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SUMMARY

Live human brain tissues provide unique opportunities for understanding synaptic transmission. Investiga-
tions have been limited to anatomy, electrophysiology, and protein localization, while crucial parameters,
such as synaptic vesicle dynamics, were not visualized. Here, we utilize zap-and-freeze time-resolved elec-
tron microscopy to overcome this hurdle. First, we validate the approach with calcium imaging in acute
mouse brain slices. Next, we show that synaptic vesicle endocytosis is induced in both mouse and human
brain slices. Crucially, clathrin-free pits appear immediately next to the active zone, where ultrafast endocy-
tosis normally occurs, and can be trapped at this location by a dynamin inhibitor. In both species, a protein
essential for ultrafast endocytosis, dynamin 1xA, localizes to the region peripheral to the active zone, the pu-
tative endocytic zone, indicating a possible conserved mechanism between mouse and human. This
approach has the potential to reveal dynamic, high-resolution information about synaptic membrane traf-

ficking in intact human brain slices.

INTRODUCTION

Direct investigation of synaptic transmission in human brain tis-
sues will increase our understanding of typical brain states and
how they are impacted by age and disease. Dynamic measures
of membrane properties and firing patterns of human neurons
are observed via electrophysiology of ex vivo brain slices. Elec-
trophysiology enables quantitative evaluation of synaptic prop-
erties of specific neuronal subtypes in particular brain regions.
For example, human neurons located in different cortical layers
exhibit heterogeneous morphologies, passive membrane and
suprathreshold properties, as well as firing rates, with layer 5 py-
ramidal neurons presenting higher frequency firing rates
compared with layer 2/3 and layer 3c.' These properties can
also change across different timescales. For instance, the
resting membrane potential and resistance of layer 2/3 pyrami-
dal neurons differ from infancy to old age.? Consequently, elec-
trophysiology provides information on quantal content, evoked
and spontaneous vesicular release, and the plastic nature of syn-
aptic transmission. Likewise, this method reveals species-spe-

cific differences in synaptic reliability and circuit connectivity be-
tween mice and humans. Human cortical pyramidal synapses
are more reliable and less likely to fail compared with mouse py-
ramidal synapses, with a failure rate of 0% compared with 25%
in mice.> Work on human CA3 hippocampal tissues suggests
higher temporal precision in human synapses compared with
rodent synapses. Human hippocampal synapses show pro-
nounced adaptation, narrower interspike intervals, and overall
lower synaptic fluctuations.” Yet, relying solely on electrophysi-
ology cannot easily discern the anatomical and structural fea-
tures of synapses.

Cellular and synaptic morphologies are often characterized by
electron microscopy (EM). Enhanced resolution clearly distin-
guishes presynaptic from postsynaptic compartments and re-
veals the relative locations of organelles. An advantage of EM
is that it yields non-targeted information about the morphology
of all cells in a tissue while preserving their spatial relationships.®
Moreover, electron micrographs provide detailed information
about how neurological diseases impact non-neuronal cells
and myelination in patient brains. For example, post-mortem
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Alzheimer’s patient hippocampal tissues contain “dark astro-
cytes” showing signs of cellular stress like altered mitochondria
and electron-dense plaques.® On the other hand, examinations
of post-mortem multiple sclerosis patient brains show reduced
myelination and possible compensatory axonal swelling in re-
gions of normal-appearing white matter.” Along with the advent
of volumetric imaging and machine-learning-based segmenta-
tion approaches, millions of human synaptic connections are
now being mapped. Recently, a petascale dataset was pub-
lished from a 1 mm® human cortical biopsy illustrating vascula-
ture, rare multisynaptic connections, and intact surrounding tis-
sue.? Other EM datasets reveal subtle connections between
human neurons and glia through cilia-based contacts® and a
10-fold expansion of the interneuron-to-interneuron network in
humans compared with mice.'® Overall, ultrastructural investiga-
tions of human brain tissues provide additional insights into how
synaptic circuits are situated within the larger cerebral context.
However, electron micrographs are static images of tissue and
do not provide information on synaptic release properties
beyond the distribution of organelles.

These various methods of studying synapses can require
vastly different sample preparation requirements, resulting in a
frequent “structure-function” gap in understanding synaptic
transmission. Time-resolved EM is situated as a potential resolu-
tion to this structure-function dilemma. Combining optogenetic
stimulation and high-pressure freezing “flash-and-freeze” EM
has been successfully used in C. elegans neuromuscular junc-
tions,"" cultured mouse hippocampal neurons,'? acute mouse
brain slices,'® and mouse hippocampal organotypic slice cul-
tures.' An advantage and restriction of flash-and-freeze s its
reliance on channelrhodopsin activation of neurons. Channelr-
hodopsin precisely activates select circuits through restricted
expression to a subset of neurons.'®"* This exogenous activa-
tion system can limit users to transgenic mouse lines or virally
infected tissues. In addition, the number of elicited action poten-
tials in each neuron may be variable due to differential expres-
sion levels.'?

Although human organotypic slice cultures can be transduced
with channelrhodopsin expression,'® quality long-term culture
likely requires readily accessible human cerebrospinal fluid sour-
ces,'® which can be difficult to obtain. Increased culture times
can result in glial scarring at the tissue surface as well as slight
tissue flattening (~20% for human brain)'® and decreased tissue
stability, which must be accounted for in subsequent experi-
ments. On the contrary, acute brain slices offer near in vivo tissue
states for rapid analysis of synaptic properties.’’ As such, acute
slices offer a platform for more samples to be tested without the
need for extended culturing times. Being able to investigate a
higher number of brain tissues from different individuals offers
a more comprehensive understanding of the human brain, ex-
panding the extent of results from a single patient to multiple
people and possibly revealing conserved cellular processes.
To push methods toward obtaining ultrastructural information
from activated synapses across several humans with more
native cytoarchitectures, a rapid approach suitable for acutely
resected brain tissue is necessary.

Here, we adapt “zap-and-freeze” EM for use with acute brain
slices as another modality to bridge form and function, yielding
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functional and ultrastructural information about presynaptic
membrane trafficking. Zap-and-freeze EM uses transient electric
field stimulation to activate neurons before high-pressure
freezing.'® By controlling the stimulation paradigm as well as
the time interval between stimulation and freeze, snapshots of
dynamic events are captured with millisecond temporal resolu-
tion. We applied zap-and-freeze EM to acute mouse brain slices
and acute human neocortical slices obtained from epilepsy sur-
geries. We demonstrate that synaptic activities can be induced
in slices loaded on the zap board for a high-pressure freezer.
Our results indicate that synaptic vesicle recycling in human
neocortical presynapses can be mediated by ultrafast endocy-
tosis, owing to a depot of the protein dynamin 1xA (Dyn1xA),
similar to mouse hippocampal synapses. Our approach can
enable ultrastructural characterizations of activity-dependent
membrane trafficking at synapses in acute brain slices.

RESULTS

The “zap board” induces calcium signaling in acute
mouse brain slices

Toward our goal of visualizing synaptic vesicle dynamics in hu-
man tissues, we began by determining if the microcircuit chip
used in zap-and-freeze (called the “zap board” hereafter) is
compatible with brain slices. The board’s circuit diagram and
detailed electrical properties are described in Figures S1A-S1I.
Originally, the zap board was constructed to apply a 10 V/cm
electric field to induce action potential-driven synaptic activities
in cultured mouse neurons.'® Provided the orientation of axons is
highly variable in culture, most neurons within the electric field
can be stimulated.’® Considering an electric field is a vector
with both magnitude and direction, we were unsure if tissue
directionality within the zap board was important, since the
orientation of axons in an intact neural circuit may influence the
generation of action potentials in slices.”®?" Therefore, we first
tested the zap board using axons with a well-defined circuit
orientation in slices: the parallel fibers of granule cells, which
form synapses with Purkinje cells, in the mouse cerebellum
(Figure 1A).

To visualize neuronal activity, we performed two-photon cal-
cium imaging in acute mouse cerebellar slices. Slices were
placed between two sapphire disks, separated by a 100 pm
Mylar spacer ring within the zap board (Figures 1B-1D). The
zap board is normally activated by pulses of blue light of various
durations'® (typically 1 ms is sufficient to induce an action poten-
tial in cultured neurons??). To avoid blue light interference during
two-photon imaging when activating the zap board, we relo-
cated the photodiode to an external optocoupler and drove the
board with transistor-transistor logic (TTL) signals from a
patch-clamp amplifier. In this setup, the zap board remains opti-
cally activated with blue light, as it is in the high-pressure freezer
but can now be placed on a two-photon laser-scanning micro-
scope (Figure S1). After determining the optimal stimulus param-
eters (e.g., 2.55 V light-emitting diode [LED] command voltage) in
this system with external resistances (Figure S1), we tested the
electrical stimulation on slices.

For calcium imaging, 100 pm mouse cerebellar slices were
incubated with the membrane-permeable calcium indicator
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Figure 1. Two-photon calcium imaging of acute mouse cerebellar slices on the zap board

(A) Acute mouse cerebellar slices were prepared by sectioning the cerebellar vermis horizontally to produce axons with known orientation. Arrow indicates
vibratome cut direction.

(B) A zap board enabling electrical stimulation in the Leica EM ICE high-pressure freezer.

(C) Overlay image of a 6 mm wide rubber O-ring, two sapphire disks, and a Mylar spacer ring in between two sapphire disks. When assembled, a specimen is
sandwiched between the two sapphire disks.

(D) A schematic showing another view of the assembly holding the slice in the zap board chamber.

(E) Horizontal 100 pm cerebellar slice lying between two sapphire discs and a Mylar spacer ring for two-photon imaging on the zap board. Parallel fibers (PFs) from
the ascending axons of granule cells (GCs) are in line with the electrical dipoles ((—) to (+)) and were imaged orthogonally in the line-scan mode (arrow, 3° deviated
in this example).

(F) Zoom-in image of a slice indicating the PFs in the molecular layer (ML), arising from GCs in the GC layer (GCL). An arrow depicts the orientation of the line scan.
PCL, Purkinje cell layer.

(G) Normalized signal of the membrane-permeable calcium indicator Fura-2, AM after a single (1x) and two consecutive (2x, 50 ms apart) stimuli.

(H) Polar coordinate plot of normalized Ca®* signal versus line scan/PF orientation. 0/180° accounts for PFs lying in line with the electrical dipole, while at 90/270°
PFs lie orthogonally to the dipole. Circles indicate Ca®* signal strength. n = 25 slices from 4 mice.

(1) Plot showing the normalized Ca®* signal versus stimulus duration. Data are presented as mean + SEM. n = 10 slices from 2 mice.

(J) Plot showing the normalized peak Ca®* signal versus time after assembling the cerebellar slice in the zap board chamber for one stimulus and three stimuli at
20 Hz. Data are presented as mean + SEM. n = 11 slices from 2 mice (1 stimulus, black markers) and n = 13 slices from 3 mice (3 stimuli, blue markers). Stars
indicate a significant difference (Mann-Whitney U test, p = 0.02 for 2.5 min and p = 0.04 for 3.5 min).

Fura-2, AM (which darkens with increasing calcium concentra-
tions), and mounted on the zap board (Figures 1B-1D). First,
we oriented cerebellar slices such that the parallel fibers were
themselves parallel with the electric field (3°; Figures 1E and
1F). After applying a single command voltage to the LED to acti-
vate the zap board for 1 ms, calcium transients were successfully

detected in the molecular layer (ML; Figure 1G). Calcium
signaling was enhanced when two consecutive 1 ms pulses
were applied 50 ms apart (Figure 1G), indicating synaptic activity
in parallel fibers®® is successfully induced by the zap board. To
test the effect of neural circuit orientation within the zap board,
we varied the angular orientation of brain slices relative to the
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device’s electric dipoles. Calcium imaging suggested that
neuronal signaling was greatest when the parallel fibers were
in line with the electric dipole (0°) and decreased progressively
as the angle changed to 45° (Figure 1H). Beyond 45°, essentially
no calcium signal was detected (dF/Fq close to O; Figure 1H),
suggesting that the parallel fibers were not sufficiently stimu-
lated. Interestingly, at 90°/270°, where ascending axons
should be in line with the electric field, no calcium signal
was observed—likely because superficial parallel fibers were
imaged, whose ascending axons were cut during the slicing pro-
cedure. Nonetheless, these data suggest brain slices can be
activated on the zap board with a single 1 ms pulse.

Next, we varied the electric pulse duration and the incubation
time of the slice in the chamber of the zap board while keeping
the slice close to 0° relative to the dipoles. When an electric pulse
was applied for 0.1-0.5 ms, which is typically used in electro-
physiology experiments,>*° almost no signal was detected
(Figure 11). The calcium signal nearly peaked with a 1 ms pulse
(Figure 1), suggesting that a 1 ms electrical pulse is sufficient
for action potential induction or, at least, the detection of calcium
signals in this setup. Finally, to address how long slice health can
be maintained on the zap board, we measured the calcium sig-
nals every 30 s over 7 min after a top sapphire disk was placed
over the brain slice (Figures 1C, 1D, and 1J). For the first 2 min,
calcium signaling was maintained. However, beyond 2 min sig-
nals drastically decreased, becoming undetectable after a single
stimulus by 6 min (black markers; Figure 1J). We also applied
multiple stimuli to assess if the observed tissue deterioration
was dependent on the number of stimuli given over time.
When a train of three stimuli was applied at 20 Hz, the signal
also declined within 2-3 min (blue markers; Figure 1J). Yet, this
decline after multiple stimuli was less pronounced compared
with a single stimulus, with signals remaining detectable for up
to 7 min, an effect presumably due to a higher signal-to-noise ra-
tio of train-induced calcium signals. Thus, for subsequent ultra-
structural experiments, we applied a 1 ms electric field pulse to
the specimen and discarded all specimens not frozen within
2 min after they were enclosed within two sapphire disks.

As many available live human brain tissues are neocortical, we
also prepared and tested mouse cortical slices to confirm that
the zap board could stimulate activity in the relevant tissue
type (Figures S1J-S1L). Unlike the stricter axon orientation of
the cerebellum, cortical regions contain dispersed axons span-
ning within and across layers. For example, layer 5 pyramidal
neurons in the mouse cortex extend axons locally within layer
5, synapsing onto inhibitory microcircuits, and also distally syn-
apse onto layer 6 excitatory neurons.?’ It is also suggested that
axons from acutely resected human brain tissues can display
directionality based on their location within the cortex—axons
in deeper layers appearing more columnar with directional
bias, while axons in superficial layers are more randomized.”®
As such, we did not change the angular orientation of cortical sli-
ces and simply tested for activity using the previously deter-
mined parameters. To help visually maintain some consistency
across samples, cortical somatic layers were laid parallel with
the electric field, and a line scan was performed perpendicular
across the layers (Figure S1J). With a single electric field stim-
ulus, we successfully stimulated calcium signaling in the cortex,
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and calcium signals increased with an increasing number of
stimuli at 20 Hz, although the signals were not as strong as those
observed in cerebellar slices (Figures S1K and S1L). Nonethe-
less, these results suggest that the zap board can activate
cortical brain slices.

Visualizing synaptic vesicle endocytosis in acute mouse
brain slices
As human brain samples are rare and precious, we initially
explored membrane dynamics using zap-and-freeze in
acute mouse cortical slices. Following slicing and a slightly
modified N-methyl-D-glucamine (NMDG) recovery®® (see STAR
Methods), we mounted each brain slice such that the cortical so-
matic layers were parallel to the zap board’s electric field to
maintain some visual consistency across samples. A single
1 ms stimulus was given, and individual slices were frozen at
100 ms, 1 s, and 10 s. Unstimulated slices were used as controls.
The selected time points were previously used to visualize syn-
aptic vesicle recycling in cultured hippocampal neurons'?934
and can potentially capture several endocytic pathways
(including kiss-and-run, ultrafast endocytosis, and clathrin-
mediated endocytosis).""'? Fluid phase markers of endocytosis,
such as cationized ferritin'®** were not used on brain slices
since their tissue penetration would not be sufficiently uniform.
Tissue gross morphologies were left largely intact (Figure 2A)
when passed through the high-pressure freezer using 15% poly-
vinylpyrrolidone (PVP) as a cryoprotectant—chosen because of
its past success in flash-and-freeze. ' Similar to dissociated hip-
pocampal neurons and slices, mouse cortical axons exhibited a
pearled morphology®® within acute slices (Figures 2Ai and 2Aii).
Synapses were also readily visible (Figures 2Aiii and 2Aiv).
Ultrastructural analysis of stimulated synapses revealed
apparent induction of the synaptic vesicle cycle (Figures 2B
and 2C). At 100 ms post-stimulus, uncoated pits appeared at
putative ultrafast endocytosis sites—primarily within a range
of 0-4 nm from the edge of an active zone, defined as the
membrane region opposite the postsynaptic density'?*
(Figure 2D; median pit distances: 0, 3.892, and 3.142 nm for
mice 1, 2, and 3, respectively). These uncoated pits at
100 ms were typically shallow with diameters ranging from 35
to 39 nm and neck widths ranging from 58 to 72 nm
(Figures S2A-S2C; median pit diameters: 38.031, 39.908, and
35.542 nm; median pit neck widths: 69.897, 72.619, and
58.523 nm for mice 1, 2, and 3, respectively). When testing
was repeated in two additional mice, uncoated pits also
formed at 100 ms within 3-32 nm from an active zone
(Figure S2E; median pit distances: 32.354 and 3.326 nm for
mice 4 and 5, respectively), with similar diameters and neck
widths (Figures S2A-S2C; median pit diameters: 31.816 and
35.244 nm; median pit neck widths: 58.157 and 60.219 nm
for mice 4 and 5, respectively). These pits likely represent en-
docytic structures rather than exocytic intermediates because
they remained trapped on the plasma membrane when slices
from these final two mice were treated with 80 uM dynasore,*®
a non-specific endocytosis inhibitor,” for 2 min prior to zap-
and-freeze testing (Figures 3A and 3C). Furthermore, pre-treat-
ment of slices with 1 uM tetrodotoxin (TTX) for 10 min reduced
the pits’ prevalence at 100 ms (Figures 3A and 3B, no drug
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mean pit number: 0.0776, versus TTX mean pit number:
0.02921), suggesting that these structures form in an activity-
dependent manner.

Further analysis revealed that these uncoated pits are likely
internalized over time. The number of large vesicles (diameter
over 60 nm) also peaked at 100 ms, followed by a slight increase
in the number of endosomes (spherical organelles with diameter
100 nm or more, or oblong organelles larger than synaptic vesicles)
1 s post-stimulus (Figures 2B and 2C; Figures S3A-S3C for addi-
tional micrographs). The size of endosomes ranged from 5,851
to 7,775 nm? (Figure S2D; median endosome sizes: 6,463.22,
6,903.58, 5,850.65, 7,774.78, and 6,158.98 nm? for mice 1, 2, 3,
4, and 5, respectively). No apparent clathrin-coated pits or
Q-structures indicative of potential kiss-and-run-like events®®°
formed in the active zone of synapses at any of the tested time
points (Figure 2C; see Figure S3D for micrographs of uncoated
pits versus one observed clathrin-coated pit on a dendrite from
this dataset for comparison). These results suggest that ultrafast

mouse 1 mouse 2 mouse 3
100 ms post-stimulus
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Figure 2. Ultrafast endocytosis in cortical
synapses of acute mouse brain slices

(A) Low magnification overview of an acute mouse
brain slice visualized with zap-and-freeze EM
(from an unstimulated slice). Scale bar: 500 nm.
Axons with pearled morphologies are highlighted
as (i and ii), along with examples of synapses (iii
and iv). Scale bars: 100 nm.

(B) Example electron micrographs showing en-
docytic pits (black arrowheads) and putative large
endocytic vesicles (LEVs) and endosomes (black
arrows) at the indicated time points in cortical
regions of acute mouse brain slices. Scale bar:
100 nm. More example TEM images are provided
in Figure S2.

(C) Plots showing the increase in number of each
endocytic structure per synaptic profile after a
single stimulus. Data are pooled from three ex-
periments and presented as mean + SEM. CCPs,
clathrin-coated pits. See Table S1 for n values and
detailed numbers for each time point.

(D) Plot showing the distance distribution of pu-
tative uncoated endocytic pits from the edge of
an active zone 100 ms post-stimulus in acute sli-
ces from n = 3 mice. Data are presented as
median +95% confidence interval. Each dot
represents a pit.

endocytosis likely occurs in cortical syn-

apses after a single stimulus.
To verify that the observed uncoated
pits possibly represented ultrafast endo-
® cytosis intermediates, we localized a
protein crucial for ultrafast endocytosis,
Dyn1xA, in acute brain slices using stim-
B ulated emission depletion (STED) micro-
scopy. The kinetics of ultrafast endocy-
tosis are produced by pre-recruitment
of endocytic proteins at the endocytic
zone.*>*3 Dyn1xA molecules are there-
fore expected to localize next to the
active zone of synapses at rest if those synapses can perform
ultrafast endocytosis. Previous studies of Dyn1xA mainly relied
on tagged protein constructs that were either overexpressed
or genetically knocked-in to neurons.**** To examine endoge-
nous protein localizations in slices, we developed and
knockout-validated a rabbit polyclonal antibody against a
Dyn1xA-specific C-terminal 20 amino acid region, which inter-
acts with endophilin A1 to mediate ultrafast endocytosis®
(Figure S4). Immunoblotting showed that the Dyn1xA antibody
reacted with lysate from mouse neurons but not astrocytes
(Figure S4A). Immunoblotting and fluorescence imaging
showed the antibody was specific for the Dyn1xA splice
isoform (Figures S4B and S4C). The selected amino acid
region used as the antibody epitope is 100% identical
between mouse and human (Figure S4E), and this antibody
recognized Dyn1xA protein in mouse and human whole brain
lysates (Figure S4D). Analysis of mouse cortical synapses
showed the majority of punctate Dyn1xA antibody signals
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Figure 3. Uncoated pits in acute mouse cortical slices are activity dependent and dynasore sensitive

(A) Example electron micrographs showing endocytic pits (black arrowheads) and putative large endocytic vesicles (LEVs) at the indicated time points in acute
brain slices from n = 2 mice, given no drugs, tetrodotoxin (TTX), or dynasore. Scale bar: 100 nm.

(B) Plot of no drug versus TTX-treated slices, comparing the increase in number of uncoated pits per synaptic profile, 100 ms after a single stimulus. Data are

presented as mean + SEM.

(C) Plot of no drug versus dynasore-treated slices, comparing the increase in number of uncoated pits per synaptic profile, 1 s after a single stimulus. Data are
presented as mean + SEM. See Table S1 for n values and detailed numbers for each time point.

present near the presynapse of PSD95-positive excitatory syn-
apses (Figures 4A-4C; Figure S5 for individual signal traces
and distances for each mouse; Figures S6A and S6B for
cartoon representation of synapse orientation classification
and example mouse slice STED overview; Figure S7 for STED
analysis pipeline of side view synapses). Similar to cultured hip-
pocampal neurons, Dyn1xA puncta were found directly at the
active zone boundary and periactive zone (—50 to +50 nm)
(Figures 4D and 4E), with nearly 47% of Dyn1xA signals local-
ized within this region in excitatory cortical synapses (Figure 4F;
see Figure S6C for STED analysis pipeline of top-view synap-
ses). These results suggest that Dyn1xA is present at the endo-
cytic zone of cortical presynapses in acute mouse brain slices
and advance the hypothesis that ultrafast endocytosis is
responsible for millisecond synaptic vesicle recycling following
a single stimulus in mice.

Ultrafast endocytosis in human cortical synapses

Having verified the zap-and-freeze approach in mouse cortical
slices, we assessed its utility in human brain tissue. We received
tissues from six epilepsy patients undergoing surgery (see
Table S2 for de-identified patient information). These tissues
originated from cortical areas, and their removal was a required
action in the overall surgery. We prepared 100 pm slices and
performed our slightly modified NMDG recovery (see STAR
Methods for details; Figure S8A). To assess the viability and
health of the slices, we performed electrophysiology for the first
two cases before continuing. Recovered human pyramidal neu-
rons (from 1 female and 1 male) showed typical action potential
traces in response to depolarization, ability to respond to current
steps (Figures S8B-S8G), and solid membrane properties with
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slight inter-individual variability as expected (Table S3). The re-
corded neurons also exhibited normal morphology, assessed
with post-recording biocytin cell-fill staining (Figure S8H), indi-
cating the tissues were viable and healthy. Tissue morphology
was also largely preserved with the use of 15% PVP, and pearled
axon morphologies were observed in human neocortical slices
(Figures 5Ai and 5Aii).

As with the mice, we stimulated human slices from the first two
cases (cases 1 and 2, 1 female and 1 male) and froze them at
100 ms, 1 s, and 10 s. Unstimulated slices were used as controls.
In both cases, uncoated pits appeared predominantly within 5—
7 nm from an active zone, 100 ms after a single stimulus
(Figures 5B-5D; Figures S9A and S9B for more micrographs;
median pit distances: 5.775 and 6.499 nm for cases 1 and 2,
respectively). Simultaneously, the number of large vesicles
increased, indicating potential membrane internalization. Inter-
estingly, the number of putative endosomes also peaked at
100 ms. To further probe the ultrafast endocytic pit formation
time point, we froze two additional cases (cases 3 and 4, 2 males)
at 100 ms with the necessary unstimulated controls. Similarly,
these two human cases exhibited uncoated pits within 6-
10 nm from an active zone (Figure 5D; median pit distances:
6.600 and 10.76 nm for cases 3 and 4, respectively; see
Figures S9C and S9D for more micrographs), 100 ms after a sin-
gle stimulus (Figures 5B and 5C). We then tested if these
observed structures were activity- or dynamin-dependent using
tissue from 2 more human cases (cases 5 and 6, 2 males), with
unstimulated slices and non-drug-treated slices from these
same individuals as controls. Here, uncoated pits formed 8-
31 nm from an active zone (Figure S10C; median pit distances:
7.623 and 31.361 nm for cases 5 and 6, respectively) 100 ms
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Figure 4. Dyn1xA clusters next to the active zone in mouse cortical synapses

(A) Example STED images of endogenous Dyn1xA localizations (white arrowheads) in side view synapses from cortical regions of acute mouse brain slices. Scale
bar: 300 nm. Dyn1xA antibody confirmation in Figure S4. Individual traces are provided in Figure S5.

(B) Line scan profiles from side view synapses. The median and 95% confidence interval are shown for n = 3 mice; see Table S1 for specific n values. Dotted line
indicates center line at x = 0, representing the calculated center line between the presynapse and postsynapse (see Figure S7 and STAR Methods for analysis
pipeline).

(C) Violin plots of individual fluorescence signal peak distances from the center line obtained from a band line scan across side view synapses. The median and
95% confidence interval are shown for n = 3 mice, and each dot represents a signal peak over a set threshold value > 0.5. Dotted line indicates center lineaty = 0.
(D) Example STED images of endogenous Dyn1xA localizations (white arrowheads) in top-view synapses from cortical regions of acute mouse brain slices. Scale
bar: 300 nm. Dyn1xA antibody confirmation in Figure S4. More example STED images are provided in Figure S6.

(E) The distribution of Dyn1xA puncta relative to the active zone edge, defined by Bassoon, analyzed in top-view synapse images. Shaded region indicates area

inside the active zone. The median and 95% confidence interval are shown for n = 3 mice; see Table S1 for specific n values.

(F) Cumulative plot of data presented in (E).

after a single stimulus in slices given no drugs. Notably, pre-
treatment of human cortical slices with TTX (1 uM, 10 min) abol-
ished the prevalence of uncoated pits found at 100 ms post-
stimulus (Figures 6A and 6B), while pre-treatment with dynasore
(80 pM, 2 min) trapped uncoated pits at the presynaptic plasma
membrane 1 s post-stimulus (Figures 6A and 6C), suggesting
that the formation of these uncoated pits is activity-dependent
and dynasore-sensitive in human cortical synapses.

Uncoated pits observed in all six human cases forming at
100 ms post-stimulus had diameters ranging from 36 to 55 nm
and neck widths ranging from 67 to 107 nm (Figures S10A and
S10B; median pit diameters: 45.032, 46.494, 55.620, 44.076,
39.194, and 36.161 nm; median pit neck widths: 68.356,

90.091, 107.743, 80.773, 67.655, and 67.479 nm for cases 1,
2, 3, 4, 5, and 6, respectively). Across all time points tested, hu-
man endosomes ranged in size from 6,019 to 10,386 nm?
(Figure S10D; median endosome sizes: 8,103.18, 6,380.86,
8,160.01, 10,386.30, 7,117.98, and 6,018.77 nm? for cases 1,
2, 3, 4, 5, and 6, respectively). Clathrin-coated pits were occa-
sionally present but did not increase in numbers after stimulation
at the time points examined (Figure 5C; see Figure S9E for micro-
graphs of uncoated pits versus observed clathrin-coated
pits from this dataset for comparison). No clear Q-figures in
the active zone, indicative of kiss-and-run-like events, were
observed in these human samples. These data suggest that syn-
aptic vesicle endocytosis in human cortical synapses could be
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mediated by ultrafast endocytosis on a millisecond timescale
following a single stimulus.

To interrogate a possible molecular pathway conservation, we
localized Dyn1xA in acute human brain slices, prepared on the
same day (see STAR Methods). Notably, STED imaging across
three cases (1 female and 2 males; note that we could not
recover enough tissue from all cases) showed the majority of
Dyn1xA puncta near the presynapse of PSD95-positive excit-
atory cortical synapses (Figures 7A and 7B; see Figure S11 for
example human slice STED overview and additional side view
synapses; Figure S12 for individual signal traces and distances
for each human) located predominantly at the active zone
boundary and periactive zone (—50 to +50 nm) (Figures 7C and
7D). Up to 46% of Dyn1xA signals localized within this region
(Figure 7E; ~42% for case 2, ~46% for case 3, and ~35% for
case 4).

Altogether, these data show that zap-and-freeze can be used
to investigate the membrane dynamics of human brain tissues at
millisecond and nanometer resolutions and suggest that ultrafast
endocytosis is possibly conserved in the human brain.

DISCUSSION

Here, we present an approach to study membrane dynamics in
acutely resected human brain tissue. The zap board for a high-
pressure freezer induces neuronal activity in acute mouse cere-
bellar and neocortical slices, as detected by calcium imaging. Ul-
trastructural analysis of mouse and human cortical synapses
showcases similar uncoated pits forming <32 nm from the active
zone 100 ms post-stimulus. Localizations of Dyn1xA near the en-
docytic zone of mouse and human cortical synapses, alongside
micrographs illustrating observed structures are activity-depen-
dent and dynasore-sensitive, suggest that these uncoated pits
likely represent ultrafast endocytosis intermediates.

Strengths and shortcomings of the method

The presented method has both advantages and disadvan-
tages. A major advantage is that no exogenous proteins like
channelrhodopsin are necessary to activate neurons. There-
fore, we can attempt to study synaptic transmission in a
more “native,” ex vivo context and in organisms or tissues
not easily genetically manipulated. Patient tissues also maintain
cell diversity, interactions, and cytoarchitectures that stem cell
in vitro systems cannot provide*' and thus may reveal cell-
autonomous mechanisms occurring in neurons and non-cell-
autonomous events involving surrounding glia.** Zap-and-
freeze may prove useful in examining post-mortem or surgical
resections from patients affected by disease (provided short
post-mortem and tissue acquisition time intervals). Many
neurological and neurodegenerative diseases present synaptic
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dysfunction“® and endolysosomal defects.** Visualizing synap-
tic dynamics in human tissue is likely to yield more directly
translatable results for potential treatment developments and
may facilitate the validation of cell biology mechanisms identi-
fied in animal and cell models.

It is worth noting that this approach has limitations. We tested
neocortical slices from male (n = 5) and female (n = 1) epilepsy
patients spanning an approximate age range from 20 to 40 years
old. The parameters we measured seemed unaffected by sex as-
signed at birth, age, or possible past brain traumas. However, we
cannot dismiss the fact that this is likely due to the limited num-
ber of independent specimens. We also do not have access to
genetic or other private patient information, which may affect
the interpretation of results. From a technological standpoint,
our theoretical calculations suggest that it would take an addi-
tional 3-4 ms for the core of brain slices to reach 0°C,'° leaving
an ambiguity in the timing of the actual freeze relative to stimula-
tion. This issue would not affect the method’s ability to capture
synaptic vesicle endocytosis but presents a possible challenge
for investigating exocytosis mechanisms that occur more
quickly. Our use of 2D imaging is also probably excluding subtle,
interesting information about intra-tissue connections, though
we expect this technique can be easily adapted for use with ex-
isting 3D EM imaging. Furthermore, unlike optogenetic stimula-
tion, most axons parallel to the electric field are likely stimulated,
making it more difficult to study circuit-specific questions.
Finally, as with other time-resolved EM approaches, we cannot
follow the membrane dynamics of the exact same synapses
over time like what can be accomplished via live-cell imaging.
Thus, our conclusions are drawn from the most frequent events
observed at each time point snapshot; therefore, it is possible to
miss less frequent events like kiss-and-run and clathrin-medi-
ated endocytosis. To compensate for this restriction, future
development of live super-resolution imaging of endocytic and
fusion pore dynamics™® is warranted in brain slices.*® Nonethe-
less, the potential benefits of zap-and-freeze as a technique
outweigh these challenges.

Ultrafast endocytosis in the human brain

Mechanisms of synaptic vesicle recycling have been debated
over the last 50 years. In the 1970s, Heuser and Reese proposed
clathrin-mediated endocytosis as the major pathway for
synaptic vesicle recycling after intense stimulation of frog neuro-
muscular junctions.*” Around the same time, Ceccarelli and
colleagues proposed another mechanism,*® named kiss-and-
run.*® Over the years, evidence for both mechanisms has
accumulated.*® Since the early observation of fast compensa-
tory endocytosis in bipolar cells of fish,”° we have presented
evidence over the last decade for clathrin-independent,
ultrafast endocytosis occurring in both Caenorhabditis elegans

(B) Example electron micrographs showing uncoated endocytic pits (black arrowheads) and putative large endocytic vesicles (LEVs) and endosomes (black
arrows) at the indicated time points in acute brain slices from n = 4 humans. Scale bar: 100 nm. Electrophysiological confirmation of human brain slice electrical

viability in Figure S8. More example TEM images are provided in Figure S9.

(C) Plots showing the increase in number of each endocytic structure per synaptic profile after a single stimulus. Data are presented as mean + SEM. CCPs,
clathrin-coated pits. See Table S1 for n values and detailed numbers for each time point.

(D) Plot showing the distance distribution of putative uncoated endocytic pits from the edge of an active zone 100 ms post-stimulus in acute neocortical slices
from n = 4 humans. Data are presented as median + 95% confidence interval. Each dot represents a pit.
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Figure 6. Uncoated pits in acute human cortical slices are activity dependent and dynasore sensitive
(A) Example electron micrographs showing endocytic pits (black arrowheads) and putative large endocytic vesicles (LEVs) at the indicated time points in acute
brain slices from n = 2 humans (cases 5 and 6), given no drugs, tetrodotoxin (TTX), or dynasore. Scale bar: 100 nm.
(B) Plot of no drug versus TTX-treated slices, comparing the increase in number of uncoated pits per synaptic profile 100 ms after a single stimulus. Data are

presented as mean + SEM.

(C) Plot of no drug versus dynasore-treated slices, comparing the increase in number of uncoated pits per synaptic profile, 1 s after a single stimulus. Data are
presented as mean + SEM. See Table S1 for n values and detailed numbers for each time point.

neuromuscular junctions and mouse hippocampal synap-
ses. 123034 gimilarly, several groups have implicated the exis-
tence of ultrafast mechanisms at play in mammalian central syn-
apses.”'* Our data here add to this hypothesis.

Taking into account that fluid phase markers are not used in
this study, we cannot exclude the possibility that the uncoated
pits appearing at 100 ms could represent exocytic intermediates
of large vesicles, which may have formed through fusion of two
or more synaptic vesicles (i.e., “compound fusion”).*® In chro-
maffin cells, such compound fusion occurs sequentially: one
vesicle fuses with the plasma membrane, and another vesicle
fuses directly onto the first as they are incorporated into the
plasma membrane.*® Sequential compound fusion is a reason-
able mechanism for chromaffin cells, as fusion of granules with
diameters of ~200 nm takes seconds to occur—providing
enough time for target-SNARE (t-SNARE) complexes to theoret-
ically diffuse into the fusing membrane. However, synaptic ves-
icles are ~40 nm in diameter, and exocytosis completes within
10 ms,'® making it unclear how t-SNAREs could be available
on fusing vesicles in such a short time frame. Nonetheless,
further studies are warranted to investigate the pervasiveness
of compound fusion in the human brain.

Using zap-and-freeze EM, we were able to conduct a brief
comparison of activated mouse and human cortical synapses
from intact tissue. Our data indicate that the timing of synaptic
vesicle recycling is relatively similar between mouse and human
cortical synapses. Yet, it seems as though the uncoated pits
forming at 100 ms are slightly larger in diameter with wider necks
in humans compared with mice. Our data also indicate that in
general human endosomes are larger than those found in
mice. From this initial study, we cannot determine if these differ-
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ences are species-specific or possibly due to these human tis-
sues originating from epileptic brains.

Though we used a single stimulus to probe synaptic vesicle
endocytosis, this stimulus is likely relevant given that the firing
rate of some human cortical neurons can be very low based on
the cognitive task being performed (<1 Hz).°® More importantly,
the molecular mechanism may be conserved in human cortical
synapses. As in cultured mouse hippocampal neurons, the en-
docytic protein Dyn1xA appears to be pre-localized to the endo-
cytic zone, potentially able to accelerate endocytosis at human
synapses. Though mechanistic investigations of lab-based or-
ganisms will undoubtedly contribute to our understanding of
synaptic transmission, direct examination of human tissues con-
tinues to provide key information.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfiled by the lead contact, Shigeki Watanabe
(shigeki.watanabe@jhmi.edu).

Materials availability
A limited amount of Dyn1xA antibody is available from the lead contact upon
request.

Data and code availability
® All original code and data are available from the lead contact upon
request.
® Any additional information required to reanalyze the data reported in
this paper is available from the lead contact upon request. The
macros and MATLAB scripts for EM image analysis are available
at GitHub: https://github.com/shigekiwatanabe/SynapsEM. Additional
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Figure 7. Dyn1xA clusters in human excit-
atory synapses

(A) Line scan profiles from side view synapses.
The median and 95% confidence interval are
shown for n = 3 humans; see Table S1 for specific
n values. Dotted line indicates center line at x = 0.
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(B) Violin plots of individual fluorescence signal
peak distances from the center line obtained from
a band line scan across side view synapses. The
median and 95% confidence interval are shown
for n = 3 humans, and each dot represents a signal
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(C) Example STED images of endogenous Dyn1xA
localizations (white arrowheads) in top-view syn-
apses from cortical regions of acute brain slices
from n = 3 humans. Scale bar: 300 nm. More
example STED images are provided in Figure S11.
(D) The distribution of Dyn1xA puncta relative to
the active zone edge, defined by Bassoon,
analyzed in top-view synapse images. Shaded
region indicates area inside the active zone. See
Table S1 for specific n values.

(E) Cumulative plot of data presented in (D).
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procedures are described in Watanabe et al.>” STED image analysis co-
des are available at GitHub: https://github.com/imotolab-neuroem/STED _
image_analysis_package_public_v1.4/tree/main.

® All the materials and protocols will be shared by the lead contact upon
request. Raw images in the manuscript will be uploaded to figshare.
com upon publication.
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SOURCE

IDENTIFIER

Antibodies

Dynamin 1xA, rabbit polyclonal antibody

Custom-made

RRID: AB_3674059

Bassoon, mouse monoclonal antibody Enzo Life Sciences cat#: ADI-VAM-PS003-D; RRID: AB_2038857
FluoTag-X2 anti-PSD95 NanoTag Biotechnologies cat#: N3702-At643-L
pan-Dynamin 1/2/3, rabbit polyclonal antibody Synaptic Systems cat#: 115002; RRID: AB_887714
FLAG, mouse monoclonal antibody Sigma-Aldrich cat#: F1804; RRID: AB_262044
Beta-actin, rabbit polyclonal antibody Synaptic Systems cat#: 251003; RRID: AB_11042458
Beta-actin, mouse monoclonal antibody Synaptic Systems cat#: 251011; RRID: AB_2619961
Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Invitrogen cat#: A11012

Antibody, Alexa 594

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Invitrogen cat#: A21245

Antibody, Alexa 647

F(ab’)2-Goat anti-Mouse IgG (H+L) Cross-Adsorbed Invitrogen cat#: A11017

Secondary Antibody, Alexa 488

Abberior STAR 460L, goat anti-mouse IgG Abberior cat#: ST460L-1001-500UG
Streptavidin, Alexa Fluor 555 Conjugate Invitrogen cat#: S32355

IRDye 800CW Goat anti-Rabbit IgG Secondary Antibody Li-COR cat#: 926-32211

IRDye 800CW Goat anti-Mouse IgG Secondary Antibody  Li-COR cat#: 926-32210

IRDye 680RD Goat anti-Rabbit IgG Secondary Antibody Li-COR cat#: 926-68071

Chemicals, peptides, and recombinant proteins

Fura-2, AM, cell permeant Invitrogen cat#: F1221

Pluronic F-127 (20% Solution in DMSO) Invitrogen cat#: P3000MP

Papain Worthington Biochemical cat#: LS003119

DNase Millipore Sigma cat#: DN25

Poly-L-lysine Sigma-Aldrich cat#: P2636

Poly-D-lysine Sigma-Aldrich cat#: P6407

Rat tail collagen | ThermoFisher cat#: A1048301

Trypsin ThermoFisher cat#: 25300054
5-Fluoro-2’-deoxyuridine Sigma-Aldrich cat#: FO503

Uridine Sigma-Aldrich cat#: U3003

NBQX Tocris cat#: 1044

Bicuculline Tocris cat#: 0109

Cationized ferritin from horse spleen Sigma-Aldrich cat#: F7879
Polyvinylpyrrolidone Millipore Sigma cat#: P2307

Paraformaldehyde Electron Microscopy Sciences cat#: 15714

Normal Goat Serum Jackson ImmunoResearch cat#: 005-000-121

KOD Hot Start DNA Polymerase Millipore Sigma cat#: 71086-3

ProLong Diamond Antifade Mountant Invitrogen cat#: P36970

In-Fusion HD cloning kit TAKARA cat#: NC1454739

RIPA buffer Cell Signaling Technology cat#: 9806

cOmplete Mini Protease Inhibitor Roche cat#: 04693159001
Immobilon-FL membranes Millipore Sigma cat#: IPFLO0010

Human Brain Whole Tissue Lysate (Adult Whole Normal) Novus Biologicals cat#: NB820-59177

Araldite 502 Ted Pella cat#: 18060

(Continued on next page)
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Eponate 12 Resin Ted Pella cat#: 18005
Dodecenyl Succinic Anhydride (DDSA) Ted Pella cat#: 18022
BDMA, Benzyldimethylamine Ted Pella cat#: 18241
Anhydrous 10% glutaraldehyde in acetone Electron Microscopy Sciences cat#: 16530

Tannic acid

Sigma-Aldrich

cat#: 403040

Experimental models: Organisms/strains

Mouse: C57/BL6J
Mouse: C57BL/6NTac
Mouse: Dnm1 KO

In-house breeding
Taconic Biosciences
Ferguson et al.*®

Leipzig University
B6NTAC
Dr. Pietro De Camilli

Recombinant DNA

Plasmid: f(syn)NLS-RFP-P2A-Dyn1xA Imoto et al.** N/A

Plasmid: f(syn)NLS-RFP-P2A-Dyn1xB Imoto et al.** N/A

Lentivirus helper plasmid: pHR-CMV8.2 deltaR Stewart et al., 2003°° Addgene #8454
Lentivirus helper plasmid: pCMV-VSVG Stewart et al., 2003°° Addgene #8455
Oligonucleotides

Primer, common forward to build Dyn1xA/B-FLAG Imoto et al.** N/A

constructs: caaggacCACGACA

TCGACTACAAGGACGACGACGACAAG TAA

GCGCCTTCGAATTAATTAAGGC

Primer, reverse to build Dyn1xA-FLAG construct: Imoto et al.>® N/A
atgtcgtgGTCCTTGTAGTCACCGTCGTGGTCCTTG

TAGTC GAGGTCGAAGGGGGGCC

Primer, reverse to build Dyn1xB-FLAG construct: Imoto et al.** N/A

atgtcgtgGTCCTTGTAGTCACCGTCGTGGTCCTT
GTAGTC GGGGTCACTGATAGTGATTCTGGG

Software and algorithms

SynapsEM
STED deconvolution, segmentation and analysis

Python 3.13.5
Visual Code Studio
Jupyter

ilastik 1.4.0
GitHub Copilot
Claude Sonnet 4.0
ImagedJ-Fiji
TrakEM2

Watanabe et al.””

Imoto et al.*”

Python Software Foundation
Microsoft

Project Jupyter

ilastik

GitHub

Anthropic

Schindelin et al., 2012

Cardona et al.®’

https://github.com/shigekiwatanabe/SynapsEM

https://github.com/imotolab-neuroem/STED _
image_analysis_package_public_v1.4

https://www.python.org
https://code.visualstudio.com
https://jupyter.org/
https://www.ilastik.org/
https://github.com/features/copilot
https://www.anthropic.com/claude/sonnet
https://imagej.net/Fiji
https://github.com/trakem?2

Adobe lllustrator 2021 Adobe https://www.adobe.com/

Adobe Photoshop 2021 Adobe https://www.adobe.com/

Prism GraphPad (Prism 8) https://www.graphpad.com

Excel Microsoft https://products.office.com/en-us/explore-
office-for-home

MATLAB MathWorks https://www.mathworks.com/products/
matlab.html

Other

Vibratome Leica Biosystems cat#: VT1200S

Cryostat Leica Biosystems cat#: CM 3050S

Sapphire disks, 6-mm
Precision coverslips, 18mm dia. #1.5H thick,
100 pieces
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Technotrade
Neuvitro Corporation

cat#: 616-100
cat#: GG-18-15H
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REAGENT or RESOURCE SOURCE IDENTIFIER
AFS2 Leica Microsystems N/A

EM ICE Leica Microsystems N/A
BX61WI Olympus N/A

LSM 900 Zeiss N/A

Hitachi 7600 TEM Hitachi N/A
FACILITY line Aberrior N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

All procedures involving mice were approved by the Johns Hopkins Animal Care and Use Committee and the regional authority of the
state of Saxony, Germany (T09/16, T10/20), following the guidelines of the National Institutes of Health and the European Commu-
nities Council. Both males and females were used in this study. All animals were kept on a 12-hour light/dark cycle and provided ac-
cess to unlimited food and water. Wild-type mice used for slice experiments were obtained from Taconic (BGNTAC), kept at Johns
Hopkins, and from in-house breeding (C57BL/6N) from the medical experimental center at Leipzig University. Dnm1 KO mice®® used
for Dyn1xA antibody validation were obtained from Dr. Pietro De Camilli.

Human tissue

Patient samples were collected under a protocol by the Institutional Review Board (IRB) at Johns Hopkins Hospital from neurosur-
gical resections performed for neurologic disease, generally intractable epilepsy. Because the tissue resections occurred regardless
of any research use, the IRB determined that waiver of consent was appropriate. After gross assessment by a neuropathologist, a
small portion of diagnostically unnecessary neocortical tissue was de-identified and placed in room temperature NMDG containing
artificial cerebrospinal fluid (aCSF) while transported to the lab—recipe described below.

METHOD DETAILS

Acute brain slice preparation
Acute mouse cerebellar and cortical slices for 2-photon imaging on the zap board were prepared from 21- to 26-day-old C57BL/6N
mice of either sex (n=8), as described previously.”® In short, under deep isoflurane anesthesia mice were decapitated. The skull was
immediately opened, and the cerebellar vermis or prefrontal neocortex was rapidly removed and placed in ice-cold aCSF_2 (in mM:
125 NaCl, 2.5 KClI, 2 CaCl,, 1 MgCly, 1.25 NaH,PO4, 26 NaHCOS3, 20 glucose, bubbled with 95% O, and 5% CO,, pH 7.4 at room
temperature). Using a vibratome (Leica VT1200S), 100 um horizontal slices of the cerebellar vermis or sagittal slices of the prefrontal
cortex were sectioned and incubated in aCSF_2 at 35°C for 30-40 min before they were stored at room temperature until usage.
For zap-and-freeze and STED experiments, mouse and human acute cortical slices were cut to 100 pm on a vibratome (Leica
VT1200S) in room temperature NMDG aCSF (in mM: 92 NMDG, 2.5 KCl, 1.25 NaH,PO4, 30 NaHCOg3, 20 HEPES, 25 glucose, 2 thio-
urea, 5 Na-ascorbate, 3 Na-pyruvate, 10 NAC, 0.5 CaCl,-2H,0, and 10 MgSO,4-7H,0). Brain slices were then transferred into a
custom-built recovery chamber filled with continuously carbogenated NMDG solution at 37 °C and allowed to undergo an initial
12 min recovery. After 12 min, slices were moved into a new recovery chamber filled with continuously carbogenated HEPES holding
aCSF (in mM: 92 NaCl, 2.5 KCl, 1.25 NaH,PO,4, 30 NaHCO3, 20 HEPES, 25 glucose, 2 thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 2
CaCl,-2H,0, and 2 MgS0,-7H,0) and allowed to undergo a second recovery for at least 4 hr at 37 °C. Slices were recovered to
ensure electrical viability and responsiveness to later electric field stimulation —also to repair cut site damage to maximize the amount
of maintained tissue morphology while imaging. All aCSF solutions were titrated to 7.3-7.4 pH, left at room temperature to avoid po-
tential tissue shrinkage-expansion cycles that can affect tissue ultrastructure, and bubbled with carbogen gas (95% O,, 5% CO,)
before use. Note that we did not perform the Na+ spike-in procedure associated with the original NMDG recovery method? to pre-
vent possible tissue overexcitation.

2-photon calcium imaging on the zap board

For calcium imaging, cerebellar or cortical slices were incubated for 20 min with 4 pmol Fura-2, AM (solved in Pluronic F-127 20 %
solution in DMSO) in a submerged recording chamber filled with aCSF_2. To ensure sufficient incubation, circulation of carbogenated
aCSF_2 was stopped, and carbogen supply was provided above the fluid with a sinter filter and a cardboard box on top to create an
oxygen-rich environment. After incubation, excess dye was washed out for another 20 min with carbogenated, circulating aCSF_2.
Slices were then transferred with a spatula and paintbrush to the zap board and assembled in aCSF_2 between two sapphire discs,
separated by a 100 pm Mylar spacer. A rubber O-ring was placed on top of the assembly to imitate high-pressure freezing
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experiments. Electrical TTL-driven inputs to the zap board were driven by an EPC-10 USB patch clamp amplifier and Patchmaster
software (HEKA Elektronik), and signal outputs digitized. Voltage for triggering the LED in the optocoupler was set to 2.55 V for slice
experiments. Calcium imaging was performed with a 2-photon laser scanning microscope (BX61WI microscope and Fluoview 10 M
scanner, Olympus), using a 50 mm, f1.2 camera objective (Zuiko, Auto-S OM-system, Olympus) and a mode-locked Ti:sapphire laser
(Mai Tai DeepSee, Spectra-Physics, set to a center wavelength of 800 nm), controlled by Olympus Fluoview ASW software (version
04.01). Line scans were performed to test stimulation paradigms, at room temperature.

Zap-and-freeze experiments

For zap-and-freeze of acute mouse and human brain slices, tissue was always tested the same day as collection. Slices were trans-
ported from recovery chambers to the high-pressure freezer in a petri-dish filled with room temperature aCSF (in mM: 125 NaCl, 2.5
KCl, 1.25 NaH,POy,, 25 NaHCO3, 10 glucose, 2 CaCl,-2H,0, and 2 MgSO,4-7H,0; 7.3-7.4 pH). Slices were then trimmed into smaller
pieces ~6 mm by hand using a razor blade. After trimming, slices were placed into freezing medium containing pre-warmed aCSF,
supplemented with NBQX (3 mM), Bicuculline (3 mM), and 15% polyvinylpyrrolidone (PVP) as a cryoprotectant—slices were kept in
this solution for less than 2 min as the freezing apparatus was assembled. 15% PVP was chosen and assembled in a specimen sand-
wich based on a method previously published for optogenetic stimulation of mouse brain slices using the high-pressure freezer.'®
The table and sample chamber of the high-pressure freezer were kept at 37°C to ensure the physiological temperature of slices
were maintained during experiments.® Unstimulated controls for each experiment were always frozen on the same day and origi-
nated from the same mouse or patient. The device was set such that samples were frozen at 0.1, 1 or 10 sec after the stimulus initi-
ation. Cortical columns were always visually aligned perpendicular to the direction of the electric field to maintain consistency across
samples (this ensured cortical layers were in parallel with the electric field).

Pharmacological experiments

To test the potential activity-dependence of uncoated pit formation: after recovery, acute slices were placed in room temperature,
continuously carbogenated aCSF supplemented with 1 pM tetrodotoxin (TTX) for 10 min before being placed into pre-warmed
freezing medium and immediately undergoing zap-and-freeze. To test the potential dynamin-dependence of uncoated pits: after re-
covery, acute slices were placed in a petri-dish containing room temperature aCSF supplemented with 80 uM Dynasore for 2 min
before being placed into pre-warmed freezing medium and immediately undergoing zap-and-freeze.

Freeze substitution

Frozen samples were transferred under liquid nitrogen to an automated freeze substitution unit held at -90 °C (EM AFS2, Leica Micro-
systems). Using chilled tweezers, samples were moved into acetone to help disassemble the freezing apparatus. Sapphire disks with
brain slices were then quickly moved into sample carriers containing 1% glutaraldehyde (GA) and 0.1% tannic acid (TA) in
anhydrous acetone. The freeze substitution program was as follows: -90 °C for at least 36 hrs with samples in 1% GA, 0.1% TA, sam-
ples were then washed five times with pre-chilled acetone (30 min each), after washing the fixative solution was replaced with pre-
chilled 2% OsQ, in acetone and the program was allowed to continue; -90 °C for 11 hrs with samples in 2% OsQy,, +5°C per hour to
-20 °C, -20 °C for 12 hrs, +10 °C per hour to +4 °C, hold at +4 °C.

Sample preparation for electron microscopy

After freeze substitution, samples removed from the AFS were washed six times with acetone (10 min each) and incubated with
increasing levels of plastic (100% epon-araldite diluted with acetone: 30% for 2 hrs, 70% for 3 hrs, and 90% overnight at +4 °C). After
plastic infiltration, samples were embedded in 100% epon-araldite resin (Araldite 4.4 g, Eponate 12 Resin 6.2 g, Dodecenyl Succinic
Anhydride (DDSA) 12.2 g, and Benzyldimethylamine (BDMA) 0.8 ml) and cured for 48 hrs in a 60 °C oven. Serial 40-nm sections were
then cut using an ultramicrotome (EM UC7, Leica microsystems) and collected onto 0.7% pioloform-coated single-slot copper grids.
Sections were stained with 2.5% uranyl acetate in a 50-50 methanol-water solution.

Transmission electron microscopy

Images of synapses were acquired on a Hitachi 7600 transmission electron microscope at 80 kV and 80,000x magnification, with an
AMT XR80 high-resolution (16-bit) 8-megapixel CCD camera, using AMT Image capture engine V602 (AMTV602) software. Samples
were blinded and given random names before imaging. At least 98-100 images were obtained per experimental timepoint. Low
magnification images of tissues were obtained at 30,000x (mouse) and 40,000x (human) magnification and stitched together using
the TrakEM2 plugin for Fiji,°" GitHub: https://github.com/trakem?2, with final contrast adjustments made in Adobe Photo-
shop (v21.2.1).

Antibody generation

To generate the Dyn1xA antibody, the C-terminal Dyn1xA-specific residues [846-864, Cys-RSGQASPSRPESPRPPFDL] were
custom synthesized and used for rabbit immunization (Pacific Immunology). The antibody was affinity purified using the antigen
peptides.
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Immunohistochemistry

For immunohistochemistry, adult mice were anesthetized with isoflurane, transcardially perfused with 4% paraformaldehyde (PFA)
and decapitated, with their whole brain dissected into PBS. Whole brains were embedded in O.C.T. compound (Tissue-Tek), frozen
ondry ice, and sectioned in a coronal orientation at 40 pm on a cryostat (Leica CM 3050S). Human brain slices were collected from the
tissue remaining after zap-and-freeze experiments were completed —slices were kept at 100 pm and fixed in 4% PFA. Staining was
performed on free-floating sections according to the protocol described in Kruzich et al.®® Slices were permeabilized and blocked
with 10% Normal Goat Serum (NGS) and 1% Triton X-100 in PBS for 3 hrs at room temperature. Primary antibodies diluted in
10% NGS and 0.025% Triton X-100 in PBS were added to slices for 48 hrs at +4 °C. Primary antibodies included: FluoTag-X2
anti-PSD95 (1:100), Bassoon (1:100), and DynaminixA (1:100). After removal of primary antibodies, slices were washed four times
with 0.025% Triton X-100 in PBS, 15 min each wash. Secondary antibodies were diluted in PBS and incubated with slices for 48 hrs
at +4 °C. Secondary antibodies included: goat anti-rabbit Alexa Fluor 594 (1:100) and STAR 460L goat anti-mouse IgG (1:100). Slices
were washed four times with PBS, then washed once with Milli-Q water before being mounted onto plain microscope slides (Globe
Scientific) using a paintbrush. Tissue was allowed to dry until transparent under foil. ProLong Diamond Antifade Mountant was added
directly onto slices, with a coverslip (18 mm diameter 1.5H thick coverslips, Neuvitro Corporation) placed on top. Samples were left to
dry at least overnight before STED imaging.

Stimulated emission depletion (STED) imaging

2D STED images were acquired on an Aberrior FACILITY line microscope using a 60x oil objective lens (NA = 1.42). The excitation
wavelengths were set as: 640 nm, 561 nm, and 485 nm for imaging Atto-643, Alexa-594, and STAR460L labeled target respectively.
Imaging was performed at 20 nm pixel size, 0.61 AU pinhole, dwell time 5 ps. The STED beam was set at 775 nm with power of 10-
15% used.

Electrophysiological recordings and biocytin imaging

Human brain slices were transferred to a submerged recording chamber, perfused and maintained at 34°C in solution containing (in
mM): 125 NaCl, 2.5 KCl, 1.25 NaH,PO4, 25 NaHCOg3, 2 CaCl,, 2 MgCl,, 10 glucose, saturated with 95% O,, 5% CO,. Whole-cell
recordings from human cortical pyramidal neurons were visualized under an upright Zeiss microscope with infrared optics.
Recording pipettes had resistances of 3-5 MQ when filled with an internal solution containing (in mM): 120 K-gluconate, 15 KCl,
10 HEPES, 2 MgCl,, 0.2 EGTA, 4 Na,ATP, 0.3 NagGTP, and 14 Tris-phosphocreatine (pH 7.3). Whole-cell current-clamp recordings
were made with MultiClamp 700B and 1440A digitizer (Molecular Devices). Data were acquired using pClamp 10.4 (Molecular De-
vices). Series resistance was monitored throughout the recording and controlled below 20 MQ. Recorded neurons were filled with
0.2% (w/v) biocytin. Then, the slices containing biocytin-filled neurons cross-linked with 4% PFA and stained with Streptavidin Alexa
Fluor 555 conjugate (1:1,000). Fluorescent images were obtained using a confocal microscope (Zeiss LSM 900).

Expression constructs
To generate lentiviral expression constructs for Dyn1xA-FLAG and Dyn1xB-FLAG, f(syn)NLS-RFP-P2A-Dyn1xA and f(syn)NLS-RFP-
P2A-Dyn1xB (Imoto et al.*>*) were amplified and linearized using an In-Fusion HD cloning kit (TAKARA).

Neuronal cell culture

To prepare primary neuron cultures, the following procedures (ltoh et a were carried out. The brain was dissected from em-
bryonic day 18 (E18) mice of both genders and placed on ice cold dissection medium (1 x HBSS, 1 mM sodium pyruvate, 10 mM
HEPES, 30 mM glucose, and 1% penicillin-streptomycin). Hippocampi and cortex were dissected under a binocular microscope
and digested with papain (0.5 mg/ml) and DNase (0.01%) in the dissection medium for 25 min at 37 °C. For Dynamin 1 knockout
experiments, Dnm1*/~ mice were bred to obtain Dnm1*’* and Dnm1~/~ animals. Genotyping was immediately performed on clip-
ped tails while brains were kept in dissection medium on ice. Tail DNA was extracted in 50 mM NaCl at 100 °C for 30 min incu-
bation followed by adjusting pH and PCR reaction using custom designed primers (Imoto et al.*®) and KOD Hot Start DNA Poly-
merase. For immunocytochemistry, 1.5 x10° neurons were seeded onto 18 mm diameter 1.5H thick coverslips (Neuvitro
Corporation) coated with poly-L-lysine (1 mg/mL) in 12-well plates. For Western blots, 6 x10° neurons were seeded on poly-L-
lysine coated 6-well plates. Neurons were cultured in Neurobasal media (Gibco) supplemented with 2 mM GlutaMax, 2% B27,
5% horse serum and 1% penicillin-streptomycin at 37 °C in 5% CO,. The following day, medium was switched to Neurobasal
with 2 mM GlutaMax and 2% B27 (NMO0), and neurons were maintained thereafter in this medium. Half of the medium was re-
freshed every week.

|.64)

Lentivirus production

Lentiviral particles expressing Dyn1xA-Flag or Dyn1xB-Flag were produced by co-transfecting HEK293T cells with the expression
construct of interest together with two helper plasmids, pHR-CMV8.2 deltaR and pCMV-VSVG, at a molar ratio of 4:3:2. Transfection
was performed using polyethyleneimine. Culture supernatants containing viral particles were collected 3 days post-transfection, and
viruses were concentrated 20-fold using Amicon Ultra-15 10K centrifugal filter units (Millipore). The concentrated virus was aliquoted,
shap-frozen in liquid nitrogen, and stored at -80 °C until use.

Neuron 174, 1-14.e1-e8, February 4, 2026 e5




Please cite this article in press as: Eddings et al., Ultrastructural membrane dynamics of mouse and human cortical synapses, Neuron (2025), https://
doi.org/10.1016/j.neuron.2025.10.030

¢ CellPress Neuron

OPEN ACCESS

Western blotting

For Western blot confirmation of Dyn1xA antibody, mixed neuron cultures from the hippocampus and cortex were prepared from
E18 wild-type and Dnm1 knockout mice and harvested at DIV 14 and DIV 21. For lentiviral expression experiments, mixed neuron
cultures from Dnm1 knockout mice were infected at DIV 6 with viruses encoding Dyn1xA-Flag or Dyn1xB-Flag, and cells were har-
vested at DIV 14. Astrocytes were prepared from the cortex of E 18 wild-type mice and harvested after two weeks. Cells were ho-
mogenized in RIPA buffer (Cell Signaling Technology) supplemented with cOmplete Mini Protease Inhibitor (Roche) and centri-
fuged at 14,000 x g for 10 min at +4 °C. Extracts were separated by SDS-PAGE and transferred onto Immobilon-FL
membranes (Millipore Sigma). The membranes were blocked with 3% Bovine Serum Albumin (BSA) in PBS containing 0.05%
Tween 20 (PBST) for 1 h, incubated overnight at +4 °C with primary antibodies in 3% BSA in PBST, and then incubated with second
antibodies for 1 h at room temperature in 3% BSA in PBST and washed with PBST. The primary antibodies used were: Dyna-
minixA (1:2,000), pan-Dynamin1/2/3 (1:2,000), Flag (1:2,000) and p-actin (1:2,000; rabbit). The secondary antibodies were: IRDye
800CW Goat anti-Rabbit IgG (1:4,000) and IRDye 800CW Goat anti-Mouse IgG (1:10,000). Immunocomplexes were detected us-
ing an Odyssey infrared imaging system (Li-COR).

For additional Western blot confirmation of Dyn1xA antibody, whole brain lysates from a 1-year-old female wild-type mouse and
human not affected with epilepsy were tested (Human Brain Whole Tissue Lysate (Adult Whole Normal), Novus Biologicals). Sam-
ples were run at 80 V, 90 min and transferred at 100 V, 80 min. The membrane was blocked with 5% milk in 0.05% PBST for 30 min,
incubated overnight at +4 °C with primary antibodies in 5% milk/PBST, and then incubated with second antibodies for 1 h at room
temperature in 0.05% PBST before being washed with PBST. The primary antibodies used were Dynamin1xA (1:5,000) and p-actin
(1:2,000; mouse). The secondary antibodies were IRDye 800CW Goat anti-Mouse IgG and IRDye 680RD Goat anti-Rabbit IgG
(both 1:30,000). Immunocomplexes were detected using an Odyssey infrared imaging system (Li-COR). Precision Plus Protein
dual Color Standard was used as a molecular weight ladder.

Immunocytochemistry

For immunocytochemistry used to validate the Dyn1xA antibody, DIV14 neurons were fixed with pre-warmed 4% PFA and 4% su-
crose in PBS for 20 min, then permeabilized with 0.2% Triton X-100 in PBS for 8 min at room temperature. After blocking with 1% BSA
in PBS for 30 min, cells were incubated with primary antibodies in 1% BSA/PBS overnight at 4 °C, followed by secondary antibodies
for 1 h at room temperature. Coverslips were mounted with ProLong Diamond Antifade Mountant. Primary antibodies included Dy-
naminixA (1:500) and FLAG (1:500). Secondary antibodies were goat anti-rabbit Alexa Fluor 647 (1:500) and goat anti-mouse Alexa
Fluor 488 (1:500). Images were acquired using a 60x oil objective lens and the confocal mode tiling function of an Abberior FACILITY
line microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

2-photon calcium imaging analysis

The calcium signal after stimulation was calculated over background (dF/Fg). Minimum Fura-2, AM signal was revealed by exponen-
tial fits. Data was normalized to the minimum for comparison with other slices. Mann-Whitney U test was performed for the plot in
Figure 1J. For cortical traces, the area of the calcium signal was calculated from the first stimulus (70 ms) until the end of the
scan (900 ms), measuring between the baseline value (at y = 1, dotted line) and the trace.

Electron micrograph image analysis

Electron micrographs were manually analyzed using the published SynapsEM protocol.”” Images from one experimental replicate
were pooled into a single folder, randomized, and blinded using Matlab scripts. Synapses not containing a prominent postsynaptic
density or those with poor morphology were manually excluded from analysis after this blinded randomization. Using custom Fiji
macros, membrane and organelle features were annotated and exported as text files. Those text files were again imported into Mat-
lab where the number and locations of the annotated features were calculated. For pit distribution from the active zone, the distance
from the nearest edge of pits to the active zone was calculated. To minimize bias and error all annotated, randomized images were
thoroughly checked and edited by at least one other member of the lab. Representative electron micrographs were adjusted in bright-
ness and contrast to different degrees, rotated and cropped in Adobe Photoshop (v21.2.1) or lllustrator (v24.2.3). All Fiji macros and
Matlab scripts are publicly available at GitHub: https://github.com/shigekiwatanabe/SynapsEM.

STED image deconvolution, segmentation and analysis
Image deconvolution
1) STED images were exported from the microscope in.obf format using LIGHTBOX software (Abberior). Initial image processing
was performed using a custom made MATLAB code package (Imoto et al.*?).
2) Images were extracted from.obf files and converted to.tif format as unsigned 16-bit integers. The extracted images were
normalized based on the minimum and maximum intensity values within each image and then blurred with a Gaussian filter
with 1.2 pixel radius to reduce the Poisson noise.
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3) Subsequently, the overview tissue images were deconvoluted twice using the two-step blinded deconvolution method. The
initial point spread function (PSF) input was measured from the unspecific antibody signals of STAR 460L, Alexa 594, or
Atto 643 in the STED images. The second PSF (enhanced PSF) input was chosen by the user as the returned PSF from the
initial run of blind deconvolution.®® The enhanced PSF was used to deconvolute the STED images to be analyzed. Each
time 10 iterations were performed.

Segmentation
1) Series of the deconvoluted STED images were loaded to the segmentation script utilizing MIJ: Running ImagedJ and Fiji within
Matlab (Sage 2017, MATLAB Central File Exchange).
2) All presynaptic boutons in each deconvoluted image were indiscriminately selected within 45x 45-pixel regions of interest
(ROls) based on the Bassoon and Dyn1xA signals.
3) Top view and side view presynapses were sorted via script with supervision based on Bassoon shape.

Side view synapse analysis

Distance relative to the presynapse or postsynapse analysis was performed on side view images only. All side view synapse image
processing was automated via a Python workflow integrating machine-learning based masking and geometric alignment. Analyses
were run in Python 3.13.5 (Anaconda distribution) using Jupyter within Visual Studio Code (VS Code). For machine-learning, ilastik
1.4.0 (https://www.ilastik.org/) was invoked headlessly via the command line. Portions of this code were generated with assistance
from GitHub Copilot (Python extension in VS Code) and the Anthropic Claude Sonnet 4.0 model.

1) For each mouse or human dataset, the three fluorescent channels were assigned as CH1= Bassoon, CH2= PSD95, and CH3=
Dyn1xA. Pixel Classification projects for Bassoon and PSD95 were trained for each dataset using 5-7 randomly selected im-
ages (selected within the code) and applied Color/Intensity and Edge features at Gaussian scales 6 =0.3, 0.7, 1.0, 1.6, 3.5, 5.0,
and 10.0. ilastik segmentations were read as label images and binarized to foreground=1/background=0. Foreground polarity
was enforced so that the object class was mapped to 1.

For each image, the largest external contour of each channel’s ilastik mask (Bassoon and PSD95) was fit with an ellipse
(OpenCYV fitEllipse). The major-axis angle was defined as the ellipse’s long axis (angles normalized to ensure the longer diam-
eter was always used). A ‘center-line’ (“AZ-PSD center line”) was then computed as the line parallel to both major-axes and
passing through the midpoint between the two ellipse centers. When the two axes were nearly parallel (< 30° difference), their
angles were averaged with wrap-around handling; otherwise, a vector (atan2-based) average was used. The center-line length
was set to the mean of the two major-axis lengths.

Each image was then rotated to align this center-line vertically (rotation angle = —(90° — center-line angle)). Image orientation
was always standardized such that Bassoon signals lay on the right of the center-line and PSD95 on the left of the center-line,
by conditionally applying an additional 180° flip based on the Bassoon/PSD95 centroids relative to the center-line perpendic-
ular. Rotational Not a Number values (NaNs) introduced by fifth-order spline interpolation (scipy.ndimage.rotate, order= 5)
were replaced by the mean intensity of the corresponding channel.

For visualization, channel display ranges were set to the 151-99th percentiles per image. For analysis, the band-scan profiles
were min-max normalized to [0,1] per channel. A vertical band line scan was performed on the rotated images using a fixed
band width of 42 pixels centered on the image midline (1 pixel = 20 nm). For each x-position, the mean intensity within the
band-scan was computed, yielding one line scan profile per channel. The x-axis was then recentered such that 0 always cor-
responded to the center-line (left negative, right positive).

Dyn1xA signal peaks were called on the normalized CH3 line profile using scipy.signal.find_peaks, and signal peaks with
amplitude > 0.5 were retained as real signals. For each image, all X-Y values underlying the band-scan line profiles (dis-
tance in pixels from the center line and normalized intensities for CH1-CH3) and the Dyn1xA peak positions were written
as.csv files. To ensure transparency and reproducibility, intermediate composite figures (raw input channels, ilastik masks
with fitted ellipse major axes, the computed parallel center-line, rotated channels, and band-scan overlays) were each
saved per image as PNG files in a dedicated result/ directory. The corresponding ilastik-trained.ilp project files were
also saved.

6) The numbers in the resulting.csv files were used to construct line scan profiles and violin plots in Prism.
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Top view synapse analysis

Distance distribution analysis was performed on top view images only, since Dyn1xA puncta can appear to be in the middle of syn-
apses when seen in side view. All top view synapse imag processing was performed using a custom made MATLAB code package
(Imoto et al.*?).

1) The boundary of the active zone was identified as the contour that represents half of the intensity of each local maxima in the
Bassoon channel. The Dyn1xA puncta were picked by calculating pixels of local maxima.

2) Distances between Dyn1xA puncta and the active zone boundary were automatically calculated correspondingly. For this dis-
tance measurement, first, MATLAB distance2curve function (John D’Errico 2024, MATLAB Central File Exchange) calculated
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the distance between the local maxima pixel and all the points on the contour of the active zone or Dyn1xA cluster boundary.
Next, the minimum distance for each local maxima pixel was selected. Signals crossing the ROIs and the Bassoon signals
outside of the stained neurons were excluded from the analysis. The MATLAB scripts are available from GitHub https://
github.com/imotolab-neuroem/STED_image_analysis_package_public_v1.4 or by request.

3) Values in the resulting MATLAB files were used to construct plots in Prism.

Electrophysiological data analysis
Data were analyzed using pClamp 10.4 (Molecular Devices). Data were discarded when the series resistance varied by > 20%.
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