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Dynamin is a large GTPase with a crucial role in synaptic vesicle
regeneration. Acute dynamin inhibition impairs neurotransmitter
release, in agreement with the protein’s established role in vesicle
resupply. Here, using tissue-specific dynamin-1 knockout [condi-
tional knockout (cKO)] mice at a fast central synapse that releases
neurotransmitter at high rates, we report that dynamin-1 deletion
unexpectedly leads to enhanced steady-state neurotransmission
and consequently less synaptic depression during brief periods
of high-frequency stimulation. These changes are also accompa-
nied by increased transmission failures. Interestingly, synaptic ves-
icle resupply and several other synaptic properties remain intact,
including basal neurotransmission, presynaptic Ca2+ influx, initial
release probability, and postsynaptic receptor saturation and de-
sensitization. However, acute application of Latrunculin B, a re-
agent known to induce actin depolymerization and impair bulk
and ultrafast endocytosis, has a stronger effect on steady-state
depression in cKO than in control and brings the depression down
to a control level. The slow phase of presynaptic capacitance decay
following strong stimulation is impaired in cKO; the rapid capaci-
tance changes immediately after strong depolarization are also
different between control and cKO and sensitive to Latrunculin B.
These data raise the possibility that, in addition to its estab-
lished function in regenerating synaptic vesicles, the endocytosis
protein dynamin-1 may have an impact on short-term synaptic
depression. This role comes into play primarily during brief high-
frequency stimulation.
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S ustained neurotransmission requires synaptic vesicle (SV)
recycling. The reformation of functional SVs, in general,

requires several seconds or even longer (1, 2) and is thus several
orders of magnitude slower than vesicle release at active zones
(AZs). Vesicle fusion can reach rates of up to a few thousand
vesicles per second in many types of nerve terminals, such as rib-
bon synapses (3,000/s) (3), cerebellar basket cell terminals (5,000/s)
(4), and the calyx of Held (6,000/s) (5–7). Because release sites are
limited in number, synapses need to reuse them rapidly in suc-
cession during repetitive stimulation, and this requirement may
be more restrictive than that of SV availability (8). AZs are
composed of a meshwork of evolutionarily conserved scaffold
proteins including RIM, Munc-13, RIM-BP, α-liprin, ELKS, and
Ca2+ channels (9–11), but their dynamic properties are poorly
understood (10). During high-frequency release, vesicle mem-
brane components (12) and soluble N-Ethylmaleimide sensitive
factor (NSF) attachment protein receptor (SNARE) proteins that
occupy the release sites need to be cleared rapidly so that new
vesicles can dock and prime for new rounds of exocytosis. The
recovery of release sites may become rate-limiting during high
rates of transmitter release (8). However, direct experimental
testing is challenging due to the transient nature of this process.
The molecular mechanism underlying site clearance and functional
recovery are unclear. Tight exo/endocytosis coupling (13, 14)

may contribute to the reavailability of release sites by promoting
clearance of vesicle components from release sites during high
synaptic activity (8). Refractoriness of release sites during high-
frequency release had already been considered early on by Bernhard
Katz (15). It was further supported by evidence for ultrastructural
changes in AZs after stimulation (16, 17) and by studies on the
temperature-sensitive dynamin mutant shibire in Drosophila (18) and
on the perturbations of other proteins involved in endocytosis (19–21).
The calyx of Held is a fast central synapse in the auditory brain-

stem, and it spontaneously fires action potentials (APs) at ∼70 Hz
[ranging between 0.4 and 174 Hz in postnatal day 32 (P32) mice]
(22) or ∼30 Hz (median frequency in P13–28 mice) (23) in vivo.
It can follow AP input at up to ∼500 Hz under sound stimulation
in anesthetized mice (23, 24). The calyx of Held may reuse its
release sites at least 3–5 times per second during transient high-
frequency stimulation (8). This makes it an ideal model synapse
for the study of rapid processes during endocytosis and release
site clearance.
Dynamin is a large guanosine triphosphatase (GTPase) with

multiple domains interacting with other molecules, and it is
critical for membrane fission during vesicle trafficking (25).
Among three dynamin isoforms (encoded by Dnm1, Dnm2, and
Dnm3) in the mammalian brain, dynamin-1 is the most abundant
(26). The conventional deletion of dynamin-1 causes early le-
thality in mice and accumulation of clathrin-coated endocytic
intermediates at nerve terminals (26, 27). Direct presynaptic
recordings from the calyx of Held in conventional dynamin-1 KO
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animals reveal a significant impairment of the slow form of
endocytosis and a reduction of presynaptic Ca2+ currents (28).
Further deletion of dynamin-3 exacerbates dynamin-1 KO phe-
notypes (29) and leads to striking synaptic facilitation (30). The
spontaneous Dnm1 mutation (R256L) in dogs causes an exercise-
induced collapse syndrome (31), and fitful mice carrying a Dnm1
mutation exhibit epilepsy (32). The shibire mutation paralyzes
Drosophila at the restrictive temperature due to synaptic vesicle
depletion at neuromuscular junctions (33). It also displays a rapid
enhancement of synaptic depression within 20 ms of stimulation
presumably arising from rapid obstruction of release sites (18).
Here, we examine how dynamin loss affects fast synaptic trans-

mission at the mature calyx of Held (P16–20) by tissue-specific
Dnm1 gene deletion. To our surprise, the loss of dynamin-1 de-
creased short-term synaptic depression during brief high-fre-
quency stimulation. This effect depends on the high-frequency
stimulation and actin polymerization. Interestingly, the vesicle
resupply rate, along with other properties of synaptic transmis-
sion, remains intact in conditional knockout (cKO) synapses.
These data call for roles of dynamin in short-term synaptic
plasticity in addition to its known function in regenerating
new SVs. Mechanisms, which imply more efficient release site
clearance in cKO than control during brief high-frequency stim-
ulation, are discussed.

Results
Tissue-Specific Dynamin-1 Ablation Does Not Affect Basal
Neurotransmission at the Mature Calyx of Held. Dynamin-1 was
selectively ablated in mouse auditory brainstem by crossing
Dnm1f/f (34) and Krox20Cre (35, 36). These conditional dynamin-1
knockout mice (Dnm1Δ/f Krox20Cre, hereafter named cKO)
were viable, fertile, and without notable outward defects. This
contrasts with the conventional dynamin-1 KO mice (26) and
their out-breeding KO strain (crossing with CD-1) (28) that
showed a much shorter life span (<2 wk) and smaller (∼1/3 or
less) body size and weight than that of the control. The mor-
phology of the calyx of Held in cKO mice was indistinguishable
from control (Fig. 1B, Left) with comparable, well-developed
presynaptic structures at P20. Immunostaining showed abundant
fluorescence of a synaptic marker vesicular glutamate transporter 1
(vGlut-1) in both control and cKO synapses, but dynamin-1 fluo-
rescence nearly disappeared in cKO synapses (Fig. 1B, Middle),
suggesting efficient dynamin-1 deletion in the cKO calyx of Held.
We first monitored the spontaneous miniature excitatory post-

synaptic currents (mEPSCs) in the medial nucleus of trapezoid
body (MNTB) neurons. The mEPSCs in cKO showed similar ki-
netics and amplitudes as those in control (control: −60.3 ± 3.7 pA,
n = 15 synapses; cKO: −61.7 ± 3.8 pA, n = 17 synapses). The
mEPSC frequency in cKO (cKO: 3.9 ± 0.7 Hz, n = 17) was
slightly smaller than that of control (5.5 ± 0.6 Hz, n = 15; P =
0.076) (Fig. 1 C–E). The initial EPSCs induced by APs had com-
parable amplitudes (Fig. 1 F–H, control: −6.9 ± 0.4 nA, n = 35
synapses; cKO: −5.9 ± 0.5 nA, n = 50 synapses, P = 0.14) and
half-widths (543 ± 26.8 μs, n = 35 for control; 541 ± 20.6 μs, n =
50 for cKO; P = 0.96) between the two groups. The EPSC la-
tency in cKO was slightly longer than control (1.07 ± 0.02 ms for
control; 1.15 ± 0.03 ms for cKO; P < 0.05). These findings
demonstrate that basal transmission in a circuit of the central
nervous system is nearly intact in the absence of dynamin-1,
suggesting that dynamin-1 is not essential for low levels of syn-
aptic activity. The remaining levels of vesicle recycling may be
supported by dynamin-2 and -3 in the calyx of Held. These data
are consistent with the nearly intact basal neurotransmission
observed in conventional KO synapses (28). However, the con-
ventional KO results in somewhat smaller presynaptic Ca2+

current and correspondingly smaller EPSCs; such changes were
not observed in cKO mice.

The Lack of Dynamin-1 Increases Steady-State Transmitter Release
and Reduces Short-Term Depression During High-Frequency Stimulation.
The calyx of Held can follow AP stimulation over a wide range of
frequencies in vivo (23). We therefore examined the changes in
EPSCs during AP stimulation at different frequencies in MNTB
neurons. The steady-state depression levels were calculated based on
the average value of the last five normalized EPSCs. We define
depression as the complement to steady-state release that is
expressed as a percentage of the first EPSC. In response to the
low-frequency AP stimulation (30 APs at 10 Hz, Fig. 2 A and B),
cKO synapses showed moderate depression (47.3 ± 5.0%, n = 10)
similar to that in controls (54.2 ± 2.1%, n = 12; P = 0.23).
However, in response to 300-Hz APs, cKO synapses showed much
less depression than controls (Fig. 2 C and D), and steady-state
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Fig. 1. Tissue-specific ablation of dynamin-1 has no major impact on the
morphology of the calyx of Held and on basal synaptic transmission. (A and
B) Immunofluorescence of the mature calyx of Held (P20) from a control and
a cKO brain slice. Antibodies against the vesicular glutamate transporter-1
(red) and dynamin-1 (green, polyclonal antibody) were used. Note the dis-
appearance of dynamin-1 fluorescence in cKO. (Scale bars: 5 μm.) (C, Left)
Representative mEPSCs from MNTB neurons (P16–20). (Right) The averaged
mEPSC traces from a control (222 events) and a cKO (n = 171 events) cell
shown on the left. (D) mEPSC amplitude distribution from a control and a
cKO synapse. (E) Amplitude and frequency of mEPSCs in both control (n = 15
synapses; total events: 4,414) and cKO groups (n = 17 synapses; total events:
3,614). (F) Representative control and cKO EPSCs evoked by 30 APs at 1 Hz.
Arrows indicate the first EPSC peak. (G and H) EPSC amplitudes (G) and ki-
netics (H) from both control (n = 35) and cKO calyx of Held (n = 50) (P < 0.05
for the latency, Student’s t test).
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release was larger in cKO. The average depression was significantly
less in cKO (74.8 ± 3.03%, n = 8 synapses) than in control (88.5 ±
1.23%, n = 12 synapses; P = 0.0016) (Fig. 2D). This effect developed
very rapidly during high-frequency stimulation so that depression
curves diverged within a few AP stimuli (within ∼10 ms) (Fig. 2D).
Furthermore, this effect strongly depended on the stimulation fre-
quency (Fig. 2E), as shown by the separation of the two traces at
100 Hz or higher.
The reduced synaptic depression in cKO observed here is

consistent with the weaker depression that is observed at syn-
apses lacking syndapin-1 (37), a critical dynamin-interacting
partner. Along the same line, dynamin-1 and -3 double knockout
synapses even exhibit strong facilitation, which is largely accounted
for by a pronounced decrease in release probability and vesicle
number (30). On the other hand, the reduction in depression in
cKO synapses was unexpected because acute dynamin GTPase in-
activation (18) or inhibition (20, 21) enhanced synaptic depression.
An involvement of the Krox20Cre gene in the depression phenotype

of cKO synapses can be ruled out because the Krox20Cre/+ gene
alone did not change short-term synaptic depression (Fig. S1).
We also noted that synaptic transmission in cKO was more

prone to fail than in control during high-frequency stimulation
(Fig. S2). Further characterization of AP transmission revealed
that the cKO calyx of Held could faithfully transmit APs at low
frequencies (Fig. S3 A and B), but failed frequently at high fre-
quencies (Fig. S3C). This was unexpected because the mature
calyx of Held is known as a high-fidelity synapse (22, 38, 39). The
transmission failures in cKO depended on both stimulation fre-
quency (Fig. S2 A and B) and duration (Fig. S3 E and F). In-
terestingly, they occurred before synaptic vesicle depletion as
indicated by the complete and sudden (rather than gradual)
EPSC disappearance (Fig. S3 E and F, Insets). Further loose-
patch recordings, in which local current signals from presynaptic
and postsynaptic sites can be distinguished (Fig. S4A), revealed
more frequent presynaptic AP failures than quantal failures in
cKO synapses (Fig. S4 B and C).

Fig. 2. Lack of dynamin-1 causes a relative increase in steady-state trans-
mitter release and less synaptic depression during high-frequency stimulation.
(A) Representative control and cKO EPSC trains in response to 30 APs at 10 Hz.
(B) Average short-term depression (STD) curves at 10 Hz from control (n = 12)
and cKO (n = 10) synapses (τ = 0.27 s for both groups) showed no difference in
STD. (C) As in A but in response to APs at 300 Hz. Note the larger EPSCs at the
end of the train in cKO. (D) Average STD curves at 300 Hz in cKO (τfast = 7.9 ms,
τslow = 74 ms; n = 8 synapses) and control (τfast = 12.2 ms, τslow = 123 ms; n = 12
synapses). The less depression in cKO compared with control was evident
within a few stimuli (∼10 ms) as their respective depression curves started
separating. (E) The average STD levels in control and cKO synapses were
plotted over different stimulation frequencies. Note that the difference in STD
between control and cKO is frequency-dependent. The steady-state depression
levels were calculated as the average value of the last five normalized EPSCs in
each train from individual synapses; the number in each parentheses indicates
the cell number recorded for that frequency. For any single data point in E, the
numbers of animals that we used were from a minimum of three to four mice
to a maximum of seven to eight mice.

Fig. 3. Postsynaptic receptor saturation and desensitization do not con-
tribute to the smaller STD at mature cKO calyx of Held. (A) EPSC changes
before (black) and after (red) the application of 1 mM KYN and 100 μM CTZ
during a train of 30 APs at 100 Hz in a control synapse. (Inset) Enlarged view
of the first EPSCs under two conditions. (B) The first two normalized EPSCs
showed substantial overlap before and after KYN/CTZ exposure. Note the
slightly slower EPSC decay kinetics (arrowhead) and a minor decrease in the
second EPSC peak (arrow) after applying KYN/CTZ (red). (C and D) Similar to
A and B, but in a cKO synapse. (E and F) Average changes of STD with and
without 1 mM KYN and 100 μM CTZ in control (E) (n = 21 and 9 synapses
without and with KYN/CTZ, respectively) and cKO synapses (F) (n = 35 and 10
synapses without and with KYN/CTZ, respectively). Both groups showed a
small but significant decrease of STD (P < 0.05). (G and H) Equal contribution
of postsynaptic factors to 100 Hz STD in both control and cKO groups.
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The Lack of Dynamin-1 Does Not Significantly Affect the Common
Factors Underlying Synaptic Depression. To further explore the
mechanism underlying the altered short-term depression in cKO
synapses, we examined whether other factors known to influence
short-term depression (STD) (40–43) account for the results.
First, the changes in postsynaptic receptor saturation and de-
sensitization are known to contribute to synaptic depression in
the juvenile calyx of Held (44, 45). We used 1 mM kynurenic acid
(KYN) and 100 μM cyclothiazide (CTZ) to reduce AMPA re-
ceptor saturation and desensitization, respectively. We found
similar effects of these drugs in both control and cKO synapses.
Normalized EPSCs before and after KYN + CTZ application
nearly overlapped, with only slightly slower EPSC decay under
KYN + CTZ (Fig. 3 B and D). These results speak against a
major role of AMPA receptor saturation and desensitization in
the mature calyx of Held in both control and cKO, in agreement
with the previous study (45). Under this condition, synaptic de-
pression was slightly enhanced to an equal extent in both control
and cKO (Fig. 3 E–H).
Second, a decrease in presynaptic Ca2+ influx through voltage-

gated Ca2+ channels might effectively decrease synaptic de-
pression (46–48) because of the supralinear relationship between
intracellular Ca2+ and transmitter release (7, 49). A recent study
suggests the presence of homeostatic regulation of presynaptic
Ca2+ influx at the neuromuscular junction (50). To explore this
possibility, we performed direct presynaptic whole-cell record-
ings at the P13–15 calyx of Held. There was no difference in Ca2+

current amplitude and density between control and cKO syn-
apses (Fig. 4 A and B). A relevant question is activity-dependent
Ca2+ current facilitation because it modulates neurotransmission
even with undistinguishable Ca2+ influx under basal conditions

(51). We thus applied 30 AP-like (AP-L) pulses (1 ms, +30 mV,
333 Hz) to mimic afferent AP activity (Fig. 4C). Both control and
cKO synapses showed significant Ca2+ current facilitation, but
there was no difference in their amplitudes between control
(1.07 ± 0.031) and cKO (1.1 ± 0.021 for the average of last 10 points;
P = 0.58) (Fig. 4D). This excludes the potential involvement of the
changes in presynaptic Ca2+ influx and activity-dependent facil-
itation in the STD phenotype in cKO synapses.
Third, a decrease in release probability (Pr) can cause less syn-

aptic depression or even facilitation after the loss of dynamin-1, as
we showed previously in dynamin-1, -3 double KO synapses
(30), the terminals of which are largely vesicle-depleted and
have accumulated abundant clathrin-coated profiles (29). We
used two different approaches to assess a putative Pr change in
the cKO calyx of Held. First, we examined the paired-pulse ratio
(PPR) of EPSCs as a Pr indicator. We observed no significant
difference in PPRs between control and cKO over a wide range
of frequencies up to 200 Hz (Fig. S5). At 300 Hz or above, PPRs
in cKO changed from depression to facilitation, indicating a
selective enhancement of transmitter release under the high-
frequency stimulation. It is noteworthy that the PPR is an indirect
indicator of Pr that may have certain limitations (52). We therefore
estimated Pr using an alternative approach by calculating the ratio
of the first EPSC amplitude divided by its own readily releasable
pool (RRP) in each synapse. The RRP size was measured using
100 Hz train stimulation in the presence of KYN + CTZ (Fig.
S6) (44). We found no significant difference in Pr between
control and cKO synapses, despite the fact that the RRP size was
slightly smaller in cKO than in control (Fig. S6). Given the
limitations of this method of estimating RRP (53), this method
may underestimate RRP size, particularly in cKO which has the
enhanced steady-state release. To accurately measure RRP, we
turned to direct presynaptic capacitance measurements with
strong depolarization (50 ms, 0 mV). This experiment demon-
strated comparable RRP sizes between control and cKO (Fig. 7
A and B). These results, plus equal sizes of AP evoked EPSCs
between two groups, suggest a similar Pr in cKO compared with
control. Thus, an alteration in initial Pr appears unlikely to be the
major factor that accounts for the reduced depression in cKO
synapses, but the contribution of minor Pr decrease cannot be
ruled out at very high frequencies (≥300 Hz).

Vesicle Resupply Is Intact After Brief High-Frequency APs in the
Absence of Dynamin-1. The balance between vesicle pool de-
pletion and rapid vesicle replenishment during high-frequency
stimulation is crucial for short-term plasticity. Genetic pertur-
bation of endocytic proteins often leads to a delay in vesicle
resupply, as shown in mutants of endophilin (54–56), synapto-
janin (57, 58), and dap160/intersectin-1 (59). Intersectin-1 KO
synapses in mice showed deficient vesicle replenishment even
without a detectable change in capacitance decays (60). We
tested the vesicle resupply rate by examining the recovery of
transmission evoked by an AP at different intervals following
each high-frequency stimulation (30 APs at 300 Hz) (Fig. 5A).
Transmission recovery was measured as the ratio of the test
EPSC amplitude relative to the first EPSC in each train. Con-
sistent with the two phases of Ca2+-dependent recovery (61),
transmission recovered with a double-exponential time course,
with no significant difference between control (τfast = 0.13 s,
30%; τslow = 3.3 s, 57%) and cKO synapses (τfast = 0.15 s, 14%;
τslow = 3.5 s, 63%) (Fig. 5B). This indicates a normal rate of
vesicle resupply following brief high-frequency stimulation in
cKO, which is not surprising given the presence of a large pool of
recycling vesicles in this type of synapses (40, 62, 63). It is
noteworthy that the recovery curve in cKO started with a sig-
nificantly higher initial level (0.26 ± 0.017, n = 5) than in control
(0.15 ± 0.016, n = 12, P < 0.01) (Fig. 5A). This is consistent with
less depression at steady state in cKO synapses (Fig. 2C).
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Fig. 4. Presynaptic Ca2+ influx and Ca2+ current facilitation in cKO synapses
are comparable to control. (A) Representative presynaptic Ca2+ currents
evoked by a single depolarizing pulse (+10 mV, 20 ms) at a calyx of Held
from control and cKO mice (P13–15). (B) Ca2+ current amplitude and density
between control and cKO synapses (n = 7 in each group). (C) The 333-Hz,
AP-like 30 pulses (top, +30 mV, 1 ms) triggered a small but significant fa-
cilitation of presynaptic Ca2+ current both in control and in cKO synapses. (D)
A comparable amplitude of Ca2+ current facilitation in control (n = 6) and
in cKO (n = 5, P = 0.62 and 0.58 for the last 5- and 10-point averages,
respectively) synapses.
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As an alternative estimate of vesicle resupply, we measured
the RRP recovery rate with a pair of 100-Hz trains at different
time intervals (Δt) in the presence of 1 mM KYN and 100 μM
CTZ (Fig. S7A). We found that RRP recovery was unchanged
in cKO synapses (τ = 1.5 s) compared with control (τ = 1.3 s)
(Fig. S7B). These data are consistent with intact vesicle resupply
(Fig. 5) and also agree with the intact RRP recovery after
dynamin inhibition by pipette infusion of 0.3 mM GTPγS (64).
Therefore, a lack of dynamin-1 does not affect the vesicle
resupply to AZs following brief high-frequency stimulation at the
mature calyx of Held.

Actin Depolymerization Has a Stronger Effect on Synaptic Depression
in cKO than in Control Synapses. It is known that dynamin regulates
actin function through direct and indirect interactions (65) and
that the loss of dynamin strongly enhances actin reorganization
(34, 66). Therefore, actin may differentially contribute to endo-
cytosis, as well as transmitter release, in cKO and control syn-
apses. Indeed, previous studies of ultrastructure reported an
increase in bulk endocytosis—a fast and efficient membrane
retrieval mechanism primarily induced during very intense
stimulation—in synapses lacking dynamin-1 (67). In addition, it
was shown that actin plays an important role in bulk and ultrafast
endocytosis (68–72). These observations raise the possibility that
an actin-dependent increase in bulk endocytosis in cKO could
make release site clearance more efficient than in control during
high-frequency release. If this is the case, inhibition of actin
polymerization and bulk endocytosis is expected to slow down
endocytosis and release site clearance and thereby accelerate
the depression.
To test this idea, we acutely inhibited actin polymerization

using Latrunculin-B (Lat-B, 15 μM) (73) in brain slices. Lat-B
caused a significant decrease of steady-state release after a
200-Hz AP train (Fig. 6 A and B) in control, without significantly
changing the initial EPSC amplitude (−9.3 ± 1.4 nA with Lat-B,
−8.45 ± 1.2 nA without Lat-B; n = 7 each; P = 0.64). This is
consistent with a previous study (73). However, Lat-B in cKO
produced a much greater effect on synaptic depression at 200 Hz
and brought synaptic depression to the same level as in control
(7.2 ± 0.5%, n = 7 for control; 7.8 ± 0.8%, n = 5 for cKO;
P = 0.46) (Fig. 6 B and D). Lat-B abolished the difference in the
depression levels between control and cKO at both low and
high frequencies (Fig. 6E). These data, together with normal

transmission recovery, are consistent with the possibility that
we mentioned above.

The Properties of Presynaptic Endocytosis in the Calyx of Held from
Dynamin-1 cKO Mice. We performed direct presynaptic membrane
capacitance (Cm) recordings and observed a large Cm increase at
P8–10 calyx of Held. After a 50-ms depolarization (0 mV, with
0.2 mM Cs–EGTA in the pipette solution), the amplitudes of the
Cm increases and presynaptic Ca2+ currents were comparable be-
tween control and cKO synapses (P = 0.58 and 0.21, respectively)
(Fig. 7 A–C), suggesting similar sizes of RRPs between the two
groups. Next, we monitored the dynamics of endocytosis after
different stimulation protocols and characterized the Cm levels
of a fast phase (at 2 s) and a slow phase (at 35 s) (with 0.5 mM
Cs–EGTA in the pipette solution). We first applied mild stim-
ulation using 30 AP-L pulses at 333 Hz to mimic high-frequency
AP activity. Both control and cKO synapses showed moderate
exocytosis followed by similar levels of Cm recovery at 2 s and at
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Fig. 5. Synaptic transmission recovery from the short-term depression is
intact in the absence of dynamin-1. (A) Synaptic transmission at different
time intervals (Δt = 0.02, 0.1, 0.3, 1, 3, 8, 12 s) after the 300-Hz AP train.
Synapses were allowed to rest for at least 20 s between trials. (B) The time
course of the transmission recovery curves from STD in control (τfast = 0.13 s,
30%; τslow = 3.3 s, 57%; n = 12) and in cKO (τfast = 0.15 s, 14%; τslow = 3.5 s, 63%;
n = 5) synapses were similar. Only synapses without failure were analyzed for
both control and cKO groups. (Inset) The recovery curves at expanded time scales
to show the significantly higher starting level of recovery in cKO synapses.

Fig. 6. Disruption of actin polymerization eliminates the difference in STD
between control and cKO synapses during high-frequency stimulation.
(A and B) Latrunculin-B (15 μM) marginally enhanced steady-state depression in
control synapses at 200 Hz (30 APs) without significantly changing EPSC am-
plitude. Two recordings shown in A were from different terminals in control
mice; arrows indicate the peak of the last EPSC. Note the small STD difference
(0.13 ± 0.01, no Lat-B, n = 7 synapses; 0.072 ± 0.005, with lat-B, n = 7 synapses;
P = 0.006). (C and D) The Lat-B effect in cKO synapses. Note that steady-state
depression under the normal condition in cKO (0.24 ± 0.02, n = 4 synapses)
comes down strongly in the presence of Lat-B (0.078 ± 0.008, n = 5 synapses;
P < 0.001), reaching a level that is comparable to controls. (E) Steady-state
depression levels in the presence of Lat-B (calculated as the average of the last
5 points in each train of individual recording) at different stimulation frequen-
cies. The number in each parentheses indicates the synapse number recorded at
that frequency; three to seven mice were used for each data point.
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35 s (Fig. 7 D and H). After strong stimulation with depolarizing
pulses (10 × 20 ms, 0 mV, at 10 Hz); however, we observed a
large Cm increase (524 ± 54 fF, n = 7 for control; 555 ± 62 fF,
n = 5 for KO; P = 0.84) (Fig. 7E). Again, the decay was biphasic
with the second phase significantly slower in cKO than in

controls (Cm level at 35 s in control: 39.4 ± 6.7%, n = 7; KO:
62.9 ± 7.6%, n = 5; P = 0.04) (Fig. 7 E and I). The fast phase of
Cm decay (at 2 s) in cKO tended to be faster (decreased to 88.0
± 5.2% of its peak, n = 5) than in control (to 94.4 ± 3.1%, n = 7;
P = 0.33). These data agree well with our previous work showing
a pronounced impairment in the second Cm decay phase after
strong but not after mild stimulation (28), as well as impaired
clathrin-coated endocytosis under the electron microscope in
dynamin-1 KO terminals (26, 28, 67). Remaining dynamin-2 and -3
may be sufficient to support low levels of endocytosis and trans-
mission in the absence of dynamin-1.
It was reported that bulk endocytosis as observed by electron

microscopy is coupled in time to strong stimulation (67, 74). We
reasoned that Cm changes immediately after strong stimulation
may capture, at least a part of, bulk endocytosis. We therefore
focused on Cm changes within half a second after depolarization.
It is known that Cm changes in this time window can be affected
significantly by many factors, such as gating currents (75, 76),
high levels of asynchronous release after strong stimulation, and/
or other processes irrelevant to transmitter release (77, 78).
Therefore, they are often disregarded in Cm studies of endocy-
tosis, including in our previous work (28). On the other hand,
direct comparison of these signals between control and cKO
under the same experimental conditions may still provide useful
information on the fast endocytosis because these factors are
expected to be equally present in both groups. We found that
initial Cm decreases right after weak stimulation (30 AP-L at 333 Hz)
were similar between control and cKO (Fig. 7D), confirming
equal contributions of these various factors under the same
stimulation condition. Cm transients immediately after strong stim-
ulation (10-Hz, 20-ms train), however, were clearly different in
cKO, compared with control (Fig. 7E, Inset). Most cKO synapses
(four of five cells) showed a net decrease in initial Cm (cKO
slope: −0.08 ± 0.05, n = 5) during half a second after the train
(Fig. 7E, Inset), contrasting with transient Cm increases (control
slope: 0.18 ± 0.07 fF, n = 7; P = 0.017) observed in the majority
of control synapses (five of seven).
Next, we examined the role of actin depolymerization induced

by Lat-B (15 μM) on Cm changes. With mild stimulation (30 AP-L
at 333 Hz), Lat-B slightly increased the exocytosis and showed a
trend of slowing down the Cm decay at 2 s in both control and
cKO, although differences were not statistically significant (Fig. 7 F
and H and Fig. S8 A, C, and E). With the strong stimulation (10 ×
20 ms at 10 Hz), however, Lat-B nearly abolished the fast Cm
decay (Fig. 7G, Inset and Fig. S8 B, D, and F) and significantly
reduced the membrane retrieval during the first 2 s in both
control (P = 0.035) and cKO synapses (P = 0.048) (Fig. 7I)
(compared with the normal conditions without Lat-B; Fig. 7E,
Inset and Fig. S8 B and F). The slow phase (at 35 s) was signif-
icantly slower in control (P = 0.0084), but not in cKO synapses
(P = 0.43, compared with those without Lat-B) (Fig. S8 B, D, and
F). We closely examined initial Cm changes within half a second
after stimulation and compared the responses between condi-
tions with and without Lat-B (Fig. 7 E and G, Insets). We found
that Lat-B abolished the fast Cm decrease and led to a nearly flat
or even increasing Cm trace in cKO. There was only a minor
difference in Cm changes in control between conditions with and
without Lat-B application. Cm slopes between control (0.16 ±
0.05, n = 6) and cKO (0.0053 ± 0.05, n = 7; P = 0.052) in the
presence of Lat-B were comparable. Despite the technical limi-
tations, these data indicate that actin-dependent fast endocytosis
(e.g., bulk endocytosis) may become important under strong
stimulation to balance the rapid exocytosis load and that Lat-B
has different effects on Cm decays between cKO and control.

Discussion
We examined synaptic transmission at the mature calyx of Held
using tissue-specific dynamin-1 KO and found an unexpected

Fig. 7. Exocytosis and endocytosis examined by capacitance measurements
at the calyx of Held under the normal condition and in the presence of
Latrunculin-B. (A) A typical Cm trace induced by a 50-ms depolarization
(0 mV) at P8–10 calyx of Held. (B and C) Average delta Cm (control: 270 ± 22
fF, n = 12; cKO: 250 ± 23 fF, n = 16; P = 0.58) and presynaptic Ca2+ currents in
control (1.17 ± 0.06 nA, n = 12) and cKO synapses (1.03 ± 0.08 nA, n = 16; P =
0.21). (D) Average presynaptic Cm changes at the calyx of Held (P8–10) under
mild stimulation (30 AP-like pulses at 333 Hz, +30 mV for 1 ms). (E) Cm
changes under strong stimulation (10 × 20 ms, 0 mV, 100-ms interval). (Inset)
An expanded view of the average Cm traces within 1 s after stimulation
(control slope: 0.18 ± 0.07 fF, n = 7; cKO slope: −0.08 ± 0.05, n = 5; P = 0.017).
(F) Average Cm changes after the mild stimulation in the presence of Lat-B
(15 μM). (G) Average Cm changes after strong stimulation in the presence of
Lat-B (15 μM). (Inset) The expanded view of Cm changes and slopes in control
and in cKO (control: 0.16 ± 0.05, n = 6; cKO: 0.0053 ± 0.05, n = 7; P = 0.052).
(H) Summary of Cm decays after mild stimulation (30 AP-L at 333 Hz) under
the normal condition and in Lat-B for control and cKO. The data showed the
relative Cm levels remaining at 2 s (control: 90.5 ± 2.4%, n = 7; cKO: 91.5 ±
2.6%, n = 8; P = 0.8) and at 35 s from the end of stimulation (control: 53.9 ±
8.4%, n = 6; cKO: 58.8 ± 11.5%, n = 6; P = 0.75). In the presence of Lat-B, the
Cm levels at 2 s (control: 97.0 ± 2.0%, n = 7; cKO: 101.2 ± 4.1%, n = 8; P =
0.35) and at 35 s (control: 61.5 ± 6.1%, n = 7; cKO: 67.8 ± 11.2%; P = 0.64).
(I) As in H but after strong stimulation (20-ms depolarization × 10 at 10 Hz). The
Cm levels after strong stimulation at 2 s (control: 94.4 ± 3.1%, n = 7; cKO:
88.0 ± 5.2%, n = 5; P = 0.33) and at 35 s (control: 39.4 ± 6.7%, n = 7; KO: 62.9 ±
7.6%, n= 5; P = 0.04). In the presence of Lat-B, the Cm levels at 2 s (control: 105 ±
2.9%, n = 6; cKO: 102.3 ± 1.8%, n = 7; P = 0.53) and at 35 s (control: 71.2 ± 7.3%,
n = 6; cKO: 70.9 ± 6.2%, n = 7; P = 0.98). Student’s t test was used for statistical
comparison between the two groups in H and I.
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reduction in synaptic depression during brief high-frequency AP
stimulation. This reduction in synaptic depression in cKO de-
pends on neither vesicle availability to AZs nor other common
factors underlying synaptic depression, but it does rely on actin
polymerization. Actin depolymerization differentially affects the
short-term depression in control and cKO, as well as endocytosis.
Our finding indicates an important role of dynamin-1 in re-
petitive transmitter release and short-term synaptic depression
in native brain circuitry, in addition to its established role in
regenerating and supplying new synaptic vesicles for long-term
neurotransmission.
We have systematically characterized synaptic transmission in

the cKO calyx of Held, including mEPSC amplitude and fre-
quency, evoked EPSCs, action potential waveform, presynaptic
Ca2+ influx and facilitation, postsynaptic receptor saturation and
desensitization, RRP size, and vesicle resupply rate. These fac-
tors are largely intact in cKO synapses and unlikely to account
for the reduction of synaptic depression observed in cKO.
One simple explanation for this phenotype is a Pr decrease in

the cKO calyx of Held. A larger PPR at frequencies above 300 Hz
appears to support this idea (Fig. S5). However, PPRs were not
statistically different over a wide range of frequencies (<300 Hz)
despite their tendency to be slightly higher. Other assessments of
release probability (using the ratio of single AP-evoked EPSC
divided by the RRP) pointed toward a similar initial Pr in the two
groups. These observations suggest that a Pr change in cKO syn-
apses, if it exists, should be very small. Therefore, a Pr decrease in
cKO appears unlikely to be the major factor to account for the
depression phenotype in cKO. Nevertheless, a contribution of a Pr
change cannot be ruled out at very high frequencies (e.g., >300 Hz).
Another possible explanation for the decreased depression in

cKO is an enhanced release site clearance at AZs. This process
might rapidly become rate-limiting during high rates of trans-
mitter release (8, 15). Rapid local membrane remodeling and
protein sorting/diffusion may facilitate site clearance at the
subsecond timescale through fast membrane retrieval (long be-
fore slow endocytosis comes into play). Multiple forms of fast
endocytosis that have high efficiency in retrieving membrane,
such as bulk endocytosis and ultrafast endocytosis, have been
documented (2, 14, 28, 67, 74, 79, 80). It has also been reported
that bulk endocytosis as observed by electron microscopy in-
creases significantly (approximately twofold) during intense
stimulation in the absence of dynamin-1 (27, 67). It is likely that
an up-regulated actin-dependent mechanism (e.g., bulk endocy-
tosis) in cKO promotes release site clearance during high-fre-
quency stimulation, leading to enhanced transmitter release and
reduced depression. If so, the availability of release sites might
rapidly emerge as a rate-limiting step during brief high-frequency
release in the calyx of Held. Future work using novel techniques,
such as fast superresolution imaging (21, 81) or pulse-chase
flash-freezing electron microscopy (14), is required to investigate
the local membrane dynamics, protein sorting, and diffusion at
the millisecond timescale. Nanometer resolution imaging of AZs
under high rates of transmitter release conditions needs to be
achieved. New approaches that can selectively regulate fast en-
docytosis are also needed to address this fundamental question.
The greater effect of Lat-B on synaptic depression in cKO

compared with control (Fig. 6) correlates well with its larger
effect on the inhibition of the Cm decrease immediately after a
depolarization in cKO (Fig. 7 E and G, Insets), indicating that
both processes may be related through an actin-dependent mech-
anism. Dynamin can regulate actin function through direct and
indirect interactions (65, 82), and actin is important for bulk (68–
70) and ultrafast endocytosis (72). Interestingly, dynamin KO
leads to alteration of actin polymerization and reorganization in
other types of cells (34, 66). A role for actin in vesicle re-
cruitment has also been reported (73, 83, 84). Similarly, Lat-B
caused an apparent enhancement in short-term depression in

our study. This effect can be explained by inadequate vesicle
recruitment to AZs and/or insufficient clearance of SV compo-
nents (e.g., SNARE proteins) from AZs; the latter may prevent
the rapid reavailability of the limited release sites for new rounds
of vesicle docking and priming during high rates of release. We
favor the latter interpretation under our experimental conditions
because the vesicle resupply rate in cKO is comparable to that in
the control (Fig. 5 and Fig. S7).
The role of dynamin in short-term synaptic depression has

been assessed in previous work with different results, using the
shibire mutant in Drosophila (18) or dynasore (20, 21). It is un-
clear how these differences come out. A common property in
previous dynamin inhibition studies is that GTPase-inactivated
dynamin is not physically removed from synapses. Dominant-
negative effects of these inactivated dynamin molecules and/or
some off-target effects of inhibitors (85) may explain, at least in
part, the discrepancy. For example, the inactivated dynamin
contains multiple interacting domains that may sequester their
interaction partners (such as endophilin and syndapin) in cla-
thrin-coated pits (CCPs) and result in a different endocytic
defect. This effect is highlighted by a study showing that the
accumulated CCPs on the plasma membrane (PM) in shibire
mutants are converted into large bulk cisternae following the
further photo-inactivation of dynamin (all of the domains) (86).
The dynamin inhibitors or else inactivation can have off-target
effects. For example, dynasore affects actin polymerization (in
dynamin-1, -2, and -3 triple KO cells) (85), intracellular Ca2+

levels, mEPSC frequency (87), and bulk endocytosis possibly
through actin perturbation or syndapin sequestration (68, 85).
Developmental compensation appears unlikely to account for

the results of cKO because compensation should weaken or
mask the phenotype (i.e., no changes in depression), but we
observed the opposite (i.e., significantly less depression). In ad-
dition, the cKO mice were outwardly normal, and their nerve
terminals showed no compensatory dynamin-3 increases (Fig.
S9). The puncta redistribution of dynamin-3 observed in neu-
ronal cultures (26) was not evident in the cKO calyx of Held.
Discrepancies between dynamin KO and dynamin inhibition

have been consistently reported in other studies. For example,
synaptic ultra-structures are very different after stimulation be-
tween shibire mutants (nearly empty terminals with abundant
CCPs on the PM) (88) and dynamin KO (abundant large vacu-
oles and some CCPs) (27, 29, 67). Likewise, a spontaneous
dynamin-1 point mutation in fitfulmice causes enhanced depression
(32) with a phenotype similar to shibire, albeit less severe, high-
lighting the discrepancy between dynamin-1 inhibition and deletion
(KO) in the same species. Remarkably, despite these discrepancies,
our findings and previous studies (18, 20, 21) point to a potential
regulatory effect of the same process during exocytosis and endo-
cytosis coupling, implying that alterations in release site clearance
may be an overlooked mechanism for modulation of short-term
plasticity during high-frequency transmitter release.

Materials and Methods
Generation of Conditional Dynamin-1 KO Selectively in Mouse Auditory
Brainstem. The tissue-specific dynamin-1 conditional KO mice were gener-
ated by crossing the Dnm1f/f mice (34) and the Krox20Cre mice (36). The KO
mice were viable and fertile with similar body weight and size, which con-
trasts with the short life span (<2 wk) and much smaller body size (1/3 of the
control size or less at P12) of the conventional dynamin-1 KO mice after out-
breeding with the CD1 strain (28). Littermates carrying no Krox20Cre were
used as controls unless otherwise specified. All animal care and use were
approved by Animal Care and Use Committees at the University of Wisconsin–
Madison. See SI Materials and Methods for details.

Immunofluorescence Staining and Confocal Imaging. Mouse brains (P18–20)
were fixed and cut into 40- to 60-μm slices. Immunohistochemistry and
confocal fluorescence imaging were performed as described previously (66).
See SI Materials and Methods for details.
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Brain Slices, Patch Clamp, and Presynaptic Capacitance Measurements. Brain
slices (180–200 μm) containing MNTBs were prepared from P16–20 mice unless
otherwise specified, and patch clamp recordings were made as previously de-
scribed (44). The extracellular solution (ES, in mM): 120 NaCl, 2.5 KCl, 25
NaHCO3, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2, 25 glucose, 3 myoinositol, 2 Na-
Pyruvate, 0.4 (L-)ascorbic acid (pH 7.4 with 95% O2 and 5% CO2 bubbling).
Strychnine–HCl (2 μM), 10 μM bicuculline, and 50 μM D-AP5 were routinely
included in extracellular solution for EPSC recordings. EPSCs were evoked
by a bipolar electrode, and no offline Rs correction was applied. Cm was
measured using the Sine+DC technique under whole-cell patch clamp as
described previously (28, 66). Cm levels (%) after endocytosis recovery in fast
and slow phases were calculated at 2 and 35 s, respectively. For details of
EPSC recordings and Cm measurements, see SI Materials and Methods. All
experiments were conducted at room temperature (20–22 °C).

Data Analysis and Statistics. Electrophysiology data were analyzed with
IgorPro (WaveMetrics). Values were presented as mean ± SEM, statistical
analyses were performed using two-tail Student’s t test, and significance
level was set at P < 0.05, denoted with asterisks (*P < 0.05, **P < 0.01, ***P <
0.001). See SI Materials and Methods for details.
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