007; Zhu

et al., 2011). In agreement with the role of glutamatergic synap-

ses from PC to interneurons, the slow disynaptic IPSPs could be

completely blocked by 10 mM CNQX (6-cyano-7-nitroquinoxa-

line-2,3-dione, n = 4). Interestingly, the onset-latency jitter of

slow disynaptic IPSPs (PC burst with 15 APs at 100 Hz) was 3

times greater than that of the fast disynaptic IPSPs (±2.86

versus ±0.96 ms, n = 8 versus n = 3) (Figure 1B). Surprisingly, in-

dividual IPSPs could be frequently observed long after the

cessation of the train stimulation (mean ± SD: 83.1 ± 35.3 ms,

n = 18) (Figures 1A and 1C).

The fast and the slow disynaptic IPSPs could be mediated by

FS basket cells andMCs, respectively (Blackman et al., 2013; Sil-

berberg, 2008). As suggested by previous findings (Kapfer et al.,

2007; Pouille and Scanziani, 2004), the large jitter of the slow di-

synaptic IPSPs could be attributed to the firing properties of

MCs. We therefore performed dual whole-cell recordings from

monosynaptically connected PC-MC pairs (Figure 1D). Putative
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MCswere identified by their vertically positioned spindle-shaped

somata under IR-DIC microscope together with distinct electro-

physiological properties, including a low-threshold spiking and/

or an adapting pattern (Nigro et al., 2018;Otsuka andKawaguchi,

2009; Wang et al., 2004) (Figure S1). Post hoc staining revealed

that 98% of the recorded cells expressed SST (n = 39/40; Fig-

ure 1D). Three-dimensional reconstruction of the recorded

pairs showed that all the postsynaptic cells possessed axon col-

laterals ascending to layer 1 andbitufteddendrites (n = 15/15; see

below), characteristic morphology of MCs. We changed the pre-

synaptic AP number from 15 to 30 to increase the possibility of

MC firing at a membrane potential (Vm) of �60 mV (9.9%, n =

30/302 pairs). In 16 out of 20 recorded PC-MC pairs, APs in

MCs could outlast the train stimulation (Figure 1E). The last

post-train AP (PT-AP) occurred 55.4 ms after the train (range

from 2.7 to 187.6 ms, n = 16). In agreement with the variability

of individual slow disynaptic IPSPs, the jitter of intra-train APs

(IT-APs) was large (±2.64 ms, n = 19) (Figure 1F). Since the jitter

of inhibitory postsynaptic current (IPSC) onset latency in mono-

synaptically connected MC-PC pairs was very small (±0.44 ms,

n = 4), we conclude that the jitter of disynaptic IPSCs (Figure 1B)

is largely determined by the spike timing of MCs. Optogenetic

inhibition of SST cells in mouse slices abolished disynaptic

IPSPs (PC-PC pairs from SSTCrexAi35Arch-GFP mice, n = 5) (Fig-

ure S2), further supporting a role of SST-positive MCs in medi-

ating the slow disynaptic inhibition.

With extracellular stimulation (30 pulses at 100 Hz), we were

able to compare the variability of APs in FS cells and putative

MCs. In cell-attached configuration with stimulus intensity of

80 mA, MCs discharged APs with a jitter of ±1.51 ms (n = 6), sub-

stantially larger than FS cells (±0.84 ms, n = 6, p = 0.006, two-

sample Student’s t test) (Figures S3A and S3B). Similar results

were obtained from whole-cell recordings (MCs, ±1.76 ms

versus FS cells, ±0.78 ms, n = 16 versus n = 8, p = 2.84 3

10�6, two-sample Student’s t test) (Figures S3C and S3D). To

examine whether the spike precision depends on the strength

of synaptic inputs, we varied the stimulus intensity from 40 to

120 mA for MCs and 60 to 100 mA for FS cells to reach their AP

threshold but avoid direct axon stimulation. The AP jitter in

MCs progressively decreased with increasing stimulus strength,

but was significantly greater than that of FS cells at intensities

tested (MCs: n = 11 versus FS cells: n = 8, p = 2.55 3 10�6,

two-way ANOVA) (Figure S3E). Moreover, the jitter of MC (but

not FS cell) APs progressively increased during the train stimula-

tion (Figure S3F). The PT-AP could be frequently observed (n =

16/18 MCs) and outlasted the train by 90.2 ms (range from

42.2 to 210.3 ms, n = 16) (Figure S3G). Depolarization of the

MCs would further prolong the average time window of post-

train firing (from 46.5 to 96.0 ms, n = 6) (Figure S3G).

Together, our results demonstrate that, unlike FS cells, MCs

discharge with less precision and APs often outlast the burst

firing of the presynaptic PC, thus producing long-lasting inhibi-

tion with less precision in neighboring PCs.

Asynchronous Release Occurs at PC Synapses
onto MCs
Close examination of the excitatory postsynaptic potentials

or currents (EPSPs or EPSCs) in putative MCs reveals that, in



Figure 1. Desynchronized and Prolonged Slow Recurrent Inhibition and MC Firing

(A) Simultaneous whole-cell recording from a layer 5 PC-PC pair with disynaptic IPSPs. A train of stimulation in the presynaptic PC1 evokes both fast and slow

disynaptic IPSPs in the postsynaptic PC2 (top). Another example (bottom) shows the occurrence of slow disynaptic IPSPs only. Note the individual IPSPs

(arrowheads).

(B) Jitter of the onset latency of individual IPSPs (bin width: 0.1 ms; the abscissa shows the difference between each onset latency and the mean after a given

pulse in presynaptic PC).

(C) Time course of slow disynaptic IPSPs. Blue, average disynaptic IPSP onset (triangles) and offset (circles); red circles, the last peak of IPSP event among all

trails. The shadow indicates the period of train stimulation.

(D) Left, post hoc staining of a pair with synaptic connection from the PC (arrow) to the SST-positive MC. Right top, single images showing the cell is positive to

both avidin and SST; bottom, firing pattern of the SST-positive cell.

(E) Bottom, a representative recording from a synaptically connected PC-MC pair. A train of PC stimulation induces repetitive MC firing, including intra-train (IT)

and post-train (PT) APs (truncated). Top, raster plot of MC APs during (shadow) and after the train stimulation. Inset, PT-AP could be also observed in response to

15 APs at 100 Hz stimulation.

(F) Top, 10 superimposed APs (from the MC in E) showing the variation of AP latency. APs are aligned to their immediate preceding stimulus (arrow and dashed

line) during the train. Bottom, the jitter of the MC spike latency (bin width: 0.1 ms).

Data are mean ± SEM. See also Figures S1–S3.
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addition to SR (latency: 1.14 ± 0.19ms, n = 10), barrages of asyn-

chronous synaptic events that are not tightly coupled to presyn-

aptic APs occur during and after the PC burst (Figure 2A). These

events could be completely blocked by 10 mMCNQX (n = 5) (Fig-

ure 2B). To exclude the possibility that AR is due to whole-cell

recording with membrane rupture, we performed loose-patch

stimulation in the presynaptic PC and found robust AR in

response to both low- and high-frequency stimulation (n = 7)

(Figure 2C).

Two pieces of evidence indicate that the asynchronous syn-

aptic events are monosynaptic AR from PC to MC, rather than

polysynaptic transmission. One is that they only occur in
monosynaptically connected PC-MC pairs (n = 302). If PC

bursts evoke polysynaptic transmission via the activation of

other excitatory neurons, the asynchronous events should be

detected in both monosynaptically connected and uncon-

nected PC-MC pairs. However, among 22 unconnected pairs,

we found no obvious increase in the number of spontaneous

EPSCs in response to 30-AP burst in a time window of

500 ms after the burst onset, even with a frequency up to

200 Hz (before: 2.16 ± 2.47 versus after: 2.23 ± 2.52 events,

p = 0.74, Wilcoxon signed-rank test). The other evidence is

that, among monosynaptically connected PC-PC pairs, none

of them showed evoked postsynaptic AP in response to
Neuron 105, 1–12, February 5, 2020 3



Figure 2. Asynchronous Glutamate Release

Occurs at PC-MC Synapses

(A) A representative PC-MC pair recording. A burst

of APs evoked by step current injection in PC

(100 pA, red) induces facilitating EPSPs in the

postsynaptic MC (blue). Arrowheads indicate AR

events that are not tightly coupled to the presyn-

aptic APs. Right, superimposed EPSPs aligned to

the time of PC APs (arrow).

(B) Both SR and AR events could be blocked by the

bath application of 10 mM CNQX. Arrowheads

indicate AR events. Dotted line indicates the time

when the train stimulation stops.

(C) Examples showing whole-cell recording in MC

but loose-patch stimulation in PC (top, 30 pulses at

20 Hz; bottom, 10 pulses at 100 Hz). Top right,

superimposed EPSCs aligned to individual stimu-

lation pulses (30 pulses at 20 Hz). Arrow indicates

the time of stimulation. Arrowheads indicate

example AR events.

(D) An example PC-MC pair showing the occur-

rence of AR in response to a train of APs with Up-

state spike timing (Figure S5B). Arrowheads indi-

cate AR events.

(E) AR occurs in the ACSF with lower Ca2+ and

Mg2+ (1.2 mM Ca2+ and 1 mM Mg2+). Left, three

example current responses inMC (blue) to PC train

stimulation (red, 10 APs at 100 Hz) are shown.

Arrowheads indicate AR events. Right, group data

showing the total AR event number in different PC-

MC pairs.

(F) Same pair as in (E). AR also occurs in response

to PC burst with spike timing similar to that during

synaptic stimulation in cell-attached recording.

Arrowheads indicate AR events.

(G) Top, raster plot of EPSC events occurred in the MC before, during (shadow), and after the PC bursts. Bottom, histogram of the events (bin width: 1 ms).

(H) Group data showing the event number within 30 ms before and after the burst. Paired Student’s t test, ***p < 0.001.

Data are mean ± SEM. See also Figures S4–S6.
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presynaptic bursts, due to their weak unitary EPSPs (1.96 ±

1.15 mV, n = 22) and STD.

Next, we examined the occurrence of AR in physiological con-

ditions and compared the AR strength (i.e., event number,

charge, and basal current) (Figure S4).We stimulated the presyn-

aptic PC with similar spike timing to that during the Up state in

anaesthetized rat (see STAR Methods) and observed robust

AR that could outlast the PC burst with post-train AR (PT-AR)

duration of 87.1 ± 46.2 ms (n = 7) (Figures 2D and S5A–S5C).

AR also occurred when Ca2+ and Mg2+ were reduced to a

more physiological concentration (1.2 mM Ca2+ and 1 mM

Mg2+) (Ding et al., 2016; Sanchez-Vives and McCormick, 2000)

and the number of presynaptic APs during the 100 Hz train stim-

ulation was reduced to 10; the average total AR event number

was 2.21 ± 2.03 (n = 29) (Figure 2E). Previous cell-attached re-

cordings showed that layer 5 PCs in rat somatosensory cortex

could generate spike bursts consisting of up to 5–6 APs

(>100 Hz) in cortical slices (Williams and Stuart, 1999) and in

awake animals (de Kock and Sakmann, 2008). We thus evoked

bursts of 6 APs in presynaptic PCs with similar inter-spike inter-

vals (ISIs: 2.72, 3.46, 2.72, 2.69, and 3.92 ms) to that in cell-

attached recordings (Williams and Stuart, 1999) (Figure 2F) and

revealed an increase in the number of spontaneous EPSCs (Fig-

ure 2G), attributed to the generation of AR events. The average
4 Neuron 105, 1–12, February 5, 2020
event number 30 ms after the burst cessation showed a 2-fold

increase from the baseline 0.19 ± 0.14 to 0.59 ± 0.41 (n = 21,

p = 6.84 3 10�4, paired Student’s t test) (Figure 2H). In

experiments with further reduction of Ca2+ concentration to

1 mM (n = 6), we still observed the occurrence of AR, although

the AR strength was weaker than that in 2 mM Ca2+/Mg2+

ACSF (n = 10), possibly due to a reduction in release probability

(Figure S5D) (Miki et al., 2018). These results indicate that AR oc-

curs at PC output synapses onto MCs under physiological

conditions.

Similar to GABAergic synapses (Hefft and Jonas, 2005; Jiang

et al., 2012), PC-MC synapses also show dependence of AR

strength on the number and frequency of presynaptic APs.

Increasing the number or the frequency of APs would substan-

tially increase the AR strength (n = 13) (Figure S6).

Glutamate AR Enhances MC Firing but Reduces AP
Precision
We next compared spiking activities in putative MCs with and

without AR. To reduce AR strength, we filled the patch pipette

with an internal solution containing the Ca2+ chelator EGTA

(10 mM). Consistent with previous studies (Goda and Stevens,

1994; Hefft and Jonas, 2005; Manseau et al., 2010), EGTA could

progressively and dramatically reduce AR events, charge, and



Figure 3. AR Increases Responsiveness of

MCs but Reduces AP Precision

(A) Top, diagrams show experimental protocols

with and without train stimulation in PC. Bottom,

representative recordings from a synaptically

connected PC-MC pair.

(B) Group data of the onset latency of the first AP

(top) and the frequency during the initial 50 ms

(bottom) in response to the step current injection.

EGTA, 10 mM in pipette solution for PC recording.

(C) Example Vm responses (blue) to the injection of

EPSC-like currents with (top left) and without AR

(top right). Middle, raster plots of the APs. The total

charge during the train (shadow) is similar in the

two conditions.

(D) Jitter of the latency of each AP to its immediate

preceding stimulus. Top, injection of an identical

AR-containing EPSC-like current. Bottom, injec-

tion of an identical EPSC-like current without AR.

(E) Time course of the jitter of last 10 APs in MCs

evoked by extracellular stimulation (30 stimuli at

100 Hz) with the application of 200 mM EGTA-AM.

Data are mean ± SEM. Paired Student’s t test, *p <

0.05; **p < 0.01; n.s., not significant. See also

Figures S7–S8.
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basal current (n = 9) (Figure S7). In contrast, the effect of EGTA on

SR was relatively weaker (Figures S7C and S7D).

We first examined the effect of PT-AR on the responsiveness

of MCs by measuring the latency of the first AP and the initial

50 ms firing frequency in response to a 150 pA pulse (Figure 3A).

These current pulses were delivered to MCs immediately after

the cessation of PC stimulation. In comparison with trials without

PC stimulation (i.e., no synaptic transmission), those with 100 Hz

30-AP stimulation showed a reduction in the latency of the first

AP in MCs by 36% (14.3 ± 4.9 versus 9.1 ± 2.8 ms, n = 9,

p = 0.004, paired Student’s t test) and an increase in firing fre-

quency by 21% (56.8 ± 22.2 versus 69.0 ± 16.9 Hz, p = 0.005,

paired Student’s t test) (Figure 3B). However, with 10 mM

EGTA in presynaptic PC, no significant difference could be de-

tected in the latency of the first AP (11.8 ± 5.1 versus 10.3 ±

4.7 ms, n = 6) and the frequency of MC firing (52.0 ± 21.9 versus

52.0 ± 21.9 Hz) (Figure 3B). These results indicate that PT-AR in-

creases neuronal responsiveness in MCs.

We next examined the effect of intra-train AR (IT-AR) on spike

timing of MCs. Since presynaptic EGTA would dramatically

reduce the depolarization and thus firing in MCs, we chose to

evoke APs in MCs by injecting scaled EPSC-like currents (Fig-

ures 3C and S8A). Currents containing AR were obtained from

a PC-MC pair recorded with normal pipette solution, whereas

those without AR were obtained by re-patching the presynaptic

PC with a pipette solution containing 10 mMEGTA. The synaptic

currents without AR were then scaled to an extent that could

evoke similar number of APs during the train (5.14 ± 1.84) to

those with AR (4.85 ± 2.32, n = 7) (Figure S8B). The jitter of
APs evoked by the same AR-containing EPSC-like current

was ±2.73 ms (Figure 3D), consistent with the large jitter of MC

IT-APs (Figure 1F). In sharp contrast, the jitter reduced

to ±1.23 ms when the EPSC-like current contained no AR (Fig-

ure 3D). Similar results were obtained in experiments with extra-

cellular stimulation and 200 mMEGTA-AM in the bath. EGTA-AM

significantly decreased the jitter of last 10 APs in MCs evoked by

extracellular stimulation (30 stimuli at 100 Hz) from ±1.51

to ±1.08 ms (after 30 min drug application, n = 6, p = 0.007,

paired Student’s t test) (Figure 3E).

Previous studies reported that glutamate AR increased AP

precision at synapses with strong unitary EPSCs (Evstratova

et al., 2014; Luo and S€udhof, 2017). We then investigated

whether synaptic strength affects AP timing using dynamic

clamp to inject artificial synaptic conductances (a-synapse: t =

1.64 ms). We found that a constant Vm depolarization decreases

the jitter of APs evoked by a synaptic conductance of 8 nS, sug-

gesting that AR-associated basal current would cause depolar-

ization and enhance spike precision (n = 5) (Figures S8C and

S8D). However, for the same cell at a similar Vm level (�55.4 ±

4.8 versus�55.5 ± 4.6 mV, n = 5), APs induced by a weaker syn-

aptic input (4 nS) 40ms after the extracellular stimulation showed

less spike precision as compared to those evoked by the strong

input (8 nS). The strong input decreased not only the failure rate

but also the jitter from ±1.09 to ±0.40ms (p = 8.373 10�4, paired

Student’s t test) (Figures S8E and S8F). Since the SR strength at

PC-MC synapse is much smaller (1st EPSC amplitude: 4.9 ±

4.7 pA; the maximum amplitude during PC burst: 24.7 ±

15.8 pA, n = 73 pairs) than that at hippocampal mossy fiber or
Neuron 105, 1–12, February 5, 2020 5



Figure 4. AR at Output Synapses of PC Is Target-Cell Specific

(A) Representative recordings from a PC-MC pair. Three current responses in MC (blue) to AP trains in PC (red) are shown. The dotted line indicates the cessation

of the train. Note the occurrence of AR after the train.

(B) Recordings from a PC-FS pair.

(C) Recordings from a PC-PC pair.

(D) Time course of the peak amplitude of SR EPSCs. The amplitudes for PC-PC andPC-FS pairs (STD) are normalized to the 1st EPSC. The amplitudes for PC-MC

pairs (STF) are normalized to the 6th EPSC because the initial EPSCs show a high failure rate.

(E) Group data showing total AR event number (left) and PT-AR duration (right) of PC-MC, PC-FS, and PC-PC pairs. Two-sample Student’s t test, **p < 0.01;

***p < 0.001.

Data are mean ± SEM. See also Figures S4 and S9.
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Calyx of Held (Evstratova et al., 2014; Luo and S€udhof, 2017), AR

provides synaptic noise that would smooth out the Vm and

elevate its level to AP threshold, resulting in desynchronized

AP firing. Together, these results indicate that AR from PCs not

only enhances neuronal responsiveness but also reduces the

temporal precision of evoked APs in MCs.

AR Is Target-Cell Specific and PC-Subtype Dependent
Considering that PC forms synapses onto different types of neu-

rons (Rozov et al., 2001), we next compared the AR strength of

PC-MC to those of PC-FS and PC-PC (Figures 4A–4C). Similar

to previous findings (Beierlein et al., 2003; Koester and Johnston,

2005; Pala and Petersen, 2015), our results reveal short-term

facilitation in PC-MC, but depression in PC-FS and PC-PC pairs

with presynaptic 50 Hz stimulation (Figure 4D). The total

numbers of AR events in PC-MC, PC-FS, and PC-PC pairs

were 40.6 ± 23.0, 11.1 ± 15.2, and 6.4 ± 4.3, respectively (PC-

MC, n = 10; PC-FS, n = 10; PC-PC, n = 7) (Figure 4E). Dramatic

differences were also found in the PT-AR duration (Fig-

ure 4E), the PT-AR charge ratio, and basal currents (Fig-

ure S9A). Consistently, similar differences were observed be-

tween PC-SST and PC-PV cell pairs in slices from transgenic

mice (SSTCrexAi9tdTomato mice, n = 7 versus PVCrexAi9tdTomato

mice, n = 7) (Figure S9B). Moreover, AR strength is independent

of cortical regions because the AR strength of PC-MC pairs in rat

SSC and prefrontal cortex (PFC) slices showed no significant dif-

ference (SSC, n = 10; PFC, n = 7) (Figure S9C). These results indi-

cate that AR at glutamatergic synapses is target-cell specific,

and the strongest AR occurs at PC-MC synapses.
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Recent studies reveal that MCs can be further subdivided into

two subpopulations with fanning-out or T-shaped axon arboriza-

tions (Muñoz et al., 2017; Nigro et al., 2018). We therefore recon-

structed 15 PC-MC pairs (Figures 5A and 5B) and compared

their AR strength. Fanning-out MCs had a lower input resistance

(120 ± 36 MU, n = 7) than T-shaped MCs (245 ± 94 MU, n = 8,

p = 0.007, two-sample Student’s t test) (Nigro et al., 2018). No

significant difference in AR strength was detected between the

two MC subgroups (Figure 5C). However, the parameters of

T-shaped (but not fanning-out) MCs show a strong negative cor-

relation with MC input resistance (Figure 5C), possibly resulting

from a progressive decrease in release probability as reflected

by an increase in failure rate (Figure 5D). Weak correlations

were also found in much larger datasets of MCs including unre-

constructed cells (n = 57) (Figures 5E and 5F).

Next, we examined whether the AR strength depends on

presynaptic PC subtype. We injected retrograde beads to spe-

cific brain regions to label corticopontine (CPn), commissural

(COM), and crossed-corticostriatal (CCS) PCs in SSC (Figures

6A–6C) (Hattox and Nelson, 2007; Kawaguchi, 2017). Surpris-

ingly, we found that PCCCS-MC pairs produce much stronger

AR than PCCPn-MC and PCCOM-MC pairs (PCCPn-MC, n = 7;

PCCOM-MC, n = 7; PCCCS-MC, n = 9) (Figure 6D) and have a

much lower failure rate (Figure 6E). The connection probability

of PCCCS-MC pairs (n = 9/16) was substantially higher than

PCCPn-MC (n = 7/46) and PCCOM-MC pairs (n = 7/45), and

MCs receiving PCCCS-PC inputs had a significantly lower input

resistance (160 ± 58MU versus 284 ± 108MU in PCCPn-MCpairs

and 355 ± 143 MU in PCCOM-MC pairs, p = 0.03, one-way



Figure 5. AR at PC Synapses onto MCs with

Fanning-Out or T-Shaped Axon Arborization

(A) 3D reconstruction of two PC-MC pairs. Left, a

PC and a fanning-out MC; right, a PC and a

T-shaped MC. The axons of MCs were shown in

red, and the dendrites in blue. PC dendrites were

shown in gray. Insets, Sholl analysis of MC axons.

(B) Group data for Sholl analysis of MC axons.

(C) Plots of the total AR event number (left) and PT-

AR duration (right) as a function of MC input

resistance. Continued lines are linear regression

fits of the corresponding datasets.

(D) Group data showing the correlation of MC input

resistance with the failure rate of unitary EPSCs.

(E) Similar as in (C), but include unrecon-

structed MCs.

(F) Similar as in (D), but include unrecon-

structed MCs.

Data are mean ± SEM. See also Figure S4.
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ANOVA) (Figure 6F). These results suggest that, in comparison

with CPn and COM PCs, CCS PCs may cause longer-lasting

firing in MCs and thus produce sustained inhibition in somato-

sensory cortical network.

Role of Syt7 in Regulating AR and Recurrent Inhibition
Recent studies revealed that the slow Ca2+ sensor, Syt7, plays

important roles in regulating synaptic transmission, especially

AR (Bacaj et al., 2013; Chen et al., 2017; Luo and S€udhof,

2017; Turecek and Regehr, 2018; Wen et al., 2010). We therefore

examined whether Syt7 could regulate AR at PC-MC synapses.

Syt7 antibody staining showed a pattern in the cerebellum (Fig-

ures S10A–S10C) similar to previous reports (Chen et al., 2017;

Turecek et al., 2017). We observed strong immunosignals in

the SSC of wild-type (WT) mice, but not in Syt7 knockout (KO)

mice (Figures 7A and S10A–S10C). Moreover, signals co-local-

ized with vesicular glutamate transporter 1 (vGlut1) (Figure 7A),

suggesting an expression of Syt7 at glutamatergic terminals in

the neocortex.

We next examined the strength of AR in PC-MC pairs of WT

and Syt7 KO mice (Figure 7B). The number of IT-AR events

was significantly, but not completely, decreased in Syt7 KO

mice (13.2 ± 8.7 versus 6.3 ± 4.6, n = 20 and 19, p = 0.018,

Mann-Whitney U test) (Figure 7C). The PT-AR event number

was also reduced, but not significantly (11.6 ± 12.3 versus

5.9 ± 8.1, p = 0.29, Mann-Whitney U test). The basal current

was substantially decreased in KO mice (11.6 ± 6.4 versus
6.4 ± 5.3 pA, p = 0.003; Mann-Whitney

U test) (Figure 7D). The remaining AR

events could be further eliminated by the

inclusion of 10 mM EGTA in the pipette

solution (Figure S10D), suggesting the

existence of another unknown Ca2+-

dependent mechanism underlying the

occurrence of AR in addition to Syt7. In

agreement with previous studies (Chen

et al., 2017; Luo and S€udhof, 2017; Ture-

cek and Regehr, 2018), Syt7 deletion
eliminated synaptic facilitation by reducing SR amplitudes and

increasing failure rates during the train stimulation (Figure S10E),

but it showed no effect on the amplitude of unitary EPSCs (WT,

6.17 ± 5.22 versus KO, 4.84 ± 4.11 pA, p = 0.58, Mann-Whitney

U test) and the initial release probability as reflected by their fail-

ure rates (0.63 ± 0.27 versus 0.65 ± 0.27, p = 0.86,Mann-Whitney

U test). The SR-associated charge in KO mice was decreased

by �41.6% (1.12 ± 0.74 versus 0.65 ± 0.62 pA$s, p = 0.004,

Mann-Whitney U test), but to a lesser extent than that of the total

AR charge (�50.4%, 2.93 ± 1.83 versus 1.46 ± 1.25 pA$s, p =

0.005, Mann-Whitney U test).

To investigate the role of Syt7 in the regulation of slow recurrent

inhibition, we compared disynaptic IPSPs in WT and KO mice

(Figure 7E). The onset of disynaptic IPSPs was significantly de-

layed in KO mice (222 ± 49 ms, n = 16) compared to in WT mice

(174 ± 51 ms, n = 15, p = 0.01, two-sample Student’s t test) (Fig-

ure 7F). The offset of disynaptic IPSPs showed no significant

change (WT, 405±45versusKO, 428±46ms, p=0.17, two-sam-

pleStudent’s t test). Accordingly, the symmetry ratio of the onset-

to-peak time to peak-to-offset time (Berger et al., 2009) was

significantly reduced in KO mice (0.41 versus 0.31, p = 0.004,

two-sample Student’s t test) (Figure 7F). At similar postsynaptic

Vm levels (� 51 mV), both the peak amplitude (WT, 4.54 ± 1.20,

n=8 versusKO, 3.28±1.10mV, n=8, p=0.047, two-sampleStu-

dent’s t test) and the voltage integral (0.58 ± 0.23 versus 0.34 ±

0.18 mV$s, p = 0.037, two-sample Student’s t test) were signifi-

cantly decreased in KOmice (Figure 7G), suggesting a decrease
Neuron 105, 1–12, February 5, 2020 7



Figure 6. The Strength of AR Is Dependent on PC Subtypes

(A) Top, the injection sites of retrograde beads. Bottom, example SSC slices showing the retrograde beads in a subpopulation of cells. Ipsilateral pontine and

contralateral SSC injections were performed in the same rat, whereas contralateral dorsal striatum injection was performed in different animals. These injections

will label corticopontine (CPn), commissural (COM) and crossed-corticostriatal (CCS) PCs.

(B) Left, example cells with avidin staining and retrograde beads (top, PCCPn-MC; bottom, PCCOM-MC); right, example recordings from pairs shown in the left.

Insets, single images showing avidin-stained PCs containing beads, scale bar: 10 mm.

(C) Similar as in (B), but for a PCCCS-MC pair.

(D) Comparison of the AR strength between different types of pairs.

(E) Group data showing differences in the failure rate of unitary EPSCs.

(F) Input resistance of MCs in different types of pairs.

Data are mean ± SEM. (D) and (E), two-sample Student’s t test; (F), one-way ANOVA; *p < 0.05; **p < 0.01; ***p < 0.001. See also Figure S4.
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in MC firing. The delayed onset and reduced disynaptic inhibition

in Syt7 KO mice could be largely due to the reduction in AR and

basal current. These results indicate that Syt7 contributes to

the regulation of slow recurrent inhibition.

DISCUSSION

We demonstrate that, in response to PC bursts, MCs produce

long-lasting and temporally imprecise APs, due to asynchronous

glutamate release at PC-MC synapses. Interestingly, the

strength of AR is not uniform at PC output synapses; AR at

PC-MC synapses is much stronger than at PC-FS and PC-PC

synapses. In addition, among PC-MC synapses, PCCCS-MC

pairs possess the strongest AR. We further reveal that AR de-

pends on residual Ca2+ levels, and its strength depends on pre-

synaptic AP number and frequency. The selective occurrence of

AR at PC-MC synapses determines the timing and the size of

slow recurrent inhibition received by neighboring PCs.

Selective Occurrence of AR at Certain Types of
Synapses
Asynchronous neurotransmitter release has been found in both

the periphery (Rahamimoff and Yaari, 1973) and central nervous
8 Neuron 105, 1–12, February 5, 2020
system (Daw et al., 2009; Hefft and Jonas, 2005; Iremonger and

Bains, 2007; Jiang et al., 2012; Lu and Trussell, 2000; Manseau

et al., 2010), but it is only found at synapses onto or from certain

types of neurons. In the hippocampus, granule cells receive

much stronger AR of GABA from CCK-containing neurons than

PV cells (Daw et al., 2009; Hefft and Jonas, 2005). In the

neocortex, FS cells show stronger AR at their autapses than

those onto PCs and other FS cells (Jiang et al., 2012). Our results

indicate that AR also occurs at PC output synapses, and its

strength is dependent on the cell type of both pre- and postsyn-

aptic cells.

Why does AR selectively occur at certain types of synapses?

In output synapses of FS cells, the Ca2+-binding protein PV

may act as a Ca2+ buffer and prevent the occurrence of AR (Eg-

germann and Jonas, 2011; Hefft and Jonas, 2005; Jiang et al.,

2015; Manseau et al., 2010). Differences in voltage-gated Ca2+

channel subtypes and their distance to Ca2+ sensors at the

release site may also determine the AR strength (Eggermann

et al., 2011; Rozov et al., 2001; Wadel et al., 2007). Indeed, loose

coupling between Ca2+ channel and sensor at output synapses

of hippocampal CCK neurons results in strong asynchronous

GABA release, as compared with that of PV cells (Hefft and

Jonas, 2005). Consistent with the difference in AR strength,



Figure 7. Syt7 Regulates AR at PC-MC Synapses and the Recurrent Inhibition

(A) Immunostaining of Syt7, vGlut1, and NeuN in SSC of WT and Syt7 KOmice. Inset, higher magnification showing the overlap of Syt7 and vGlut1 signals (scale

bar: 10 mm).

(B) Two example recordings from PC-MC pairs of WT and KO mice.

(C) Time courses of the AR event number during (shadow) and after the train stimulation.

(D) Group data of the basal current.

(E) Representative disynaptic IPSPs from PC-PC pairs of WT and Syt7 KO mice. Superimposed individual sweeps are shown for each pair.

(F) Group data of the average onset latency and symmetry ratio of disynaptic IPSP barrages.

(G) Group data of the average peak amplitude and voltage integral (area) of disynaptic IPSP barrages.

Data are mean ± SEM for (C), (F), and (G), andmedian with 1.53 interquartile range for (D). Mann-WhitneyU test for (C) and (D); two-sample Student’s t test for (F)

and (G). *p < 0.05; **p < 0.01. See also Figures S4 and S10.
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channel-sensor distance at synapses of PC onto bipolar inter-

neurons (presumably MCs) is greater than that of synapses

onto multipolar interneurons (presumably FS cells) (Rozov

et al., 2001).

AR and Short-Term Plasticity at PC-MC Synapses
PC-MC synapses possess a high failure rate, especially when

PC fires at low frequencies (Koester and Johnston, 2005; Ur-

ban-Ciecko et al., 2018). In response to high-frequency PC

burst, the release probability increases dramatically. This synap-

tic STF, together with the slowmembrane constant, ensure MCs

act as a high-pass filter in the neural network by generating late-

persistent firing in response to high-frequency PC burst (Jonas

et al., 2004; Kapfer et al., 2007; Silberberg, 2008; Silberberg

and Markram, 2007; Urban-Ciecko and Barth, 2016). Our results
reveal that AR occurs at late phases of the PC burst and even

outlasts the burst, causing large and prolonged depolarization

and thereby persistent firing in MCs. Therefore, AR is an impor-

tant mechanism for MCs to work as a high-pass filter.

Previous studies reveal that AR is determined by the level of

background or residual Ca2+ after the AP burst (Kaeser and Re-

gehr, 2014), which is also closely related to the occurrence of

STF (Chen et al., 2017; Turecek and Regehr, 2018). In our record-

ings, manipulation of Ca2+ level by reducing extracellular Ca2+

concentration or by including 10 mM EGTA in presynaptic

pipette could decrease both AR and STF. Recent studies reveal

the important role of the slow Ca2+ sensor Syt7 in regulating the

occurrence of AR and STF (Chen et al., 2017; Jackman et al.,

2016; Luo and S€udhof, 2017; Turecek and Regehr, 2018). In

subcortical regions and cerebellum, knocking out Syt7 has no
Neuron 105, 1–12, February 5, 2020 9
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effect on the initial release probability and unitary synaptic

strength, but it decreases the STF and the AR-mediated charge

and basal current (Chen et al., 2017; Luo and S€udhof, 2017; Tur-

ecek and Regehr, 2018), consequently causing a decrease in

firing precision of postsynaptic neuron (Luo and S€udhof, 2017).

Similarly, our results indicate that Syt7 regulates both STF and

AR during presynaptic AP bursts, but not the unitary EPSCs of

PC-MC pairs in the neocortex. The reduction of AR is relatively

greater than that of SR, which suggests a more important role

of AR in regulating the slow recurrent inhibition; however, since

the key mechanisms for SR and AR at presynaptic terminals

may overlap (Kaeser and Regehr, 2014), it is difficult to isolate

the two release modes completely. Considering that Syt7 KO

could not block the AR events completely in our experiments,

as well as those from others (Chen et al., 2017; Turecek and Re-

gehr, 2018, 2019), we speculate that other Ca2+ sensors such as

Doc2 (Yao et al., 2011) may also contribute to the occurrence of

AR. However, the identity of these sensors and other functional

molecules and their cooperation (Volynski and Krishnakumar,

2018) remains to be further examined.

Physiological Significance of AR at PC-MC Synapse
To the best of our knowledge, our results provide the first piece

of evidence showing the effect of AR on the operation of cortical

microcircuits. The glutamate AR from PC dramatically prolongs

the time window of firing and desynchronizes APs in MCs,

consequently causing long-lasting and relatively imprecise inhi-

bition in the neighboring PCs, which will be smoothed out to form

constant inhibition if a group of MCs are involved (Kapfer et al.,

2007). Since MCs mainly send their axons to superficial cortical

layers and target to the distal tuft dendrites of PCs (Urban-

Ciecko and Barth, 2016; Wang et al., 2004), the constant

inhibition provided by MCs could prevent the generation of

broad dendritic Ca2+ spikes (Chiu et al., 2013; Murayama et al.,

2009) and thereby suppress the burst firing in PCs (Gentet

et al., 2012; Neske and Connors, 2016; Urban-Ciecko and Barth,

2016), resulting in a shift of their firing pattern and possibly an

alteration in their synchronization that is critical for network

oscillations.

Previous studies reveal a weak negative correlation between

cortical SST and PC Vm fluctuations during quiet wakefulness

(Gentet et al., 2012) and an important role of SST neurons in

the control of state transitions (Up and Down states) during

slow-wave oscillation (Zucca et al., 2017). Delayed and pro-

longed firing into the Down state in SST cells may help the

network switch from Up to Down state. However, it remains un-

known what drives SST cells to fire during the Down states. Our

results indicate that glutamate AR from PC to SST-positive MC

contributes to the generation of long-lasting depolarization and

discharges outlasting PC activity. The lack of AR or weak AR

at PC-PC and PC-FS pairs also explains well why Vm fluctuations

of PCs and FS cells are highly and positively correlated (Gentet

et al., 2012). Interestingly, intrinsically bursting PCs discharge

more bursts during slow-wave sleep compared to other behav-

ioral states (Steriade et al., 2001), and the extracellular Ca2+ con-

centration is substantially increased during sleep (Ding et al.,

2016). The enhanced AR strength in these conditions may pro-

mote slow-wave sleep. Considering that slender-tufted PCs in
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layer 5A, presumably CCS PCs, become active during active

whisking, whereas thick-tufted PCs respond to passive whisker

touch (de Kock and Sakmann, 2009; Oberlaender et al., 2011),

we speculate that the strong AR at PCCCS-MC synapses would

cause prolonged firing in MCs and long-lasting lateral inhibition

during active whisking.

PCs in the neocortex normally generate APs at a frequency

lower than 20 Hz in vivo, but they can also produce bursts with

frequencies higher than 100 Hz (de Kock and Sakmann, 2008;

Steriade et al., 1998, 2001; Yu et al., 2019). Sharp electrode intra-

cellular recording revealed burst firing and high frequency firing

in both intrinsically bursting PCs and regular-spiking cells during

sleep (Steriade et al., 2001). In cell-attached recording both

in vitro (Williams and Stuart, 1999) and in awake animals (de

Kock and Sakmann, 2008), layer 5 PCs in the rat somatosensory

cortex could generate spike bursts consisting of up to 5–6 APs at

frequencies higher than 100 Hz. In our experiments mimicking

physiological conditions by lowering the extracellular concentra-

tion of divalent cations (Ding et al., 2016) and producing burst of

6 APs with similar spike timing to cell-attached recording (Wil-

liams and Stuart, 1999), we still observed a dramatic increase

in spontaneous EPSCs after the burst (Figures 2F–2H), indicating

the occurrence of delayed AR. Although high-intensity stimula-

tions (30 pulses at 100 Hz) were used to induce PC bursts in

most of our experiments, we also found that AR occurred

when the number of pulses was decreased and the frequency

was lowered to 10–20 Hz (Figure 2). The dependence of AR on

PC activity (Figure S6) may contribute to cortical excitation-inhi-

bition balance, which is important for proper brain functions. In

some pathological conditions such as epileptic seizures, PCs

could generate high-frequency bursts lasting for tens of seconds

or even minutes (Kawaguchi, 2001). The AR strength is also sub-

ject to change under pathological situations. In epileptic human

neocortical tissue, AR becomes stronger at output synapses of

FS cells (Jiang et al., 2012). At the neuromuscular junction, AR

is also enhanced in mouse models of spinal muscular atrophy

(Ruiz et al., 2010) and Alzheimer’s disease (Yang et al., 2007).

Whether the strength of glutamate AR and MC firing are subject

to alteration in diseased states remains to be further examined.

Together, our results suggest an important physiological role

of asynchronous glutamate release at PC output synapses in

regulating the operation of cortical microcircuits. MCs receive

AR during and after PC burst and generate late-persistent AP

firing with less precision, which may produce long-lasting and

desynchronized inhibition in nearby PCs that could be essential

for efficient suppression of Ca2+ spikes in PC dendrites and con-

trol of cortical state transitions. Therefore, the selective occur-

rence of AR at PC-MC synapses exactly meets the need of infor-

mation processing mediated by MCs in neocortical networks.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat polyclonal anti-Somatostatin Santa Cruz Biotechnology Cat# sc-7819; RRID: AB_2302603

Donkey anti-Goat IgG H&L (Cy3) Secondary Antibody Abcam Cat# ab6949; RRID: AB_955018

Mouse monoclonal anti-Synaptotagmin-7 (clone

N275/14)

UC Davis/NIH NeuroMab

Facility

Cat# 75-265; RRID: AB_11030371

Guinea Pig polyclonal anti-vGlut1 Synaptic Systems Cat# 135 304; RRID: AB_887878

Rabbit monoclonal anti-NeuN Abcam Cat# ab177487; RRID: AB_2532109

Goat anti-Mouse IgG Secondary Antibody, Alexa

Fluor 488

Thermo Fisher Scientific Cat# A-11001; RRID: AB_2534069

Goat anti-Rabbit IgG Secondary Antibody, Alexa

Fluor 555

Thermo Fisher Scientific Cat# A-21428; RRID: AB_2535849

Goat anti-Guinea Pig IgG Secondary Antibody, Alexa

Fluor 647

Thermo Fisher Scientific Cat# A-21450; RRID: AB_2735091

Chemicals, Peptides, and Recombinant Proteins

Streptavidin, Alexa Fluor 488-conjugated Thermo Fisher Scientific Cat# S11223

Streptavidin, Alexa Fluor 647-conjugated Thermo Fisher Scientific Cat# S21374

Biocytin Sigma-Aldrich B4261; CAS: 576-19-2

CNQX Tocris 0190; CAS: 115066-14-3

EGTA Sigma-Aldrich 03777; CAS: 67-42-5

EGTA-AM Thermo Fisher Scientific Cat# E1219

Green fluorescent RetroBeads� Lumafluor Inc. https://lumafluor.com/

Red fluorescent RetroBeads� Lumafluor Inc. https://lumafluor.com/

Experimental Models: Organisms/Strains

Mouse: SST-IRES-Cre The Jackson Laboratory JAX:013044; RRID: IMSR_JAX:013044

Mouse: PV-IRES-Cre The Jackson Laboratory JAX: 008069; RRID: IMSR_JAX:008069

Mouse: Ai9 The Jackson Laboratory JAX:007909; RRID: IMSR_JAX:007909

Mouse: Ai35 The Jackson Laboratory JAX:012735; RRID: IMSR_JAX:012735

Mouse: Synaptotagmin-7 KO (B6;129-Syt7tm1Sud/J) The Jackson Laboratory JAX: 006388; RRID: IMSR_JAX:006388

Software and Algorithms

MATLAB MATHWORKS https://www.mathworks.com/; RRID: SCR_001622

ImageJ NIH https://imagej.net/Welcome; RRID: SCR_003070

Mini Analysis Program Synaptosoft Inc. http://www.synaptosoft.com/; RRID: SCR_002184

Spike2 Software Cambridge Electronic Design http://ced.co.uk/downloads/latestsoftware;

RRID: SCR_000903

Signal Software Cambridge Electronic Design http://ced.co.uk/downloads/latestsoftware
LEAD CONTACT AND MATERIALS AVAILABILITY

This study did not generate new unique reagents. Further information and requests for common resource may be directed to and will

be fulfilled by the Lead Contact, Dr. Yousheng Shu (yousheng@fudan.edu.cn).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The Animal Advisory Committee at the State Key Laboratory of Cognitive Neuroscience and Learning, Beijing Normal University,

approved the experimental protocols. The use and care of laboratory animals compliedwith the guidelines of this committee. Animals

were group housed under standard conditions with ad libitum access to water and food. Sprague Dawley (SD) rats including juveniles
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(15-20 days old) and adults (250-350 g in weight, 50-60 days old) were purchased from Beijing Vital River Laboratory Animal Tech-

nology Co., Ltd., PVCre (Jax: 008069) or SST(SOM)Cre (Jax: 013044) were crossed with Ai9tdTomato (Jax: 007909) to obtain offsprings

expressing tdTomato in neocortical PV- or SST-expressing interneurons. We also crossed SST(SOM)Cre with Ai35Arch-GFP mice (Jax:

012735) to obtain offsprings with SST-positive cells expressing yellow light-activated proton pump archaerhodopsin-3 (Arch). Syt7

KOmice (Jax: 006388) (Maximov et al., 2008) were used to examine the role of Syt7 in the occurrence of AR. All thesemice sacrificed

for slice recording were 15-20 days old. Juvenile animals of either sex were randomly assigned to experimental conditions.

METHOD DETAILS

Slice preparation
Parasagittal slices of the SSC were obtained from postnatal day 15-20 SD rats and mice of either sex mentioned above. In some

experiments, we also obtained coronal slices from PFC of SD rats with similar ages. Animals were anesthetized with sodium pento-

barbital (50 mg/kg) and then decapitated. The brains were dissected out and immersed in an ice-cold sucrose-based ACSF (NaCl

was replaced by equiosmolar sucrose). Slices with a thickness of 300 or 350 mm were cut in this solution with a vibratome (VT-

1200S, Leica). After slicing, they were immediately transferred to an incubation chamber filled with a normal or a divalent cation

reduced ACSF (see below) and maintained at 35.5�C for 45-60 min and then at room temperature before use. For recording, individ-

ual slices were transferred to a recording chamber perfusedwith normal or divalent cation reduced ACSF at 34.5-35.5�C. An infrared-
differential interference contrast (IR-DIC) microscope (BX-51WI, Olympus) was used for visualization of individual cells in the slice.

The normal ACSF contained (in mM) 126 NaCl, 2.5 KCl, 2 MgSO4, 2 CaCl2, 26 NaHCO3, 1.25 NaH2PO4 and 25 dextrose (315

mOsm, pH 7.4), and was equilibrated continuously with 95% O2 and 5% CO2. ACSF with low divalent cation contained 1.2 or

1 mM CaCl2 and 1 mM MgSO4.

Animal Surgery
For sharp electrode intracellular recording in vivo, we used adult male SD rats (250-350 g). The animals were anaesthetized with ure-

thane (1.5 g/kg, i.p.) and head-fixed on a stereotactic apparatus. The craniotomy (0.5-1.0 mm) was made over the barrel cortex. The

body temperature was monitored and maintained at 37�C during experiments.

To identify PCs projecting to different brain regions, we injected retrograde beads (300-500 nl) were injected to either the ipsilateral

pontine nuclei (green fluorescent RetroBeads, Lumafluor), contralateral SSC (red fluorescent RetroBeads) or contralateral dorsal

striatum (red beads) of SD rats at postnatal day 11-13. Four days after beads injection, rats were sacrificed for brain slice recording.

Electrophysiological Recordings
Cortical layer-5 neurons in rats, including PC,MC and FS cells, were identified by their morphology and firing properties as described

previously (Markram et al., 2004; Wang et al., 2004). We performed whole-cell recordings from these types of neurons using patch

pipettes with an impedance of 4–7 MU when filled with the normal internal solution containing (in mM) 140 K-Gluconate, 3 KCl,

2MgCl2, 0.2 EGTA, 10 HEPES, 2 Na2ATP (285-295mOsm, pH 7.2-7.25). In some experiments, we added 10mMEGTA to the internal

solution. We also added 0.2% biocytin to the pipette solution for post hoc staining of the recorded cells. Voltage or current clamp

recordings were achieved using a Multiclamp 700B amplifier (Molecular Devices). We used Micro1401-3 or Power1401-3A together

with Spike2 (version 8) and Signal (version 5, Cambridge Electronic Design) for data acquisition. Voltage and current signals were

filtered at 10 and 3 kHz, respectively, and sampled at 50 kHz. The liquid junction potential (�15 mV) was not corrected for the Vm

shown in the text and figures.

For whole-cell recording from synaptically connected pairs, we injected a train of current pulses (1 ms in duration, 2-5 nA in current

amplitude) to the presynaptic PC in current-clamp mode to evoke APs with varying number and frequency. AP trains were evoked

every 15-30 s. The postsynaptic cells were recorded at resting Vm in current-clamp mode or held at�65 mV in voltage-clamp mode.

For disynaptic IPSP recording from PC-PC pairs, the postsynaptic cell was held at�50mV in current-clampmode to increase the Cl-

driving force. For loose-patch stimulation in presynaptic PC, the patch pipette contained normal ACSF and had a seal resistance

ranging from 0.6 to 1.3 GU.

In experiments with extracellular stimulation, we used an isolator (ISO-Flex, AMPI) and bipolar tungsten electrodes to deliver trains

of stimuli (40-120 mA, 0.1ms) every 15-30 s. The electrode was placed at the same layer but 150-300 mmaway from the recorded cell.

For cell-attached recording, we obtained GU-seal with the cell membrane using patch pipettes filled with normal ACSF; after

recording, a second pipette with K+-based internal solution was used to re-patch the cell in whole-cell configuration and obtain

its electrophysiological properties for cell identification. In some experiments, EGTA-AM (200 mM, Invitrogen) or CNQX (10 mM,

Tocris) were added to the bath solution.

In experiments injecting EPSC-like current waveforms (Figure 3C), currents with AR were obtained from a PC-MC pair, whereas

those without AR were obtained from the same pair with the presynaptic PC re-patched using 10 mM EGTA-containing internal so-

lution. An example current response was injected back to MC to examine the effect of AR on the timing of evoked APs. To obtain the

EPSC-like currents without AR, we averaged current responses from 10 trials and fitted individual EPSCs with a double exponential

function to remove the background noise (to prevent large noise level after scaling). We then scaled the resultant current trace to
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reach the same total charge of those with AR during the train, to ensure the generation of similar number of IT-APs (Figure S8B). The

two types of EPSC-like currents were injected to the recorded MC alternately every 20 s (Figure 3C).

Dynamic clamp was achieved using Power1401-3A and Signal software. We averaged individual EPSCs from PC-MC pair and

fitted the averaged trace with an a-synapse function: g(t) = Gmax*(t/t)*exp(1-(t/t)). The time constant t could be then obtained and

applied to generate the artificial a-synapse conductances (reversal potential: 0 mV), which were injected to the recorded MCs

40 ms after the cessation of extracellular stimulation.

Intracellular recordings were performed using sharp electrodes (30-90 MU) filled with 2 M potassium acetate. During recording,

capacitance compensation, DC offset, and bridge balance were adjusted frequently when electrode was advancing in the cortex.

The Vm signals were acquired by an AxoClamp-2B amplifier (Axon Instruments), digitized and analyzed using Micro1401-3 and

Spike2 software.

Immunohistochemistry
After recording, slices with cells filled with biocytin were fixed in 4%paraformaldehyde (PFA) and 4% sucrose for 2 h. They were then

rinsed in 0.01M phosphate-buffered saline (PBS, pH 7.4) for 3 times, and transferred to 0.5% Triton X-100 for 6 h and then incubated

in a blocking solution (5%BSA in PBS) for 1 h. After that, slices were incubated with the SST antibody (goat anti-SST, Santa Cruz sc-

7819, 1:100) for 2 days at 4�C, and finally in secondary antibody (donkey anti-goat IgG (Cy3), Abcam ab6949, 1:500) and Streptavidin

(Alexa Fluor 488/647-conjugated, Invitrogen S11223/S21374, 1:500) for 2 h. For 3D reconstruction of labeled cells, z stack images

(0.75 mm per image) were acquired with an air objective (40x) on a confocal microscope (Nikon A1 plus, Japan) and processed using

ImageJ.

For immunostaining of Syt7, we used tissues from WT or Syt7 KO mice. We anaesthetized the animals with sodium pentobarbital

and then transcardially perfused them with normal saline (0.9%) followed by 4% PFA and 4% sucrose. Brains were post-fixed in the

same PFA-sucrose solution overnight at 4�C, then immersed in 30% sucrose. Sagittal sections of the SSC and the cerebellum (20 mm

in thickness) were cut in a cryostat microtome (CM1950, Leica). The sections were rinsed in 0.01 M PBS for 3 times. After rinse, we

transferred them to 0.5% Triton X-100 for 30 min and a blocking solution (5%BSA in PBS) for 1 h. Sections were then incubated with

primary antibodies overnight at 4�C. The primary antibodies were mouse anti-Syt7 (targeting the C2A domain, UC Davis/NIH

NeuroMab Facility, clone N275/14, RRID: AB_11030371, 1:100), guinea pig anti-vGlut1 (Synaptic Systems 135304, 1:1000) and rab-

bit anti-NeuN (Abcam ab177487, 1:500). After a complete wash in PBS, the sections were incubated with secondary antibodies

(Alexa Fluor 488 goat anti-mouse IgG, Invitrogen A11001, 1:500; Alexa Fluor 555 goat anti-rabbit IgG, Invitrogen A21428, 1:500; Alexa

Fluor 647 goat anti-guinea pig IgG, Invitrogen A21450, 1:500) for 2 h at room temperature. Z stack images (0.75 mm per image) were

taken with 20x air objective or 100x oil-immersion objective on the confocal microscope. For comparison of the Syt7 immunosignals

in sections from WT and Syt7 KO mice, we used the same laser intensity and image acquisition parameters, and processed identi-

cally using ImageJ.

QUANTIFICATION AND STATISTICAL ANALYSIS

We performed data analysis using Spike2, MiniAnalysis (Synaptosoft) and MATLAB (MATHWORKS). Two-second-long segment of

current or voltage traces before the train stimulation was considered as the baseline. In PC-PC pairs where individual disynaptic

IPSPs were visible, the onset of each IPSP was the time point when the second derivative of the Vm trace reached a trough (Kawa-

mura et al., 2013), and the onset latency of individual IPSP was the time period from the immediate preceding stimulus to its onset.

The onset of the whole barrage of IPSPs, including those where individual IPSPs were not clear, was the time point (relative to the

onset of presynaptic train stimulation) of the first trough of the second derivative; the offset was defined as the time when the whole

barrage of disynaptic IPSPs decayed to 20%of the peak amplitude. The last peak of disynaptic IPSPwas defined as the time point of

the last peak of the second derivative of Vm. The duration of the disynaptic IPSP barrage was the time period from its onset to offset.

The symmetry ratio was a ratio of the time period of onset-to-peak (the peak of the IPSP barrage) to that of peak-to-offset (Berger

et al., 2009). The peak amplitude and the voltage integral (from the onset to offset) of disynaptic IPSP barrage were only measured

from PC-PC pairs with similar Vm. The spike latency was the time period from the immediate preceding stimulus to the AP peak. The

jitter of the spike latency and the onset latency of individual disynaptic IPSP were obtained from APs and IPSPs during the train stim-

ulation, respectively.

To obtain the electrophysiological properties of putative MCs, we injected a series of 500-ms positive (10 to 400 pA) and negative

current pulses (�30 to�90 pA) to the recorded cell. The resting membrane potential (RMP) was the Vm without any current injection.

The input resistance (Rin) was calculated by the Ohm’ law, and the Vm change in response to the negative current pulses (�60 pA)

was measured from the baseline to the steady state of hyperpolarization; the membrane time constant (Tau) was obtained by fitting

the initial hyperpolarizing phase with a single exponential function; the Sag ratio was the ratio of the peak amplitude of the hyperpo-

larization to the steady-state Vm change during the negative pulse injection. The AP threshold was defined as the Vm when the rising

phase of the first AP (AP1) in the AP train (10-30 Hz) during positive pulse injection reached 20 V/s. The AP peak amplitude was

measured from the AP threshold to the peak. The AP half-width was the duration of the AP1 at half amplitude. The AP amplitude

drop (AMP drop) was defined as the amplitude decrease from AP1 to AP2. The after-hyperpolarization potential (AHP) was measured

from the threshold to the trough of the AP1.With positive current pulses causing 40-60Hz firing, the spiking adaptation was quantified
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by the ratio: (ISIlast-ISI1st)/ISIlast, cells with a ratio greater than 0.3 were considered possessing an adapting firing pattern. Rebound

spikes were examined when the cell was hyperpolarized by a current pulse of�90 pA. If no rebound spikes occurred at RMP, we also

depolarized the baseline Vm to examine the occurrence of rebound spikes. We obtained the average number of rebound APs among

rebound cells and the percentage of these cells in all putative MCs.

To compare the strength of SR and AR among different pairs, we used MiniAnalysis to detect individual EPSC events and then

transferred their time information to MATLAB for further analysis (Figure S4A). The time window for SR event was 5 ms after every

stimulus during train stimulation, and the rest is considered as the IT-AR time window. The duration of the PT-AR was the time period

from the cessation of train stimulation (10ms after the time of last stimulus) to the time of the last EPSCwhen AR frequency decreased

to the baseline frequency of spontaneous EPSC events (Jiang et al., 2012). The EPSC event number of IT-AR, PT-AR and the duration

of PT-AR were obtained by averaging all recorded trails. The PT-AR charge and basal current were obtained from the averaged cur-

rent trace (Figure S4B). The basal current was the sustained current in the postsynaptic cell induced by the last 10 APs during the train

stimulation. The unitary synaptic strength was measured as the average peak amplitude of EPSCs induced by the first APs of PC

bursts. Unless otherwise stated, the failure rate was for the unitary EPSCs. A failure occurred if the Vm fluctuation was smaller

than 1.2 x SD of the baseline noise.

We used Shapiro-Wilk test for data normality test. For comparison of two groups, we used two-sample Student’s t test or paired

Student’s t test if they were normally distributed; otherwise Mann-Whitney U test for unpaired data or Wilcoxon signed-rank test for

paired data. For comparison of multiple groups, we used one-way or two-way ANOVA since they were normally distributed. Unless

otherwise stated, group data in the main text and the figures were presented as mean ± SD and mean ± SEM, respectively. Whisker

boxplots represented the median and interquartile range; whiskers represented 1.5x interquartile range.

DATA AND CODE AVAILABILITY

The datasets supporting the current study have not been deposited in a public repository yet, however, they are available from the

corresponding author on request.
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