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Long-term potentiation (LTP) is a cellular mechanism of learning and
memory that results in a sustained increase in the probability of vesicular release of neurotransmitter. However, previous work in hippocampal area CA1 of the adult rat revealed that the total number of
vesicles per synapse decreases following LTP, seemingly inconsistent
with the elevated release probability. Here, electron-microscopic tomography (EMT) was used to assess whether changes in vesicle density or structure of vesicle tethering filaments at the active zone might
explain the enhanced release probability following LTP. The spatial
relationship of vesicles to the active zone varies with functional status. Tightly docked vesicles contact the presynaptic membrane, have
partially formed SNARE complexes, and are primed for release of
neurotransmitter upon the next action potential. Loosely docked vesicles are located within 8 nm of the presynaptic membrane where
SNARE complexes begin to form. Nondocked vesicles comprise recycling and reserve pools. Vesicles are tethered to the active zone via
filaments composed of molecules engaged in docking and release
processes. The density of tightly docked vesicles was increased 2 h
following LTP compared to control stimulation, whereas the densities
of loosely docked or nondocked vesicles congregating within 45 nm
above the active zones were unchanged. The tethering filaments on
all vesicles were shorter and their attachment sites shifted closer to
the active zone. These findings suggest that tethering filaments stabilize more vesicles in the primed state. Such changes would facilitate
the long-lasting increase in release probability following LTP.
long-term potentiation

(17–24). Studies suggest that the SNARE complex begins to form
when a vesicle and presynaptic membrane are within 8 nm of each
other rendering them loosely docked (25–27). Vesicles are then
drawn toward the active zone, and the SNARE complex bundle is
fully formed when the vesicle is within 2 nm of the presynaptic
membrane (26, 28). Tightly docked vesicles are defined as being in
contact with the presynaptic membrane and correspond to primed
vesicles that comprise the readily releasable pool (27). Recent
studies have suggested that docked vesicles can oscillate between
loosely and tightly docked states (27, 29), providing a target
mechanism for synaptic plasticity.
To address the question of how changes in vesicle proximity and
tethering might enhance the probability of release, we used EMT,
which enabled us to acquire high-resolution structural data from
small volumes of presynaptic boutons that were enriched in synaptic vesicles. We targeted active zones of hippocampal synapses,
comparing their structure 2 h after LTP induction to control
stimulation. The vesicle density and tethering filament dimensions
were unchanged for the loosely docked and nondocked vesicles. In
contrast, the density of tightly docked vesicles was increased, their
tethering filaments were shorter, and the filament attachment sites
on the vesicles were positioned closer to the side of the vesicle
membrane facing the presynaptic membrane. Such alterations
could contribute to the sustained increase in the probability of
neurotransmitter release following LTP.
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L

ong-term potentiation (LTP) is the persistent strengthening
of synapses after a brief high-frequency stimulation and is
widely accepted as a cellular correlate of learning and memory
(1, 2). Within minutes after the induction of LTP, new receptors
are inserted into the postsynaptic membrane. The resulting increase in the excitatory postsynaptic potential is immediate and
can persist for hours in vitro or days to months in vivo (1, 3–8).
Quantal content is also increased soon after LTP induction and
reflects an increase in the number of presynaptic vesicles that
release neurotransmitter (9–13). This increase in release probability is sustained several hours following LTP (14), concurrent
with postsynaptic growth and spine enlargement (15). One might
expect that the enhanced probability of release would involve increasing the number of vesicles docked and primed for neurotransmitter release. However, 2 h after induction of LTP, the total
number of both docked and nondocked vesicles per presynaptic
bouton are markedly decreased relative to control stimulation
(16). These findings raise the question of whether an altered
structure of docking and priming molecules leads to local clustering of vesicles that would elevate the probability of release
following LTP.
The proteins that connect synaptic vesicles to the plasma membrane can be visualized as filaments with electron-microscopic tomography (EMT) connecting vesicles to the presynaptic active zone
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Long-term potentiation (LTP), a form of synaptic plasticity important for learning and memory, results in an increased probability of release of neurotransmitter from presynaptic vesicles.
Prior work showed total vesicle number was decreased following LTP, seemingly inconsistent with this increased probability of
release. Presynaptic vesicles are tethered to the active zone via
filaments composed of molecules engaged in docking, priming,
and release processes. Here, electron-microscopic tomography
revealed a higher density of docked vesicles at active zones.
Tethering filaments on vesicles at the active zone were shorter,
and their attachment sites were shifted closer to the active zone.
These changes suggest more vesicles were docked and primed,
which would increase the probability of release 2 h after induction of LTP.
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Results
Increased Density of Tightly Docked Vesicles with LTP. We targeted

vesicle-rich regions of presynaptic active zones for visualization
with EMT in the rat hippocampal slice fixed 2 h following induction of LTP or control stimulation. In control (Fig. 1 A–D) and
LTP (Fig. 1 E–H) conditions, vesicles located within 45 nm of the
presynaptic membrane were identified and quantified with respect
to distance from the plasma membrane. This distance was optimal
for imaging both docked and nondocked vesicles tethered to the
presynaptic membrane and captured in the same EMT image. For
each EMT region, an unbiased sampling volume was represented
by exclusion (red) and inclusion (green) planes through the active
zone (Fig. 1 I–L). The contact areas of tightly docked vesicles with
the presynaptic membrane are illustrated in purple on the active
zone (Fig. 1 I and K). None of the tightly docked vesicles appeared
to be hemifused because no pores were observed, and the bilayers
were distinct between the vesicles and adjacent presynaptic membranes. The boundaries of loosely docked vesicles (dark blue),
located within 8 nm of the presynaptic membrane, were also projected onto the active zone (Fig. 1 J and L). Similarly, projected
boundaries of nondocked vesicles (light blue), located greater than
8 nm of the presynaptic membrane, are illustrated (Fig. 1 J and L).
The density of tightly docked vesicles increased after LTP (Fig. 1M;
Kolmogorov–Smirnov [KS] test, P = 0.02), whereas the densities of
the loosely docked and nondocked vesicles were not significantly
altered by LTP (Fig. 1M). Furthermore, the actual distances between loosely docked and nondocked vesicles to the presynaptic
membrane were not significantly different between control and
LTP conditions (Fig. 1N).
Prior work analyzing three-dimensional (3D) reconstructions of
complete presynaptic boutons and postsynaptic surfaces showed
that the total number of docked and nondocked vesicles was
substantially lower 2 h following LTP (15, 16, 30). However, the
vesicle docking sites were not uniformly distributed across the
presynaptic membrane but appear to be congregated in clusters
that define active zones where vesicles release neurotransmitter.
These targeted EMT images reveal that these active zones indeed
have elevated densities of tightly docked vesicles following LTP.
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Vesicle Contact Area and Presynaptic Filament Occupancy Unaltered
after LTP. The extent of contact areas between tightly docked ves-

icles and the presynaptic membrane could influence the probability
of release. The addition of scaffolding or other active zone proteins
could also influence the distribution of docking sites. Filamentous
proteins surrounded presynaptic vesicles (yellow) and occupied the
synaptic cleft (green) and postsynaptic surface (red) in both control
(Fig. 2A) and LTP conditions (Fig. 2B). An en face view revealed
the contact areas of docked vesicles (blue) and areas of filaments
(yellow) that occupied the presynaptic membrane (gray, Fig. 2 C
and D). The extent of filaments (red) emanating from the postsynaptic density (PSD) to contact the cytosolic face of the postsynaptic membrane (gray) are also illustrated in control (Fig. 2E)
and LTP (Fig. 2F) conditions.
The contact areas of tightly docked vesicles with the presynaptic
membranes did not differ significantly between synapses in the
control and LTP conditions (Fig. 2 G and H). The area ratio
equaled the area occupied by filaments at presynaptic or postsynaptic membranes divided by the total membrane areas (Fig. 2 I–K).
Total presynaptic membrane area was reduced by subtracting the
contact areas of tightly docked vesicles because no filaments could
occur there. Under control conditions, the area occupied by filaments was comparable between the postsynaptic and presynaptic
membranes (Fig. 2I). Following LTP, however, the filament occupancy was greater on the postsynaptic membrane than the presynaptic membrane (Fig. 2 J and K). In contrast, the proportion of
the presynaptic membrane occupied by filaments was not altered
by LTP (Fig. 2K). These findings suggest that neither the contact
2 of 8 | PNAS
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area nor the degree to which filaments occupy the presynaptic
membrane account for the increased probability of release 2 h
after LTP.
Vesicle Tethering Filaments Shorten after LTP. Tethering filaments on
presynaptic vesicles were identified and reconstructed (Fig. 3 A–D′)
to assess whether their structure was altered following LTP
compared to control stimulation. There were 2 to 14 filaments
tethering a vesicle to the presynaptic membrane (Table 1). The
average number of tethering filaments per docked vesicle did not
differ significantly between the LTP (4.0 ± 1.5) and control (4.1 ±
1.6) conditions (KS test, P = 0.99). Similarly, the average number
of tethering filaments per nondocked (LTP, 2.5 ± 0.69; control,
3.4 ± 1.8) or loosely docked vesicle (LTP, 3.9 ± 1.7; control, 5.3 ±
2.5) was not significantly altered by LTP (KS test, P = 0.16 for
loosely docked, and P = 0.27 for nondocked vesicles). Since there
were no differences between LTP and control conditions in the
density of loosely or nondocked vesicles at the active zone (Fig. 1)
or their filament numbers, these two pools were combined for
subsequent analyses of tethering filament dimensions.
A direct measure of the tethering filament length was not
possible because filaments were curved or irregularly shaped. Instead, two measures were obtained for each filament (Fig. 3E,
insets) including 1) the perpendicular distance from the filament’s
vesicle attachment site to the presynaptic membrane (FilVA–PM)
and 2) the linear distance from the filament’s vesicle attachment
site to its attachment site on the presynaptic membrane (FilVA–
FilPA). A third distance (PM–FilPA) was calculated assuming a
right triangle between these two measures (dotted line, Fig. 3 E,
Insets). All three values were on average shorter in the LTP than in
the control condition for the tightly docked vesicles (Fig. 3 E, Left).
For the loosely docked and nondocked vesicles, the FilVA–PM and
FilVA–FilPA measurements were also shorter; however, the calculated PM–FilPA was not altered significantly by LTP (Fig. 3 E, Right).
The dimensions for all the filaments on each synaptic vesicle
were averaged to test whether the LTP-related filament shortening was dependent on the minimum distance of the vesicle
from the presynaptic membrane. For tightly docked vesicles, this
distance was zero; hence, the filament averages were compared
relative to the contact area of the vesicle with the presynaptic
membrane (Fig. 3F). All three measures were uniformly shorter
after LTP across all contact areas for the tightly docked vesicles
(Fig. 3F). For the loosely docked or nondocked vesicles, all three
measures were well-correlated with the absolute distance of the
synaptic vesicle membrane to the presynaptic membrane of the
active zone (SV–PM, Fig. 3G). However, only the average
lengths of the FilVA–PM and FilVA–FilPA were shorter after LTP
and there was no significant effect on the calculated PM–FilPA
for longer SV–PM distances (Fig. 3G).

Discussion
All vesicles congregating within 45 nm above the active zone had
tethering filaments attached to the presynaptic membrane (Fig. 4).
Following induction of LTP, vesicle attachment sites of tethering
filaments shifted downward toward the presynaptic membrane
and the filaments were shortened. The density of tightly docked
vesicles increased, and their tethering filament attachment sites to
the presynaptic membrane moved horizontally toward the docking
site. These alterations would stabilize docked vesicles at the active
zone and facilitate formation of SNARE complexes. Shortened
tethering filaments on the loosely or nondocked vesicles could
enhance recruitment of vesicles to docking sites at the active zone.
Overall, these ultrastructural changes would support a lasting increase in the probability of release during LTP.
Induction of LTP increases both quantal content (the number
of presynaptic vesicles releasing neurotransmitter) and quantal
amplitude (the postsynaptic response to each vesicle released)
(9–11). The increase in quantal content is maintained for as long
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Fig. 1. The density of docked vesicles at presynaptic active zones increased following LTP. Virtual images and surface models of docked and nondocked
vesicles within 45 nm, which are tethered by filaments (yellow arrows) extending from the presynaptic membrane. The postsynaptic membrane is marked by
dotted lines (cyan). (Scale bar in E is 50 nm for all EM virtual images. The models are to the same scale but are slightly rotated for ease of visualization, and the
white 50-nm scale bar in D is for D and H, while the white 50-nm scale bar in I is for I–L.) (A–D) Control synapses: Virtual images of docked (A and B, purple
arrows) and nondocked (C, blue arrowhead) synaptic vesicles at the presynaptic membrane. Virtual section thickness is 0.35 nm. (D) Representative 3D surface
model of a control active zone showing one docked vesicle (purple), four nondocked vesicles (blue), and associated tethering filaments (yellow). (E–H) LTP
synapses: Virtual images of docked (A and B, purple arrows) and nondocked (C, blue arrowhead) synaptic vesicles at the presynaptic membrane. Virtual
section thickness is 0.27 nm. (H) Representative 3D surface model of a control active zone showing one docked vesicle (purple), four nondocked vesicles (blue),
and associated tethering filaments (yellow). (I–L) Representative surface models of presynaptic membranes (silver) superimposed with projections from tightly
docked vesicles (purple) at (I) control and (K) LTP synapses, or loosely docked (dark blue) and nondocked (light blue) vesicles at (J) control and (L) LTP synapses.
An unbiased sampling density was computed per 0.01 μm2 of presynaptic membrane surface area by counting all vesicles having projections contained within
the rectangle or touching the green inclusion lines, and not counting vesicles touching the red exclusion lines. (M) Synaptic vesicle projection densities
(control: blue, n = 22 synapses; LTP: red, 19 synapses). The density of docked vesicles was greater for LTP than control synapses (KS test, P = 0.02). The densities
of loosely docked and nondocked vesicles were not significantly different between LTP and control synapses (KS test, P values listed). (N) Cumulative frequency plots of distances from loosely docked synaptic vesicles to the presynaptic membrane (SV–PM, KS test, P = 0.59) and from nondocked synaptic vesicles
to the presynaptic membrane (SV–PM, KS test, P = 0.56). (Inset: red arrow shows how the distance from SV to the PM was measured.)
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Fig. 2. Vesicle contact area and filament occupancy of synaptic membranes. (A and B) Three-dimensional models of control (A) and LTP (B) synapses illustrate
multiple filaments at the presynaptic membrane (yellow), in the synaptic cleft (green), and at the cytosolic face of the postsynaptic membrane (red). (The
slightly rotated 50-nm scale bar in A is for A–F.) (C and D) Three-dimensional synapse models of presynaptic membranes from A and B rotated 90° to reveal
filament (yellow) and vesicle contact areas (dark blue) for control (C) and LTP (D) synapses. (E and F) Three-dimensional synapse models of postsynaptic
membranes from A and B rotated 90° to reveal postsynaptic filaments (red) for control (E) and LTP (F) synapses. (G and H) Scatter plots with box plots (G) and
cumulative frequency plots (H) of docked vesicle contact areas with the presynaptic membrane from control (blue; n = 96 vesicles) and LTP (red; n = 111
vesicles) synapses. The mean contact areas (control, 240 ± 160 nm2; LTP, 210 ± 160 nm2) and overall distributions did not differ (t test, P = 0.31; KS test, P =
0.14). (I and J) Plots for pairs of relative filament occupancy (area ratio) on postsynaptic and presynaptic membranes of control (I; n = 22) and LTP (J; n = 19)
synapses. Area ratio was calculated by dividing the total filament contact area by the imaged presynaptic or postsynaptic membrane area of each synapse.
The contact area of the docked vesicles was subtracted from the total imaged presynaptic membrane area. The relative occupancy (area ratio) of filaments on
the postsynaptic membrane was greater than on the presynaptic membrane for LTP synapses (J: 0.36 ± 0.12, t test, P = 3.3 × 10−5), but not control synapses (I:
0.31 ± 0.19, t test, P = 0.052). (K) The area ratio of filaments on the postsynaptic membrane was greater with LTP (t test, P = 0.021), but was not different on
the presynaptic membrane (t test, P = 0.39).
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Fig. 3. Shortened distances between tethering filaments and presynaptic membranes of the active zone following LTP. Virtual sections and surface models of
tightly docked vesicles in control (A and A′, purple) and LTP (B and B′, purple) conditions and nondocked vesicles in control (C and C′, blue) and LTP (D and D′,
blue) conditions. The virtual images are 0.35 nm thick for the control synapses (A and C) and 0.27 nm thick for the LTP synapses (B and D). Tethering filaments
have matching arrows in the virtual sections and surface models (yellow). (Scale bar: 50 nm; in A for A–D and in A′ for the 3D models with slight rotation.) (E)
Three distances were measured separately for every tethering filament on tightly docked and loosely or nondocked vesicles that were incomplete or complete
in these EMT samples (see Table 1 for n values in each category). Distance was measured between the filament attachment site on the vesicle (FilVA) projected
onto the presynaptic membrane (PM) (closed circle and black arrow in the Insets). Distance was measured between the FilVA and its filament attachment site
on the presynaptic membrane (FilPA, closed triangle and black arrow in the Insets). The distance between these projections along the active zone membrane
was calculated assuming a right triangle (PM–FilPA, open square and dotted line in the Insets). For tightly docked vesicles, all three values were shorter after
LTP relative to control stimulation (FilVA–PM, control = 8.5 ± 4.1 nm and LTP = 7.3 ± 3.5 nm, KS test, P = 0.0001; FilVA–FilPA, control = 11 ± 5.5 nm and LTP =
9.5 ± 4.5 nm, KS test, P = 0.0001, and PM–FilPA, control = 6.6 ± 4.9 nm and LTP = 5.5 ± 3.9 nm, KS test, P = 0.017). For loosely docked or nondocked vesicles, the
FilVA–PM and FilVA–FilPA distances were both shortened after LTP compared to control conditions (FilVA–PM: control, 21 ± 13 nm, and LTP, 19 ± 12 nm; KS test,
P = 0.042; and FilVA–PMPA: control, 26 ± 15 nm, and LTP, 23 ± 13 nm; KS test, P = 0.039); however, the calculated PM–FilPA was not significantly different
between conditions (13 ± 9.6 and 12 ± 7.4 nm; KS test, P = 0.46). (F) Tethering filament distances were averaged for every tightly docked vesicle that was
complete in the EMT series and compared to the contact area of the docked vesicle with the presynaptic membrane. These distances were very slightly shorter
at larger contact areas for both control and LTP conditions (see r values on graphs). The average FilVA–PM, FilVA–FilPA, and PM–FilPA distances were significantly shorter across the full range of contact areas in the LTP than control synapses (ANCOVA results are on the graphs; for FilVA–PM, F = 13, P = 0.0004, for
FilVA–FilPA, F = 14, P = 0.0003, and for PM–FilPA, F = 4, P = 0.04). (G) Tethering filament distances were averaged for every loosely docked or nondocked vesicle
that was complete in the EMT series and compared to the synaptic vesicle’s distance from the presynaptic membrane (SV–PM). The average distances of
FilVA–PM, FilVA–FilPA, and PM–FilPA were highly positively correlated with the SV–PM distance (for control, FilVA–PM, P = 9 × 10−42, FilVA–FilPA, P = 9 × 10−31,
PM–FilPA, P = 9 × 10−7; and for LTP, FilVA–PM, P = 9 × 10−23, FilVA–FilPA, P = 2 × 10−19, and PM–FilPA, P = 2 × 10−5). ANCOVA revealed FilVA–PM distances were
shorter after LTP (F = 10, P = 0.003) as was the FilVA–FilPA (F = 7, P = 0.01). However, the PM–FilPA was not significantly reduced after LTP (F = 1, P = 0.3).
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Table 1. Number of objects used for each measurement
Measure
Active zones imaged
Tightly docked vesicles in the unbiased sample, including partial
vesicles within the inclusion zones
Nondocked or (loosely docked) vesicles in the unbiased sample,
including partial vesicles within the inclusion zones
Tightly docked vesicles with complete contact sites, including vesicles
that touched an exclusion plane
Filaments on all tightly docked vesicles
Filaments on all nondocked or (loosely docked) vesicles
Complete tightly docked vesicles
Complete nondocked or (loosely docked) vesicles
Filaments per complete tightly docked vesicle
Filaments per complete nondocked or (loosely docked) vesicle
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as LTP lasts; however, the increase in quantal amplitude returns to
baseline by 1 h (14). One model suggests that the transient change
in quantal amplitude would occur if vesicle fusion transitioned
from kiss-and-run to full fusion (31, 32). The kiss-and-run mode
involves a transient formation of a pore between the presynaptic
vesicle and active zone membrane. A small amount of neurotransmitter is released before the pore closes, leaving an intact
vesicle. Full fusion occurs when a docked and primed vesicle collapses into the presynaptic membrane, releasing all its neurotransmitter in the process. Larger contact areas between a vesicle
and presynaptic membrane are consistent with the full fusion mode
(20, 33). The kiss-and-run mode is thought to dominate during
baseline activity while full fusion has been associated with synaptic
plasticity. Pores are so transient that none were captured in these
EMT images. Nevertheless, since contact areas did not differ between control and 2-h LTP conditions, it is likely that the mode of
vesicle fusion had returned to the baseline kiss-and-run mode.

Fig. 4. Modeling effects of LTP on synaptic vesicles and tethering filaments.
Tightly docked and loosely or nondocked synaptic vesicles (SV; purple) have
filaments (gold) tethering them to the presynaptic membrane (PM; gray). By
2 h following the induction of LTP, the density of tightly docked vesicles
nearly doubles. For all three vesicle locations, the attachment sites are displaced lower (vertical dotted arrows) and the filaments become shorter
(angled dotted arrows). For the tightly docked vesicles, the attachments sites
on the presynaptic membrane shift closer to the vesicle (horizontal
arrowheads).
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The relative amount of presynaptic membrane area occupied
by filaments 2 h after LTP was comparable to control. However,
the relative postsynaptic area occupied by filaments increased.
Previous work showed that nascent zones, regions containing PSD
but lacking presynaptic vesicles, grew by 2 h after LTP induction
(30). Modeling predicts the probability of glutamate activating an
AMPAR directly beneath a vesicle release site is 0.40 but is drastically reduced to 0.01 when the AMPAR is located 200 nm away
from the center of release (34). Therefore, nascent zones added
during late-phase LTP are likely to be functionally “silent.” These
outcomes explain why the excitatory postsynaptic potential does
not continue to increase beyond that achieved at LTP induction,
despite subsequent growth of the PSD. Taken together, these data
indicate that lasting increases in release probability are not likely
due to addition of new presynaptic release sites.
Tethering filaments were shortened after LTP, and their attachment sites on vesicles shifted toward the presynaptic membrane. The movement of vesicle and presynaptic filament
attachment sites with LTP suggests that the shortening of filaments
applies a physical tension between the two sites, ultimately drawing
the vesicles closer to the presynaptic membrane. The tethering filaments might comprise any number of proteins engaged in the
recruitment, docking, and priming of synaptic vesicles. Assembly of
the SNARE complex is required for synaptic vesicle docking and
priming (27, 35). One model suggests that docking and priming are
not static states, but rather vesicles can oscillate between these
states depending on the extent of SNARE complex zippering (27).
In this model, docking is defined as the vesicle and presynaptic
membrane coming within 8 nm of each other (27), where SNAREs
have been shown to form complexes (25, 26). These complexes are
visualized as tethering filaments on docked vesicles in EMT. Vesicles transition to a tightly docked state when they come into contact
with the presynaptic membrane (19, 36). This tightly docked state is
interpreted as the anatomical correlate of vesicle priming (27).
Mutations in the Ca2+ binding domains of Synaptotagmin-1 reduce
the tight docking state, indicating that tight docking is Ca2+ dependent (36). Other proteins that might comprise the priming filaments include Munc13-1, Munc18-1, and the CAPS family of
proteins, all of which stabilize vesicles in the primed state (29, 37,
38). Rab3-interacting molecule (RIM) mediates the interaction of
synaptic vesicles with calcium channels embedded in the presynaptic
membrane and has also been identified as a tethering filament (18,
39). In all cases, the shortening or zippering of these candidate
tethering molecules could enhance the probability of neurotransmitter release. These studies all took place on the second or millisecond timescale in response to elevated intracellular calcium (38),
single or paired action potentials (36), or short-term plasticity induced by high-frequency stimulation (29, 37). The shifted attachment sites shown in our EMT provide ultrastructural evidence that
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Materials and Methods
Tissue Preparation. Hippocampal slices, 400 μm thick, were prepared from male
Long–Evans rats aged 51 to 65 d (weighing 219 to 361 g). All procedures were
approved by the Institutional Animal Care and Use Committees at University of
Texas at Austin and Texas A&M University at College Station and described in
detail in other studies (15, 20). The animals were anesthetized with halothane
and decapitated, and slices were rapidly chopped from the middle one-third of
the hippocampus and recovered at 32 °C for 3 h prior to stimulation. A single
recording electrode was positioned in the middle of the stratum radiatum
midway between two concentric bipolar stimulating electrodes (Fred Haer;
100 μm outside diameter). The stimulating electrodes were separated by 600 to
800 μm to ensure site-specific LTP (15). Baseline and test pulse stimulations were
alternated between the control and the LTP electrode once every 2 min with a
30-s interval between electrodes. Theta-burst stimulation (TBS) (eight trains of
10 bursts at 5 Hz of four pulses at 100 Hz delivered 30 s apart) was delivered to
one stimulating electrode at time 0 min. Test pulses were delivered to each
electrode for ∼30 min prior to TBS to ensure a stable baseline. Responses to test
pulses were monitored at both control and LTP sites for 2 h after delivery of the
first TBS train. The slices were then fixed by immersion in mixed aldehydes (6%
glutaraldehyde and 2% paraformaldehyde in 100 mM cacodylate buffer with
2 mM CaCl2 and 4 mM MgSO4) in the presence of microwave irradiation, and
postfixed in the same fixative overnight at room temperature (44). After fixation, slices were stained with 1% osmium tetroxide in a 100 mM cacodylate
buffer, embedded in LX-112 (15, 20). Two blocks from one of these slices, one
each from the control and LTP sites, were selected for ultrathin sectioning
(∼100 nm thick). The thin sections were poststained with saturated uranyl acetate and lead citrate for electron tomography.

Electron Tomography. We imaged 41 synapses from the control and LTP sites
(Table 1). These tomograms were obtained using FEI Tecnai G2 F20 electron
microscope (FEI Company) equipped with a 2,048 × 2,048 Gatan CCD (Gatan)
designed for automatic data acquisition. The stage was cooled to liquid N2
temperature to reduce beam damage to the specimen. Each dataset consisted
of images taken at 1° tilt interval to about ±60° along a single tilt axis. The tilt
images were aligned automatically using 5- or 10-nm gold colloids (British
Biocell International) deposited on one or both sides of the sections as fiducial
markers before imaging. Alignment of each set of tilt images and volume
reconstruction of the images were carried out by using the unified software
package for electron tomography, EM3D (em3d.org). The reconstructed volume is composed of small isotropic cubes, namely, voxels. The voxel lengths
ranged from 0.27 to 0.54 nm (i.e., 0.02 to 0.16 nm3 per voxel). Virtual slices
through the reconstructed volume are one voxel thick. Structures segmented
from the reconstruction volumes as virtual slices were examined using EM3D
to define individual volumes of interest and they were rendered to generate
3D surface models.
Electron Tomographic Data Analysis.
Distance between vesicle and presynaptic membrane. The nearest distance was
obtained from the surface model of the vesicle to the surface model of the
presynaptic membrane. Although several vesicles were incomplete in their
reconstructed volume, this distance could be measured for all of the vesicles.
Unbiased density of docked and nondocked vesicles. The unbiased densities of
docked and nondocked vesicles were determined by counting all vesicles with
projections that were contained within the rectangle or touching the green
inclusion lines. Vesicles touching the red exclusion lines were not counted.
The counts were divided by the surface area of the presynaptic membrane to
calculate the density or the count per square nanometer.
Contact area of a vesicle with the presynaptic membrane. The extent of the contact
area was measured as described in a previous study (20). The vertices at the
interface of the vesicle membrane and presynaptic membrane at their contact
site were projected onto the best-fit plane along an eigenvector containing the
least eigenvalue. This eigenvalue was calculated using the covariance matrix of
the vertices’ coordinates. The best-fit plane was pixelated, and each pixel was
standardized to have the area of one face of a voxel from the reconstruction to
maintain scale. The contact area was calculated by counting the number of
pixels that contained the projected vertices and multiplying times pixel size.
Distances between filament attachment sites and the presynaptic membrane (Fig. 3
E, Insets). The distance from a filament attachment site on the vesicle to the
presynaptic membrane (FilVA–PM) was measured as described in previous
studies (20, 49). Filament attachment sites were defined at vertices of the interface between surface models of a filament and its associated vesicle membrane. Then the distances were computed from each vertex of a filament
attachment site to the closest vertex of the presynaptic membrane and averaged within each filament attachment site. Similarly, the distance was measured between a filament attachment site on the vesicle and the attachment
site on the presynaptic membrane (FilVA–FilPA). The distance between FilVA–PM
and FilVA–FilPA was calculated by taking the square root of the subtraction of
the squared distance of FilVA–PM from the squared distance of FilVA–FilPA
(PM–FilPA).
Areas and relative areas. For each tomogram, we counted the total number of
voxels located within one voxel length of the presynaptic or postsynaptic
membrane. This count was multiplied by the area of one voxel face to determine
the total area of the imaged presynaptic or postsynaptic membranes. The relative areas of filament–membrane contact sites were calculated by determining
the total number of voxels the filaments occupied and then dividing by the
total imaged presynaptic or postsynaptic membrane, respectively.
Statistical analyses. The distributions of data were tested with the KS normality
test. When the distributions satisfied this normality test, Student’s t tests
(two-tailed) were used to test for significant differences. Data with nonnormal
distributions were tested by nonparametric methods (KS test). Analyses of
covariance (ANCOVAs) were performed to determine whether LTP significantly altered key relationships, as indicated in the figures. In each case, homogeneity of slopes and correlations were tested prior to ANCOVA. In all
analyses, significance was defined as P < 0.05. Eta-squared (η2) was computed
to assess effect sizes. Nonparametric distributions of the data are expressed as
scatter plots and box plots with medians and SDs and normal data as scatter
plots with box plots, means, and SDs. All the statistical analyses were performed with OriginPro (OriginLab), MATLAB (MathWorks), or IDL (Interactive
Data Language; Exelis Visual Information Solutions).
Data Availability. Data have been deposited in the Texas Data Repository
(https://doi.org/10.18738/T8/HBNM7H).
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similar mechanisms could still be at play hours after high-frequency
stimulation.
In the past, rapid freezing and freeze-substitution have been used
to capture ultrastructural changes during synaptic transmission (19,
21, 23, 40–43). Here microwave-enhanced aldehyde fixation of brain
slices likely occurs over seconds rather than the millisecond timescale
achieved with freezing (44). Aldehyde fixation does not alter the
probability of vesicular release recorded in cultured hippocampal
neurons (45). Furthermore, similar tethering filaments have been
observed in both aldehyde-fixed and rapid frozen synapses (20).
Relative to perfusion fixation in vivo, the effects of slicing on presynaptic release are resolved within an hour of incubation in vitro
(46), while the LTP effects were measured after ∼6 h in vitro. Any
other effects related to the time in vitro were controlled for by test
pulse stimulation in the same slice. Hence, we conclude that these
observations faithfully reflect a new form of plasticity that underlies a
sustained elevation in the probability of release long after the induction of LTP.
Current EMT field size limits investigation to small parts of the
synapse at the required high resolution. Hence, we targeted
vesicle-rich regions in the middle of the synapse. Whether tether
attachment sites shift to bring vesicles closer to the active zone at
the edges of synapses or other parts of the presynaptic membrane
remains an open question. Presynaptic mitochondria support
greater vesicular release at tonic versus phasic synapses (47).
Mitochondria-containing boutons sustain a greater loss of synaptic
vesicles during LTP than boutons lacking mitochondria (16). None
of our EMT volumes were large enough to capture presynaptic
mitochondria; hence the outcomes likely include boutons both
with or without mitochondria and dilute any mitochondria-specific
effects. Combining EMT with wide-field scanning electron microscopy is needed to elucidate nanoscale effects of synaptic
plasticity across whole synapses and networks (48).
In summary, the shortening of tethering filaments is likely
stabilizing more vesicles in the primed state long after the induction of LTP. Primed vesicles comprise the readily releasable
pool, releasing neurotransmitter upon the next action potential.
Hence, stabilizing vesicles in the primed state could contribute to
the enhanced probability of release occurring several hours after
LTP induction.
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