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Increased vesicle fusion competence underlies long-
term potentiation at hippocampal mossy fiber synapses
Ryota Fukaya1,2†, Himawari Hirai1†, Hirokazu Sakamoto3†, Yuki Hashimotodani1*,
Kenzo Hirose3,4*, Takeshi Sakaba1*

Presynaptic long-term potentiation (LTP) is thought to play an important role in learning andmemory. However,
the underlying mechanism remains elusive because of the difficulty of direct recording during LTP. Hippocam-
pal mossy fiber synapses exhibit pronounced LTP of transmitter release after tetanic stimulation and have been
used as a model of presynaptic LTP. Here, we induced LTP by optogenetic tools and applied direct presynaptic
patch-clamp recordings. The action potential waveform and evoked presynaptic Ca2+ currents remained un-
changed after LTP induction. Membrane capacitance measurements suggested higher release probability of
synaptic vesicles without changing the number of release-ready vesicles after LTP induction. Synaptic vesicle
replenishment was also enhanced. Furthermore, stimulated emission depletion microscopy suggested an in-
crease in the numbers of Munc13-1 and RIM1 molecules within active zones. We propose that dynamic
changes in the active zone components may be relevant for the increased fusion competence and synaptic
vesicle replenishment during LTP.
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INTRODUCTION
Synapses are sites of neuronal communication between neurons.
Synaptic transmission is initiated by action potentials (APs) arriv-
ing at the presynaptic terminals. An AP induces presynaptic Ca2+
influx and triggers neurotransmitter release via exocytosis of
readily releasable vesicles, causing postsynaptic responses. The
amounts of transmitter release can vary depending on the preceding
neuronal activities, thereby modulating the strength and temporal
dynamics of synaptic transmission (1–4). Presynaptic long-term
potentiation (LTP) is a form of plasticity induced by intense neuro-
nal activities, where the amounts of transmitter release are up-
scaled over tens of minutes (5). Presynaptic LTP is believed to
play a fundamental role in learning and memory across animals
(6–8).

The synapse between a hippocampal mossy fiber (hMF) and a
CA3 pyramidal cell (a MF-CA3 synapse) has been used as a
model for presynaptic LTP (mfLTP) (9). Tetanic stimulation of
the dentate gyrus (DG) granule cells (GCs) induces long-lasting po-
tentiation of glutamate release from hMF boutons (hMFBs), the
presynaptic terminals of GCs, in a cyclic adenosine monophosphate
(cAMP)/protein kinase A (PKA)–dependent manner (10–12). The
mfLTP involves changes in electrophysiological membrane proper-
ties and/or molecular release machinery in presynaptic active zones
(AZs), which can regulate the number of vesicles in the readily re-
leasable pool (RRP) and/or release probability (Pr) for vesicles in
the RRP. In hMFBs, presynaptic hyperpolarization-activated
cyclic nucleotide–gated cation (HCN) channels are modulated
upon the mfLTP (13), although this is a matter of debate (14).

Some other studies have identified candidate release-related pro-
teins responsible for mfLTP using genetics (15–19). However, the
mechanisms underlying mfLTP remain largely unknown.

MF-CA3 synapses are characterized by a large presynaptic termi-
nal (~5 μm), allowing one to apply direct presynaptic patch-clamp
recordings and to dissect the release mechanisms (20, 21). In this
study, we introduced an optogenetic technique to MF-CA3 synaps-
es and induced mfLTP with tetanic stimulation using light illumi-
nation. We could directly examine the changes in membrane
properties and the release mechanisms following LTP induction
by applying presynaptic patch-clamp recordings to light-sensitive
hMFBs. We revealed that Pr of the vesicles within the RRP
became higher after LTP induction without changing the RRP
size. Furthermore, stimulated emission depletion (STED)microsco-
py suggested an increase in the number of Munc13-1 and RIM1
molecules in the AZs, which are important regulators of vesicle re-
cruitment and fusion competence.

RESULTS
The optical tetanic stimulation induced presynaptic LTP at
the MF-CA3 synapses
Optogenetic tools have been used to evoke synaptic responses at the
MF-CA3 synapses in hippocampal slice preparations (19, 22–24). In
this study, we introduced them to MF-CA3 synapses and induced
mfLTPwith light-evoked APs (Fig. 1). This approach has the follow-
ing advantages over electrical stimulation. (i) The expression of
photoactivated cation channels in GCs allows one to stimulate
MFs selectively. (ii) Photosensitive responses and fluorescent tags
allow reliable identification of the stimulated terminals (Figs. 2 to 5).

To optically induce mfLTP, Chronos, a fast version of channelr-
hodopsin-2 (25), was tagged with green fluorescent protein (GFP)
and expressed in GCs by injection of adeno-associated viruses
(AAVs) into the DG (Fig. 1A). Using blue light illumination in
the DG, we successfully recorded field potentials at the stratum
lucidum, a location where MFs contact the CA3 pyramidal cells
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(Fig. 1B). The evoked response was the glutamatergic field excitato-
ry postsynaptic potential (fEPSP) because it was completely blocked
by the application of 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo[f ]-
quinoxaline (NBQX) and D-aminophosphovalerate (D-APV),
blockers of AMPA/kainate and N-methyl-D-aspartate (NMDA) re-
ceptors, respectively (Fig. 1B, bottom). When we applied paired-
pulse light illumination with an interval of 50 ms, the fEPSPs
showed pronounced paired-pulse facilitation (Fig. 1, C and D). Fa-
cilitation was attenuated with longer intervals (Fig. 1, C and D), ex-
hibiting a known feature of MF-CA3 synapses (19, 26). In addition,
light-evoked fEPSPs were inhibited by the application of
(2S,2'R,3'R)-2-(2',3'-Dicarboxycyclopropyl)glycine (DCG-IV), an
agonist of group II metabotropic glutamate receptors that preferen-
tially inhibits MF-CA3 responses (Fig. 1G) (27). These results
ensured that light illumination at the DG evoked MF-CA3 synaptic
responses.

To induce mfLTP, we delivered optical tetanic stimulation (three
bursts of a pair of 125 pulses at 25 Hz separated by 20 s; Fig. 1E). We
confirmed that synchronized synaptic responses were reliably
evoked throughout the tetanic stimulation (Fig. 1F). Using this
LTP induction protocol, the fEPSPs were amplified ~3.5-fold at
their maximum, gradually decreased, but showed sustained poten-
tiation (162 ± 12% of the baseline at 40 to 50 min after the induc-
tion; n = 6 slices; Fig. 1, G and H), indicating that mfLTP was
induced. The mfLTP is expressed presynaptically in a PKA-depen-
dent manner (10, 11). We observed an 18 ± 6% decrease in paired-
pulse facilitation after mfLTP induction (n = 6 slices; P = 0.036,
paired t test), suggesting an increase of Pr. The decrease was
smaller than previous studies (5, 18), possibly because of a differ-
ence in the induction protocol or the external Ca2+ concentration.
Furthermore, 10 μM H-89, a cell-permeable PKA inhibitor, sup-
pressed optically induced LTP (Fig. 1, G and H). Together, we suc-
ceeded in optically inducing mfLTP.

AP waveforms were not changed after LTP induction
We addressed the underlying mechanisms of mfLTP by applying
direct presynaptic patch-clamp recordings to the hMFBs combined
with optical LTP induction (Figs. 2 and 3). In the following electro-
physiological experiments, we used Chronos-(+) hMFBs without
tetanic stimulation as a control and compared them with
Chronos-(+) hMFBs that underwent tetanic stimulation.

Figure 2A shows how to record from the hMFBs after optical
tetanic stimulation. Light-evoked fEPSPs were monitored at the
stratum lucidum, before and after the optical tetanic stimulation.
As described above, fEPSPs were amplified approximately fourfold
immediately after tetanic stimulations [post-tetanic potentiation
(PTP)], which returned to approximately two times of the baseline
(Fig. 2B). In Fig. 1G, the ~1.5-fold amplification persisted afterward,
which presumably reflected LTP. After the PTP phase, we per-
formed whole-cell patch-clamp recordings in the Chronos-(+)
hMFBs, which showed an inward current locked to light illumina-
tion under voltage-clamp configurations (Fig. 2C). We performed
the presynaptic recordings 10 to 60 min following the LTP induc-
tion (see figs. S2 and S6).

At MF-CA3 synapses, glutamate release induced by APs is influ-
enced by the level of preceding resting membrane potential (RMP)
(28). In addition, the broadening of presynaptic AP waveforms in
hMFBs increases the Ca2+ current per AP and amplifies glutamate
release (20). During the repetitive optical stimulation, APs

Fig. 1. Optical tetanic stimulation induced LTP at the MF-CA3 synapses. (A)
The experimental design. AAV (AAV-Syn-Chronos-GFP) was injected into the DG
of postnatal day 10 (P10) or P11 rats. Electrophysiological recordings were per-
formed in acute hippocampal slices at P21 to P25. Expression of Chronos-GFP in
the DG, hilus, and stratum lucidum was observed. Scale bar, 500 μm. (B) Field po-
tentials were recorded in stratum lucidum in response to blue light illumination at
DG (top). The light illumination (5 ms; blue shade) evoked field potential (black),
which was diminished after the application of NBQX (10 μM) and D-APV (50 μM;
gray) (bottom). (C and D) fEPSPs triggered by paired light stimuli with various in-
tervals (50 to 400ms) (C). The second fEPSP amplitudes relative to the first ones are
plotted against the intervals (D). In (D) and (G), each n indicates the number of
slices. (E) The scheme of optical tetanic stimulation. A pair of the train light stim-
ulations (125 stimuli at 25 Hz, 20-s interval) was applied three times with 60-s in-
tervals. (F) Example of the fEPSPs in response to the train light stimulation (125
stimuli at 25 Hz) (top). Responses at the first (open) and the last 10 stimuli
(filled) are magnified in the middle and bottom, respectively. (G) fEPSPs recorded
before and after the optical tetanic stimulation without (black; control) and with H-
89 (10 μM) (blue). fEPSP amplitudes are plotted against the time after the optical
tetanic stimulation (arrow) (left). DCG-IV (1 μM) was applied at the last 10 min
(phase 3). The fEPSP traces for phases 1, 2, and 3 are shown (right). (H) fEPSP am-
plitudes at phase 2 in (G). Values were normalized by the baselines (phase 1). Each
circle represents a value for one slice. Statistical significances were assessed with
unpaired t test.
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broadened as the stimulus number increased, but it is unlikely that
the broadening is maintained over a minute after the stimulation
(fig. S1). We first examined whether tetanic stimulation caused
such changes using current-clamp recordings. We injected depolar-
izing current pulses and elicited APs in both control hMFBs and
those after tetanic stimulation (here termed Tet-stim condition;

Fig. 2D). Under the control condition, the RMP was −67.8 ± 0.9
mV (control; n = 10), a value similar to a previous study (Fig. 2F)
(29). After the tetanic stimulation, the RMPwas depolarized slightly
(−64.4 ± 0.4 mV in Tet-stim; n = 8), and likewise, the threshold
voltage of the AP was positively shifted with little change in thresh-
old latency (Fig. 2, F and G, and table S1; see also fig. S2, A and B, for

Fig. 2. The effects of the LTP induction protocol on the membrane properties of the hMFBs. (A) The scheme of the recording from hMFBs following the optical
tetanic stimulation. fEPSPs were recorded (①) for 10 min before (a) and ~3min after (b) the optical tetanic stimulation (Fig. 1E). Patch-clamp recordings were performed in
the following period (≤60min after the tetanic stimulation;②). (B) The amplitudes of the fEPSPs plotted against the time after the tetanic stimulation (arrow). A solid curve
indicates the result of an exponential fitting. fEPSPs before (a) and after the tetanic stimulation (b) are shown in the inset. The data are related to (D) to (H) and fig. S3 (A to
E), and n indicates the number of slices. (C) The scheme of the presynaptic recording in the Chronos-(+) hMFBs (top). An example of a photoevoked current under voltage-
clamp condition (black) in response to light illumination at DG (blue shades) is shown (bottom). The responsewas largely blocked by the application of tetrodotoxin (TTX;
1 μM) (blue), indicating that the response was a spike current originating from an AP in the GC. The enlarged traces (bottom right) highlight Chronos-mediated inward
current recorded in the presence of TTX. (D) Membrane voltages recorded under current-clampmode in response to rectangular current injections to the hMFBs (150 pA,
1 ms) without (left, control) and with the tetanic stimulation (right, Tet-stim). Levels of the AP threshold are also shown (purple). (E) Various parameters of AP waveforms.
RMP, resting membrane potential. (F to H) RMP (F), threshold voltage (G), and full width at the half maximum (H) of the APs in (D) under the control and Tet-stim
conditions. The other waveform parameters are shown in table S1. Statistical significances were assessed with unpaired t test.
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the individual data points), implying a change in the membrane
conductance below the threshold level. When we injected 500-ms
rectangular currents (−10 to 100 pA) and measured steady-state
membrane voltages, the voltage changes in response to hyperpolar-
izing pulses tended to be smaller under the Tet-stim condition than
under the control condition, unlike those at the depolarizing pulses,
which were almost identical between the conditions (fig. S3, A and
B). This result suggested an increase in the shunting conductance at
the hyperpolarization, consistent with an enhanced role of HCN
channels after LTP induction, as suggested in a previous study

(13). To examine whether the subthreshold depolarization follow-
ing the LTP induction (~4 mV) affects the following evoked release,
we examined the effect of 10-mV subthreshold depolarization (for
10 s) on the successive release. We have seen nomajor effect (fig. S4,
C to G), although we cannot exclude the possibility that long-term
depolarization causes some impact on the release.

When we injected 150-pA current for 1 ms without a holding
current, the APs reached a peak (~70 mV from the threshold
voltage) with a rise time of ~0.25 ms and showed full width at
half maximum of ~0.5 ms and a fall time of ~0.3 ms (Fig. 2, E

Fig. 3. The LTP induction protocol caused faster time course of cumulative release and faster replenishment of the RRP in the hMFBs, without tightening the
coupling distance between Ca2+ channels and synaptic vesicles. (A) Membrane capacitancemeasuredwith sinusoidal voltage before and after the depolarization (70-
mV pre-pulse for 2 ms followed by 0-mV test pulse with a duration of 2 to 100 ms; top). Inward Ca2+ current (ICa), membrane capacitance (Cm), and conductance (Gm) are
shown. In (A) and (C), responses to the test pulses for 2 (orange), 10 (green), 20 (purple), and 100 ms (gray). In (A), (C), and (E), control (left) and Tet-stim conditions (right).
(B) Cm increase (ΔCm) plotted against the test pulse durations (top). ΔCms and peak ICa for 2- to 20-ms pulses are shown (bottom). In (B) and (D) to (F), control (black) and
Tet-stim conditions (red) and Tet-stim condition in the presence of 10 μM H-89 (cyan; “H-89 + Tet-stim”). In (B) and (D), lines indicate the fittings of an exponential and a
linear function (see table S2 for the fitting results). (C) The same set of experiments as (A) was performedwith the pipette solution containing 5mM EGTA. Cms for 2- to 20-
ms pulses are shown. (D) ΔCms in the presence of 0.5 mM [open; same as (B), bottom left] and 5 mM EGTA (filled) are superimposed. (E) ICa (middle) and Cm (bottom) in
response to the repetitive application of constant depolarization to 0 mV for 20 ms (10 times, 200-ms interval; top). (F) Cumulative ΔCms plotted against the numbers of
the repetitive pulses. In (B), (D), and (F), statistical significances were assessed with two-way analysis of variance (ANOVA) (see table S3 for the P values).

Fukaya et al., Sci. Adv. 9, eadd3616 (2023) 22 February 2023 4 of 13

SC I ENCE ADVANCES | R E S EARCH ART I C L E
D

ow
nloaded from

 https://w
w

w
.science.org at FU

 B
erlin/C

B
F on A

pril 14, 2023



and H, and table S1; see also fig. S2C for the individual data points
of full width at half maximum). We could not detect significant dif-
ferences in these parameters between the control and the Tet-stim
conditions. Furthermore, changes in the AP waveform and thresh-
old by the tetanic stimulation were not detected, when APs were
evoked at the RMP maintained around −80 mV by a holding
current (fig. S3, C to E, and table S1). We also tested whether
tetanic stimulation influenced APs at the GC soma with somatic
current injections, resulting in no significant differences in the
AP parameters regardless of whether a holding current was
applied (fig. S3, F to K, and table S1). Thus, these results suggest
that our LTP induction protocol did not alter the AP waveform.

The LTP induction protocol increased the Pr without
changing the RRP size
Next, we examined whether tetanic stimulation affected the RRP
size and/or Pr in the RRP by applying membrane capacitance mea-
surements to the hMFBs and quantifying glutamate release. We
applied sinusoidal waves (±30 mV, 500 or 1000 Hz) to measure
membrane capacitance before and after depolarization in the pres-
ence of tetrodotoxin (TTX; 1 μM), a blocker of voltage-gated Na+
channels, allowing us tomeasure synaptic vesicle release in response
to evoked Ca2+ influx as an increase of membrane capacitance
(ΔCms) caused by synaptic vesicle fusion (Fig. 3A). Note that
paired pre- and postsynaptic recording at the MF-CA3 synapses re-
vealed that ΔCms and the numbers of released vesicles calculated
from excitatory postsynaptic currents (EPSCs) were linearly corre-
lated (fig. S4, A and B), indicating that the release could be quanti-
fied by membrane capacitance measurements. We carried out
capacitance measurements 15 to 60 min after the LTP induction
and compared the results with those in control (Fig. 3; see fig. S6).

Because membrane capacitance could not be measured during
the depolarization due to large conductance changes, we measured
the capacitance before and after the pulse to quantify the cumulative
amounts of release. Thus, the changing duration of the depolariza-
tion (0 mV for 2 to 100 ms following predepolarization to +70 mV
to activate Ca2+ channels maximally; Fig. 3A, top) allowed us to
measure the time course of cumulative release (Fig. 3B). In
control and Tet-stim hMFBs, the depolarizing pulses triggered
Ca2+ current with a peak amplitude of ~150 pA on average
without a significant difference [Fig. 3B, bottom right; see also
fig. S6A (top) for the individual data points]. This indicates that
an increase in the presynaptic Ca2+ influx is unlikely within the
first hour period after LTP induction, consistent with a previous
study using the intracellular Ca2+ measurements (30).

When ΔCms were plotted against the pulse durations, ΔCms in-
creased as the duration got longer and became saturated around 20
ms under both control and Tet-stim conditions (Fig. 3B and table
S2; see also fig. S5). The 20-ms pulse, which can be used for the RRP
size estimates, evoked ΔCm of 40.9 ± 4.1 fF under control (n = 8) and
49.9 ± 6.6 fF under Tet-stim condition [n = 12; P = 0.37, unpaired t
test; see also figs. S5B and S6A (middle) for the individual data
points]. Because the release time course was somewhat slower
under control condition, the RRP might not have been depleted
by a 20-ms pulse. Nevertheless, when 20-ms depolarization was
applied twice with an interval of 200 ms, the second ΔCms was
reduced to ~30% of the first one, suggestive of depletion of RRP
by a 20-ms pulse (Fig. 3, E and F) (31). Moreover, when the external
Ca2+ concentration was raised to 5mMunder control condition, the

time course of cumulative release was faster, and we could separate
the RRP depletion and the following replenishment (fig. S5A). In
this condition, the estimate of the RRP was similar to that of 2
mM Ca2+ (fig. S5B). Together, the data suggested no significant
change of the RRP size between control and Tet-stim conditions
(~500 vesicles, assuming ~0.1 fF per vesicle; see fig. S4, A and B).
On the other side, the time course of cumulative release, an index of
vesicular Pr, was much faster under Tet-stim condition. At shorter
(<20 ms) pulses, the Tet-stim hMFBs showed larger ΔCms than the
control ones [Fig. 3B (bottom left) and table S3]. The 2-ms ΔCmwas
2.4 times larger under the Tet-stim condition [P = 0.020, unpaired t
test; see also fig. S6A (bottom) for the individual data points], an
extent similar to the amplification of fEPSPs after the PTP phase
(Figs. 1, G and H, and 2B). These results suggested that tetanic stim-
ulation increased Pr of the vesicles within the RRP at the MF-CA3
synapses. The faster time course of cumulative release was not ob-
served in the presence of H-89 [Fig. 3B (bottom left) and table S3;
see also fig. S6A (bottom) for the individual data points], indicating
that the faster time course of cumulative release after LTP induction
was PKA dependent. Together, our data suggest that a higher Pr of
the RRP vesicles underlies a PKA-dependent presynaptic LTP at the
MF-CA3 synapses.

Faster time course of cumulative release could be caused by
tighter spatial coupling between Ca2+ channels and synaptic vesicles
(positional priming) (32). In this case, the sensitivity of release to
EGTA would change (33–35). We measured the membrane capac-
itance at control and Tet-stim hMFBs under 5 mMEGTA condition
and compared the results with those obtained under the 0.5 mM
EGTA condition (Fig. 3, C and D). For control hMFBs, we found
that raising the EGTA concentration suppressed ΔCms, consistent
with previous studies (Fig. 3D) (31, 32, 36). Such suppression was
also observed for Tet-stim hMFBs (Fig. 3D), indicating no obvious
change in the sensitivity of the release to EGTA. In support, extra-
cellular application during recording of membrane-permeable
EGTA (EGTA-AM; 10 or 20 μM) reduced fEPSPs to a similar
extent under both the control and the Tet-stim conditions (fig.
S7). These results clearly suggest that tighter Ca2+ channel-exocyto-
sis coupling is not responsible for mfLTP.

Beyond 20 ms, ΔCms showed a slow, linear increase, presumably
representing synaptic vesicle replenishment to the RRP (Fig. 3B,
top). At these longer pulses, ΔCm showed a somewhat steeper in-
crease under the Tet-stim condition than the control [Fig. 3B
(top) and table S2], implying faster synaptic vesicle replenishment
after tetanic stimulation. To resolve vesicle replenishment, we
applied repetitive RRP-depleting pulses (20-ms depolarization 10
times with 200-ms intervals) and measured the membrane capaci-
tance (Fig. 3E). ΔCm was the largest at the first pulse and became
constant at later pulses, reflecting depletion of the RRP and subse-
quent vesicle replenishment. The constant increment was more
prominent under the Tet-stim condition (Fig. 3F and table S3; see
also fig. S6B for individual data points), supporting faster RRP re-
plenishment after LTP induction.

Increases in the amounts of priming proteins after the LTP
induction
If spatial coupling between Ca2+ channels and release-ready vesicles
does not underlie mfLTP, then fusion competence (molecular
priming) (2, 37) could be involved. To get some additional insights
in this issue, we performed immunohistochemical quantification of
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synaptic vesicle priming proteins (Munc13-1 and RIM1) (38) and
the α subunit of the P/Q-type Ca2+ channels responsible for gluta-
mate release (Cav2.1; Figs. 4 and 5 and fig. S8) (39). We optically
induced mfLTP in acute hippocampal slices while recording
fEPSPs (Fig. 4A; see also Fig. 1). After establishing mfLTP (recorded
for at least 30 min), the slices were rapidly frozen with liquid nitro-
gen for cryosectioning. We then used the cryosections for immu-
nostaining and precluded the use of cross-linking chemical
fixatives (e.g., paraformaldehyde), which limit accessibility of the

antibodies to their epitopes in the synaptic molecular complex
(40), except for the postfixation step (see Materials and Methods).
Immunohistochemical labeling of GFP and VGLUT1 (a glutama-
tergic presynaptic marker) enabled us to identify Chronos-GFP-
(+) hMFBs near the location of the field recordings in the stratum
lucidum (Fig. 4B). In AZs, molecules are arranged within nano-
scopic space below the diffraction limit (41, 42). We therefore
used STED microscopy to quantify the proteins localized at AZs.
STED microscopy resolved nanoscale subsynaptic structures of

Fig. 4. Immunolabeled Munc13-1,
RIM1, and Cav2.1 molecules were
visualized by STED microscopy at
the hMFBs. (A) Location of the light
illumination (cyan) and region of in-
terest around the recording electrode
(white) are schematically indicated. In
(A) to (F), in Tet-stim condition. (B)
Stratum lucidum in the cryosection
processed from the slice that under-
went the optical tetanic stimulation.
In (B), (C), (E), and (F), Chronos-GFP
(green) and VGLUT1 confocal signals
(blue). Regions of interest were taken
from the area close to the location of
the field recording (dashed). (C)
Munc13-1 signals under STED mi-
croscopy (magenta) overlaid with
VGLUT1 and Chronos-GFP signals. (D)
AZs identified by the Munc13-1 STED
signals in VGLUT1-(+) regions in (C)
(left) were classified by the presence
of GFP signals and clipped out one by
one (middle left). Munc13-1 STED
signals for the individual AZs (middle
right) and their mean spatial intensity
profiles in the AZs (right) are shown. In
(D) to (F), the mean intensities in the
GFP-(+) (solid) and GFP-(−) (dashed)
AZs in the representative images are
plotted against the distances from the
centers of the AZs, and the values
were normalized by the peak intensi-
ties for the GFP-(−) AZs. (E and F)
RIM1 (E) or Cav2.1 (F) (yellow) visual-
ized with Munc13-1 (magenta) under
STED microscopy is overlaid with
VGLUT1 and Chronos-GFP signals.
Rectangular regions in each top
image indicate GFP-(+) (i) and GFP-(−)
regions (ii), which are cropped and
magnified in the corresponding
bottom panels. Mean spatial intensity
profiles in the AZs are shown (right).
AZs were identified by RIM1 (E) or
Cav2.1 signals (F). Scale bars, 500 μm
(A), 100 μm (B), 1 μm [(C) and top
panels in (E) and (F)], and 100 nm
[bottom panels in (E) and (F)]. n indi-
cates the number of AZs.
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Munc13-1 (Fig. 4, C and D), RIM1 (Fig. 4E), and Cav2.1 (Fig. 4F) in
the hMFBs. To quantitatively analyze the amounts of these proteins,
we estimated AZ areas from the STED signals by creating binary
masks with unsharp masking and image binarization (Fig. 4D; see
Materials and Methods) and measured the intensities for the AZs
classified according to whether they belonged to the GFP-(+) termi-
nals or not (Figs. 4, D to F, and 5). This allowed us to assess the effect
of mfLTP induction on the localization of Munc13-1, RIM1, and
Cav2.1 by comparing the signals between GFP-(+) and GFP-(−)
hMFBs within the same preparations [Figs. 4, D to F (right). and
5B], thusminimizing potential bias due to experimental and biolog-
ical variations. The above procedures were also performed for
control slices that were incubated in the same manner but had
not undergone the tetanic stimulation (Fig. 5A). The cumulative
distribution of intensity revealed that the signal intensity of
Munc13-1 in GFP-(+) AZs was ~16% stronger than that of the
GFP-(−) AZs in Tet-stim preparations [Fig. 5B, left; see also
Fig. 4D (right) for the mean intensity profiles in the AZs for the
representative data]. Similarly, the signal intensity of RIM1 was
~17% stronger in GFP-(+) AZs than in GFP-(−) AZs in the Tet-
stim preparations [Fig. 5B, middle; see also Fig. 4E (right) for the
mean intensity profiles in the AZs for the representative data]. Dif-
ferences in the signal intensities of these proteins were smaller in the
control preparations (Fig. 5A, left and middle) and the preparation
having undergone the LTP induction in the presence of H-89
(Fig. 5C, left and middle).

For electrophysiological analysis, we have used the slices that
were not exposed to the LTP induction protocol as a control. We
then calculated the mean signal intensity of Munc13-1 and RIM1
for each slice and compared them among control, Tet-stim, and
H-89 + Tet-stim conditions. When we measured the signal intensi-
ties in the GFP-(+) AZs normalized to those in the GFP-(−) AZs,
Tet-stim preparations showed significantly higher signal intensities
of these proteins than control ones. The increased signals were in-
hibited, at least in part, by H-89 (Fig. 5D, left andmiddle). Thus, the
results suggest that the numbers of Munc13-1 and RIM1 molecules
in the AZs are increased by mfLTP induction.

In contrast to the priming proteins, the signal intensity of Cav2.1
in the AZs was little affected by the LTP induction [Fig. 5, A to D
(right); see also Fig. 4F (right) for the mean intensity profiles in the
AZs for the representative data]. The coupling distance between
Munc13-1 and Ca2+ channels might determine the efficacy of neu-
rotransmitter release (43). We therefore examined whether the dis-
tance between Munc13-1 and Cav2.1 was changed after induction
of mfLTP by two-color STED imaging analysis (fig. S8). In this anal-
ysis, subsynaptic clusters of Munc13-1 and Cav2.1 were estimated
by image deconvolution (fig. S8A), and the nearest neighbor
(center-to-center) distance between these clusters was quantified
in both control and Tet-stim preparations (fig. S8B). The nearest
neighbor distance between Munc13-1 and Cav2.1 clusters in the
GFP-(+) AZs was similar between control and Tet-stim prepara-
tions (median values of 64.7 and 64.9 nm, respectively). These
results are consistent with the similar Ca2+ channel–vesicle coupling
between the control and Tet-stim conditions (Fig. 3, C and D, and
fig. S7).

DISCUSSION
The mechanisms of activity-dependent presynaptic LTP remain
unclear because of a lack of direct presynaptic recordings. In this
study, we examined the mechanisms of presynaptic LTP at the
MF-CA3 synapses by combining optogenetic stimulation, direct
patch-clamp recordings, and STED microscopy. We first estab-
lished the induction of activity-dependent LTP using optical stim-
ulations, a widely known type of presynaptic LTP (10, 11). With the
aid of GFP-tagged Chronos, we could identify the stimulated termi-
nals. We examined the release mechanism by capacitance measure-
ments.While the RRP size did not change, we observed increased Pr
and faster synaptic vesicle replenishment. Moreover, STED micros-
copy suggested an increase in the numbers of Munc13-1 and RIM1
molecules, showing dynamic changes in the AZ nanostructure
during mfLTP.

At MF-CA3 synapses, K+ channel inactivation progresses during
repetitive stimulation and broadens the AP waveform, causing
short-term facilitation of glutamate release via increased Ca2+
influx (20). AP broadening occurs in short-term depolarization-
induced potentiation (44). Our results suggest that such broadening
does not occur upon activity-dependent mfLTP (Fig. 2). RMP was
slightly depolarized after the induction (Fig. 2). An enhanced role of
HCN currents upon mfLTP [(13), but see (14)] could be involved,
presumably via cAMP elevation, which increases the opening of
HCN channels around the RMP (45). However, the small change
in RMP is possibly insufficient to amplify the release (fig. S4, C to
G). More depolarized RMP and lower Ca2+ buffering could be nec-
essary to influence subsequent release (28, 46).

STED microscopy has shown that the number of Munc13-1 and
RIM1 molecules in AZs increased during mfLTP (Figs. 4 and 5).
Both proteins are essential for regulating the RRP size, fusion com-
petence, and vesicle recruitment (47–52). Because of the multifunc-
tional roles of these proteins, it is difficult to dissect how an increase
in the protein number gives rise to functional changes during LTP.
Sakamoto et al. (42) have proposed that the content of Munc13-1 in
the AZs determines the release site number and the RRP size in the
hippocampal synapses in culture [but see (53)]. The RRP size in-
creases during some forms of short-term plasticity such as PTP
(54). Accordingly, we expected an increase in the RRP size during
mfLTP. However, we observed that Pr in the RRP was increased
during mfLTP, whereas the RRP size remained the same (Fig. 3).
How can we reconcile our electrophysiological and STED results?

The RRP size was estimated to be around 500 vesicles per hMFB
by using either depolarizing pulses or Ca2+ uncaging method (21,
55). The RRP per AZ is 20 to 30 vesicles, which is much higher than
that of hippocampal synapses in culture (42). Morphologically, the
RRP likely includes not only docked vesicles but also vesicles located
within 50 nm from the plasma membrane (56, 57). Therefore, most
vesicles within the RRP cannot spatially access Munc13-1 fully,
which is essential for fusion competence and, consequently,
might become reluctant for release in response to Ca2+ influx. We
propose that these reluctant vesicles are converted to rapidly releas-
able ones during mfLTP through recruitment of the Munc13-1/
RIM1 complexes (Fig. 6). We anticipate that sufficient Munc13-1
is provided at synapses with high Pr, such as hippocampal synapses
in culture, so that most RRP vesicles are fusion-competent. Our
results might correspond to the previously formulated “loose
versus tight complex” of the release machinery (2). In the course
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Fig. 5. Signal intensities of Munc13-1, RIM1, and Cav2.1 molecules in the AZs at the hMFBs. (A to C) Cumulative distributions of intensities of Munc13-1 (left), RIM1
(middle), and Cav2.1 (right) for the GFP-(+) (solid) and GFP-(−) AZs (dashed). The data for the slices under control (A) and Tet-stim conditions (B) and Tet-stim condition in
the presence of H-89 (C) are shown. n indicates the number of AZs. (D) Intensities of Munc13-1 (left), RIM1 (middle), and Cav2.1 (right) in GFP-(+) AZs in preparations under
control, Tet-stim, and H-89 + Tet-stim conditions. Each circle represents a mean value of all AZs for each animal. Values were normalized to the mean values for GFP-(−)
AZs in the same preparations (gray dashed lines). Statistical significances were assessed using Mann-Whitney U test.
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of a tethered vesicle becoming docked/primed loosely and then
tightly at the release site, the sensitivity of fusion to Ca2+ influx in-
creases. Our data are in line with a dynamic state within the RRP
and a conversion from loose to tight states during mfLTP. A tight
state may be unstable at rest but stabilized by the recruitment of
Munc13-1/RIM1, which increases fusion competence. Alternative-
ly, the datamight be explained by an increased occupancy of vesicles
at the preexisting docking site during LTP (58). Enhanced vesicle
replenishment during mfLTP is consistent with the known role of
Munc13-1 in vesicle replenishment under baseline conditions
(51, 52).

Our results are also in line with those of previous studies, sug-
gesting distinct mechanisms of forskolin-induced chemical poten-
tiation and physiological activity–dependent LTP. Previous studies
have reported that RIM1α and Rab3A, which are important for
mfLTP, are not required for chemical potentiation (16, 17). Mech-
anistically, in contrast to increased fusion competence and vesicle
recruitment during mfLTP, pharmacological cAMP/PKA activation
increases vesicular Pr by the accumulation of Ca2+ channels near
release sites on a short-term scale (32, 55). Long-term forskolin in-
cubation results in an increase in the number of vesicles in the RRP
and the docked vesicles (56, 59). Differences in the magnitude and
spatiotemporal patterns of PKA activation may result in different
modes of potentiation.

The present study may explain whyMunc13-1 and RIM1 are im-
portant for mfLTP (Figs. 4 and 5). Munc13-1 is responsible for teth-
ering and priming of the readily releasable vesicles (47, 50–52),
which assembles in AZs and forms release sites (42, 60–62).
Munc13-1 has a domain interacting with RIM1α, and impairment
of this interaction inhibits priming (38) and diminishes presynaptic
LTP at MF-CA3 synapses (15). RIM1α is associated with vesicular
Rab3, and both proteins contribute to mfLTP (16, 17). Kaeser et al.
(63) showed that the direct modulation of vesicle docking/priming
by phosphorylation of RIM1 is not required for mfLTP: Rather, an
increase in the number of proteins may be more crucial. Our results

imply that these molecules, presumably as a complex, contribute to
enhanced priming upon mfLTP, thereby increasing the Pr and re-
plenishment of readily releasable vesicles rather than the RRP size.

Although our study showed the increased intensities of Munc13-
1 and RIM1 signals in the AZs after LTP induction, elucidating the
underlying molecular mechanism and establishing the causal rela-
tionship between the increases of these molecules and the enhanced
fusion competence need to be done in further studies. The increased
intensity could be mobilization of molecules to the AZs such as in-
sertion of new molecules or transport along plasma membrane to
the AZs (64). In addition, we used MF synapses as a model
system because the synapse shows robust presynaptic LTP and
can be accessible with patch clamp. It remains to be seen whether
the present results can be extended to presynaptic LTP in other syn-
apses and other forms of plasticity.

MATERIALS AND METHODS
Experimental design
This study has taken three experimental approaches. (i) We ex-
pressed photoactivated cation channels together with GFP in GCs
via viral injection during stereotactic brain surgery to selectively
stimulate MFs of GCs and to induce mfLTP by light (Fig. 1),
helping us to identify the hMFBs stimulated by the optical LTP in-
duction. (ii) We applied direct presynaptic patch-clamp recordings
to the photosensitive hMFBs to investigate the presynaptic mem-
brane properties (Fig. 2) and transmitter release process (Fig. 3)
after induction of LTP. (iii) We quantified AZ molecules in the
hMFBs (Figs. 4 and 5) using STED microscopy to reveal the molec-
ular basis of presynaptic LTP.

Ethical approval
All animal experiments were performed in accordance with the
guideline of the Japanese Physiological Society and approved by

Fig. 6. Working hypothesis of an increase of Pr for vesicles in the RRP during mfLTP. Under the basal condition (left), the RRP contains loosely (pink) and tightly
docked vesicles (red). After LTP induction (right), cAMP/PKA cascade triggers recruitment of Munc13-1/RIM1 complexes in the AZs. This increase of the number of
Munc13-1/RIM1 complexes induces the conversion of loosely docked vesicles to tightly docked vesicles, leading to an increase of Pr in the RRP. Note that the shape
of the presynaptic terminal is generalized for simplicity.
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the animal care committee of Doshisha University and the Univer-
sity of Tokyo.

Viral injection
Female and male Wistar rats (Japan SLC) were subject to a stereo-
tactic brain surgery at postnatal day 10 (P10) or P11. During the
surgery, the animal was continuously anesthetized with isoflurane
(1.6 to 2.4%) under control of an anesthetic pump (Univentor).
AAV (AAV9-Syn-Chronos-GFP, Addgene) was injected using a
Hamilton microsyringe (80014, Hamilton) with a beveled 32-
gauge needle. The viral solution (0.5 μl) was injected into the DG
(relative to bregma; AP: −3.4mm,ML: +2.6mm,DV: −2.7mm) at a
rate of 50 nl/min using a microinjection syringe pump (UMP3,
WPI). The needle remained at the target site for 5 min before the
beginning of the injection and was removed 10 min after the
injection.

Slice preparation
P21 to P25 Wistar rats that underwent the surgery were used for
analyses. For some experiments without light stimulation (fig.
S4), the non-injected hemisphere or non-operated animals were
also used. Animals were anesthetized with isoflurane and decapitat-
ed. The brain was dissected, as described previously (65). Hippo-
campal slices (thickness of 300 to 400 μm for electrophysiological
recordings; 500 μm for immunohistochemistry) were prepared
acutely using a linear slicer (VT1200, Leica). The slicing solution
contained the following: 87 mM NaCl, 75 mM sucrose, 2.5 mM
KCl, 25 mM NaHCO3, 10 mM glucose, 1.25 mM NaH2PO4, 0.5
mM CaCl2, and 7 mM MgCl2, oxygenated with 95% O2 and 5%
CO2. After slicing, the slices were incubated in the slicing solution
for 30 min at 37°C and then for 30 min at room temperature. The
slices were further incubated for at least 30 min in an external sol-
ution for electrophysiological recordings [artificial cerebrospinal
fluid (ACSF)]: 125 mM NaCl, 2.5 mM KCl, 25 glucose, 25 mM
NaHCO3, 1.25 mM NaH2PO4, 0.4 mM ascorbic acid, 3 mM myo-
inositol, 2 mM Na-pyruvate, 2 mM CaCl2, and 1 mM MgCl2, oxy-
genated with 95% O2 and 5% CO2. In some experiments, the slices
were incubated for at least 30 min in the ACSF with H-89 (10 μM;
Cayman). The electrophysiological experiments were performed
within 4 hours after slicing.

Electrophysiological experiments
For electrophysiological recordings, the ACSF above was used as an
extracellular solution, unless otherwise stated. The slice was trans-
ferred to the recording chamber and visualized under an upright
microscope (Olympus BX51WI) equipped with a complementary
metal-oxide semiconductor camera (IR 2000, DAGE-MTI). The re-
cording ACSF was perfused, and the recording temperature was
maintained at 26° to 28°C using a thermoregulator (TC-324C
Single Channel Temperature Controller, Warner Instruments) or
at room temperature. Chronos-GFP–expressing GCs were activated
by a pulse of 470 nm of blue light (duration, 1 to 5 ms) from a light-
emitting diode source (M470L4C1, Thorlabs) delivered through a
water-immersion 60× objective lens (LUMPlanFLN or LUMPlan-
FI/IR, Olympus). Recordings were performed using an IPA
(Sutter Instruments) or EPC10/2 amplifier (HEKA). Electrical
signals were low-pass–filtered at 2.9 or 5 kHz and digitized at 10
kHz for field recordings and 50 kHz for patch-clamp recordings,
while membrane capacitance was sampled at 500 or 1000 Hz.

For field potential recordings in response to the light stimulation
targeted at DG, the glass pipette filled with NaCl (1M) was placed at
stratum lucidum at a CA3 region. Light intensity and duration were
adjusted so that an amplitude of field potential in the baseline
became 0.1 to 0.5 mV and remained stable for >10 min. During
the recordings, field potentials were monitored every 20 s with a
paired pulse (100-ms interval), and the first responses were used
for the analyses except for the paired-pulse data analyses. To
induce mfLTP, a pair of trains of 125 light pulses at 25 Hz (separated
by 20 s) was applied three times every 60 s (Fig. 1E). NBQX (10 μM;
Tocris) and D-APV (50 μM; Tocris) were used to block AMPA/
kainate and NMDA receptors, respectively (Fig. 1B). DCG-IV (1
μM; Tocris) was applied at the end of the experiments to verify
that optically evoked fEPSPs were mediated by MF inputs (27).
EGTA-AM (10 or 20 μM; AAT Bioquest), a membrane-permeable
form of EGTA, was applied extracellularly (fig. S7).

For whole-cell recordings from hMFBs, we targeted the hMFBs
right around the fEPSP recording site. Whole-cell recordings were
started at least 2 min after the rupture of the membrane. Once
whole-cell configuration was achieved from hMFBs, blue light illu-
mination was applied at DG, and hMFBs showing an optically
evoked spike current (Fig. 2C) were analyzed as Chronos-(+)
hMFBs. hMFBs at stratum lucidumwere identified by Ca2+ currents
and the capacitance increase in response to depolarization. For
patch-clamp recordings under Tet-stim condition, field potentials
were monitored for ~3 min after the LTP induction [see Fig. 2 (A
and B)]. Presynaptic recordings were performed until 60 min after
the induction. For current-clamp recordings, potassium gluconate–
based solution was used as an intracellular solution: 125 mMK-glu-
conate, 15 mM KCl, 10 mM Hepes, 5 mM Na2-phosphocreatine, 4
mM Mg-ATP, 0.3 mM Na-GTP, and 0.2 to 0.5 mM EGTA (pH 7.3
titrated by KOH, 330 mOsm adjusted by sucrose). For presynaptic
and postsynaptic voltage-clamp recordings, a cesium gluconate–
based solution was used as an intracellular solution: 135 mM Cs-
gluconate, 20 mM Tetraethylammonium chloride (TEA-Cl), 10
mM Hepes, 5 mM Na2-phosphocreatine, 4 mM Mg-ATP, 0.3 mM
Na-GTP, and 0.5 mM EGTA (pH 7.3 titrated by CsOH, 330 mOsm
adjusted by Cs-gluconate). The intracellular EGTA was raised at 5
mM in Fig. 3 (C and D) and replaced for 1,2-bis(2-aminophenoxy)-
ethane-N,N,N′,N′-tetraacetic acid (0.2 mM) in fig. S4 (C to G) to
mimic physiological Ca2+ buffering (36). For membrane capaci-
tance measurements, TTX (1 μM; Wako) was added to the record-
ing ACSF. For the paired recordings (fig. S4, A and B), UBP310 (5
μM; Tocris), D-APV (50 μM), and CTZ (0.1 mM; Tocris) were used
to block kainate and NMDA receptors and desensitization of
AMPA receptors, respectively.

Patch pipettes were made from glass capillaries (BF150-86-10,
Sutter Instruments). Pipette resistance was 3 to 8 megohm for
field recordings and somatic patch-clamp recordings and 10 to
25 megohm for presynaptic patch-clamp recordings. In some pre-
synaptic recordings, the tip of the pipette was coated with dental
wax (UTILITYWAX, GC Corporation) to reduce the pipette capac-
itance. Series resistance was 30 to 100 megohm for presynaptic
voltage-clamp recordings and 5 to 20 megohm for postsynaptic
voltage-clamp recordings. It was compensated only for the postsyn-
aptic recordings so that the residual series resistance was below
5 megohm. A bridge balance was electronically compensated for
80 to 90% in the current-clamp recordings in Fig. 2 and fig. S3.
Membrane potentials were not corrected for liquid junction
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potentials (~10 mV), except for Fig. 2 and figs. S1 to S4, and the
related descriptions in the manuscript.

Electrophysiological analyses
Electrophysiological data were analyzed with Igor Pro (mainly
version 7) and Excel (Microsoft). For field potential recordings,
each data point is the average of three traces (for 1 min) (Figs. 1G
and 2B and fig. S7A). For current-clamp analyses in fig. S3 (F to K)
and table S1, Chronos-(+) GCs showing membrane resistance
below 500 megohm (assessed with an average of >5 pulses of −2
or −5 pA for 500 ms) were considered for the analyses to minimize
the contamination of newborn GC neurons (66). Threshold cur-
rents were determined with current pulses for 1 ms with a step
size of 100 pA (GC soma) and 10 pA (hMFBs). Other AP parame-
ters were measured at the suprathreshold current: 200 pA above the
threshold current for GC soma and at 150 pA for hMFBs. RMP was
measured at 5 to 10 ms before the current injection. Threshold
timing was determined as the point where the second derivative
of the trace started to increase sharply with a latency behind the
pulse onset (threshold latency). An amplitude and a time course
of the AP were calculated, as described in Fig. 2E. For current-
voltage relationship analyses (fig. S3, A and B), voltages were mea-
sured at the last 50ms during the pulses. Membrane capacitancewas
measured with the sinusoidal waves (±30 mV, 500 or 1000 Hz). The
membrane capacitance after the depolarization was measured as the
average over 50 ms at the plateau phase of the capacitance that ap-
peared after the inward tail current because the tail current shifts the
phase and biases the capacitance trace (see Fig. 3A). Data for Ca2+
current were analyzed and presented, after leak currents were sub-
tracted off-line by the P/5 protocol. The EPSCs were deconvolved
with the miniatureEPSC (mEPSC) waveform to estimate the
release rates (fig. S4, A and B), assuming no residual currents
because of delayed clearance of neurotransmitters (67).

Immunohistochemistry
Acute hippocampal slices (500 μm) were prepared as described
above. mfLTP was induced by the tetanic light stimulation, as de-
scribed in Figs. 1 and 4A, and field potentials were monitored
every 20 s for at least 30 min after the tetanic stimulation. Some
slices were subject to the optical tetanic stimulation in the presence
or absence of H-89, and others without the tetanic stimulation were
set as control.

The mfLTP-induced or control slices were transferred into a
medium (Tissue Freezing Medium, Leica), immediately frozen
with liquid nitrogen, and stored at −80°C until use. Then, 10-μm-
thick cryosections were sliced with a cryostat (CM1860, Leica) and
retrieved on coverslips (Matsunami glass, 25 × 25, no. 1, 0.13 to 0.17
mm). Conventional chemical fixatives (e.g., paraformaldehyde)
were not used for the initial fixation, as previously demonstrated
for visualization of the AZ molecules (68), to obtain better accessi-
bility of the antibodies to their epitopes (40). Namely, the retrieved
sections were immediately fixed by dehydration with a heat blower
for 1 min, while this procedure helps antibodies to permeate into
the cell without detergents (69). Sections were further fixed with
ethanol at −25°C for 30 min and with acetone for 10 min on ice.
After rehydration with phosphate-buffered saline (PBS), fixed sec-
tions were blocked with 0.3% bovine serum albumin (Nacalai
Tesque) in PBS for at least 30 min.

Antibodies were diluted with the blocking solution and reacted
with the preparations. Primary antibodies were applied for 3 hours
at room temperature and washed twice with the blocking solution.
Secondary antibodies were applied for an hour at room temperature
and washed twice with the blocking solution and twice with PBS.
The immunostained sections were lastly postfixed with 4% parafor-
maldehyde for 15 min at room temperature and mounted with an
antifademountingmedium (ProLong Glass, Thermo Fischer Scien-
tific). Primary antibodies were mouse monoclonal anti–Munc13-1
[1:1000; immunoglobulin G1 (IgG1)] (42), rabbit polyclonal anti-
RIM1 (1:400; Synaptic Systems), rabbit polyclonal anti-Cav2.1
(1:400; Synaptic Systems), mouse monoclonal anti-GFP (1:1000;
IgG2a, Wako), and guinea pig polyclonal anti-VGLUT1 (1:2000;
Synaptic Systems). Secondary antibodies were STAR635P (Abbe-
rior)–labeled goat anti-mouse IgG1 (Jackson ImmunoResearch),
Alexa Fluor 594 (Thermo Fischer Scientific)–labeled donkey anti-
rabbit IgG (Jackson ImmunoResearch), Alexa Fluor 488 (Thermo
Fischer Scientific)–labeled goat anti-mouse IgG2a (Jackson Immu-
noResearch), and DyLight 405 (Thermo Fischer Scientific)–labeled
goat anti–guinea pig IgG (Jackson ImmunoResearch).

STED image acquisition and analyses
STED imaging experiments were performed using a TCS SP8 STED
3X microscopy system (Leica) equipped with a 405-nm diode laser,
a pulsed white light laser (WLL), a 592-nm STED laser for align-
ment, a pulsed 775-nm STED laser for depletion, HyD detectors,
and a 100× oil immersion objective lens (numerical aperture 1.4).
STED images were acquired using the Leica LAS-X software with an
image format of 1024 pixels by 1024 pixels, 16-bit sampling, 8-line
accumulations, and 11.36-zoom factor, yielding a pixel size of 10
nm. HyD detectors were configured to counting mode with a
time gating from 0.5 to 6.5 ns. A 405-nm diode laser was used to
excite DyLight405. WLL at 488, 561, and 633 nm were used to
excite Alexa Fluor 488, Alexa Fluor 594, and STAR635P, respective-
ly. The 775-nm STED laser power was set to 75 and 100% of
maximum power (~500 mW) for depletion of Alexa Fluor 594
and STAR635P, respectively, and delay time was set to 0 to 300
ps. From one cryosection, three to four regions were imaged at
CA3 stratum lucidum close to the field recording site (Fig. 4, A
and B). For representation and quantification, raw two-color
STED images (pixel size of 10 nm) were deconvolved using a Gauss-
ian kernel with a radius of 4 pixels (40 nm).

All data analyses were performed in Mathematica software (ver.
12.0.0; Wolfram). Custom-made scripts (item S1) were used to es-
timate the AZ area and the signal intensities of AZ proteins in the
STED images. To determine the area of AZs, imagemasks were gen-
erated from STED images of AZ proteins by unsharp masking and
image binarization (see Fig. 4D). In unsharp masking process,
STED images filtered by Gaussian blur with a radius of 40 pixels
(400 nm) were subtracted from STED images filtered by Gaussian
blur with a radius of 4 pixels (40 nm). The resultant subtracted
images were then binarized, and components larger than 100
pixels (0.01 μm2) were included in the following analysis as image
masks for the AZs. Then, the background-subtracted integral of
signal intensity of AZ proteins was quantified using the image
masks of AZs. The background signal intensity was estimated
from nonsynaptic area in the same STED images. Only AZs that
show colocalization with confocal VGLUT1 immunofluorescence
signals were included in the analysis. Confocal GFP
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immunofluorescence signals were used to identify the hMFBs ex-
pressing Chronos-GFP. To calculate mean spatial intensity profiles
in the AZs of the representative images (Fig. 4, D to F), the signals in
each AZ were clipped out into a 500 nm–by–500 nm region so that
the center of mass of the AZ was placed at its center, and the
cropped images were then averaged for GFP-(+) and GFP-(−) AZs.

For quantification of the distance betweenMunc13-1 and Cav2.1
clusters in the AZs (see item S2 for the codes), two-color STED
images ofMunc13-1 and Cav2.1 were deconvolved using a Gaussian
kernel with a radius of 40 nm. Image masks of sub-AZ clusters of
these proteins were generated from deconvolved STED images by
unsharp masking and image binarization. Then, the center of
mass of individual clusters was estimated using the image masks,
and the nearest neighbor center-to-center distance from Munc13-
1 clusters to Cav2.1 clusters were quantified.

Statistics
Statistical analyses were performed in Excel (Microsoft) or Igor Pro
(mainly version 7) for electrophysiological analyses and Mathema-
tica for image analyses. Values are shown as average ± SEM in the
text, figures, and tables, unless otherwise stated. An individual data
point and n represent a value for a bouton or a neuron and the
number of boutons or neurons, respectively, unless otherwise
stated. Paired or unpaired t test or two-way analysis of variance
(ANOVA) was applied to compare two groups, unless otherwise
stated. Difference in variance was tested with F test before paired
or unpaired t test. Only two-tailed P values were considered.

Supplementary Materials
This PDF file includes:
Figs. S1 to S8
Tables S1 to S3
Legends for items S1 and S2

Other Supplementary Material for this
manuscript includes the following:
Items S1 and S2

View/request a protocol for this paper from Bio-protocol.
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