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NEUROSCIENCE

Dynamic regulation of vesicle pools in a detailed spatial
model of the complete synaptic vesicle cycle

Andrew R. Gallimore', lain Hepburn1, Svilen V. Georgievz, Silvio O. Rizzoli?*, Erik De Schutter'*

Synaptic transmission is driven by a complex cycle of vesicle docking, release, and recycling, maintained by dis-
tinct vesicle pools. However, the partitioning of vesicle pools and reserve pool recruitment remain poorly under-
stood. We use a novel vesicle modeling technology to model the synaptic vesicle cycle in unprecedented
molecular and spatial detail at a hippocampal synapse. Our model demonstrates robust recycling of synaptic
vesicles that maintains consistent synaptic release, even during sustained high-frequency firing. We also show
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how the cytosolic proteins synapsin-1 and tomosyn-1 cooperate to regulate recruitment of reserve pool vesicles
during sustained firing to maintain transmission, as well as the potential of selective vesicle active zone tethering
to ensure rapid vesicle replenishment while minimizing reserve pool recruitment. We also monitored vesicle us-
age in isolated hippocampal neurons using pH-sensitive pHluorin, demonstrating that reserve vesicle recruitment
depends on firing frequency, even at nonphysiologically high firing frequencies, as predicted by the model.

INTRODUCTION

Synaptic transmission is the fundamental mechanism of information
transfer in the brain. Vesicles docked at the active zone rapidly fuse
with the membrane in response to calcium influx following neural
stimulation (1-3), driven by a complex signaling cascade involving
membrane, vesicle, and cytosolic proteins (4, 5). These docked vesi-
cles, primed for immediate release upon stimulation, form the read-
ily releasable pool (RRP) (6, 7). However, the fidelity of sustained
transmission with repeated stimulation relies on a reliable mecha-
nism for the replenishment of the RRP as vesicles fuse with the mem-
brane. The recycling pool—typically around 10 to 20% of the total
vesicles—comprises freely diffusing vesicles available to refill empty
docking sites following vesicle fusion (8-11). A (generally much larg-
er) pool of vesicles—accounting for 80 to 90% of the total vesicle
population—known as the reserve pool, comprises vesicles resistant
to release, intermixed with vesicles of the recycling pool (11-14).
Preassembled vesicle proteins on the presynaptic membrane form an
additional readily retrievable pool (Fig. 1, A and B) (15, 16).

A typical hippocampal synaptic bouton contains 200 to 400 ves-
icles (17-19), which form a cluster maintained by intervesicle inter-
actions between synapsin proteins on the vesicle surface (20-24).
Following endocytosis, a vesicle becomes part of the recycling pool
but slowly matures (over minutes to hours) and enters the reserve
pool by becoming immobilized within the vesicle cluster by accu-
mulation of synapsin (9, 25, 26). Synaptic activity causes synapsin
dissociation from vesicles, controlled by protein kinase A (PKA; and
CaMKII) phosphorylation (27) dispersing the cluster and mobiliz-
ing vesicles for release (Fig. 1, D to F) (28).

While the vesicle cluster plays an important role in maintaining
vesicles within the bouton and restricting the availability of reserve
vesicles for docking and release, the ability of vesicles to dock at the
active zone is also modulated by the cytosolic protein tomosyn-1,
which forms a complex with the small G protein, Rab3-GTP, blocking its
critical docking interaction (29) with the active zone RIM1-Muncl3
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complex (30). Notably, synapsin interacts in a phosphorylation state—
dependent manner with the Rab3-GTP-tomosyn-1 complex to form
a tripartite complex. Cyclin-dependent kinase 5 (CDK5) phosphor-
ylates tomosyn-1 and enhances its interaction with synapsin-1—this
is counterbalanced by calcineurin (CaN)-dependent dephosphoryla-
tion (Fig. 1, E and F) (31, 32). This suggests a cooperative role of
synapsin and tomosyn-1 in regulating the reserve pool using a com-
bination of clustering and docking propensity to modulate the avail-
ability of vesicles for evoked release.

Although a regulated three-pool model is well accepted, many
details are lacking. The characteristics of vesicles within the recy-
cling and reserve pools, how they are partitioned, and the condi-
tions under which vesicles are recruited from the reserve to the
recycling pool remain poorly understood. Despite the increasing
importance of computational modeling in understanding the be-
havior of complex emergent subcellular processes, such as long-
term potentiation and depression (33-40), and synaptic vesicle
release (41, 42), there are no published models of the synaptic vesi-
cle cycle that incorporate the molecular mechanisms of vesicle
transport, clustering, docking, priming, fusion, and recycling in a
realistic spatial system. This is largely owing to a lack of technologies
for modeling the complexities of vesicle structure and function.
While voxel- and particle-based reaction-diffusion systems (43-45)
are appropriate for modeling networks of simple molecules with
negligible volume, they are completely unsuitable for modeling
large, mobile, and heterogeneous structures such as synaptic vesi-
cles, since their volume and molecular complexity have important
roles in their function and influence their spatial dynamics and mo-
lecular interactions.

Our unique vesicle modeling technology extends the stochastic
reaction-diffusion software, STochastic Engine for Pathway Simula-
tion (STEPS) (43, 44), and allows us to model all key aspects of vesicle
structure and function, including vesicle diffusion, the accumulation
and diffusion of proteins on the vesicle surface, intervesicle protein-
protein interactions (controlling vesicle clustering), vesicle-cytosolic
protein-protein (and small molecule) interactions, vesicle-surface
protein-protein interactions (controlling vesicle tethering and dock-
ing), and regulated endocytosis (vesicle recycling) and exocytosis
(vesicle fusion and neurotransmitter release) (46). Each model vesicle
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Fig. 1. Structure of the vesicle and synaptic vesicle cycle model. (A) All behaviors and interactions of our model vesicles. (B) Vesicle pools within the overall vesicle
cycling model. (C) Docking and priming interactions represented in the vesicle cycling model (see Materials and Methods for details). Syt-1, synaptotagmin-1; Syb, synap-
tobrevin; Syx, syntaxin. (D) Interactions between synapsin-1, tomosyn-1, and Rab3 that govern vesicle clustering and docking propensity. CaN, calcineurin. (E) Stimulation-
driven activation of CaN and PKA via Ca-mediated calmodulin activation. (F) Vesicles cluster by forming intervesicular bridges between synapsin molecules on the vesicle
membrane. The dispersion of the vesicle cluster is driven by PKA-mediated phosphorylation of synapsin, which disrupts its interaction with the vesicle membrane and
with other synapsin molecules. CaN-driven dephosphorylation of tomosyn-1 causes it to dissociate from the synapsin-Rab3-tomosyn tripartite complex, enabling the key

Rab3-RIM interaction that drives vesicle docking at the active zone.

Gallimore et al., Sci. Adv. 11, eadq6477 (2025) 28 May 2025 20f18



SCIENCE ADVANCES | RESEARCH ARTICLE

occupies an excluded diffusible spherical volume and unique position
within the model tetrahedral mesh and, in addition to the external
surface exposed to the cytosol, has an internal compartment for the
packing and release of neurotransmitters and other small molecules
(Fig. 1D). Using this technology, we were able to model all major
phases of the synaptic vesicle cycle at unprecedented levels of mo-
lecular and spatial detail, from docking and priming to fusion and
recycling, in a realistic synaptic bouton morphology reconstructed
from electron micrographs (serial-sectioning transmission electron
microscopy) of a cultured hippocampal pyramidal cell (Fig. 2A) (47).
These phases of the vesicle cycle were modeled as stochastic reaction-
diffusion models of both vesicle and plasma membrane proteins, as

Active zone

Docked vesicle
@ New (endocytosed) vesicle
% Free vesicle
lustered vesicle

well as diffusible cytosolic proteins and other small molecules. Dock-
ing, for example, is modeled by the interaction between the plasma
membrane RIM1-Muncl3 complex and vesicle membrane-bound
Rab3-GTP. Formation of the SNAP receptor (SNARE) complex is
then driven by interactions between the plasma membrane syntaxin-
Muncl8 complex and vesicle-bound synaptobrevin, with vesicle-
bound synaptotagmin-1 and cytosolic complexin completing the
fully primed SNARE complex (Fig. 1C and fig. S1). Vesicle release is
then modeled as a regulated model exocytosis event triggered by
binding of synaptotagmin-1 to cytosolic calcium ions, which enter
the neuron via voltage-dependent Cav2.1 channel models tethered
close to docking sites. Vesicle proteins deposited into the plasma

>
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| Clustered vesicles (blue)
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Fig. 2. Blender visualization of the vesicle cycle model. (A) Snapshot of complete vesicle cycling model showing clustered, free, newly endocytosed, and docked vesi-
cles in the reconstructed synaptic bouton. (B) Toy model in a cylindrical mesh used to develop the vesicle clustering model. This toy model shows vesicle clustering be-
havior more clearly than the complete model in the hippocampal bouton reconstruction (see movie S1 for full animated visualization)
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membrane during vesicle fusion are accumulated via adaptor pro-
teins in preassembled vesicle pits, with vesicle retrieval modeled as
an endocytosis event driven by dynamin. Intervesicle protein-protein
interactions between vesicle-bound synapsin also successfully repli-
cated the dynamic liquid phase behavior of the vesicle cluster (Fig. 2B
and movie S1) (48, 49).

While hippocampal pyramidal cells fire at around 1 Hz during
rest, this can increase to 5 to 20 Hz during periods of behavioral
activity and be sustained for the duration of the activity (50, 5I).
Our model reveals highly dynamic and robust recycling of synaptic
vesicles able to maintain stable and consistent synaptic release over
time, even during such periods of high-frequency and sustained fir-
ing and assuming full vesicle collapse (as opposed to partial collapse
proposed to occur during kiss and run recycling) followed by dis-
persal and retrieval of vesicle proteins. We also use our model to
show how synapsin and tomosyn-1 can cooperate to regulate the
recruitment of vesicles from the reserve pool during sustained peri-
ods of synaptic activity to maintain transmission, as well as the po-
tential of selective vesicle tethering close to the active zone to ensure
rapid vesicle replenishment and enhance the efficiency of the vesicle
cycle by minimizing the recruitment of vesicles from the reserve
pool. At all simulated stimulation frequencies studied, vesicle recy-
cling was predominantly maintained by recycling vesicles, with re-
cruitment from the reserve pool tightly regulated depending on
stimulation frequency. On the basis of this model data suggesting
that the degree of reserve vesicle recruitment is positively related
to the frequency of neuronal firing (even at nonphysiologically high
firing rates—above 20 Hz), we monitored vesicle usage in isolated
hippocampal neuron cultures by labeling the vesicle lumen using
pH-sensitive pHluorin, which fluoresces as vesicles fuse with the
membrane and the lumen is neutralized. As predicted by the model,
usage of reserve pool vesicles increased with stimulation frequency,
even up to 50 Hz, helping to resolve a long-standing debate over the
releasability of reserve pool vesicles in hippocampal neurons (8).

RESULTS

Endocytosis follows exocytosis closely, even at
nonphysiological firing rates (model)

We first wanted to test whether our model vesicle cycling system
could maintain synaptic transmission at increasing stimulation fre-
quencies, up to and well beyond the maximum observed rate of
around 20 Hz. Following an initial 5-s equilibration time, we simu-
lated neural firing for 45 s at frequencies ranging from 5 to 50 Hz
(averaged over 20 simulations at each stimulation frequency) (Fig. 3).
As expected, the rate of vesicle fusion increased with stimulation
frequency: At 5, 10, and 20 Hz, an initial rapid fusion rate (corre-
sponding to release of the RRP) was followed by a slower and almost
linear rate of vesicle release. However, at 50 Hz, a further accelera-
tion of release was observed after ~15 s of simulated model stimula-
tion (Fig. 3B). This effect could be blocked by selectively blocking
tomosyn-1 dephosphorylation by CaN (fig. S3), demonstrating that
this accelerated release is due to dephosphorylation of tomosyn-1,
promoting dissociation of the synapsin-tomosyn-1 complex and thus
liberation of vesicles from the reserve pool.

At all simulated stimulation frequencies studied, endocytosis
followed exocytosis closely with a delay of ~2 to 3 s (Fig. 3A). The
ratio of endocytosis:exocytosis remained between 0.84 and 0.87 at all
frequencies from 5 to 50 Hz (52). This suggests that, even with the
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Fig. 3. Synaptic vesicle release over time with frequency of stimulation.
(A) Total vesicle fusion and new vesicle endocytosis over time at 10 and 50 Hz
(broken lines show 95% confidence interval). TOMO-1, tomosyn-1. (B) Total vesicle
fusion over time at 5, 10, 20, and 50 Hz. (C) Total new vesicle endocytosis over time
at 5,10, 20, and 50 Hz.

assumption of dispersion and reaccumulation of vesicle proteins
following exocytosis, the recycling system is capable of keeping pace
with fusion at nonphysiologically high firing rates. This behavior
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was not substantially affected by the position of the vesicle cluster,
even when the vesicle cluster formed adjacent to the active zone (fig.
S5), suggesting that the increased mobility and dispersion of the
clustered vesicles during periods of extended high-frequency stimu-
lation—when the greatest demands are being placed on the vesicle
cycle—prevent clustered vesicles from interfering with vesicle re-
cruitment, release, and retrieval.

Vesicle material accumulates in the plasma membrane with
increasing stimulation frequency (model)

Upon fusion at the active zone, the collapsed vesicle deposits its
vesicular proteins, which include synaptotagmin-1 and synapto-
brevin, into the plasma membrane, forming a “pit” of vesicle ma-
terial. To further study the ability of the endocytic pathway to
keep pace with vesicle fusion, we monitored the accumulation of
this vesicle material in the membrane by recording the number of
collapsed vesicles (pits) over the model simulation time. As the
stimulation frequency increased, accumulation of vesicle mate-
rial also increased, indicating that exocytosis was outpacing the
rate at which vesicle material could be resequestered and vesicles
recycled. This effect was particularly prominent at (nonphysio-
logical) 50 Hz, with a 155% increase in vesicle material relative to
baseline, compared to a 17% increase at 5 Hz (Fig. 4, A and C).
This is comparable to experimental studies in hippocampal cells,

A

in which an accumulated membrane vesicle material was only
observed to increase substantially with stimulation frequencies
above 10 Hz (52).

Since dynamin-mediated scission is the final step in vesicle en-
docytosis (53-55) and considering that a maximum of 50 to 60
fully assembled dynamin complexes are available in a typical hip-
pocampal bouton (18), we considered whether saturation of dy-
namin might account for this build-up of fused vesicle material in
the plasma membrane. To test this in our model, we monitored
the total number of dynamin complexes in use (bound to a fully
assembled clathrin-coated pit) over time. In the initial state, we
assumed that each clathrin-coated pit was bound to a dynamin
complex and thus primed for endocytosis. Immediately following
stimulation, the number of bound dynamin complexes dropped
to ~40 to 60% of the initial number, indicating the endocytosis of
vesicles from the readily retrievable pool (Fig. 4B). This number
slowly increased as fused vesicles accumulated in the membrane
and entered the readily retrievable pool. While the rate of ac-
cumulation of bound dynamin increased with the frequency of
stimulation, it never reached the saturation threshold (i.e.,
when the maximum of 60 fully assembled dynamin complexes is
reached), indicating that the number of dynamin complexes is not
rate limiting in maintaining endocytosis within the timeframe of
the simulation.
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Fig. 4. Accumulation of collapsed vesicle material (synaptotagmin-1 and synaptobrevin) in the plasma membrane. (A) Accumulation of vesicle material in the
membrane over time, at 5-, 10-, 20-, and 50-Hz stimulation. (B) Dynamin bound to clathrin-coated pits (normalized to the initial value) over time, at 5, 10, 20, and 50 Hz.
(€) Accumulation of vesicle material is visible as green highlighted patches of membrane in the periactive zone area (stimulation at 50 Hz).
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Reserve vesicle usage as a function of stimulation

frequency (model)

Since a build-up of vesicle material in the plasma membrane sug-
gests a concomitant loss of recycling vesicles from the cytosol, the
ability of the vesicle cycle to maintain an almost constant rate of
vesicle release in our simulations, even at nonphysiologically high
firing frequencies, suggested that vesicles must be being released
from the reserve pool into the recycling pool. Without recruitment
of reserve vesicles, recycling pool depletion would likely lead to a
decrease in the rate of vesicle docking and fusion, threatening the
continued fidelity of synaptic transmission. To test this, during the
analysis, we partitioned fused vesicles into three types: vesicles from
the initial recycling pool, vesicles from the initial reserve pool, and
new vesicles formed by endocytosis. In experimental studies with
cultured hippocampal neurons (56), ~75% of the initial recycling
pool was used following 300 action potentials, compared to only 230
action potentials on our model. However, this can be accounted for
by the relatively high release probability of our model. At 10 Hz, re-
serve vesicles remained unused until ~15 s of stimulation, and, at 45 s,
~20% of the reserve vesicles were used, compared to ~98% of the
initial recycling pool. Most of the vesicles used at 45 s (~65%) were
newly formed (i.e., endocytosed), indicating that vesicle recycling is
largely responsible for maintaining vesicle release over time (Fig. 5C).
Reserve vesicle usage increased with stimulation frequency, with
only 9% of reserve vesicles being used at 5 Hz, increasing to 45% at
50 Hz (Fig. 5, A to C). This indicates that the regulated release of
reserve vesicles (via both vesicle cluster dispersion and dephosphor-
ylation of tomosyn-1, see below) is used to maintain the recycling
pool as firing frequency increases.

Reserve vesicle usage with stimulation frequency (isolated
hippocampal neurons)

To test whether, as predicted by the model, recruitment and usage
of reserve vesicle increased with firing frequency even up to high
nonphysiological firing rates, we used pHluorin labeling to moni-
tor release in isolated rat hippocampal neuron cultures. This tech-
nique uses a pH-sensitive nanobody-antibody complex to target
the luminal domain of synaptotagmin-1, with the vesicle lumen
being labeled while exposed to the culture medium during incuba-
tion with the nanobody-antibody complex. Upon fusion with the
membrane, the vesicle lumen is neutralized, causing the pH-
sensitive nanobody to fluoresce, which acts as a quantitative mea-
sure of vesicle exocytosis. However, since fused vesicles can be
recycled by endocytosis, reacidified, and returned to the recycling
pool, this technique alone does not distinguish between newly re-
leased vesicles (from the initial pools) and those that are released
following a round of recycling. To overcome this limitation, we
stimulated the neurons in the presence of bafilomycin, which pre-
vents the reacidification of vesicles following endocytic retrieval
from the membrane (57), and, as such, vesicles continue to fluo-
resce even after recycling and thus do not induce a change in fluo-
rescence during any subsequent round of release. This allowed us
to monitor changes in fluorescence specifically due to the release
of vesicles initially present in the bouton and, as such, recruitment
and usage of vesicles from the reserve pool.

To verify whether our procedures also label the reserve pool, we
performed an experiment in which we labeled vesicles with the an-
tibodies, as in all other experiments, and we then stimulated them in
the presence of an anti-nanobody antibody (anti-VHH antibody,
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where VHH stands for variable domain of a heavy chain-only anti-
body, meaning nanobody) that recognizes the pHluorin-conjugated
nanobodies we used. Thereby, we label with the anti-VHH antibody
all of the vesicles that participate in recycling during and after the
stimulus (similar to experiments performed previously) (58). Vesi-
cles that are not labeled during this procedure have become part of
the reserve pool, since they do not respond to the respective stimu-
lus. We relied on stimulating the synapses at 20 Hz, for 30 s, condi-
tions that are designed to release the entire recycling pool in our
cultures. As demonstrated in previous work (59), this stimulus is
sufficient to exhaust all recycling vesicles, leading to the saturation
of vesicle release (figure 3 of the respective work). As shown in fig.
S6, a substantial pool of vesicles remains unlabeled, indicating that
reserve vesicles are labeled in our conditions. At the same time, it is
clear that a measurable proportion of the vesicle molecules is pres-
ent on the surface membrane, under these conditions, as expected
from previous works (26). This is not a problem for pHluorin imag-
ing, since the baseline, provided by these vesicles and by the residu-
al fluorescence of quenched pHluorin moieties within synapses, is
subtracted in all measurements.

Stimulation of the cells for 30 s at 5 Hz in the presence of bafilo-
mycin released 48% of the initially labeled vesicle pool, increasing to
63% at 10 Hz (Fig. 5, D and E, and fig. S7). Further increasing the
stimulation frequency to 20 Hz did not cause a concomitant in-
crease in vesicle usage, which remained at 63% of the initially la-
beled pools, indicating that stimulation at 10 Hz for 30 s is sufficient
to release the entire recycling pool, with a reserve pool comprising
37% of the initially labeled pool remaining. We analyzed the bafilo-
mycin values by a Friedman test (P < 0.00001), followed by Tukey-
Kramer post hoc tests. The 5-Hz stimulation result is significantly
different from all others (P < 0.0001). The 50-Hz stimulation result
is also significantly different from all others (P < 0.01 versus 10 or 20 Hz,
P < 0.0001 for 5 Hz). The 10- and 20-Hz results are not significantly
different from each other (P = 0.9849). This concurs with our model
data, in which 98% of recycling vesicles were used with 45 s of stim-
ulation at 10 Hz. However, by increasing the stimulation frequency
to 50 Hz, vesicle usage increased to 74%, indicating that this supra-
physiological high-frequency stimulation was able to recruit vesicles
from this reserve pool, as predicted by our model (Fig. 5D). Com-
pared to our model data, a substantially larger proportion of initial
pool vesicles was used at all frequencies studied. However, the pro-
portion of vesicles used is likely to depend on the total number of
vesicles initially in the bouton, so it is likely that our model contains
more vesicles than the mean number of bouton vesicles in the cul-
tured cells studied.

Dispersion of vesicle cluster is rapid and accompanied

by a sharp increase in free tomosyn-1 (model)

The vesicle cluster exists as a liquid phase maintained by large num-
bers of intervesicle synapsin bridges (49). The binding of synapsin to
vesicles and their cross-bridging are negatively regulated by PKA-
mediated phosphorylation (27), and, as such, we predicted that sus-
tained stimulation would disrupt the vesicle cluster and that this
cluster dispersal would play an important role in releasing vesicles
from the reserve pool into the recycling pool. To test this, we moni-
tored the formation and dispersion of the vesicle cluster by counting
the number of synapsin dimers between model vesicles. Vesicles
lacking any dimers, and thus not connected to any other vesicles,
were counted as free, whereas those with dimer connections were
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of 20 Hz (30 s), and lastly to a pulse of NH4CI, to neutralize the pH inside vesicles, and thereby reveal all pHIuorin molecules. The bottom shows the same experiment but in
the presence of bafilomycin, which inhibits vesicle reacidification. The bottom graphs indicate the fluorescence responses (normalized to the baseline) for the different condi-
tions. Left: A series of stimulation trains was applied, at 5, 10, 20, and 50 Hz, before a final round of NH4Cl. Right: The same experiment, performed in the presence of bafilomy-
cin. Average traces from individual experiments are shown. CNQX, cyanquixaline; AP5, (2R)-amino-5-phosphonopentanoate; Baf, bafilomycin.
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considered part of the vesicle cluster (note that this definition of a
free vesicle depends only on whether a vesicle is bound as part of the
vesicle cluster. Whether a free vesicle becomes part of the recycling
pool depends on its propensity for docking and release, which is
also dependent on dissociation of the Rab3-tomosyn-1 complex).
From the beginning of the simulation, the reserve vesicles became
entirely clustered by ~5 s, driven by dimerization of synapsin and
thus cross-linking of vesicles. The cluster remained completely in-
tact with 7 s of 10-Hz stimulation (Fig. 6B and movie S2). The num-
ber of clustered reserve vesicles then declined to ~60% after 24 s of
stimulation, before a rapid dissolution of the cluster over the follow-
ing 3 s. At 50 Hz, cluster dispersion was complete by ~17 s of stimu-
lation, driven by a faster rate of synapsin phosphorylation (Fig. 6, A
and D). Since vesicle-bound synapsin forms a complex with tomo-
syn-1, cluster dispersion was accompanied by the release of to-
mosyn-1 from the vesicle surface, which depended on stimulation
frequency, with up to ~67% of tomosyn-1 being released from vesi-
cles at 50 Hz and ~30% at 10 Hz (Fig. 6B). This dispersion behavior
is similar to that observed in frog motor terminals, in which vesi-
cles remain immobile for ~15 s during 30-Hz stimulation, before a
sharp increase in mobility, indicating rapid dispersal of the vesicle
cluster (60). Blocking PKA-dependent phosphorylation of synapsin,
and thus dispersal of the vesicle cluster, blocked reserve vesicle us-
age completely and reduced overall vesicle usage by 17% (at 10 Hz)
(Fig. 6C).

Tomosyn-1 expression and vesicle clustering regulate the
release of vesicles from the reserve pool (model)
The cytosolic protein, tomosyn-1, forms a stable tripartite complex
with synapsin and Rab3, which blocks the Rab3-RIM interaction
required for vesicle docking at the active zone (31). We predicted
that tomosyn-1 would play a role in regulating the propensity of
vesicles released from the cluster to dock at the active zone, thus
preventing cluster dispersion from rapidly releasing all reserve
vesicles into the recycling pool and explaining the observed limited
usage of reserve pool vesicles even after the vesicle cluster has dis-
persed. In hippocampal neuronal cultures, knockdown of tomo-
syn-1 causes a 30 to 50% increase in the apparent size of the total
releasable pool of vesicles, whereas tomosyn-1 overexpression re-
duces this pool by ~25% (30). In our model, we observed similar
responses to tomosyn-1 knockout and doubling the tomosyn-1
copy number. Relative to the control, the tomosyn-1-null model in-
creased the total number of vesicles released from the initial recy-
cling and reserve pools by 70% (Fig. 7A). However, this effect was
entirely caused by an increase in reserve pool vesicle usage: The
number of initial recycling pool vesicles used actually decreased by
18%. Usage of newly endocytosed (recycled) vesicles decreased by
33% in the tomosyn-1-null condition, indicating that the vesicle
cycle was relying much more heavily on reserve pool vesicles to
maintain synaptic release. However, the total number of vesicles
used overall increased by 8%, owing to the absence of tomosyn-1’s
inhibitory effect on docking (Fig. 7B). Doubling the tomosyn-1 copy
number had no substantial effect on the rate of vesicle release up to
~15 s of stimulation at 10 Hz. However, by strongly suppressing re-
serve pool vesicle usage and vesicle docking, the fusion rate then
slowed, and the total vesicles used at 45 s was reduced by 29% (Fig.
7, A and B).

Together, these results indicate that tomosyn-1, by forming a
stable tripartite complex with Rab3-GTP and synapsin, can restrict
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the ability of reserve vesicles to dock at the active zone, even following
cluster dispersion, and ensure that the vesicle cycle is maintained largely
by newly endocytosed vesicles, thus avoiding unnecessary depletion
of the reserve pool.

Selective tethering of vesicles near the surface membrane
enhances the efficiency of the vesicle cycle (model)

Long myosin V tethers are responsible for the initial recruitment
and stabilization of vesicles near the presynaptic membrane (61) via
a direct interaction between vesicle Rab3-GTP and the myosin tail
(Fig. 8 and movie S3) (62-64). In our model, we model this myosin
V tethering interaction by including “tethering paths” perpendicu-
lar to the membrane to which vesicles can bind and be directed to
the membrane (see Materials and Methods). We surmised that the
Rab3-myosin V interaction, like the Rab3-RIM interaction, is likely
to be inhibited by the binding of tomosyn-1, thus providing a mech-
anism for the selective tethering of vesicles with free Rab3-GTP (un-
bound to tomosyn-1) close to the presynaptic membrane. Hence, we
include a requirement for vesicles to contain free Rab3 on the vesicle
membrane surface to bind the tethering path. This selective tether-
ing was used in all model simulations.

In experimental studies, disruption of the myosin V tethers re-
sulted in a 50% reduction in vesicle usage (65). In our model, re-
moving the tethering paths entirely reduced the rate of vesicle fusion
throughout the stimulation period and the total number of fusion
events after 45 s of 10-Hz stimulation by 28% (Fig. 7A). We hypoth-
esized that this selective tethering ought to improve the efficiency of
the vesicle cycle by selectively recruiting recycling vesicles and vesi-
cles released from the cluster with docking propensity, as well as
preventing the occlusion of docking sites by vesicles unable to form
the crucial Rab3-RIM docking interaction. To test this, we removed
the Rab3 dependency in the tethering interaction in our model,
such that all vesicles could attach to a tethering path whether they
contain free (unbound to tomosyn-1) Rab3. Compared to Rab3-
dependent selective tethering, nonselective tethering reduced the
overall number of vesicles released after 45 s of 10-Hz stimulation by
13% while simultaneously increasing the number of reserve vesicles
used by 48% (Fig. 7A).

DISCUSSION

Our detailed spatial model of the complete vesicle cycle reveals how
a complex interplay of vesicle and cytosolic proteins, molecular
tethering at the plasma membrane, and the maintenance of a dy-
namic vesicle cluster generate a remarkably robust recycling system,
able to maintain vesicle release at frequencies well beyond what
could be considered physiological for hippocampal neurons. In par-
ticular, we show how Rab3, synapsin-1, and tomosyn-1 can poten-
tially work together to maintain and regulate the release of vesicles
from the vesicle cluster and their propensity for release, thus provid-
ing a mechanism for the dynamic segregation of the recycling and
reserve pools depending on need (30). Furthermore, we show how
selective tethering of vesicles at the active zone can improve the ef-
ficiency of the vesicle cycle by preventing the docking of vesicles with
a low propensity for release and reducing the number of vesicles re-
cruited from the reserve pool. Also, despite its limited availability,
saturation of dynamin—controlling the final step in endocytosis—
appears unlikely to be an issue even at nonphysiological firing fre-
quencies for up to a minute.
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pool. (B) Effect of tomosyn-1 copy number on the total vesicle fusion and reserve
vesicle usage over time at 10 Hz.

At all simulated stimulation frequencies studied, endocytosis fol-
lowed exocytosis closely, and, following depletion of the recycling
pool, most of the fusion events were from recycled vesicles, indicat-
ing that vesicle recycling is mainly responsible for maintaining
synaptic transmission over time. This dovetails with experimental
studies demonstrating that, at relatively low frequencies, recycling
can be maintained using only a small proportion of the entire vesicle
pool (11, 13, 66), as well as a study showing that newly endocytosed
vesicles are preferentially used over more mature vesicles (26). How-
ever, as the firing rate and stimulation time increase, the recycling
pathway becomes overwhelmed and is unable to compensate for the
rapid rate of vesicle fusion: The recycling pool is depleted, and the
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vesicle material begins to accumulate in the membrane. In the ab-
sence of a reserve pool, this would lead to a gradual decrease in re-
lease probability, threatening the fidelity of synaptic transmission.
However, dispersion of the vesicle cluster, together with CaN-
mediated dephosphorylation of tomosyn-1 and destabilization of
the Rab3-tomosyn-synapsin tripartite complex, releases vesicles
from the reserve pool for docking and fusion. Once a reserve vesicle
is used and recycled, it becomes a part of—and thus increases the
size of—the recycling pool, further increasing the availability of
vesicles for release without the requirement for direct coupling of
exocytosis and endocytosis. The purpose of the reserve pool is not
simply to supply additional vesicles when the recycling pool is de-
pleted but to release vesicles into the vesicle cycle and increase the
number of actively recycling vesicles (following fusion and retriev-
al), which allows the cycle to maintain a higher rate of fusion and
retrieval over time.

Previous studies in isolated hippocampal neuron cultures have
indicated that vesicles from the reserve pool are highly resistant to
release, even during periods of intense stimulation, and it remains a
matter of debate whether they are ever recruited in vivo (6). How-
ever, our model predicted that reserve vesicle recruitment and usage
should increase with the frequency of stimulation, even well beyond
physiological firing rates. We were able to demonstrate this in iso-
lated hippocampal neuron cultures by monitoring vesicle release us-
ing pH-sensitive pHluorin labeling, which revealed recruitment and
usage of vesicles from the reserve pool at stimulation frequencies up
to 50 Hz, in line with our model predictions.

Although considering vesicles as being part of separate recycling
and reserve pools is an instructive simplification, the distinction be-
tween the recycling and reserve vesicle pools does not appear to be
sharply delineated (9). In hippocampal neurons, all vesicles, includ-
ing those of the putative reserve pool, will eventually fuse during
mild stimulation over extended periods of time (9, 17). This sug-
gests that the likelihood of a particular vesicle being used is largely
probabilistic, with the recycling pool simply comprising those vesi-
cles with a relatively high propensity for docking and release, al-
though this propensity can change as a vesicle matures or, as we have
shown, dependent on synaptic activity and the pattern of vesicle
protein phosphorylation (26). The transition from the recycling to
the reserve status may be faster (hours) than assumed by a previous
study that only tested time points at or above 12 hours (26).

While it is ostensibly reasonable to suppose that release of vesi-
cles from the cluster is alone responsible for rendering them avail-
able for docking and release, effectively transferring them from the
reserve to the recycling pool, the vesicle cluster often lies close to the
active zone, and both types of vesicles are intermixed. Hence, clus-
tering alone is unlikely to provide control over pool segregation and
recruitment. However, synapsin-1 and tomosyn-1 can work together
to both maintain the population of reserve vesicles within the syn-
aptic bouton and to control their propensity for fusion and thus,
following retrieval, release into the recycling pool. By forming a
stable tripartite complex, Rab3, tomosyn-1, and synapsin-1 can
lock vesicles in a nonfusion-competent state within the vesicle
cluster. PKA-mediated phosphorylation of synapsin causes disper-
sal of the vesicle cluster and promotes loss of tomosyn-1 from
Rab3, effectively releasing vesicles from the reserve pool. At high
firing rates, this is further promoted by CaN-dependent dephos-
phorylation of tomosyn-1, which disrupts the tomosyn-1-synapsin
interaction. Although our model shows that tomosyn-1 does not appear
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to regulate the overall availability of vesicles for release, it is able
to control the proportion of vesicles from the reserve pool that are
used. Blocking PKA-mediated dispersion of the cluster or increas-
ing tomosyn-1 copy number prevents reserve vesicle recruitment
and compromises vesicle release at higher firing rates.

In addition to efficient recycling of vesicle material following
exocytosis, stable vesicle release also depends on the rapid replen-
ishment of vacant docking sites. While recycling vesicles are ob-
served to diffuse freely through the cytosol, intermixing with the
vesicle cluster, relying on random diffusion alone to bring vesicles
close to the active zone docking sites is likely to be inefficient in re-
plenishing fused vesicles. In addition, long myosin V tethers are re-
sponsible for initial recruitment and stabilization of vesicles much
further from the membrane (61), ensuring that the RRP can be re-
plenished in a timely manner during repetitive stimulation, with
myosin V disruption resulting in a 50% reduction in vesicle usage in
experimental studies (65) and by 28% in our model. Since both the
recycling and reserve pool vesicles are packed into the bouton
close to the active zone (14, 22), it is likely that tethering should be
somewhat selective for recycling pool vesicles to avoid clogging the
active zone with reserve vesicles that are not viable for release. In
addition, since Rab3-GTP interacts with myosin V (potentially via
an unidentified effector protein) (63, 67), it is plausible that this
long-distance tethering is also dependent on free Rab3-GTP. Once a
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vesicle is moved to the docking site, Rab3-myosin V interactions
can be displaced by the Rab3-RIM1-Muncl3 docking interactions.
In support of this model, selective tethering both enhances the rate
of vesicle release over time while also reducing the number of vesicles
recruited from the reserve pool to maintain synaptic release. Re-
serve pool vesicle recruitment is not cost free, since released vesicles
must ultimately be returned to the reserve pool cluster by the slow
accumulation of synapsin to avoid being lost from the bouton. Se-
lective tethering allows a smaller number of recycling vesicles to
maintain the vesicle cycle with minimal reserve pool recruitment at
physiological firing rates.

While our model captures all phases of the vesicle cycle, it is by
no means complete. For example, we do not take into account pos-
sible involvement of “superprimed” vesicles (68), nor tomosyn-1’s
role in inhibiting vesicle priming by antagonizing Munc13 and in-
hibiting SNARE complex formation (69-73). Also, we only model
the most prominent form of recycling involving full vesicle collapse
and retrieval, but we do not consider very fast (<1 s) recycling
events, which likely represent vesicle retrieval without full vesicle
collapse (“kiss and run”) (74), nor bulk endocytosis. It is estimated
that the kiss and run mode is used in around 20% of hippocampal
vesicle release events (75). However, since kiss and run only requires
the transient exposure of the vesicle interior and obviates the re-
quirement for vesicle protein dispersal and reaccumulation, this
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mode is certainly more efficient than the clathrin-mediated recy-
cling involving full vesicle collapse and retrieval. Likewise, bulk en-
docytosis is generally triggered during periods of intense stimulation
that threaten to overwhelm the vesicle cycle and, as such, works to
increase the efficiency of the vesicle cycle (76, 77). Hence, the real
hippocampal vesicle recycling system is likely to be even more effi-
cient than indicated by our model. Since we only model a hippo-
campal en passant synapse, it is not clear how generalizable our
results are to other types of neurons and synapses. However, our
unique vesicle modeling technology will provide rich opportunities
for studying other neuron and synapse types, as well as other mech-
anisms involved in the highly complex and dynamic regulation of
the synaptic vesicle cycle.

MATERIALS AND METHODS

Structure of the vesicle recycling model

The synaptic bouton morphology was constructed as a tetrahedral
mesh using Meshlab and our MultiCompMesher (78) derived from an
electron micrograph reconstruction of a cultured hippocampal neuron
en passant synapse, which also provided the location and the area of
the active zone (47). Cytosolic and vesicle protein copy numbers were
derived (where available) from Wilhelm et al. (18), with cytosolic and
membrane diffusion rates taken from Reshetniak et al. (47).

Broadly, the synaptic bouton was initially populated with 300
model vesicles (initial recycling pool: 50; reserve pool: 250—further
details below) freely diffusible within the cytosol. The cytosol was
also populated by the freely diffusable cytosolic proteins: complex-
in-1, Munc18, Munc13, Rab3, a-SNAP, N-ethylmaleimide-sensitive
factor (NSF), dynamin, calmodulin, CaN, CDKS5, syndapin, tomos-
yin-1, and synapsin. The plasma membrane was populated by the
membrane proteins syntaxin and SNAP-25, which are free to diffuse
within the membrane surface. As well as diffusing through the cytosol,
vesicles can dock at the active zone (via the RIM-Muncl3 complex—
see below), fuse with the membrane and be recycled via endocyto-
sis, completing the vesicle cycle. Clustering of vesicles occurs via
interactions between vesicle-bound synapsin.

Simulation of synaptic stimulation

All simulations were run on a prerelease version of STEPS 5, which
passed all validations presented in (46). The hardware used was the
“Deigo” cluster at the Okinawa Institute of Science and Technology,
on nodes consisting of 2 X 64 Advanced Micro Devices, Inc. (AMD)
Epyc 7702 at 2.0-GHz cores. The model performance was found to
peak at around 256 cores (46), so each individual simulation was
run on two full AMD nodes. For 50-s model time, each simulation
took approximately 10 days. Model code is available on the ModelDB
site (https://modeldb.science/2018007).

All simulations were run for 5 s of model time to reach steady state
(to allow vesicle docking, clustering, etc.), followed by 45 s of stimula-
tion at varying frequencies (5, 10, 20, and 50 Hz). Action potentials
were simulated by instantaneous reversal of the membrane potential
from —60 to 40 mV for 1 ms. Model species, reactions, parameters,
and diffusion rates are detailed in tables S1 to S4.

Modeling of the initial vesicle populations

All vesicles were populated with vesicle proteins synaptobrevin,
synaptotagmin-1, and Rab3-GTP. In addition, to model the buffer-
ing of other recycling proteins, vesicles also contain binding sites for
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complexin, Munc13/18, syndapin, a-SNAP, and NSF (79), with on/
off rates tuned to fit the measured proportions of proteins bound to
the vesicle cluster (47). All vesicle proteins could diffuse freely with-
in the vesicle membrane. The only distinction between reserve (ini-
tial population: 250) and recycling pool (initial population: 50)
vesicles is that the former each contained 10 binding sites for synap-
sin-1 (Fig. 1A) (80). Such that they did not accumulate synapsin-1
in the timeframe of the simulation (25), recycling vesicles (and newly
formed vesicles which become part of the recycling pool (81)) con-
tained no synapsin-1 binding sites. A single vesicle was placed at
each docking site at the beginning of the simulation to allow rapid
docking and population of the RRP. The readily retrievable pool was
populated with 40 clathrin-coated pits containing the full comple-
ment of vesicle proteins including dynamin (82).

Modeling of vesicle docking

The active zone, with an area of 0.060 pm? [within the range mea-
sured by ultrastructural analysis of hippocampal synapses (83)] was
populated with eight vesicle docking sites constructed from static
RIM1-Muncl3 clusters (84-87) within the active zone (88-90). Cal-
cium channel tethering was modeled by placing four Cav2.1 chan-
nels (91) in neighboring membrane triangles (92).

Vesicle docking is driven by the interaction between vesicle surface
Rab3-GTP and the RIM-Muncl3 complex. RIM-1 forms a complex
with Muncl3 which is essential for docking (Fig. 1B and fig. S1).
RIM-1, Muncl3, and Rab3-GTP form a tripartite complex which
drives docking (84-87). Tomosyn-1 binds Rab3-GTP on vesicles,
forming a complex that is unable to bind to the RIM1-Munc13 com-
plex, thus preventing docking (Fig. 1C). Tomosyn-1 is phosphorylated
by CDK5 and dephosphorylated by CaN, with the dephosphorylated
form dissociating more rapidly from Rab3-GTP (30).

Modeling of selective vesicle tethering

Tether paths of length 100 nm (allowing one to two vesicles to be
tethered behind the docked vesicle) were placed at the center along
the normal of each docking site (65, 93). Only vesicles containing
free Rab3-GTP (not complexed with tomosyn-1) on the vesicle for
tethering (to model the Rab3-GTP-myosin V interaction) can bind
to the tether (this “selective tethering” is the control condition used
in all simulations, except where otherwise stated) (67). Once at-
tached to a tether path, vesicles will move along the path until reach-
ing the membrane (unless blocked by another docked or tethered
vesicle), mimicking retraction of the tether to draw the vesicle into
the docking site.

Modeling of vesicle priming

Munc18 binds tightly to syntaxin-1, locking it into a closed confor-
mation and preventing extraneous binding to SNAP-25 (Fig. 1B and
fig. S1) (94, 95). Muncl3 catalyzes the transfer of the Syntaxin-
Muncl8 complex into the SNARE complex (binding to SNAP-25)
(94-96). For kinetics, see Zikich et al. (97). Synaptobrevin (vesicle)
is then incorporated into the complex to form the complete SNARE
complex (98, 99). Vesicle synaptotagmin-1 binds to the SNARE
complex, followed by complexin (2), fully priming the vesicle for
Ca®*-triggered fusion.

Modeling of vesicle fusion (exocytosis)
Synaptotagmin-1 comprises two domains (C2A binds three Ca**, and
C2B binds two Ca®") (100, 101). All five Ca sites must be occupied to
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trigger the conformational change that drives vesicle fusion. The
binding of Ca** to synaptotagmin-1 was calibrated against experi-
mental data described in (100) (fig. S4). Upon Ca-triggered fusion
(an exocytosis event in STEPS), any neurotransmitter in the vesicle
lumen is expelled into the extracellular space, and all vesicle mem-
brane proteins (synaptotagmin, synaptobrevin, and Rab3) are
deposited into the presynaptic plasma membrane and can freely dif-
fuse in the plasma membrane for use in reassembly of vesicle pits for
vesicle recycling (see “postfusion” below).

Measurement of release probability and recycling time in
the recycling model

At hippocampal synapses, release probability (the probability of at
least one vesicle fusion event following a single action potential) can
vary greatly, with most synapses in the range of 0.1 to 0.6 (102-104)
and largely dependent on the number of calcium channels coupled
to each docking site (104-106). Our model displayed a release prob-
ability of 0.5 and, as such, sits toward the higher end of this range.
However, modeling a relatively high release probability synapse pro-
vided a better opportunity to model vesicle cycle dynamics within
model simulation times that were feasible to compute.

The time taken for fused vesicles to be retrieved from the mem-
brane (recycling time) varies depending on neuron type and is
regulated at a cell-wide level (107), following an exponential distri-
bution with a mean time, in hippocampal neurons, ranging from ~5
to 40 s (53, 107). In our model, we measured the recycling time
following 500 simulated fusion events and observed recycling times
between 2.5 and 18.6 s, with a mean time of 6.8 s and within the
range observed experimentally (fig. S2). While our model does not
account for the time required for neurotransmitter refilling follow-
ing vesicle endocytosis, proton gradient-driven neurotransmitter
packing proceeds with similar kinetics to endocytosis [t = 15 s for
glutamate via Vesicle Glutamate Transporter (VGLUT)] (108, 109),
and, following vesicle retrieval, newly retrieved vesicles have been
shown to exhibit the same propensity for release as existing vesicles
(56), suggesting that neurotransmitter packing is unlikely to be
rate limiting.

Modeling the postfusion vesicle processing

Following fusion with the membrane, the vesicular proteins synap-
totagmin and synaptobrevin disperse (within the bouton plasma
membrane only) (110, 111). Each vesicle fusion event triggers the
generation of a new pit in a random position in the endocytic zone
surrounding the active zone for the reaccumulation of dispersed
vesicle proteins (112). The cis-SNARE complex is dismantled by
NSF/a-SNAP (113, 114). This is a slow, possibly multistep reaction
taking ~6 s per SNARE complex (115).

Modeling of vesicle retrieval and recycling

Newly formed pits contain adaptors for synaptotagmin-1 (AP2) and
synaptobrevin (AP180), which bind and accumulate these vesicle
proteins in the readily retrievable pool following vesicle fusion and
protein dispersion (111) [protein reclustering times fitted to data
from (111)]. As well as triggering vesicle fusion, Ca*" also activates
CaN (via calmodulin). Active CaN dephosphorylates (and thus ac-
tivates) dynamin. Active dynamin is responsible for the last step in
endocytosis of vesicles from the readily retrievable pool (15, 53).
Only pits with their full complement of synaptotagmin-1, synapto-
brevin, and Rab3-GTP can be retrieved from the readily retrievable
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pool. Once formed, the newly retrieved vesicles become part of the
recycling pool and can dock and fuse at the active zone.

Modeling of vesicle clustering

Reversible binding interactions between cytosolic synapsin and
the model vesicle membrane causes synapsin to accumulate on the
vesicle surface (116, 117), and synapsin-synapsin interactions cause
vesicles to cluster (27). Vesicle clustering is not dependent on
synapsin-actin interactions (60), but static actin proteins in the cyto-
sol act as seeds for the vesicle cluster. Synapsin-1 is phosphorylated
by PKA and dephosphorylated by PP2A (Fig. 1C). The phosphory-
lated form of synapsin-1 dissociates more rapidly from both the
vesicles and into the monomeric form (110, 118, 119). Vesicle-bound
synapsin-1 also forms a stable heterotrimer with the tomosyn-Rab3-
GTP complex (30).

Animal usage in experimental work

All used animals were handled according to the regulations of the local au-
thorities, the State of Lower Saxony (Landesamt fiir Verbraucherschutz,
Braunschweig, Germany) and of the University of Gottingen. All
animal experiments were carried out in accordance with the European
Communities Council Directive (2010/63/EU) and approved by
the local authority, the Lower Saxony State Office for Consumer
Protection and Food Safety (Niedersichsisches Landesamt fiir
Verbraucherschutz und Lebensmittelsicherheit).

Preparation of rat dissociated hippocampal cultures

For the preparation of dissociated primary hippocampal cultures,
newborn rats (Rattus norvegicus) were used, following previously es-
tablished methods (120, 121). Briefly, hippocampi of newborn rat
pups (wild-type, Wistar) were dissected in Hanks’ balanced salt solu-
tion (5 mM KCl, 140 mM NaCl, 4 mM NaHCOs3, 6 mM glucose,
0.4 mM KH,POy, and 0.3 mM Na,HPO,) and incubated for 60 min
in enzyme solution [Dulbecco’s modified Eagles medium (DMEM;
#D5671, Sigma-Aldrich, Germany), containing 100 mM CaCl2, 50 mM
EDTA, cysteine (0.5 mg/ml), and papain (2.5 U/ml), saturated with
carbogen for 10 min]. The dissected hippocampi were subsequently
incubated for 15 min in a deactivating solution [DMEM containing
bovine serum albumin (0.2 mg/ml), 5% fetal calf serum, and trypsin
inhibitor (0.2 mg/ml)]. The cells were then triturated and seeded on
circular glass coverslips with a diameter of 18 mm at a density of ap-
proximately 80,000 cells per coverslip. Before seeding, all coverslips
underwent treatment with nitric acid, sterilization, and coating over-
night with poly-L-lysine (1 mg/ml). The neurons were allowed to ad-
here to the coverslips for 1 to 4 hours at 37°C in plating medium
(DMEM containing 2 mM glutamine, 3.3 mM glucose, and 10%
horse serum). Subsequently, the medium was switched to neurobas-
al-A medium (Life Technologies, Carlsbad, CA, USA) containing 1%
GlutaMAX (Gibco, Thermo Fisher Scientific, USA), 2% B27 (Gibco,
Thermo Fisher Scientific, USA) supplement, and 0.2% penicillin/
streptomycin mixture (Biozym Scientific, Germany). The cultures
were then incubated at 37°C and 5% CO; for 13 to 15 days before
use. If the pH indicator suggested a loss of medium quality, then the
culture medium was renewed (at most once per week, to avoid dis-
turbing the cultures). Percentages represent volume/volume.

Hippocampal vesicle labeling
Before the labeling procedure, the following preincubation step was
performed—primary mouse anti-synaptotagminl antibody (catalog
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no. 105 311, Synaptic Systems, Gottingen, Germany), diluted 1:500,
and secondary anti-mouse nanobody, conjugated to superecliptic
pHluorin (Custom made, NanoTag, Géttingen, Germany) diluted
1:250, were preincubated in neuronal culture medium (in 10% of
the final volume for labeling) for 40 min at room temperature (RT).
The preincubation ensured the formation of a stable complex be-
tween the primary antibody and the secondary nanobody. Subse-
quently, the labeling solution’s volume was increased to the final
volume required for the labeling procedure (300 pl per coverslip).
After a brief vortexing, 300 pl of labeling solution was pipetted to the
wells of a new 12-well plate (catalog no. 7696791, The Geyer, Ren-
ningen, Germany), and the coverslips containing the cultured neu-
rons were transferred to the well plate. The cells were then incubated
for 90 min at 37°C. Following incubation, the cells were washed in
preheated Tyrode’s solution [containing 5 mM KCl, 30 mM glucose,
124 mM NaCl, 2 mM CaCl,, 1 mM MgCl,, and 25 mM Hepes (pH
7.4)] and returned to their own conditioned media. After an addi-
tional 60 min of incubation, the neurons were ready for imaging.

Labeling of recycling or reserve hippocampal vesicle pools,
to determine the presence of pHluorin within these pools
Neurons were subjected to the same live-labeling procedure as de-
scribed in the “Hippocampal vesicle labeling” section above. Subse-
quently, three distinct experiments were conducted to label different
populations of synaptic vesicles. In all labeling protocols, a goat anti-
VHH antibody conjugated to Alexa 647 (#128605230, Jackson
ImmunoResearch Europe) was used to target specific fractions of
vesicles that had been previously labeled with the synaptotagmin
antibodies carrying the nanobody-pHluorin constructs.

In the first experimental paradigm, aimed to reveal all synaptic
vesicles labeled with nanobody-pHluorin constructs, the cells were
fixed with 4% paraformaldehyde (PFA) in phosphate-buffered saline
[PBS; 10 mM Na,HPOy, 2 mM KH,P04, 137 mM NaCl, and 2.7 mM
KCI (pH 7.4)] for 20 min at RT. After fixation, the unreacted fixative
groups were neutralized by application of 100 mM NH,4Cl in double-
distilled H,O, for 20 min at RT. The neurons were subsequently per-
meabilized with 0.1% Triton X-100 (#9005-64-5, Merck, Germany)
in PBS, while bovine serum albumin, at 5% (#A1391-0250; Appli-
chem, Germany) was used to saturate excess protein-binding sites
(i.e., blocking), for 30 min. The cells were then incubated with the
anti-VHH antibody (diluted 1:500 in blocking solution), for 1 hour
at RT, in a custom-made humid chamber. The anti-VHH antibody
recognizes the nanobody, with VHH being a synonym for nano-
body. After three washes with PBS, the cells were mounted with
custom-prepared Mowiol solution on a glass slide.

In the second experimental paradigm, aimed to reveal recycling
vesicles, neurons were incubated in a preheated Tyrode’s solution
containing 50 pM AP5 [(2R)-amino-5-phosphonopentanoate] (Tocris
Bioscience, Bristol, UK; Abcam, Cambridge, UK) and 10 pM cyan-
quixaline (CNQX; Tocris Bioscience, Bristol, UK; Abcam, Cambridge,
UK) along with the anti-VHH antibody diluted 1:500 for 20 min at
37°C. Neurons were then stimulated for 20 s at 30 Hz, as described in
the “Stimulation of rat hippocampal neurons” section. Following
stimulation, the cells were fixed with 4% PFA in PBS, for 20 min, at
RT, and unreacted fixative groups were neutralized, washed three
times with PBS, and mounted on a glass slide, using Mowiol. AP5 and
CNQX, blockers of N-methyl-p-aspartate and AMPA receptors, re-
spectively, were used to inhibit postsynaptic responses, which could
have triggered action potentials, thereby increasing the total number
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of action potentials within the experiment and confusing the effects of
the stimulation.

In the third experimental paradigm, designed to label surface-
bound synaptotagmin 1 epitopes, neurons were live-incubated
with the anti-VHH antibody, for 15 min, on ice. The cells were
subsequently fixed with 4% PFA in PBS, for 20 min, on ice. After
fixation, the unreacted fixative groups were neutralized, and
the cells were washed three times with PBS and mounted us-
ing Mowiol.

Stimulation of rat hippocampal neurons

To block recurrent activity, 50 pM AP5 (Tocris Bioscience, Bristol,
UK; Abcam, Cambridge, UK) and 10 pM CNQX (Tocris Biosci-
ence, Bristol, UK; Abcam, Cambridge, UK) were applied to the im-
aging solution (Tyrode’s buffer). Electrical stimulation of the
cells was carried out using field pulses at frequencies of 5, 10, 20,
and 50 Hz, each lasting for 30 s at 20 mA. This stimulation was
achieved with an A310 Accupulser Stimulator and a 385 Stimulus
Isolator (both, World Precision Instruments, Sarasota, FL, USA),
with the help of a custom-made plate field stimulator made of
platinum (with a distance of 8 mm between the plates). To investi-
gate the recruitment of vesicles from the reserve pool upon stimu-
lation, 1 pM bafilomycin A1 (Santa Cruz Biotechnology) was added
into the imaging solution. Bafilomycin prevents the reacidification
of vesicles following endocytic retrieval from the membrane, im-
plying that vesicles continue to fluoresce even after recycling and
thus do not induce a change in fluorescence during any subsequent
round of release.

Imaging of vesicle release in rat hippocampal neurons
Neurons were mounted on a custom-made live-imaging chamber
filled with a prewarmed imaging solution (Tyrode’s solution con-
taining the aforementioned drugs). The cells were then imaged
with an inverted Nikon Ti mocroscope, equipped with a Plan Apo-
chromat 60X 1.4 numerical aperture (NA) oil objective (Nikon
Corporation, Chiyoda, Tokyo, Japan), an Andor iXON 897 Electron
Multiplying Charge-Coupled Device (emCCCD) camera (Oxford
Instruments, Andor), with a pixel size of 16 pm X 16 pm, Nikon
D-LH Halogen 12 V 100 W Light Lamp House (Nikon Corpora-
tion, Chiyoda, Tokyo, Japan), and a cage incubator system (OKOlab,
Ottaviano, Italy). Throughout the imaging procedure, a constant
temperature of 37°C was maintained. The recording duration was
7 min with an imaging frequency of 1.7 frames per second and an
illumination of 200 ms. The imaging protocol was executed as fol-
lows: After an initial 30-s baseline, the cells were stimulated for
30 s, followed by a 30-s recovery period. This stimulation-recovery
cycle was repeated four times in total, with an increasing frequency
(5, 10, 20, and 50 Hz). Subsequently, there was a 120-s recovery
period followed by the addition of 100 mM NH,CI (fig. S4A).
NH,4CI is applied to alkalinize the pH within all synaptic vesicles
and thus to reveal all pHluorin signals. PHluorin is in a dark state
at the low pH inside synaptic vesicles; NH4Cl addition raises the
pH and enables pHluorin to emit photons.

For the experiments described in the “Labeling of recycling or
reserve hippocampal vesicle pools, to determine the presence of
pHluorin within these pools” section, all three conditions were
imaged at a Nikon Eclipse Ti microscope equipped with a plan apo-
chromat 60x 1.4 NA oil-immersion objective lens, DS-Qi2 comple-
mentary metal-oxide semiconductor camera with a pixel size of
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7.3 pm X 7.3 pm, and a Nikon halogen lamp (Nikon Corporation,
Chiyoda, Tokyo, Japan).

Image analysis of rat hippocampal neuron data

Synapses were identified automatedly, using band-a-pass filter pro-
cedure to reveal suitably sized spots, followed by an automated
thresholding approach, which removed noise spots (using MATLAB
version R2022b, The MathWorks Inc.). This procedure was applied
on a summed image, produced by adding all movie frames into one
image, and identified many regions of interest (ROIs) for each mov-
ie. The signal within all ROIs was then recorded and was normalized
by the initial baseline signal (before the first stimulation round). The
peak amplitude was measured for each stimulation round (fig. S4B).

The data in Fig. 5D were computed as follows: The peak pHluo-
rin signals corresponding to the respective stimuli, representing the
vesicle pools released by each stimulus, were normalized to the sig-
nal provided by the NH,Cl application, which represents the entire
labeled vesicle population, since this application alkalinizes the
pH inside all vesicles. The values were then combined and plotted.
For the bafilomycin treatment, the peak value represents the plateau
value reached before the next stimulus.

For the experiments described in the “Labeling of recycling or re-
serve hippocampal vesicle pools, to determine the presence of pHlu-
orin within these pools” section, all images were analyzed using
self-written macros developed in MATLAB (The Mathworks Inc.,
Natick, MA, USA; version R2023a). Total intensity values were ob-
tained by summing the pixel intensities in a selected region, in each
image. These intensity values were then corrected for background,
used for statistical analysis, and performed with GraphPad Prism
(Prism 10, version 10.3.0, GraphPad Software LLC). For the statistical
analysis, the data were tested for normality using the Shapiro-Wilk
test and were subsequently analyzed with the Kruskal-Wallis test, fol-
lowed by Dunn’s multiple comparisons test for post hoc analysis.
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