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Abstract

To sustain neurotransmission, synaptic vesicles and their associated proteins must be recycled 

locally at synapses. Synaptic vesicles are thought to be regenerated ~20 s after fusion by the 

assembly of clathrin scaffolds or in ~1 s by the reversal of fusion pores via ‘kiss-and-run’ 

endocytosis. Here we use optogenetics to stimulate cultured hippocampal neurons with a single 

stimulus, rapidly freeze them after fixed intervals and examine the ultrastructure using electron 

microscopy – ‘flash-and-freeze’ electron microscopy. Docked vesicles fuse and collapse into the 

membrane within 30 ms of the stimulus. Compensatory endocytosis occurs with 50-100 ms at sites 

flanking the active zone. Invagination is blocked by inhibition of actin polymerization, and 

scission is blocked by inhibiting dynamin. Because intact synaptic vesicles are not recovered, this 

form of recycling is not compatible with kiss-and-run endocytosis; moreover it is 200-fold faster 

than clathrin-mediated endocytosis. It is likely that ‘ultrafast endocytosis’ is specialized to rapidly 

restore the surface area of the membrane.

Introduction

Recycling of synaptic vesicle membrane and proteins is required to keep membrane surface 

area constant and ensure efficient neurotransmission during sustained synaptic activity. 

Classical ultrastructural analysis of frog neuromuscular junctions led to two models of 

endocytosis. Heuser and Reese proposed a slow endocytic pathway that takes place distant 

from active zones via clathrin scaffolds ~20 s after exocytosis1. Ceccarelli and his 

colleagues proposed a fast mechanism, now termed kiss-and-run, that retrieves fusing 
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vesicles by reversing their neck2,3 – a process that takes place within 1 s4–6. Since then, 

many studies have focused on understanding the molecular mechanisms and the kinetics of 

endocytosis to distinguish these two models. However, conflicting evidence has 

accumulated over the past 40 years.

The studies on the molecular mechanisms suggest that proteins associated with clathrin play 

crucial roles in synaptic vesicle endocytosis7,8. Purified clathrin and its adaptor proteins are 

sufficient to reconstitute vesicles from brain-derived liposomes9. When cleavage by 

dynamin is disrupted, clathrin-coated pits and coated vesicles accumulate at the plasma 

membrane of synapses10,11. Likewise, reductions of clathrin interacting adaptor 

proteins12–15, membrane-curvature proteins16–19, or scaffolding proteins20–22 perturb 

endocytosis at the synapse. On the other hand, the recruitment of clathrin triskelia is known 

to be very slow – on a time scale of seconds23, making it difficult to reconcile how vesicles 

can be regenerated when firing rates exceed 100 Hz24. Moreover, functional vesicles are still 

regenerated in the absence of clathrin or its adaptor proteins13,25, suggesting that another 

pathway may be operating at synapses.

The conclusions from studies on kinetics of endocytosis are often contradictory but in some 

cases suggest that both kiss-and-run and clathrin-mediated endocytosis are operational at the 

synapse. Fluid-phase uptake of fluorescent dyes such as FM dyes5,26,27 or measurements of 

open times using quantum-dots4,28 show two kinetic components: fast (1-2 s) and slow (~20 

s), although some authors have reported only a single kinetic component29. Dye release of 

vesicles during exocytosis indicates that some dye is retained in the vesicle and suggests the 

presence of a transient fusion pore that opens during kiss-and-run4,5,27. Capacitance 

measurements from the calyx of Held30, retinal bipolar cells6, and hippocampal mossy fiber 

boutons31 suggest that both fast and slow mechanisms are likely at work. On the other hand, 

the measurement of protein trafficking using the pH-sensitive fluorescent protein pHluorin 

suggests that endocytosis of vesicle proteins in mammalian central synapses occurs with a 

single time constant of 15 s32,33, similar to the time course revealed by ultrastructural 

analysis of the clathrin-mediated pathway1.

The classic ultrastructural studies that gave rise to these models have certain caveats. For the 

cold-glutaraldehyde fixations, minutes-to-hours long stimulations were applied to dissected 

frog neuromuscular junctions1,2. For the freeze-slammer experiments, 4-aminopyridine was 

applied to block potassium channels and prolong release3,34. To observe synaptic 

ultrastructure following a single physiological stimulation, we developed a device that 

couples optogenetics and rapid high-pressure freezing35. Using this ‘flash-and-freeze’ 

approach, we found that endocytosis occurs within 50 ms after stimulation at the edges of 

active zones in the nematode C. elegans35. Here, we applied a brief single light stimulus to 

mouse hippocampal neurons expressing channelrhodopsin and froze them at various time 

points ranging from 15 ms to 10 s after stimulation. Morphometry was conducted blind for 

200 synapses from each time point. We found that endocytosis takes place between 50-100 

ms after stimulation at the edge of active zones (Extended Data Fig. 1). These results 

suggest that ultrafast endocytosis mediated by actin and dynamin may be the first step in 

synaptic vesicle recycling in mouse hippocampal neurons.
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Results

Docked vesicles fuse in the active zone

To capture membrane dynamics during neurotransmission, we coupled optogenetics with 

high-pressure freezing of cultured mouse hippocampal neurons. Primary cultures were 

infected with lentivirus expressing channelrhodopsin-2 (E123T/T159C; hereafter 

‘ChetaTC’)36,37. On-cell electrophysiological recordings performed at 34°C revealed that a 

single 10 ms pulse of blue light elicits at least one action potential with a mean delay of 4.8 

± 0.4 ms after light onset in 88% of the infected neurons (Fig. 1a, Extended Data Fig. 2). 

Some cells (20%, 7/34) fired a second action potential within 30 ms of light-on as illustrated 

in the sample trace (Fig. 1a). No action potential was observed in 12% of the cells (4/34; 

Extended Data Fig. 2b). Application of tetrodotoxin blocks light-evoked neurotransmitter 

release (Fig. 1b, upper trace), demonstrating that vesicle fusion is triggered by action 

potentials rather than by a global membrane depolarization by channelrhodopsin. 

Postsynaptic currents were observed with a delay of ~6.9 ± 0.3 ms after light-on (Fig. 1b), 

and were blocked by NBQX and bicuculline (Fig. 1b, middle trace). In paired recordings of 

isolated ChetaTC positive and negative neurons, alternating light or electrical stimulation in 

the ChetaTC positive cell elicits identical postsynaptic currents, demonstrating that in our 

conditions channelrhodopsin is acting solely via action potential generation, rather than 

supplementing calcium in the synaptic bouton (Extended Data Fig. 3).

To capture synaptic structures during neurotransmission, we applied a single 10 ms pulse of 

blue light, froze the cells using a high-pressure freezer at defined time points ranging from 

15 ms up to 10 s after light onset, and prepared the samples for electron microscopy 

(Extended Data Fig. 2d, see Methods). To enhance release probability, the external solution 

contained 4 mM calcium. Omega figures of fusing vesicles were only rarely observed in 

unstimulated synapses (1% profiles at ‘0 ms’, Fig. 1f), whereas they were found in 20% of 

synaptic profiles 15 ms after light onset (~10 ms after the initiation of an action potential). 

Thus, these structures probably represent fusions occurring during peak transmission or 

phasic release (Fig 1b). Fusions were observed within the active zone (Fig. 1c-e), and the 

diameters of these pits were similar to that of synaptic vesicles, and thus each pit represents 

the fusion of a single synaptic vesicle (Fig. 1g). Based on the wide opening at their neck 

(Fig. 1c-e), these pits are likely to be collapsing into the membrane, and the omega 

structures perdure for 20 ms (τ = 20.3 ms, see Methods online). Occasionally, multiple pits 

were observed in single sections (Fig. 1e), suggesting that multi-vesicular release can occur 

in response to a single action potential or tightly spaced action potentials (20% of stimulated 

cells, Fig. 1a, Extended Data Fig. 2b). In either case, the presence of multiple fusing vesicles 

suggests that the fusion of a second vesicle is not blocked by the preceding fusion event.

We defined docked vesicles as those in direct contact with the membrane, in addition we 

scored vesicles with tethers that were within 30 nm of the plasma membrane (Fig. 2a). The 

number of docked vesicles was reduced from 1.7 to 1.0 per profile after the stimulus, but the 

tethered pool was largely unaffected (Fig. 2b-d). The docked pool recovered with a time 

constant of 3.8 s (Fig. 2b), which is similar to the time constant (4.3 s) for the recovery of 

the readily-releasable pool previously measured in mouse hippocampal neurons by 
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electrophysiology38. These data suggest that docked vesicles are likely to be the 

morphological correlates of the physiologically defined readily-releasable pool.

Endocytosis peaks at 100 ms

Following exocytosis, endocytic structures appeared adjacent to the active zone (Fig. 3 and 

Fig. 4; Extended Data Fig. 4 for more example electron micrographs). Shallow pits (<40 

nm), deep pits (>40 nm), and fully internalized vesicles (>50 nm) were all observed within 

50 ms after stimulation and were declining by 300 ms (Fig. 3a-d, i). The number of shallow 

and deep pits increases again at 1 s, indicating a possible secondary wave of endocytosis. 

The diameters of these endocytic pits and large vesicles are similar (86 ± 2.4 nm and 82 ± 

1.2 nm, respectively), suggesting a precursor-product relationship between these structures 

(Fig. 3h). The surface area of large vesicles is comparable to the surface area of ~4 synaptic 

vesicles (see Membrane calculations in Methods online). Electron-dense filaments are 

occasionally visible around these endocytic structures (Extended Data Fig. 4j, k), but they 

differ from classical coats (Extended Data Fig. 4m-p).

To confirm the spatial relationship of exocytic and endocytic sites, we performed electron 

tomography on 200-nm thick sections at 50 ms and 100 ms after stimulation (Fig. 4). Fusing 

vesicles, defined by their diameter, were rare and were not observed in the 100 ms 

tomograms (Fig. 4a). Endocytic invaginations were outside the active zone and were often 

observed flanking the active zone (Fig. 4b, e). The number of shallow invaginations declines 

at 100 ms and is associated with an increase in the number of deep pits and large vesicles 

(Fig. 4c) - similar to the 40-nm sections (Fig. 3i). The diameters of pits (76.3 ± 1.9 nm) and 

large vesicles (78.0 ± 3.3 nm) are similar, again suggesting a precursor-product relationship 

(Fig. 4d).

One potential interpretation of these data is that synaptic vesicles first undergo homotypic 

compound fusion to generate a large vesicle39,40, and then fuse to the plasma membrane. To 

exclude such a possibility we used ferritin as a fluid phase marker to label endocytic 

structures. Cationized ferritin binds to negative charges on the plasma membrane and 

becomes internalized by endocytosis. Ferritin-positive synaptic vesicles were only rarely 

observed in the absence of stimulation (Extended Data Fig. 5a; control ‘0 ms’, see Methods 
online). Cells were stimulated with a single light pulse and frozen 100 ms later. After 

stimulation, ferritin was found in invaginations (22% of the synapses) and large vesicles 

(16% of the synapses; Fig. 3e-g and Extended Data Fig. 5c-e for more example 

micrographs). The frequencies of endocytic structures were similar to matched controls with 

no ferritin, thus ferritin itself did not affect ultrafast endocytosis (Extended Data Fig. 5f,g). 

The presence of ferritin in large vesicles but not synaptic vesicles (Extended Data Fig. 5b), 

suggest that these large structures are due to endocytosis rather than compound fusion, and 

further suggest that synaptic vesicles are not being regenerated directly from the membrane 

on this time scale.

Ultrafast endocytosis scales with exocytosis

Some data suggest that calcium influx may be able to stimulate endocytosis without vesicle 

fusion41. To test if calcium influx alone can stimulate ultrafast endocytosis, we repeated the 

Watanabe et al. Page 4

Nature. Author manuscript; available in PMC 2014 June 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



experiment in cultured neurons from Munc13-1 Munc13-2 double mutants (Munc13-1/2 

DKO), which should still experience calcium influx but lack synaptic vesicle exocytosis at 

hippocampal synapses42,43. We applied a single light pulse to Munc13-1/2 DKO 

hippocampal neurons expressing ChetaTC and froze the sample at 0 ms, 30 ms and 100 ms. 

The number of docked vesicles was significantly reduced as previously observed42,43, and 

no exocytic omega structures were observed. Endocytic structures were completely absent in 

Munc13-1/2 DKO cells (Fig. 3j). Thus, ultrafast endocytosis requires the addition of 

membrane to the surface via exocytosis and is not solely driven by calcium.

Nevertheless increasing calcium is known to accelerate endocytosis during synaptic 

activity44. In our experiments we used 4 mM calcium to increase release probability; it is 

possible that ultrafast endocytosis depends on elevated intracellular calcium. We therefore 

repeated the experiments using 2 mM calcium in the external solution (Extended Data Fig. 

6). At least one action potential during the light pulse was observed in 73% of cells (11/15; 

Extended Data Fig. 6a and b). Endocytic intermediates were captured at the lateral edge of 

active zone 100 ms after stimulation (Extended Data Fig. 6c-e). The number of exocytic 

events and endocytic events was less than the number observed with 4 mM calcium 

(Extended Data Fig. 6f and g). However, the kinetics of endocytosis were not altered. These 

results suggest that ultrafast endocytosis occurs under physiological conditions but scales 

with the amount of membrane added by exocytosis.

To determine if ultrafast endocytosis can fully compensate for membrane added during 

exocytosis, we compared the surface area added by exocytosis to that removed by 

endocytosis (see Methods). The number of fused vesicles was determined by comparing 

docked vesicles at the ‘0 ms’ and‘15 ms’ time points. We calculated that 3700 nm2 of 

membrane was added to the surface per each profile. The amount of membrane endocytosed 

at 100 ms was 3150 nm2. In short, we observe that 0.7 synaptic vesicles fuse per profile and 

0.6 vesicle equivalents are recovered per profile. These data suggest that a majority of the 

membrane added by full-collapse fusion after a single stimulus is retrieved by ultrafast 

endocytosis.

Actin and dynamin mediate endocytosis

Some forms of endocytosis, either clathrin-dependent or -independent, are mediated by 

actin45. To investigate the role of actin polymerization in ultrafast endocytosis, we applied 

latrunculin-A (Fig. 5), which disrupts polymerization of actin46. Application of 0.1% DMSO 

or 10 μM latrunculin-A for 1 minute did not affect evoked neurotransmission (Fig. 5d and 

Extended Data Fig. 7a, b). Hippocampal neurons treated with either latrunculin-A or DMSO 

for 30 s were frozen 100 ms after light stimulation (Fig. 5a, b and Extended Data Fig. 7c-h 

for more representative micrographs). The DMSO-treated neurons exhibited normal 

endocytosis (Fig. 5b, e). No endocytic structures were observed in the latrunculin-A treated 

cells (Fig. 5a, e), suggesting polymerized actin is required for ultrafast endocytosis.

Cleavage of budded vesicles from the plasma membrane is associated with the GTPase 

dynamin10,11. Dynasore is a small molecule that interferes with the GTPase activity of 

dynamin and blocks the cleavage of membrane necks47 but may also affect the actin 

cytoskeleton48. We applied 80 μM dynasore for 30 s prior to freezing. Unstimulated neurons 
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treated with dynasore did not accumulate pits, indicating that spontaneous activity does not 

contribute substantially to trapped endocytic intermediates (Fig. 5f; 0.1 pits or large vesicles 

per profile in both treated and control). In cultures stimulated by a single pulse of light and 

frozen 100 ms later, dynasore treatment did not increase the total number of endocytic 

structures, suggesting that dynasore did not increase exocytosis and thereby indirectly 

increase endocytic structures (Fig. 5f; 0.4 endocytic structures per profile in treated and 

control). However, the fraction of structures remaining as large vesicles trapped close to the 

membrane increased (Fig. 5f; control: 0.09 large vesicles per profile, treated: 0.16 large 

vesicles). By 1 s after stimulation, the endocytic structures had progressed to large vesicles 

but remained associated with the membrane in dynasore-treated samples (control: 0.06 large 

vesicles; treated 0.22 large vesicles; Fig. 5c,f and Extended Data Fig. 8a-c for more 

micrographs). Necks were only visible in 18% of the trapped large vesicles (10/57), possibly 

due to the thickness of the sections (40 nm). Electron tomography revealed that the large 

vesicles were still attached to the membrane (Extended Data Fig. 8d-f), suggesting that these 

large vesicles are trapped on the surface. Together, these results suggest that endocytosis in 

hippocampal neurons occurs within 100 ms lateral to the active zone, and is mediated by 

actin polymerization and dynamin.

Discussion

It is widely agreed that after high frequency stimulation, membranes and proteins are 

retrieved by clathrin7,49. The best estimates for the speed of clathrin-mediated endocytosis at 

the synapse come from vesicle proteins tagged with pHlourin. Synaptic vesicle proteins 

freshly added to the surface after a single action potential are recycled with a time constant 

of about 15-20 s32,33. In addition, a fraction of vesicle proteins already reside on the plasma 

membrane and are only endocytosed after stimulation50. This readily retrievable pool of 

proteins is also internalized with a time constant of about 20 s after stimulation50. 

Endocytosis of synaptic vesicle proteins requires clathrin and clathrin adaptors and is 

probably specialized to bind and recover synaptic vesicle proteins lost to the plasma 

membrane33. These rates are slow compared to ultrafast endocytosis, which is 200 times 

faster, but the assembly kinetics of clathrin are known to be slow23. It is too premature to 

eliminate a role for clathrin in ultrafast endocytosis; the absence of distinctive clathrin coats 

does not exclude a role for clathrin in ultrafast endocytosis.

There is a large body of evidence for a fast pathway attributed to kiss-and-run 

endocytosis5,26,27. Ultrafast endocytosis is not kiss-and-run because of three characteristics: 

First, the vesicle fusions we observe have broad openings suggesting they are collapsing into 

the membrane. Second, ultrafast endocytosis takes place at the lateral edge of the active 

zone, rather than in the middle of the active zone where fusion takes place. Third, the 

surface area of the invaginations is equivalent to 4 synaptic vesicles rather than one vesicle. 

It is unlikely that these large vesicles represent the recovery of intact synaptic vesicles.

Nevertheless, kiss-and-run events should be captured in our preparation, since they are 

thought to be more abundant during low frequency stimulation2, and the pore is estimated to 

last approximately 1-2 s5 . Thus kiss-and-run vesicles should be visible in the preparation at 

all time points between 15 ms and 1 s. However, the pore diameter is estimated to be only 
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1-2 nm in diameter2,5. Although such a pore has been observed previously by electron 

microscopy2,3, such small structures would be difficult to routinely observe in 40 nm thick 

sections. We cannot exclude the possibility of kiss-and-run figures in our micrographs. 

However, it is unlikely that kiss-and-run constitutes a significant fraction of endocytic 

events in our preparation: Presumably kiss-and-run vesicles would become undocked after 

stimulation, and our calculations of membrane surface area suggest that ultrafast endocytosis 

can account for most docked vesicles lost to fusion after a single stimulus.

Ultrafast endocytosis is likely to be an evolutionarily conserved process. At the frog 

neuromuscular junction, depressions adjacent to the active zone were observed in freeze 

fracture studies 1 second after stimulation34; these depressions were interpreted as a 

potentially fast form of endocytosis. Capacitance measures in retinal bipolar cells indicate 

that a fast form of endocytosis (τ=1s) is clathrin-independent6. Ultrastructural studies at C. 

elegans neuromuscular junctions indicate that endocytosis can be as fast as 50 ms following 

a single stimulus and also occurs at the lateral edges of the active zone35. The data presented 

here suggest that ultrafast endocytosis almost instantaneously compensates for membrane 

added to the plasma membrane. The rapid communication between fusion in the active zone 

and the endocytic sites at the lateral edges is probably mediated by a relaxation in membrane 

tension. The intriguing unknown is how membrane tension could be coupled to the 

endocytic machinery.

Methods (online)

Cell cultures and lentivirus infection

Animals were handled according to the rules of Berlin authorities and the animal welfare 

committee of the Charité Berlin, Germany. Newborn C57/BL6-N mice were decapitated and 

brains quickly transferred into cold HBSS. For feeder layer cultures, cortices were treated 

with trypsin for 20 min, triturated and seeded into T-75 flasks containing DMEM 

supplemented with 10% FCS and 0.1% penicillin-streptomycin. After 2 weeks, astrocytes 

were plated onto 6 mm sapphire disks (Wohlwend GmbH) for high pressure freezing 

experiments or 15 mm glass coverslips (Hecht Assistent) for electrophysiology. Hippocampi 

were dissected under a binocular and digested using papain for 1 h at 37°C. After trituration, 

neurons were seeded onto astrocyte feeder layers at densities of 13×103/cm2 in 12-well 

plates. Prior to addition of hippocampal neurons, culture medium was changed to 

Neurobasal-A supplemented with 2% B27, 0.1% penicillin-streptomycin (NB-A full 

medium, Invitrogen).

Virus production was performed as described previously51. Briefly, HEK293T cells were 

transfected in T-75 flasks with a plasmid encoding Channelrhodopsin-2 (E123T/T159C; 

ChetaTC) under control of a neuron-specific synapsin promoter, and the helper plasmids 

pCMVdR8.9 and pVSV.G (5 μg each) with X-tremeGENE 9 DNA transfection reagent 

(Roche). These modifications to channelrhodopsin-2 increase the maximal current and off-

kinetics of the light-activated channel36,37. Cultures were maintained in NB-A full medium 

in an incubator at 32°C and 5% CO2 for 72 h. Supernatant was harvested, filtered, 

concentrated to 500 μl using Amicon Ultra-15 centrifugal 10 kDa filter units and shock-

frozen in liquid nitrogen. 25μl of concentrated virus was used to transduce neurons at 
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DIV1-2. Infection rates reached 100%, as monitored by YFP fluorescence and whole-cell 

current-clamp recordings.

For electrophysiological experiments using co-cultures of ChetaTC positive and negative 

cells, one set of hippocampal neurons was cultured as described above and infected 6-24 h 

post seeding. A new set of neurons was prepared 2-4 days later and incubated for 2-3 h in 

suspension with a lentivirus encoding mKate2. Subsequently, neurons were washed twice 

with NB-A full medium to remove viral particles, and added at low concentrations to the 

neurons expressing ChetaTC. For paired recordings on co-cultures of ChetaTC positive and 

negative neurons, we modified protocols for autaptic neuronal cultures52. In six-well plates, 

hippocampal neurons were seeded at low density (260 cells/cm²) on astrocyte microislands 

of 500 μm diameter and infected with ChetaTC virus. After 3 days, culture medium was 

changed, and uninfected striatal neurons were added at same concentration.

Electrophysiology

Whole cell patch-clamp and cell-attached voltage-clamp mode recordings were performed 

under conditions mimicking the high-pressure freezing experiment. The extracellular 

solution contained (in mM): 140 NaCl, 2.4 KCl, 10 Hepes, 10 Glucose, 4 CaCl2, and 1 

MgCl2 (pH adjusted to 7.3 with NaOH, 300 mOsm). All recordings were performed at 34°C 

using a Multiclamp 700B amplifier (Molecular Devices) under the control of Clampex 10.0 

(Molecular Devices). Data was aquired at 10 kHz and filtered at 3 kHz. Intracellular solution 

for whole cell recordings contained (in mM): 146 K-gluconate (paired recordings) or KCl 

(mass cultures), 17.8 Hepes, 1 EGTA, 4 Mg-ATP, 0.3 Na-GTP, 12 creatine phosphate, 50 

units/ml creatine-phosphokinase (pH adjusted to 7.3 with KOH). Pipette resistance was 3-5 

MOhm, and access resistance was compensated with 70%. Pipettes contained extracellular 

solution for cell-attached measurements of action-potentials evoked by light stimulation. 

Optical stimulation was provided by a 470 nm LED coupled into the fluorescence port of the 

microscope (Olympus-IX51), and triggered by a TTL signal. The delay between TTL-trigger 

and light-onset is approximately 200 μs. For our morphological studies, each cell only 

received one light stimulus before freezing, and thus, in the cell attached recordings we 

recorded from cells that never experienced light stimulation before, and only applied one 

light pulse to each cell. Occasionally, multiple action potentials were observed during the 10 

ms application of blue light as illustrated in the sample trace. An action potential was 

observed during the light pulse in 88% of the cells (30/34). Mean delay was 4.8 ± 0.4 ms 

after light-on. Postsynaptic responses follow ~6.9 ± 0.3 ms after the initiation of the light 

stimulus (postsynaptic onset measured at 10% peak current, n = 27) in a ChetaTC -negative 

neuron, receiving synaptic input from a ChetaTC - positive neuron. The responses were 

blocked either by tetrodotoxin or by NBQX and bicuculline.

For testing the effect of latrunculin-A on evoked release, we recorded from mKate2-positive 

cells that did not express ChetaTC (Extended Data Fig. 7a). We measured light-evoked 

PSCs 4-6 times to calculate the average PSC amplitude. After 6 pulses of blue light at 0.1 

Hz under control conditions, we applied 0.1% DMSO for 30 s and recorded PSCs with the 

same stimulation protocol. Finally, 10 μM latrunculin-A was applied for 30 s, and 4-6 PSCs 

were measured.
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Electron microscopy

Cultured cells on sapphire disks were frozen using the HPM 100 high-pressure freezer 

(Leica) with an integrated light stimulation device. To achieve millisecond temporal control 

of light application, we built a device that triggers both light and freezing. We set the device 

so that a light stimulus is applied at 15 ms, 30 ms, 50 ms, 100 ms, 300 ms, 1 s, 3 s, and 10 s 

prior to freezing. The cells were mounted in the specimen mounts at room temperature, 

which typically requires 30 s to 1 min, but were recovered to 34°C in the chamber before 

freezing.

Endocytosis should stop when the tissue reaches 0°C. Leica has placed a thermister inside 

their sample cup for the HPM100 and have measured a cooling rate of 6000K/s, which 

predicts that the sample would reach 0°C in 6 ms. We cannot monitor the temperature of the 

sample, the high pressure freezer can only send telemetry concerning the temperature of the 

freezing chamber. In our instrument, the chamber reaches 0°C 7 ms after the chamber is 

flooded with liquid nitrogen. However, there will be a further delay caused by the time 

required to cool the sample. The time required for a sample to reach a temperature can be 

estimated by the total heat to be removed from the sample divided by the rate of heat 

exchange using the algebraic formula:

t = (c•m• Δt2) / [(k•A• Δt1) / d]

in which,

t = the time required to cool the sample to a particular target temperature (s),

c = specific heat of the material (J/g K),

m = the mass of material (g)

k = thermal conductivity of the material (W/(m*K))

A = area of the exposed surface (m2)

d = distance the sample is from the surface (m)

Δt1 = driving temperature of coolant (K), and

Δt2 = the target temperature of the sample (K)

The thermal conductance of sapphire is high (c = 13.0, m= 0.011, k= 23.1, A= 2.8*10−5 area 

of the disk, d= 1*10−4 m, Δt1=−52°K, Δt2=−32°K). If the chamber temperature were 

instantaneously −20°C, the temperature on the inner side of the 100 μm-thick sapphire disk 

should reach 0°C in 0.01 ms.

The cells cultured on the sapphire disk are all within 5 μm of the surface in aqueous media 

(c = 4.186 specific heat for water, m =0.000141 mass of water in the volume, k = 0.56 

thermal conductivity of water, A = 2.8*10−5 area of the disk, d = 5*10−6 distance from the 

surface, Δt1=54°K assuming the chamber is at 253°K, and Δt2 = 34°K is the target 

temperature of 273°K. This is of course an overestimate since it assumes that there is no 

cooling of the sample in the first 7 ms. The estimated time for specimens to reach 0°C is 1.1 

ms. Thus, the sample should reach 0°C in less than 8.1 ms. Simulations of cooling using a 
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differential equation for Fourier's law of heat conduction predicts that water 5 μm from the 

surface will reach 0°C 5 ms after the chamber is flooded with liquid nitrogen, when a brass 

specimen holder is used in the Leica EMpact53. The telemetry reported that the chamber 

temperature drops to −20°C at 8 ms. However, since we cannot monitor the temperature of 

the sample, we have based our calculations on a target temperature for the chamber of 

−20°C, which comprises an 8 ms delay.

Thus, to freeze the sample 15 ms after light onset we performed the following protocol 

(Extended Data Fig. 2d). We fired a single light pulse at 0 ms, 7 ms after light onset we 

flooded the chamber with liquid nitrogen, 8 ms after application of liquid nitrogen the 

sample should reach 0°C (the chamber temperature will be −20°C), so that the sample was 

frozen 15 ms after light onset. Action potentials are initiated 4.8 ms after light onset on 

average. Thus, the ’15 ms’ freeze captures events that occurred 10.2 ms after the action 

potential on average. However these values should not be overinterpreted. There is a 

significant fluctuation in the initiation of the action potential after light onset, ranging from 3 

to 9 ms, and in some cases an action potential fails altogether. The 15 ms time point 

probably represents events that occurred between 6-12 ms after the action potential. 

Specifying the exact temporal delay after an action potential is not appropriate – for any 

particular synapse we don’t know precisely when the action potential occurred. For this 

reason we assign our temporal values to the arbitrary start point of light onset rather than tie 

it to a biological event such as action potential initiation.

After the freezing, the samples were transferred into cryovials containing 1% 

glutaraldehyde, 1% osmium tetroxide, 1% water and anhydrous acetone and processed in an 

automated freeze-substitution device (AFS2, Leica) with the following program: 2-5 h at 

−90°C, 5°C/h to −20°C, 12 h at −20°C, and 10°C/h to 20°C. Cells were stained en bloc with 

0.1% uranyl acetate for 1 h, embedded in epon, and cured for 48 h in a 60°C oven.

The samples were blinded prior to imaging and analysis. Serial 40 nm sections were 

collected on formvar-coated (0.5%) single slot grids, and 200 synaptic profiles were imaged 

using a Zeiss 902 electron microscope equipped with Megaview III camera. Based on the 

release probability in mouse hippocampal synapses and the preliminary data collected using 

a calcium-permeant variant of channelrhodopsin-2 (CaTCH), exocytosis and endocytosis 

would be captured in ~30% of synaptic profiles. Therefore, by collecting 200 profiles, we 

expected to observe at least 60 structures – sufficient to run statistical analysis. To assess ice 

crystal damage in the sample, we analyzed the morphology of the mitochondria and 

synapses in each sample (Extended Data Fig. 9). We only collected images from tissues with 

no obvious ice crystal damage. Synaptic profiles were defined as boutons containing 

synaptic vesicles attached to a postsynaptic cell with a visible postsynaptic density. To 

sample unbiased populations of synapses, synaptic profiles were chosen randomly in regard 

to size or shape. Data were collected from profiles in single sections rather than from 

reconstructed synapses. We analyzed all data that had been collected.

The images were scored blind using an analysis program developed for ImageJ and Matlab 

(Watanabe, Davis, and Jorgensen, unpublished). The active zones were defined as the 

portion of presynaptic membrane directly juxtaposed to the post-synaptic density. We 
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defined docked vesicles as those contacting the plasma membrane and tethered vesicles as 

those with a visible tether and within 30 nm of the plasma membrane. Vesicles that lack 

tethers but are within 30 nm are defined as ’<30 nm’. Tethers were visible for ~95% of the 

vesicles within 30 nm of plasma membrane. The diameter of vesicles was measured from 

the outer leaflet of membrane.

Collapsing vesicles decay with a time constant of 32 ms, but this value must be corrected 

since our data include a declining distribution of action potentials after the light stimulation 

(τ=8 ms). This value was calculated using the following formula:

We calculated the time constant for synaptic vesicle collapse. The presence of omega figures 

in our electron micrographs relies on the timing of action potentials after light stimulation 

and the speed of collapse of the synaptic vesicle. The presence of collapsing omega figures 

is then determined by the convolution of these two time constants:

e−t/τ1 * e−t/τ2 = [1/(τ1−τ2)] • (e−t/τ1 - e−t/τ2)

in which,

t = time (ms),

τ1 = 8 ms, time constant for action potential decay was determined from the distribution 

of action potentials.

τ2 = 20.3 ms, time constant for vesicle collapse was determined as the best fit to the 

convolution.

For ferritin application, cells were immersed in solution containing ferritin (0.25 mg/ml) 

with a reduced concentration of calcium (1 mM) for 5 minutes to reduce ferritin uptake by 

spontaneous activity during incubation. Cells were then transferred into solution containing 

4 mM calcium and 1 mM magnesium and frozen 100 ms after light stimulation. To improve 

the contrast of ferritin, specimens were not stained with uranyl acetate. In unstimulated 

cultures, 18% of the profiles exhibited some internalization of ferritin, of those profiles only 

1 vesicle from the ~56 total vesicles contained ferritin.

For latrunculin-A and dynasore experiments, a solution containing 10 μM latrunculin-A or 

80 μM dynasore or 0.1% DMSO was applied to cells 30 s prior to freezing. A single light 

pulse was applied 100 ms before the freeze of the latrunculin-A treated cells and both 100 

ms and 1 s before the freeze of dynasore treated cells. Following 30 s incubation with 80 μM 

dynasore, there was no significant increase in the total number of endocytic structures 

following the dynasore treatment. However, most of the large vesicles became trapped on 

the membrane. The necks were only visible in 10/57 large vesicles, probably due to the 

thickness of sections (40 nm).

All the solutions used in these experiments contain 4 mM calcium and 30 μM bicuculline to 

increase the release probability and 3 μM NBQX to minimize the recurrent network activity.
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Electron tomography

To acquire tilt series, serial 200-nm thick sections were cut and mounted on the pioloform-

coated (0.7%) single slot grids. Prior to image acquisition, 10 nm gold particles were 

deposited on both sides of grids by immersing the grids into solution containing gold 

particles at a density of 5.7*1012/ml (microspheres-nanospheres.com) for approximately 4 

min. The gold particles are used as fiducial markers to align the tilt series. The grids are then 

loaded into the electron microscope (FEI TF20) equipped with a CCD camera (FEI Eagle 

4K). Sections were stabilized under electron beam (200kV) for 30 min before image 

acquisition. Tilt series from +65° to −65° were collected from 43 synapses chosen at random 

using Xplore3D software. Tomograms were generated using IMOD54. Membranes were 

traced from every 10 virtual section in Amira or TrakEM255 using a Wacom pen tablet. The 

gaps were interpolated to prevent hand-tracing errors. The post-synaptic density was 

segmented using a Lasso tool.

Membrane calculations

To calculate the amount of membrane added to the surface by exocytosis, we determined the 

surface area of docked vesicles that fused after stimulation. The average number of docked 

vesicles was reduced from 1.7 (‘0 ms’) to 1.0 (15 ms) vesicle per profile, thus 0.7 vesicles 

fused in each profile, assuming that no vesicles become docked in the first 15 ms. The 

diameter of a synaptic vesicle is 41.1 nm, and the surface area is ~5,300 nm2. Therefore, in 

each 40-nm section, 3700 nm2 is added to the surface area of the synaptic plasma 

membrane.

To calculate the amount of membrane retrieved, we determined the surface area of endocytic 

structures observed at 100 ms after stimulation, assuming that all the pits progress to 82 nm 

vesicles. The number of endocytic structures increased from 0.1 to 0.4, and thus the net 

increase was 0.3 endocytic structures per profile. However, the diameter of the large 

endocytic structures was 82 nm – twice as large as that of synaptic vesicles, and thus the 

chance of capturing such structures in a 40-nm section is twice as high. To estimate the 

amount of membrane recovered in a single 40-nm section, the number of endocytic 

structures was divided by 2. Therefore, for each synaptic profile, 0.15 large endocytic 

structures would be expected. Because the surface area of an 82 nm large vesicle was 21,000 

nm2, the total amount of membrane retrieved from each profile is 3150 nm2 or 0.6 vesicle 

equivalent of membrane – roughly equal to the surface area added during exocytosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Channelrhodopsin activation induces action potential-driven vesicle fusion. (a) Cell-attached 

voltage clamp recordings of light-evoked action potentials. The histogram shows the 

average number of action potentials at different time points after the light application. Each 

column is binned by 10 ms. (b) Sample trace of light-evoked post-synaptic currents. Arrows 

indicate freezing times at 15, 30, 50, and 100 ms. Representative micrographs of fusing 

vesicles at 15 ms (c) and 30 ms (d) after the light onset. (e) A micrograph showing two 

exocytic intermediates in the active zone. (f) Average number of pits in the active zone at 
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different time points after stimulation. (g) Diameter of synaptic vesicles (41.1 ± 0.1 nm; n = 

382) and pits in active zones (40.9 ± 1.2 nm; n = 62; p = 0.7). *** and * indicate p-values of 

<0.0001 and <0.006, respectively. n.s., ‘not significant’. Error bars, s.e.m.
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Fig. 2. 
Docked vesicles are the morphological correlates of the readily-releasable pool. (a) An 

sample micrograph showing docked and tethered vesicles. (b) Recovery of docked vesicles. 

The number of docked vesicles is normalized to the non-stimulated control (0 ms). The tau 

for recovery was 3.8 s. Average number of vesicles docked (c) or tethered (d) in the active 

zone at time points after the stimulus. For detailed numbers and statistical analysis, see 

Supplementary Table 1. *** and * indicate p-values of <0.0001 and <0.006, respectively. 

n.s., ‘not significant’. Error bars, s.e.m.
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Fig. 3. 
Large invaginations immediately next to the active zone are endocytic intermediates. 

Representative micrographs showing invaginations and large vesicles in the periactive zone 

at 50 ms (a), 100 ms (b,c) and 300 ms (d) after stimulation. Sample micrographs (e-g) 

showing ferritin uptake into these large endocytic structures at 100 ms after stimulation. (h) 

Diameter of large vesicles (82.0±1.2; n = 572) and endocytic invaginations (86.0±2.4 nm; n 

= 51; p = 0.33). (i) Number of shallow pits (< 40 nm), deep pits (> 40 nm), and large 

vesicles (<50 nm from plasma membrane) in the periactive zone at different time points 

after stimulation. (j) Number of shallow pits, deep pits, and large vesicles in the periactive 

zone at different time points after stimulation in Munc13 DKO. For detailed numbers and 

statistical analysis, see Supplementary Table 1. n.s., ‘not significant’. Error bars, s.e.m.
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Fig. 4. 
Endocytosis is localized to sites flanking the active zone. Tomograms of synapses frozen (a) 

50 ms or (b) 100 ms after stimulation. Left, a virtual 2 nm section from the tomograms. 

Middle, orthogonal views of the reconstructed volumes. Right, tilted views of the 

reconstructed volumes. The postsynaptic density is colored red to delineate the extent of the 

active zone. Black and white arrows indicates fusing vesicles and endocytic pits, 

respectively. Arrows outlined in red indicate the plane of the image shown in the left panels. 

(c) Number of shallow pits, deep pits, and large vesicles in the periactive zone at different 

time points after stimulation. (d) Diameter of large vesicles (78.0 ± 3.3 nm; n = 6) and 

endocytic invaginations (76.3 ± 1.9 nm; n = 15; p = 0.56). (e) Distribution of pits relative to 

the edge of active zone. For detailed numbers and statistical analysis, see Supplementary 
Table 1. n.s., ‘not significant’. Error bars, s.e.m.
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Fig. 5. 
Ultrafast endocytosis is mediated by actin and dynamin. Representative micrographs 

showing 10 μM latrunculin-A (a) and 0.1% DMSO (b) 100 ms after light stimulation. (c) A 

representative micrograph showing 80 μM dynasore-treated cells 1 s after light stimulation. 

(d) Traces of average post-synaptic currents in the absence of drugs, during the DMSO 

application, and during the latrunculin-A application. (e) Average number of exocytic pits 

(blue) and endocytic pits (orange) in the latrunculin-A or DMSO treated cells. (f) Number of 

shallow pits, deep pits, large vesicles associated with the membrane (< 5 nm) and large 
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vesicles associated with the active zone (6-50 nm of the membrane). Controls are from the 

samples in Fig. 3. For detailed numbers and statistical analysis, see Supplementary Table 
1. *** indicates p-values of <0.0001. n.s., ‘not significant’. Error bars, s.e.m.
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Extended Data Fig. 1. 
A schematic summarizing ultrafast endocytosis. Exocytosis in the active zone is followed by 

rapid internalization of membrane at the edge of the active zone. Synaptic vesicles directly 

in contact with plasma membrane fuse about 2 ms after an action potential and collapse into 

membrane. Ultrafast endocytosis occurs at the edge of active zone within 100 ms after 

stimulation and is mediated by actin and dynamin. The endocytic structures are larger than 

synaptic vesicles. AZ, active zone. PSD, postsynaptic density.
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Extended Data Fig. 2. 
Channelrhodopsin induces action potential-driven vesicle fusion. (a) Cell-attached voltage 

clamp recordings of single light-evoked action potentials in presence of synaptic blockers 

NBQX and bicuculline. (b) Number of action potentials triggered during the 10 ms light 

pulse. Most cells fired at least one action potential during the light pulse (88%, 30/34), 

though some cells did not respond to the light stimulus (12%, 4/34). Some cells fired a 

second action potential (26%, 7/34). (c) A histogram showing the average number of action 

potentials at different time points before and after the light application. Each column is 

binned by 10 ms. Action potentials observed after light-off are likely due to the spontaneous 

activity of cells. (d) Freezing protocol for ’15 ms’ samples. A single light pulse was fired at 

0 ms. At 7 ms after light onset, the chamber was flooded with liquid nitrogen. At 8 ms after 

application of liquid nitrogen, the sample should reach 0°C (when the chamber temperature 

is at −20°C), so that the sample was frozen 15 ms after light onset. Action potentials are 

initiated 4.8 ms after light onset on average. Thus, the ’15 ms’ freeze is capturing events that 

occurred on average 10.2 ms after the action potential.
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Extended Data Fig. 3. 
Light and electrical stimulation in the same cell elicits identical postsynaptic currents. (a) 

Paired whole-cell recordings of ChetaTC expressing (YFP) and and non-expressing neurons 

that were co-cultured on small microislands of astrocytes. Action potentials were triggered 

every 10 s in the ChetaTC positive cell by alternating between 10 ms current injection via 

the patch pipette and 10 ms light flashes. (b) Example of a cell pair with a GABAergic 

ChetaTC positive neuron. Presynaptic action potentials were recorded in current clamp (CC) 

of the ChetaTC positive cell. Postsynaptic IPSCs were recorded in voltage clamp (VC) from 

the non-infected neuron (bottom panel; holding potential −50 mV). (c) Presynaptic action 

potentials and EPSCs evoked by light or somatic depolarization in a pair of neurons with a 

glutamatergic ChetaTC positive neuron. The postsynaptic cell was voltage-clamped at −70 

mV. (d) Time plot of postsynaptic responses triggered by alternating light-induced 

depolarizaion (blue bars / open symbols) and electrical stimulation (current step / closed 

symbols). Both EPSC and IPSC amplitudes were normalized to the first response evoked by 

electrical stimulation and pooled (n=9). (e) Scatter plot of postsynaptic currents evoked by 

ChetaTC stimulation normalized to direct electrical stimulation in the same neuron. 

Reponses are not different for the two modes of action potential induction (p = 0.77, one 

sample t-test). Error bars, s.e.m.
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Extended Data Fig. 4. 
Large invaginations adjacent to the active zone are endocytic intermediates. Additional 

representative micrographs showing shallow invaginations 50 ms after stimulation (a, e, i), 

deep invaginations 100 ms after stimulation (b,c,f,g,j,k) and large vesicles at the edge of 

active zone 300 ms after stimulation (d,h,l). (m,o) coats are usually absent on ultrafast 

invaginations, but can occasionally be observed (j,k arrow). But these differ from those 

observed at classical clathrin coated pits (n) or vesicles (p). The coated pit (n) was not 

observed at the synapse but was rather at the plasma membrane of soma.
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Extended Data Fig. 5. 
Large invaginations take up a fluid phase marker. Additional representative micrographs 

showing ferritin uptake in the whole terminal in non-stimulation control (a) and 100 ms after 

stimulation (b) and by large structures at the edge of active zones 100 ms after stimulation 

(c-e). An arrow in (b) indicates a ferritin-positive shallow pit. Ferritin was applied to cells 

for 5 minutes prior to the light stimulation. Note that very little ferritin was internalized 

during the pre-incubation period, suggesting that the ferritin distribution is associated 

acutely with endocytosis after the stimulation. In unstimulated cultures, 18% of the profiles 

exhibited some internalization of ferritin, of those profiles only 1 vesicle from the ~56 total 

vesicles contained ferritin. At 100 ms, 26% of the profiles exhibited synaptic vesicles with 

ferritin (p = 0.29), of those profiles that had internalized ferritin only 1 vesicle from 51.2 

total vesicles contained ferritin. Thus, ultrafast endocytosis did not directly generate 

detectable numbers of synaptic vesicles with ferritin. (f) Number of shallow pits (< 40 nm), 

deep pits (>40 nm), large vesicles associated with the membrane (< 5 nm) and large vesicles 

associated with the plasma membrane (6-50 nm of the membrane) in controls and ferritin-

containing seeded cultures. In ferritin seeded cultures the large vesicles near the membrane 

(within 5 nm) all contained ferritin. The total number of ferritin-positive endocytic structures 

was 0.38 ± 0.03 endocytic structures per profile, similar to the endocytosis values obtained 

in Fig. 3i without ferritin (0.43 ± 0.03 endocytic structures per profile). (g) Diameter of large 

vesicles (86.0 ± 2.4; n = 51) and endocytic invaginations (77.3±3 nm; n = 16; p = 0.33). “No 

ferritin” controls are from the samples in Fig. 3. Error bars, s.e.m.
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Extended Data Fig. 6. 
Ultrafast endocytosis occurs with similar dynamics in 2 mM and 4mM extracellular calcium. 

(a) A histogram showing the average number of action potentials at different time points 

before and after the light application in an external solution with 2 mM calcium. Each 

column is binned by 10 ms. Action potentials observed after light-off are likely due to 

spontaneous activity of cells. (b) Average number of action potentials triggered during the 

10 ms light pulse. An action potential was observed during the light pulse in 73% of the 

cells (11/15), 13% (2/15) fired a second action potential within the 10 ms light pulse. No 

action potential was observed in 27% of the cells (4/15). (c-e) Representative micrographs 

showing invaginations and large vesicles in the periactive zone at 100 ms after stimulation. 

(f,g) Average number of exocytic pits (f) and endocytic structures (g) at 0 ms (no stim), 30 

ms, and 100 ms after stimulation in 2 mM calcium (light gray) and in 4 mM calcium (dark 

gray) conditions. Endocytic structures include shallow and deep pits summed. 4 mM data 

are from the samples in Fig. 1 and 3. Error bars, s.e.m.
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Extended Data Fig. 7. 
Ultrafast endocytosis is mediated by actin. (a) Electrophysiological recordings on mixed 

cultures. PSCs were recorded from ChetaTC-negative neurons (red fluorescence) while 

stimulating ChetaTC/YFP positive neurons with light. (b) Scatter plot of postsynaptic 

currents evoked by channelrhodopsin stimulation in 10 μM latrunculin-A/ 0.1% DMSO 

normalized to postsynaptic currents in 0.1% DMSO in the same neuron. 30 s incubation 

with latrunculin-A has no effect on evoked neurotransmission. Average PSC amplitudes 

were normalized to average PSC amplitudes preceding latrunculin-A application (n=8, 

normalized PSC in lat-A is 0.95 ± 0.08, p=0.6, one sample t-test). Additional representative 

micrographs showing 10 μM latrunculin-A (c-e) and 0.1% DMSO (f-h) treated cells 100 ms 

after stimulation. Ultrafast endocytosis occurs in DMSO-treated cells but is completely 

blocked in latrunculin-A treated cells. Error bar, s.e.m.
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Extended Data Fig. 8. 
Ultrafast endocytosis is mediated by dynamin. Additional representative micrographs 

showing 80 μM dynasore-treated cells from 40-nm thick sections (a-c) and a 200-nm 

tomogram (d-f). Ultrafast endocytic structures are trapped on the surface in the dynasore-

treated cells. Note that large vesicles are found associated with the membrane (a-c, d, and f) 

but the neck of the trapped structures are only visible at their center (a, e) due to the 

thickness of the sections. Electron tomography was performed on 21 sections (200-nm 

thick). 9 out of 21 tomograms showed a trapped structure, and all of these trapped structures 

were connected to the membrane at their center.
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Extended Data Fig. 9. 
Ice crystal damage was not observed in cell cultures subjected to high pressure freezing. 

Sample micrographs show a nucleus (a,d), a mitochondrion (b,e), and a synapse (c,f). (a-c), 

In these samples there is no visible damage by ice crystals. (d-f), Samples exhibiting ice 

crystal damage caused by brief accidental removal from liquid nitrogen. Note the reticulated 

appearance caused by protein aggregation. Ice damage was not observed in the samples used 

in this study.
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