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SUMMARY
Recycling of synaptic vesicles (SVs) at presynaptic terminals is required for sustained neurotransmitter
release. Although SV endocytosis is a rate-limiting step for synaptic transmission, it is unclear whether the
rate of the subsequent SV refilling with neurotransmitter also influences synaptic transmission. By analyzing
vesicular glutamate transporter 1 (VGLUT1)-deficient calyx of Held synapses, in which both VGLUT1 and
VGLUT2 are co-expressed in wild-type situation, we found that VGLUT1 loss causes a drastic reduction in
SV refilling rate down to �25% of wild-type values, with only subtle changes in basic synaptic parameters.
Strikingly, VGLUT1-deficient synapses exhibited abnormal synaptic failures within a few seconds during
high-frequency repetitive firing, which was recapitulated by manipulating presynaptic Cl� concentrations
to retard SV refilling. Our data show that the speed of SV refilling can be rate limiting for synaptic
transmission under certain conditions that entail reduced VGLUT levels during development as well as
various neuropathological processes.
INTRODUCTION

At chemical synapses, neurotransmitters are released from syn-

aptic vesicles (SVs) by exocytosis. SVs are then regenerated by

endocytosis and refilled with neurotransmitter to contribute to

subsequent rounds of exocytosis (S€udhof, 2004). Although

endocytosis is a rate-limiting step for the maintenance of synap-

tic transmission at many synapses (e.g., Yamashita et al., 2005),

it has so far not been investigated whether the speed of neuro-

transmitter refilling of SVs contributes to synaptic efficacy. In

principle, SV refilling cannot be rate limiting for synaptic trans-

mission unless the time it requires exceeds the time needed

for SV reuse. However, some evidence has emerged to indicate

very rapid endocytosis and SV reuse (Chung et al., 2010; Delven-

dahl et al., 2016; Ertunc et al., 2007; Ikeda and Bekkers, 2009;

Watanabe et al., 2013, 2014), whichmay operate at shorter time-

scales than SV refilling, with time constants of �15 s for gluta-

mate (Hori and Takahashi, 2012) and �20–50 s for GABA (Ega-

shira et al., 2016; Yamashita et al., 2018). On the basis of these

data, it is possible that the SV refilling process limits synaptic

efficacy under certain conditions (e.g., during repetitive

stimulation).
This is an open access article und
Glutamate is the major excitatory neurotransmitter in the

mammalian central nervous system, and three vesicular gluta-

mate transporters (VGLUT1–3) are responsible for the refilling of

glutamate into SVs (Takamori, 2006). All VGLUTs use a proton

electrochemical gradient generated by the vacuolar-type H+

ATPase (V-ATPase) and exhibit similar transport kinetics and de-

pendencies on surrounding ions, in particular Cl� (Edwards, 2007;

Kaneko and Fujiyama, 2002). The most striking difference be-

tween the three VGLUTs is their distribution in the brain. Essen-

tially, two major VGLUTs, VGLUT1 and VGLUT2, are expressed

in a complementary fashion in the adult brain (Fremeau et al.,

2001; Fujiyama et al., 2001): VGLUT1 is expressedmainly in cere-

bral cortex and hippocampus, whereas VGLUT2 is expressed in

thalamus and brainstem. Theminor isoformVGLUT3 is expressed

only in subpopulations of neurons (e.g., in hippocampus), many of

which are known to release other neurotransmitters, such as

GABA and acetylcholine (Fremeau et al., 2002; Gras et al.,

2002). Consistent with their complementary expression patterns,

the deletion of different VGLUTs in mice causes a dramatic

impairment of glutamatergic transmission in the respective brain

areas (Fremeau et al., 2004; Weston et al., 2011; Wojcik et al.,

2004). Interestingly, the expression levels of VGLUTs were shown
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to define the steady-state glutamate content of SVs, although

contradictory results were reported regarding the effect of

reduced VGLUT expression (Daniels et al., 2004, 2006; Fremeau

et al., 2004; Moechars et al., 2006; Weston et al., 2011; Wilson

et al., 2005; Wojcik et al., 2004). However, the important issue

as to whether VGLUT expression levels can regulate the speed

of vesicle refilling and thereby affect synaptic efficacy and endur-

ance has never been addressed.

To study the synaptic effects of the differential expression of

VGLUT isoforms and of overall VGLUT expression levels, we

compared glutamatergic synaptic transmission between wild-

type and VGLUT1�/� mice using the calyx of Held as a model

synapse. This synapse is glutamatergic and normally contains

both VGLUT1 and VGLUT2 (Billups, 2005; Blaesse et al.,

2005), and unlike other preparations of VGLUT-deficient animals

examined so far, the large size of its presynaptic terminal allows

combined pre- and postsynaptic patch-clamp recordings so

that SV refilling can be studied by a combination of presynaptic

washout and subsequent photolysis of caged glutamate (Hori

and Takahashi, 2012). Our study demonstrates that deletion of

VGLUT1 in calyx of Held synapses causes only subtle alterations

in basic synaptic parameters, such as short-term plasticity, but

leads to a defined decrease of the rate of glutamate refilling

into SVs to�25% compared with wild-type values. Accordingly,

synaptic responses of VGLUT1-deficient synapses during high-

frequency stimulation showed abnormal synaptic failures, indi-

cating that the speed of neurotransmitter refilling of SVs can

be rate limiting for synaptic transmission under certain physio-

logical or pathophysiological conditions.

RESULTS

Normal Miniature and Evoked EPSCs in VGLUT1-
Deficient Calyx of Held Synapses
Hippocampal synapses of VGLUT1�/� mice show markedly

reduced evoked excitatory postsynaptic currents (EPSCs)

because VGLUT1 is the dominant VGLUT isoform in these syn-

apses (Fremeau et al., 2004; Weston et al., 2011; Wojcik et al.,

2004). In contrast, calyx of Held synapses express both VGLUT1

and VGLUT2 (Billups, 2005; Blaesse et al., 2005). We therefore

first tested whether deletion of VGLUT1 would alter expression

of VGLUT2 at this synapse. To this end, immunolabeling exper-

iments using antibodies specific for VGLUT1, VGLUT2, and

VGLUT3 were performed in wild-type and VGLUT1�/� brainstem

slices at the age of postnatal day 19 (P19) (Figures 1A and S1). As

a control for the distribution of SVs, an anti-synaptophysin (Syp)

antibody was used. Consistent with earlier reports (Billups, 2005;

Blaesse et al., 2005), we observed similar patterns of VGLUT1

and VGLUT2 immunoreactivities, indicative of the calyx-type gi-

ant presynaptic terminals surrounding the MNTB principal

neuron cell bodies, which overlapped with the majority of Syp-

positive presynaptic structures in wild-type preparations (Fig-

ure 1A, upper panels). Although merged images clearly showed

substantial populations of vesicle clusters that were dominated

by one of the two VGLUT isoforms, line-scan analyses of several

different portions of the presynaptic terminals demonstrated that

each vesicle cluster that was double positive for Syp and one of

the two VGLUT isoforms contained detectable levels of the
2 Cell Reports 32, 108040, August 18, 2020
respective other VGLUT isoform (Figure S1A). In contrast,

VGLUT3 immunoreactivity was not observed within the calyx

of Held terminals but instead appeared as grainy and diffusively

sparse signals over the cell bodies of the MNTB principal neu-

rons (Figure S1B). In VGLUT1�/� brainstem slices, we observed

no VGLUT1 staining, confirming the genetic deletion (Figure 1A,

lower panels). VGLUT2 staining did not differ between wild-type

and VGLUT1�/� preparations. Although the VGLUT3 signal ap-

peared slightly increased in VGLUT1�/� samples, this staining

was clearly not synaptic (Figure S1B), indicating that VGLUT2

and VGLUT3 are not substantially upregulated to compensate

for the loss of VGLUT1 in calyx of Held terminals.

To characterize the effects of VGLUT1 loss, we first recorded

evoked EPSCs (eEPSCs) induced by single-fiber stimulation of

afferent axon bundles. We observed no significant differences

in eEPSC amplitudes between wild-type and VGLUT1�/� syn-

apses (Figures 1B and 1C). Likewise, the amplitude and fre-

quency of miniature EPSCs (mEPSCs) were not altered in

VGLUT1�/� synapses compared with wild-type (Figures 1D–

1G), indicating that VGLUT1 is dispensable and that VGLUT2

expression is sufficient to maintain normal quantal size and

quantal content in calyx of Held synapses, at least under con-

ditions of low-intensity stimulation. We also confirmed that

VGLUT1 loss did not cause an upregulation of postsynaptic

sensitivity (Figures S1C–S1E). Additionally, the unchanged

mEPSC frequency and amplitudes seen in VGLUT1-deficient

preparations indicate that VGLUT1 and VGLUT2 are likely pre-

sent on the same SVs in the wild-type situation. This conclusion

is in accordance with an older study we conducted, showing

that VGLUT1 and VGLUT2 are co-localized in at least a sub-

population of SVs (Herzog et al., 2006), but contradicts an alter-

native view, according to which VGLUT1 and VGLUT2 segre-

gate to different transmitter release sites in hippocampal

neurons (Fremeau et al., 2004). The latter scenario would be

compatible with our present findings only if VGLUT1 were a

very minor VGLUT isoform in calyx of Held synapses, but this

does not seem to be the case (see below).

Slightly Perturbed Short-Term Plasticity and Recovery
from Depression in VGLUT1-Deficient Calyx of Held
Synapses
Previous studies using hippocampal preparations derived from

VGLUT1�/� mice revealed that synapses lacking VGLUT1 have

distinct properties. For instance, the remaining synaptic re-

sponses in VGLUT1�/� indicate higher release probability than

seen in wild-type synapses, and the recovery from synaptic

depression after repetitive stimulation is slower in VGLUT1-defi-

cient synapses compared with their wild-type counterparts (Fre-

meau et al., 2004; Hermanet al., 2014;Weston et al., 2011;Wojcik

et al., 2004). On the basis of the fact that at least some hippocam-

pal neurons also express VGLUT2, these distinct features seen in

VGLUT1-deficient synapses have typically been attributed to the

presence of VGLUT2 (Fremeau et al., 2004; Herman et al., 2014;

Weston et al., 2011; Wojcik et al., 2004), although it is possible

that other components of the respective synapses are at the

core of these different features. Given that calyx of Held synapses

normally express VGLUT1 and VGLUT2 on the same vesicles

(Figures 1D–1G), we addressed the issue of functional differences



Figure 1. Normal Evoked and Miniature

EPSCs in VGLUT1-Deficient Calyx of Held

Synapses

(A) Immunohistochemistry for VGLUT1 (red),

VGLUT2 (blue), and synaptophysin (Syp; green) in

wild-type and VGLUT1�/� calyx of Held-MNTB

synapses. Scale bars indicate 5 mm.

(B) Representative eEPSCs from wild-type (+/+)

and VGLUT1�/� (�/�) mice.

(C) Mean amplitudes of eEPSCs (no significant

difference between +/+ [n = 19] and �/� [n = 24],

p = 0.07).

(D) Sample traces of mEPSCs.

(E) Averaged mEPSCs.

(F) Mean amplitudes of mEPSCs (no significant

difference between +/+ [n = 11] and �/� [n = 12],

p = 0.15).

(G) The mean frequencies of mEPSCs (no signifi-

cant difference between +/+ [n = 11] and �/�
[n = 12], p = 0.16).

Error bars in this and the following figures indicate

SEM.
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Figure 2. Slightly Perturbed Short-Term Plasticity and Recovery

from Depression in VGLUT-Deficient Calyx of Held Synapses

(A) Sample traces of EPSCs evoked by a train of 30 stimuli at 100 Hz and by the

subsequent test stimuli with various intervals (0.02–16 s).

(B) Normalized EPSCs during a 100 Hz train recorded in +/+ (filled circles,

n = 16) and �/� (open circles, n = 23) mice. The bar graph indicates steady-

state amplitudes at 0.3 s (no significant difference, p = 0.51).

(C) Cumulative amplitudes of EPSCs during a 100 Hz train. Left bar graph:

sizes of readily releasable pool (RRP); 20.0 ± 2.0 nA in +/+ and 17.2 ± 0.9 nA

in�/� (not significant, p = 0.17). Right bar graph: release probability (P); 0.41 ±

0.03 in +/+, 0.54 ± 0.03 in �/�.

(D) Recoveries of EPSCs from STD. The recovery of EPSCs was calculated as

recovery = (EPSCtest � EPSCsteady state)/(EPSC1st � EPSCsteady state) 3 100.

The bar graph indicates the half recovery times calculated from double-

exponential fittings: 0.50 ± 0.10 s in +/+ (n = 12), 0.25 ± 0.07 s in �/� (n = 19).

N.S., no significant difference (p > 0.05); *p < 0.05.
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between wild-type and VGLUT1�/� (VGLUT2-only) synapses by

using standard protocols to assess short-term plasticity, the

size of the readily releasable pool (RRP) of SVs, SV release prob-

ability, and recovery from synaptic depression.

Short-term depression (STD) was induced by application of a

train of 30 stimuli at 100 Hz (0.3 s), and the recovery was moni-
4 Cell Reports 32, 108040, August 18, 2020
tored by inducing single action potentials (APs) at increasing

time intervals after the train (Figure 2A). The relative amplitudes

during the steady-state depression phase of the train were not

significantly different between the two genotypes (Figure 2B).

The RRP size can be estimated from the cumulative plots (Fig-

ure 2C) by extrapolating the slope of the cumulative curve at

steady state to the values at time point 0, and then the SV release

probability can be estimated from the ratio between the initial

EPSC amplitude and RRP size. Corresponding analyses showed

that VGLUT1�/� synapses had the same RRP size as wild-type

synapses and exhibited slightly higher release probability than

wild-type synapses (Figure 2C). On the other hand, EPSCs

recovered significantly more rapidly in VGLUT1�/� synapses

compared with wild-type controls (Figure 2D). Previous studies

using similar experimental protocols demonstrated that RRP

replenishment has two components: a fast Ca2+-dependent

component and a slow Ca2+-independent component (Sakaba

and Neher, 2001; Wang and Kaczmarek, 1998). To examine

whether VGLUT1 loss selectively affects the first component,

we performed the same experiments using slice preparations

preincubated with a Ca2+ chelator, EGTA-AM (Figure S2).

Notably, pretreatment with EGTA-AM, in whose presence the

slow Ca2+-independent component mainly contributes to RRP

recovery after STD, abated the differences in recovery kinetics

that we observed between wild-type and VGLUT1�/� synapses

under control conditions (Figure 2D).

Slower Rate of Glutamate Refilling into SVs in VGLUT1-
Deficient Calyx of Held Synapses
The facts that single eEPSCs are normal in VGLUT1�/� synapses

and that short-term plasticity and synaptic recovery from

depression are only very subtly affected offered us the opportu-

nity to reliably monitor the rate of glutamate refilling into SVs in

VGLUT1�/� synapses. We showed previously that flash photol-

ysis of caged glutamate (MNI-glutamate) after depletion of gluta-

mate from SVs by presynaptic dialysis with a glutamate-free

pipette solution causes a recovery of EPSCs that should reflect

the time course of glutamate refilling into empty SVs (Figure 3A;

Hori and Takahashi, 2012). In typical experiments, EPSCs ran

down to <20% of the initial value within 20 min when the afferent

fibers were stimulated at 1 Hz while the presynaptic cytoplasm

was dialyzed with a glutamate-free solution containing 10 mM

caged glutamate. After photolysis, eEPSCs elicited at 1 Hz

recovered almost completely in wild-type synapses (Figure S3B;

Hori and Takahashi, 2012). In contrast, eEPSCs in VGLUT1�/�

synapses assessed with the same protocol barely recovered

within 15 min after photolysis (Figure S3). In the calyx of Held

synapse, a single AP leads to the exocytosis of �140 of SVs

(Neher and Sakaba, 2001; Schneggenburger et al., 1999).

Hence, lower stimulation frequencies should report SV refilling

kinetics more faithfully, especially if SV refilling rates are very

slow and SV reuse occurs before SVs are completely filled with

glutamate. We therefore reduced stimulation frequencies from

1 to 0.1 Hz to minimize exocytosis of partially filled SVs, if any,

during eEPSC recovery. With this protocol, we observed com-

plete EPSC recovery in VGLUT1�/� synapses (Figure 3). The

time constants of EPSC recovery were 21.7 ± 5.2 s for wild-

type synapses and 81.3 ± 8.8 s for VGLUT1�/� synapses



Figure 3. VGLUT1 Deletion Slows Down Vesicle Refilling with

Glutamate

(A) Upper drawings indicate experimental diagram to monitor glutamate re-

filling rate (see STAR Methods). Left panels indicate EPSCs during recordings

from wild-type (+/+) and VGLUT1�/� (�/�) synapses. Right traces were re-

corded before MNI-glutamate uncaging (a), 50 s after uncaging (b), and 10 min

after uncaging (c). Note that stimulation frequencies after uncaging was

reduced to 0.1 Hz.

(B) Recoveries of EPSCs after MNI-glutamate uncaging (+/+, filled circles, n =

5;�/�, open circles, n = 4). The right bar graph indicates the time constants of

EPSC recoveries fitted by single exponential function. *p < 0.05.
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(Figure 3B), indicating that SV refilling in VGLUT1�/� synapses is

4 times slower than that in wild-type synapses.

Slowed-Down SV Refilling Reduces Fidelity of Synaptic
Transmission during Sustained High-Frequency
Stimulation in VGLUT1-Deficient Calyx of Held Synapses
Given that SV glutamate uptake is considerably slowed down in

the absence of VGLUT1, we next tested if the slow SV refilling in
VGLUT1�/� synapses may become rate limiting for synaptic ef-

ficacy under certain conditions, such as sustained high-fre-

quency stimulation. To this end, we first induced STD of EPSCs

using a 1,000-train stimulation at 100 Hz (10 s), which resulted in

a steady-state EPSC amplitude of 21.8% ± 5.7% of the initial

EPSC in wild-type synapses (Figure 4A). In the case of

VGLUT1�/� synapses, the steady-state EPSC amplitude tended

to be smaller (13.4% ± 4.5%) than that in wild-type synapses,

although we did not detect statistically significant reductions in

the normalized values or the absolute EPSC amplitudes (Fig-

ure 4A). We next tested whether the observed trend of reduced

steady-state EPSC amplitudes in VGLUT1�/� synapses affects

synaptic fidelity. To compare the synaptic fidelity between

wild-type and VGLUT1�/� calyx of Held synapses, we recorded

postsynaptic APs with an extracellular patch pipette loosely

attached to the MNTB cell body (Eguchi et al., 2012). To evaluate

the fidelity of synaptic transmission, we elicited presynaptic APs

by injecting depolarizing currents (1 ms) and recorded postsyn-

aptic APs. During presynaptic stimulation at 100 Hz, we never

observed failures of postsynaptic APs up to 1,000 stimuli (10 s)

in wild-type synapses (Figures 4B and 4C). However, failures

of postsynaptic APs were apparent in VGLUT1�/� synapses,

and the success ratio leveled out at �60% toward the end of

the stimulation train (Figures 4B and 4C). Because APs of post-

synaptic cells targeted by VGLUT1�/� calyces can follow repet-

itive current injection with 100 Hz for 10 s (Figure S4A), the

reduced synaptic fidelity observed in the VGLUT1�/� synapses

is very likely of presynaptic origin.

To further confirm that the increased synaptic failure rate can

be attributed to the slowed SV refilling rate in VGLUT1�/� synap-

ses, we dialyzed the presynaptic terminals of wild-type synapses

with pipette solutions containing either a low Cl� concentration

(0.02 mM) or a very high Cl� concentration (120 mM), both of

which slow down the rate of glutamate refilling into SVs, albeit

by distinct mechanisms (Eriksen et al., 2016; Hori and Takahashi,

2012; Schenck et al., 2009; Wolosker et al., 1996), and then

monitored postsynaptic APs during high-frequency stimulation.

Notably, although no synaptic failure was observed in the pres-

ence of 30mMCl� in a presynaptic pipette, high-frequency stim-

ulation in the presence of low or high presynaptic Cl� concentra-

tions resulted in failures of postsynaptic AP generation within

several seconds (Figures 4D and S4B). Collectively, these data

indicate that the fidelity of synaptic transmission at the calyx of

Held synapses is impaired when SV refilling with glutamate is

slowed down.

DISCUSSION

In the present study, we analyzed calyx of Held synapses in

brainstem slice preparations derived from VGLUT1�/� mice.

These synapses normally co-express VGLUT1 and VGLUT2. In

contrast, the expression of VGLUT1 and VGLUT2 in most other

parts of the central nervous system is complementary and

almost mutually exclusive (Fremeau et al., 2001; Fujiyama

et al., 2001). Accordingly, previous studies using VGLUT1- or

VGLUT2-knockout mice revealed strongly impaired glutamater-

gic transmission in brain regions where the predominantly ex-

pressed VGLUT isoform was deleted (Fremeau et al., 2004;
Cell Reports 32, 108040, August 18, 2020 5



Figure 4. VGLUT1 Deletion Impairs Synaptic Fidelity during High-

Frequency Firing

(A) Normalized amplitudes of EPSCs evoked by a train of 1,000 stimuli

at 100 Hz (+/+, filled circles, n = 4; �/�, open circles, n = 5). Each data

point shows the mean amplitudes of the 10 EPSCs. Inset: sample traces

of EPSCs at 0 and 9 s, respectively. The bar graph indicates mean EP-

SC amplitudes of the last 200 EPSCs in a 100Hz train (no significant difference,

p = 0.14).

(B) Top: experimental configuration for measuring input-output relation-

ship of presynaptic and postsynaptic AP firings. Presynaptic APs were

evoked by depolarizing current injection through whole-cell patch pipette

at 100 Hz. Postsynaptic APs were recorded from an extracellular pipette

loosely attached to the somata of a MNTB principal cell. Bottom: sample

traces of postsynaptic APs in response to presynaptic APs at 100 Hz.

Sample traces derived from different periods at 0 s (left) and 9 s (right)

are shown.
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Wojcik et al., 2004), while no changes were observed in synap-

ses that mainly contain the respective other VGLUT isoform

(Weston et al., 2011). We found that VGLUT1 loss in calyx of

Held synapses has only very minor effects on basal synaptic

transmission, likely because of the presence of VGLUT2, but

causes a profound reduction of the glutamate refilling rate into

SVs. Furthermore, the fidelity of synaptic transmission at

VGLUT1�/� synapses is impaired during high-frequency stimu-

lation, most likely because of the slowed-down SV refilling rate

and the reuse of only partially filled SVs. A recent study on cere-

bellar inhibitory synapses indicated that GABA refilling into SVs

can be rate limiting for inhibitory synaptic transmission because

of the intrinsically slowGABA refilling time constant of�80 s (Ya-

mashita et al., 2018). Our findings now show that this is also the

case for glutamatergic transmission when the SV refilling rate is

retarded.

The slowed-down SV refilling rate in VGLUT1�/� synapses can

likely be attributed to two main factors: an overall reduced

VGLUT level per SV and/or intrinsic differences between

VGLUT1 and VGLUT2 and their SV distribution. With regard to

the latter, transport assays did not reveal different glutamate af-

finities (1–5 mM) and kinetics between VGLUT1 and VGLUT2

(Kaneko and Fujiyama, 2002). Alternatively, the proton-motive

force of VGLUT1-containing and VGLUT2-containing SVs at a

given synapse could be different, for example, because of differ-

ences in the Cl� dependency of transport, cation/H+ exchange

activity, and the copy numbers of V-ATPases (Takamori, 2016),

leading to slower glutamate refilling of VGLUT2-containing

SVs. However, as VGLUT1 and VGLUT2 seem to be present

on the same SVs in calyx of Held synapses, differences in the

proton-motive force between VGLUT1-containing and

VGLUT2-containing SVs are unlikely to be the cause of the

slow SV refilling rate observed in VGLUT1�/� synapses. Instead,

it is most likely that the reduction of total VGLUT expression in

VGLUT1�/� synapses causes the slow rate of glutamate refilling.

Given that the SV refilling rate is reduced to�25% in the absence

of VGLUT1, the ratio of VGLUT1 and VGLUT2 can be assumed to

be 3:1 on average, although immunofluorescence labeling indi-

cated that there are SV clusters that are dominated by one of

the two isoforms. Typically, an SV contains �8–11 VGLUT

copies (Takamori et al., 2006). Hence, a given SV in the calyx

of Held synapse of VGLUT1�/� mice likely contains at least

one copy of VGLUT2, which is sufficient to sustain SV filling un-

der conditions of low activity, so that mEPSCs, for instance, are

not affected by VGLUT1 loss (Daniels et al., 2006).

In vitro glutamate transport assays using isolated SVs and

intracellular membranes derived from cell lines expressing

VGLUT isoforms indicated that extravesicular (cytoplasmic) Cl�

concentrations profoundly affect VGLUT activity. More recently,

luminal Cl� concentrations were also shown to influence VGLUT

activity in proteoliposomes containing recombinant VGLUTs
(C) The input-output relationship of synaptic transmission. The output/input

ratio (success ratio) are plotted as function of time (+/+, filled circles, n = 5;

�/�, open circles, n = 7).

(D) The input-output relationship when presynaptic Cl� concentrations were

altered ([Cl�]pre = 0.02mM, open triangles, n = 3; [Cl�]pre = 30mM, filled circles,

n = 5; [Cl�]pre = 120 mM, open circles, n = 3).
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(Eriksen et al., 2016; Preobraschenski et al., 2014; Schenck

et al., 2009). Although the precise mechanisms of the Cl�-
dependent regulation of vesicular glutamate uptake have long

been debated, a Cl� conductance of VGLUTs and allosteric

binding of Cl� to VGLUTs are likely involved (Chang et al.,

2018). However, the physiological relevance of VGLUT regula-

tion by Cl� has remained unclear. Whereas in the titration of

the cytoplasmic Cl� concentrations by whole-cell dialysis of ca-

lyx of Held synapses revealed a biphasic Cl� dependency of

glutamate uptake into SVs (Hori and Takahashi, 2012), similar

manipulations did not alter vesicular glutamate content under

resting conditions (Price and Trussell, 2006). Our new results

indicate that cytoplasmic Cl� levels do indeed have a substantial

effect on synaptic fidelity under heavy load by modulating the

glutamate refilling rate of SVs. Because manipulating luminal

Cl� in the majority of SV populations is not trivial, it remains to

be seen whether regulation of VGLUTs by luminal Cl� is of phys-

iological relevance.

Consistent with previous observations, different VGLUT iso-

forms appear to determine properties of calyx of Held synapses

that are unrelated to transmitter loading into SVs. For instance,

VGLUT1-deficient calyx of Held synapses exhibits higher release

probability, which is in accord with previous studies on VGLUT-

deficient hippocampal neurons or hippocampal slices (Fremeau

et al., 2004; Weston et al., 2011). Furthermore, our analyses of

recovery from STD revealed that loss of VGLUT1 results in a

faster replenishment of the RRP, which is a Ca2+-dependent pro-

cess, indicating that the presence of VGLUT1 proteins on SVs

affects the Ca2+-dependent mobilization of SVs. Although the

molecular mechanisms involved in VGLUT-isoform-specific

properties of SV mobilization remain unknown, our results sup-

port the notion that distinct VGLUT isoforms differentially affect

distinct SV trafficking mechanisms (Guillaud et al., 2017; Vogl-

maier et al., 2006). It should be noted that in experiments using

presynaptic dialysis and subsequent glutamate uncaging, the

higher release probability and faster SV replenishment after

STD in VGLUT1�/� synapses could in principle lead to an under-

estimation of SV refilling rates. However, the near complete re-

covery of EPSCs after glutamate uncaging monitored at 0.1 Hz

strongly indicates that the facilitated SV recycling in VGLUT1�/�

synapses should not produce unexpected underestimates of SV

refilling rates under these conditions.

We observed synaptic failures within 3 s after the onset of re-

petitive stimulation in VGLUT1�/� synapses, which can be ex-

plained only if SV reuse occurs within <3 s in the calyx of

Held (i.e., substantially faster than previously assumed) (Neher,

2010). On the other hand, our shorter estimates for the time

required for SV reuse are consistent with observations in

various preparations, in which pharmacological perturbation

of the V-ATPase or dialysis of cytoplasmic neurotransmitters

used to block neurotransmitter refilling into SVs caused imme-

diate declines of postsynaptic current (PSC) amplitudes (Ertunc

et al., 2007; Hori and Takahashi, 2012; Ikeda and Bekkers,

2009; Yamashita et al., 2018), indicating rapid SV reuse within

a few seconds, or even faster during intensive stimulation.

This notwithstanding, it is still difficult to imagine that rapidly re-

cycling SVs would contribute to the faster synaptic depression

in VGLUT1-decifient synapses, because SV refilling takes much
longer (t �20 s at room temperature) (Hori and Takahashi,

2012; this study), so that such reused SVs should be nearly

empty at the point of reuse anyway, even in wild-type synap-

ses. To resolve this conundrum, we must assume a mechanism

by which SV refilling is substantially accelerated by activity.

Indeed, two major cations, Na+ and Ca2+, which sharply accu-

mulate in presynaptic terminals during repetitive stimulation,

were shown to promote glutamate transport into SVs by

serving an optimal driving force (voltage gradient rather than

pH gradient) (Huang and Trussell, 2014; Li et al., 2020; Ono

et al., 2019). It needs to be seen whether an increase in these

cations during high synaptic activity indeed accelerates gluta-

mate refilling into SVs.

Using the calyx of Held synapse as a model system, we show

that transmitter refilling into SVs can become rate limiting for

synapse function when VGLUT levels are substantially reduced.

Given that individual transmitter release sites at calyx of Held

synapses are very similar to those in other glutamatergic syn-

apse types (Borst and Soria van Hoeve, 2012), similar scenarios

will arise at such synapses. This may be relevant for early devel-

opmental phases characterized by low VGLUT1 expression

(Wilson et al., 2005; Yamashita et al., 2003) and is of particular

importance with regard to the many pathophysiological condi-

tions that entail reductions in VGLUT levels, such as schizo-

phrenia, Alzheimer’s disease, and Parkinson’s disease (Kashani

et al., 2007, 2008; Oni-Orisan et al., 2008).
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Oligonucleotides
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Tet-

suya Hori (tetsuya.hori@oist.jp).

Materials Availability
This study did not generate any unique reagents.

Data and Code Availability
This study did not generate any unique datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Male and female C57BL6N mice and VGLUT1–/– mice (postnatal days 16 – 19) were used in accordance with the guideline of the

Physiological Society of Japan. VGLUT1–/– mice were generated as described previously (Wojcik et al., 2004). Mice were taken

care at the animal house, and food and water could be obtained freely. All procedures and animal cares were conducted in
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accordancewith the guideline of the Physiological Society of Japan, andwere approved byDoshishaUniversity Committee for Regu-

lation on the Conduct of Animal Experiments and Related Activities. All efforts were taken to minimize animal numbers.

METHOD DETAILS

VGLUT1–/– mice
Genotyping of VGLUT1–/– micewas performed by PCRwith template genomic DNA frommouse tail biopsies according to the original

description of the VGLUT1–/– strain (Wojcik et al., 2004). Three primers,

#4172: 50-TTCAGCAGCCCGCGTTCACTATGG-30,
#4173: 50-CCCAGCTCAGCCCTCCTCGCACAA-30, and
#4174: 50-CGCATCGCCTTCTATCGCCTTCTT-30,

were used to amplify wild-type allele (280 bp with a pair of #4172 and #4173) and knock-out allele (357 bp with a pair of #4173 and

#4174), respectively. VGLUT1–/– mice were obtained by crossing VGLUT1+/– mice. VGLUT1–/– mice are born according to Mendel’s

law, and survive until 20 – 22 days after birth.

Immunohistochemical procedures
VGLUT1–/–mice or wild-type littermates were killed by decapitation. Brainstemswere dissected and fixed in 4%paraformaldehyde in

phosphate-buffered saline (PBS) for overnight at 4�C. After soaking with ice-cold PBS, tissues were transferred to 30% sucrose so-

lution (w/v) and incubated overnight at 4�C. The tissues were then embedded in FSC 22 frozen section compound (Leica, Germany),

and frozen at –80�C. Transverse cryostat sections (5 mm thickness) were mounted on glass slides, dried at room temperature (RT),

and kept at –80�C until use. For immunostaining, slices on glass slides were heated at 80�C for 30 min in sodium citrate buffer (pH

6.0), washed once with PBS, and permeabilized in PBS containing 0.5% Triton X-100 for 15 min at RT. Sections were blocked with

Tris-buffered saline (pH 7.4) supplemented with 0.05% Tween20 (TBS-T) and 3% bovine serum albumin for 30 min at RT, and incu-

bated with primary antibodies overnight at 4�C. Triple immunohistochemical labeling for VGLUT1/VGLUT2/synaptophysin (Syp) or

for VGLUT2/VGLUT3/Sypwere performed by simultaneously labeling with the following primary antibodies: rabbit anti-VGLUT1 poly-

clonal antibody (1: 1000, Takamori et al., 2001) or rabbit anti-VGLUT3 polyclonal antibody (1:500, Synaptic Systems, Göttingen,

Germany), guinea pig anti-VGLUT2 polyclonal antibody (1: 1000, a kind gift from Takeshi Kaneko) and mouse anti-Syp monoclonal

antibody (Cl7.2, 1: 200, a kind gift from Reinhard Jahn). After washing with TBS-T three times, Alexa Fluor 532 conjugated anti-rabbit

IgG, Alexa Fluor 568 conjugated anti-guinea pig IgG, and Alexa Fluor 488 conjugated anti-mouse IgG (all from Molecular Probes)

were simultaneously applied at 1: 200 dilution, and incubated for 1 h at RT. After washing with TBS-T three times, slides were

mounted in ProLong Diamond Antifade Mountant reagent (Molecular Probes) and were visualized on a Leica TCS SP8 confocal fluo-

rescence microscope using an HC PL APO CS2 100 3 oil-immersion objective lens (NA = 1.40). Image processing was performed

using a Fiji software (Schindelin et al., 2012) with a FigureJ plug-in (Mutterer and Zinck, 2013).

Line scan analysis was then performed using image analysis software, Fiji. For quantification, straight lines across punctate struc-

tures containing either VGLUT1 or VGLUT2weremanually drawn. Fluorescence intensities over the lines were calculated by plot pro-

file tool in Fiji. The fluorescence intensities were normalized by the highest intensities of individual proteins within the lines. The in-

tensity profiles were created by using an Excel 2016 software (Microsoft).

Slice preparation and solutions
Transverse auditory brainstem slices (175 mm thick) containing the medial nucleus of the trapezoid body (MNTB) were prepared from

wild-type and VGLUT1–/– mice (postnatal day 16 – 19) as described previously (Hori and Takahashi, 2012). Before recordings, slices

were incubated for 1 h at 36 – 37�C in artificial cerebrospinal fluid (aCSF) containing (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 10

glucose, 3myo–inositol, 2 sodium pyruvate, and 0.5 ascorbic acid, 26 NaHCO3, 1.25 NaH2PO4, (pH 7.3 when bubbled with 95%O2 /

5% CO2). For recordings, an aCSF containing picrotoxin (100 mM) and strychnine hydrochloride (0.5 mM) was routinely used to block

inhibitory synaptic currents. For EGTA-AM-pretreatment experiments, slices were incubated in aCSF containing 0.2 mM EGTA-AM

(in 0.1% dimethyl sulfoxide (DMSO)) for 30 min and then washed in normal aCSF for, at least, 30 min before recordings as described

in a previous report (Wang and Kaczmarek, 1998). Presynaptic pipette solution (A) contained (in mM): 130 potassium methanesul-

fonate, 12 sodium phosphocreatine, 3 ATP (Mg salt), 0.5 GTP (Na salt), 1 MgCl2, 0.5 EGTA, 40 HEPES (adjusted to pH 7.3–7.4

with KOH). Presynaptic pipette solution (B) contained 130 mM KCl instead of potassium methanesulfonate. Presynaptic pipette

solutions containing various Cl– concentrations (0.02, 30, and 120 mM) were prepared by mixing (A) and (B) solutions in desired pro-

portions. Postsynaptic pipette solution contained (in mM): 130 CsCl, 5 EGTA, 1 MgCl2, 5 QX314, 40 HEPES (adjusted to pH 7.3–7.4

with CsOH). For glutamate uncaging experiments, a presynaptic pipette solution containingMNI–caged–L–glutamate (10mM, (S)–a–

amino2,3–dihydro–4–methoxy–7–nitro–d–oxo–1H–indole–1–pentanoic acid, Cayman Chemical) with 30 mM Cl– was freshly pre-

pared and used. To minimize the phototoxic effect of UV flash upon MNI–glutamate uncaging, a portion of potassium methanesul-

fonate in presynaptic pipette solution was replaced by 20 mM glutathione while Cl– concentration was fixed at 30 mM.
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Electrophysiological recordings
The calyx of Held presynaptic terminals and postsynaptic principal cells were visually identified with a 603 water immersion objec-

tive lens (Olympus) attached to an upright microscope (Axioskop, Carl Zeiss). For experimental configurations including whole–cell

voltage–clamp recordings, the presynaptic and postsynaptic patch pipettes had resistances of 6–9 MU and 2–3 MU, respectively,

and had series resistances of 8–15MU and 4–8MU, respectively. The liquid junction potentials between pipette and external solution

were not corrected.

For whole-cell recordings for both evoked excitatory postsynaptic currents (eEPSCs) and miniature EPSCs (Figures 1, 2, 4A, and

S2), postsynaptic recordings were made under voltage-clamp modes at the holding potential of –70 mV. eEPSCs were evoked by

afferent nerve stimulation using a bipolar platinum electrode placed in the midline of a brainstem slice.

For uncaging experiments, simultaneous pre- and postsynaptic whole–cell recordings were made from a calyceal nerve terminal

and postsynaptic principal cell using an Axopatch 700A amplifier (Axon Instruments), while eEPSCs were evoked by afferent nerve

stimulation at 1 Hz using a bipolar platinum electrode as above. A glutamate-free solution containing 10 mM MNI-glutamate was

loaded into calyces through a presynaptic pipette. We used essentially the same optical settings for glutamate uncaging experiments

described in a previous study (Hori and Takahashi, 2012). We estimated the free glutamate concentration achieved under these con-

ditions to be �2 mM, which is beyond Km values for VGLUTs.

After EPSC amplitudes became < 20% of the initial EPSC amplitudes, presynaptic patch pipette was detached from a presynaptic

terminal (to avoid rapid diffusion of glutamate released upon MNI-glutamate uncaging), and a UV light flash was applied from a mer-

cury lamp light source (100 mW) by opening a shutter (Uniblitz, Vincent Associate) for 1 s under the control of a shutter driver (JML

Optical Industries). Initially, EPSCs were evoked at 1 Hz stimulation throughout recordings as reported previously (Hori and Takaha-

shi, 2012). However, stimulation frequencies had to be reduced to 0.1 Hz to observe full recovery of EPSC amplitudes in VGLUT1–/–

synapses.

For extracellular recordings of postsynaptic action potentials (APs), postsynaptic patch pipettes were filled with aCSF (resistance,

4–8 MU) and gently pressed onto a postsynaptic cell to form a loose seal, while presynaptic APs were elicited by a depolarizing pulse

(pulse duration, 1ms) injected into calyces in a current-clamp mode.

QUANTIFICATION AND STATISTICAL ANALYSIS

All electrophysiological recordings were performed at RT (25 – 27�C). All data were low-pass filtered at 10 kHz and digitized at 50 kHz

by Digidata 1322A with pClamp 9 software (Axon instruments). Data were then analyzed using IGOR Pro 6.2J (WaveMatrics) and MS

Excel 2016 (Microsoft) software. All values were given as mean ± standard error of the mean (s.e.m.), and p < 0.05 was taken as a

significant difference in Student’s paired or unpaired t–test. In all figures, error bars indicate mean ± s.e.m.
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