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ABSTRACT
Nascent zones and active zones are adjacent synaptic

regions that share a postsynaptic density, but nascent

zones lack the presynaptic vesicles found at active

zones. Here dendritic spine synapses were recon-

structed through serial section electron microscopy

(3DEM) and EM tomography to investigate nascent

zone dynamics during long-term potentiation (LTP) in

mature rat hippocampus. LTP was induced with theta-

burst stimulation, and comparisons were made with

control stimulation in the same hippocampal slices at 5

minutes, 30 minutes, and 2 hours post-induction and to

perfusion-fixed hippocampus in vivo. Nascent zones

were present at the edges of �35% of synapses in

perfusion-fixed hippocampus and as many as �50% of

synapses in some hippocampal slice conditions. By 5

minutes, small dense-core vesicles known to transport

active zone proteins moved into more presynaptic bou-

tons. By 30 minutes, nascent zone area decreased,

without significant change in synapse area, suggesting

that presynaptic vesicles were recruited to preexisting

nascent zones. By 2 hours, both nascent and active

zones were enlarged. Immunogold labeling revealed glu-

tamate receptors in nascent zones; however, average

distances from nascent zones to docked presynaptic

vesicles ranged from 170 6 5 nm in perfusion-fixed hip-

pocampus to 251 6 4 nm at enlarged synapses by 2

hours during LTP. Prior stochastic modeling suggests

that decrease in glutamate concentration reduces the

probability of glutamate receptor activation from 0.4 at

the center of release to 0.1 just 200 nm away. Thus,

conversion of nascent zones to functional active zones

likely requires the recruitment of presynaptic vesicles

during LTP. J. Comp. Neurol. 522:3861–3884, 2014.
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We have identified an ultrastructurally distinct region

at the edge of synapses in the intact mature hippocam-

pus, the nascent zone, which was previously described

as a vesicle-free transition zone (Spacek and Harris,

1998). Both nascent zones and active zones have a

postsynaptic density (PSD), but, unlike the active zone,

the presynaptic side of a nascent zone lacks the small

clear synaptic vesicles that are required for glutamate

release. Synaptic edges are highly dynamic regions

where AMPA-type glutamate receptors (AMPARs), which

mediate fast excitatory transmission, diffuse laterally

until they are stabilized by activity (Choquet and Triller,

2013; MacGillavry et al., 2013). However, even if

AMPARs were present in a nascent zone, the absence

of presynaptic vesicles could render the nascent zone

functionally silent if glutamate released at an adjacent

active zone did not reach a concentration sufficient to

activate those receptors (Christie and Jahr, 2006;
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Franks et al., 2003; MacGillavry et al., 2013; Nair et al.,

2013; Raghavachari and Lisman, 2004). Thus, the

recruitment of presynaptic vesicles to existing nascent

zones could provide a mechanism for rapid enhance-

ment of synaptic efficacy.

Enhancement of synaptic efficacy is investigated via

long-term potentiation (LTP), which is widely thought to

involve the same cellular mechanisms as those engaged

during learning and memory (Bliss and Collingridge,

1993; Bourne and Harris, 2008; Yuste and Bonhoeffer,

2001). After the induction of LTP, spine size, total PSD

area, and number of AMPARs are known to increase

(Bourne and Harris, 2011; Hering and Sheng, 2001;

Lang et al., 2004; Luscher et al., 2000; Matsuzaki

et al., 2001; Matsuzaki et al., 2004; Nagerl et al.,

2004). Furthermore, LTP-related synapse enlargement

can persist for hours to days (Fifkova and Anderson,

1981; Fifkova and Van Harreveld, 1977; Geinisman

et al., 1993; Weeks et al., 2001) depending on the

functional status of the synapse during the induction of

LTP (Macdougall and Fine, 2014). During LTP, receptors

and other postsynaptic proteins are trafficked to the

PSD (Luscher et al., 2000; Malinow and Malenka, 2002;

Shi et al., 1999; Zhang and Lisman, 2012), and presyn-

aptic neurotransmitter release is elevated (Bender

et al., 2009; Bourne et al., 2013; Enoki et al., 2009;

Ratnayaka et al., 2012). Presynaptic active zones must

also be expanded as synapses enlarge during LTP. The

substrate for this expansion could be provided by small

dense-core vesicles (DCVs), which are known to trans-

port presynaptic scaffolding and other proteins needed

for vesicle docking and release (Ahmari et al., 2000;

Easley-Neal et al., 2013; Ehrlich et al., 2007; Owald and

Sigrist, 2009; Shapira et al., 2003; Sorra et al., 2006; Wu

et al., 2013; Zhai et al., 2001). Furthermore, DCVs have

been shown to contain N-cadherin (Zhai et al., 2001) and

might also contain other cell adhesion molecules that

anchor synapses and provide bidirectional signaling

between synaptic partners (Benson and Huntley, 2010; Li

and Sheng, 2003; McGeachie et al., 2011; Shipman and

Nicoll, 2012). Insertion of DCVs at existing nascent zones

could initiate the recruitment of presynaptic vesicles nec-

essary for the conversion of nascent zones to active

zones. Whether DCVs are so mobilized during LTP has

not previously been investigated.

Here we used reconstructions from serial section

electron microscopy (3DEM) and EM tomography to

investigate whether structural dynamics of nascent

zones could serve to enhance synaptic efficacy follow-

ing the induction of LTP in mature hippocampal area

CA1. DCV frequency was measured along with nascent

zone frequency and size to ascertain whether the timing

of DCV mobilization was consistent with their hypothe-

sized participation in the conversion of nascent zones

to active zones. Immunogold labeling was performed to

determine whether AMPARs were present in nascent

zones. The number of presynaptic docked vesicles and

their proximity to nascent zones were quantified to

determine whether glutamate diffusion from adjacent

active zones could reliably activate nascent zone

AMPARs or, instead, the recruitment of presynaptic

vesicles to nascent zones is required for functional

activation.

MATERIALS AND METHODS

Experimental conditions
Hippocampal slices 400 mm thick were prepared

from male Long-Evans rats aged 51–65 days (weighing

219–361 g). The animals were anesthetized with halo-

thane and decapitated, and slices were rapidly chopped

from the middle one-third of the hippocampus. Slices

were recovered in an interface chamber at 32�C for

3 hours prior to stimulation. A single recording elec-

trode was positioned in the middle of the stratum radia-

tum midway between two concentric bipolar stimulating

electrodes (Fig. 1; Fred Haer, Brunswick, ME; 100 mm

outside diameter). The stimulating electrodes were sep-

arated by 600–800 mm to ensure site-specific LTP

(Bourne and Harris, 2011; Ostroff et al., 2002; Sorra

and Harris, 1998). Baseline and test pulse stimulations

were alternated between the control and the LTP elec-

trode once every 2 minutes with a 30-second interval

between electrodes. Theta-burst stimulation (TBS; eight

trains of 10 bursts at 5 Hz of four pulses at 100 Hz

delivered 30 seconds apart) was delivered to one stim-

ulating electrode at time 0 minutes (Fig. 1). The site of

TBS was alternated between the two stimulating elec-

trodes across experiments. Extracellular field potentials

were recorded, and the initial slope of the field excita-

tory postsynaptic potential (fEPSP) was measured. Con-

trol stimulation was delivered to each electrode for

approximately 30 minutes prior to TBS to ensure a sta-

ble baseline. Responses to test pulses were monitored

at both control and LTP sites for 5 minutes (n 5 3 sli-

ces from three animals), 30 minutes (n 5 3 slices from

three animals), or 2 hours (n 5 2 slices from two ani-

mals) after delivery of the first TBS train (Fig. 1,

adapted from Bourne and Harris, 2011).

Processing and imaging through 3DEM
Slices with input-specific LTP were fixed at each time

point, and time-series analyses were performed via

3DEM. Hippocampal slices were fixed immediately after

recording by immersion in 6% glutaraldehyde and 2%

paraformaldehyde in 0.1 M cacodylate buffer containing

2 mM CaCl2 and 4 mM MgSO4 during 10 seconds of

M.E. Bell et al.
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microwave irradiation and were maintained at room

temperature in the same fixative overnight (Bourne and

Harris, 2011; Jensen and Harris, 1989). The slices were

rinsed, embedded in agarose, trimmed to a trapezoidal

region of area CA1 that contained both of the stimulat-

ing electrodes, and vibra-sliced at 70 mm (Leica VT

1000S; Leica, Nussloch, Germany). Vibra-slices showing

a visible surface indentation and the two adjacent

vibra-slices were processed for 3DEM through osmium

tetroxide and potassium ferrocyanide, followed by

osmium tetroxide, and then dehydrated through graded

ethanols with uranyl acetate, followed by propylene

oxide, and embedded in LX-112 for 48 hours at 60�C

according to our standard protocols (Bourne and Harris,

2011; Harris et al., 2006). Test thin sections that

spanned the depth of the slice from air to net surface

were taken and evaluated for high tissue quality at both

the control and the LTP sites. Among 24 experiments,

eight met strict ultrastructural criteria (Bourne and Har-

ris, 2011) and were included in our analyses here. At

least 200 serial thin sections (45 nm) were cut in the

center of the region, with optimal preservation located

120–150 mm beneath the air surface and within 100

mm lateral to each stimulating electrode in the middle

of stratum radiatum. These locations maximized the

number of stimulated axons while ensuring input speci-

ficity and minimizing potential damage and direct depo-

larization of dendrites by the stimulating electrodes.

Perfusion-fixed hippocampus, which is the widely

accepted gold standard for anatomical analyses, was

used to establish baseline conditions (Lavenex et al.,

2009; Miller, 1998; Roberts et al., 1990). Serial elec-

tron micrographs (EMs) were obtained from three adult

male Long-Evans rats aged 68–77 days (weighing 310,

337, and 411 g) from the middle of stratum radiatum in

hippocampal area CA1 (Bourne et al., 2007; Harris

et al., 1992; Harris and Stevens, 1989; Kirov and Har-

ris, 1999; Mishchenko et al., 2010; Spacek and Harris,

1997). Briefly, intracardiac perfusion was performed

with deep pentobarbital anesthesia, with fixative con-

taining 2% paraformaldehyde, 2.5% or 6% glutaralde-

hyde, and 2 mM CaCl2 in 0.1 M cacodylate buffer, pH

7.35, 37�C, and 4 psi backing pressure. After 1 hour,

the hippocampus was removed. Perfusion-fixed samples

of hippocampus were processed through osmium

tetroxide and potassium ferrocyanide, followed by

osmium tetroxide, and then dehydrated through graded

ethanols with uranyl acetate, followed by propylene

oxide, and embedded in LX-112 resin from which ultra-

thin serial sections were obtained (Harris et al., 2006;

Reichert Ultracut; Leica, Deerfield, IL).

Serial sections were mounted on Pioloform-coated

slot grids (Synaptek; Ted Pella Inc., Redding, CA) and

counterstained with saturated ethanolic uranyl acetate

and Reynolds lead citrate for 5 minutes each. Sections

were imaged on a JEOL 1230 (or JEOL 1200) transmis-

sion electron microscope (JEOL, Peabody, MA) with a

calibration grid (Ted Pella Inc.) with a Gatan digital cam-

era at a magnification of 35,000 and analyzed while

blind to experimental condition. The serial section

images were aligned, and section thickness was com-

puted using the cylindrical diameters method (Fiala and

Harris, 2001a). Structures were traced and quantitative

measurements and three-dimensional reconstructions

were obtained in Reconstruct software (freely available

for download at http://synapses.clm.utexas.edu; Fiala,

2005; Fiala and Harris, 2001b; RRID: nif-0000–23420).

EM tomography
Area CA1 from perfusion-fixed hippocampus of a

fourth adult male Long-Evans rat aged 164 days (weigh-

ing 474 g) was processed and embedded into LX-112

resin as described above. Serial sections (�120 nm

thickness) were cut and collected on slot grids coated

with polyetherimide (Goodfellow Corporation, Coraopo-

lis, PA). Colloidal gold (10 nm diameter; Ted Pella, Inc.)

was applied to both sides of the sections to provide

alignment fiducials. Single-axis tilt series (660� or 70�

at 1� increments) of an axospinous synapse in the mid-

dle of stratum radiatum about 130 mm from the CA1

pyramidal cell bodies were acquired over two

Figure 1. Site-specific LTP was produced from electrodes posi-

tioned in stratum radiatum of hippocampal area CA1 and moni-

tored for 5 minutes (n 5 3 slices from three animals), 30 minutes

(n 5 3 slices from three animals), or 2 hours (n 5 2 slices from

two animals) prior to rapid microwave-enhanced fixation. Wave-

forms are average responses from the control (blue) and TBS

(red) stimulation sites, before (dotted lines) and 2 hours after

(solid lines) TBS at one site. Arrows indicate the times when sli-

ces were fixed, and bars 5 5 mV/5 msec. The graph plots the

average responses from the 2-hour experiments. Similar graphs

from experiments in which the slices were fixed at 5 or 30

minutes post-TBS are are given by Bourne and Harris (2011).

[Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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consecutive sections with a Gatan UltraScan 4000 CCD

camera mounted on a TEM at 120 kV (JEM-1400; JEOL)

with SerialEM software (version 2.8.8, http://bio3d.col-

orado.edu). We used IMOD (version 4.5.7, http://bio3-

d.colorado.edu; RRID: nif-0000–31686) to generate

tomograms with virtual sections �2–3 nm thick. Some

of these virtual sections were projected in the z-axis

using Fiji (http://fiji.sc/) to simulate 50-nm-thick sec-

tions. To compensate for the missing wedge effect, in

which a spherical object would appear elongated in the

z-axis of the tomogram, we used the largest diameter

of small synaptic vesicles measured in x–y on single vir-

tual sections as a reference (assuming spherical

vesicles) to determine the number of virtual sections

(50) to project in this simulation. Reconstruct and Fiji

were used to trace objects, compute measurements,

and illustrate virtual sections from the tomograms.

Closed traces on the tomographic virtual sections were

obtained in Reconstruct, exported as areas, and then

opened as stacks in Fiji and rotated to be orthogonal

to the virtual section planes.

Postembedding immunogold labeling of
GluA1

Acute slices (thickness 400 mm) were prepared from

the left dorsal hippocampus of a male Long-Evans rat

(age P51; weight 254 g) and recovered in ACSF in an

interface chamber for 4 hours at 32�C before under-

going microwave-enhanced chemical fixation with a fixa-

tive solution containing 4% formaldehyde, 1%

glutaraldehyde, 2 mM CaCl2, and 4 mM MgSO4 in

0.1 M cacodylate buffer at pH 7.4. The fixed slices

were vibra-sliced into 200 mm thickness, and tissue

containing area CA1 was frozen at the rate of

>17,000�C/second with a Leica EM PACT2 high-

pressure freezer. Frozen tissue then underwent freeze

substitution in methanol containing 1.5% uranyl acetate

for 60 hours at –90�C. After the temperature was

raised to –50�C at 3�C/hour, the tissue was rinsed

with methanol and infiltrated with HM20 resin (Electron

Microscopy Sciences), which was then polymerized by

UV light for 48 hours at –50�C. Serial ultrathin sections

(60 nm thickness) were collected on gilded Synaptek

grids coated with PEI film. The sections were incubated

with 0.1% sodium borohydride and 50 mM glycine in fil-

tered Tris-buffered saline (5 mM Tris and 0.3% NaCl, pH

7.6) containing 0.01% Triton X-100 (TBS-T) and were

rinsed in filtered TBS-T five times over 30 minutes. The

sections were then blocked with human serum albumin

(HSA; 2% in filtered TBS-T) for 10 minutes before incu-

bation in affinity-purified polyclonal rabbit anti-GluA1

IgG (Abcam, Cambridge, MA; catalog No. ab31232;

RRID: AB_2113447; lot 789940) and diluted to 24 mg/ml

in filtered TBS-T with 2% HSA for 2 hours at room temper-

ature. After quick rinses in filtered TBS-T, the sections

were blocked again with 2% HSA for 10 minutes and incu-

bated with goat anti-rabbit IgG conjugated with 15-nm

colloidal gold (BBInternational; catalog No. EM GAR15/1;

RRID: AB_1769134; lot 16140; 1:100 in filtered TBS-T

with 2% HSA and 0.5% polyethylene glycol) for 2 hours at

room temperature. The sections were then rinsed three

times in filtered TBS-T and five times in filtered purified

water before being stained with uranyl acetate and lead

citrate for EM observation.

The anti-GluA1 IgG was raised against synthetic pep-

tide containing amino acids 850 to the C-terminus of

human GluA1 protein. This antibody detected a single

band at �100 kDa from mouse hippocampus lysate in a

Western blot analysis and strongly labeled Purkinje cell

dendrites in formaldehyde-fixed paraffin-embedded rat

cerebellum sections, suggesting its high specificity

(according to the manufacturer’s data sheet, available at

http://www.abcam.com/glutamate-receptor-1-ampa-

subtype-antibody-ab31232.html). It was also used for

immunofluorescence detection of synaptic GluA1 in

formaldehyde-fixed cryostat sections from the mouse hip-

pocampus by using stochastic optical reconstruction

microscopy (Dani et al., 2010). We performed a negative

control on our HM20-embedded tissue by omitting the

primary antibody, which resulted in a low level of back-

ground staining because of the nonspecific binding of the

gold-conjugated secondary antibody, which was present

only in mitochondria and in no other parts of the tissue,

including synapses. A PSD was deemed immunopositive

when it was labeled through at least three serial sections.

Sample dendrites and presynaptic vesicles
In both perfusion-fixed and slice tissue, cross-

sectioned dendritic segments were selected for analy-

sis. To ensure that differences in dendrite caliber did

not have an impact on spine density, the sample den-

drites from all conditions ranged from 0.4 to 0.8 mm in

diameter and had 7 to 23 microtubules (Bourne and

Harris, 2011). Representative presynaptic vesicles were

selected for measurement in Figure 2 using the same

strategy as described by Sorra et al. (2006). Namely,

small synaptic vesicles that were nearest neighbors to

a DCV in a presynaptic bouton were measured from

each series by tracing the outer circumference (C) and

calculating the diameter (D 5 C/p), assuming spherical

vesicles.

Statistical analyses
Statistical analyses were performed in Statistica

(StatSoft, Tulsa, OK). For most of the reported results,

M.E. Bell et al.
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Figure 2. Delineating nascent zones using 3DEM. A–D: Four serial sections through a synapse from unstimulated, perfusion-fixed hippo-

campus show a nascent zone (NZ, aqua) at the edge of an active zone (AZ, red). Section numbers are shown in the upper right corner of

each panel. E: Another section from the same synapse demonstrates presynaptic vesicles that were categorized as docked (in contact

with the presynaptic membrane, blue arrow), neighboring nondocked located less than two vesicle diameters from the presynaptic mem-

brane (light purple arrow), or nondocked and two or more vesicle diameters from presynaptic membrane (green arrow). F: Distribution of

vesicle diameters is presented as the percentage of vesicles across combined perfusion-fixed and slice conditions (n 5 907, gray) and

compared with the two potential extremes of perfusion-fixed (n 5 81, black) or 2-hour LTP slices (n 5 126, red). There were no significant

differences in vesicle diameter between any of the series across perfusion-fixed or slice conditions or time (18 total series, one-way

ANOVA, F17,889 5 1.37, P 5 0.15; vesicle numbers from the other conditions were 5-minute control, 132; LTP, 116; 30-minute control,

176; LTP, 187; and 2-hour control, 89). G: Lateral view of the 3DEM of the synapse shown in A–E using the same color codes. H: Aerial

view illustrates 3 separate NZs. (A–E,G,H) Images from perfusion-fixed hippocampal area CA1 of a mature rat. Coordinate system in G,H

has the z-direction perpendicular to the serial sections and 100 nm per arrow length. Scale bar 5 200 nm in D (applies to A–E). [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Nascent and active zone structural dynamics

The Journal of Comparative Neurology | Research in Systems Neuroscience 3865

http://wileyonlinelibrary.com


we used the hierarchical nested ANOVA (hnANOVA),

which allowed us to determine that none of the results

were driven by a particular dendrite or experiment, and

reduced the degrees of freedom of analyzed synapses

by one for each dendrite and by one for each experi-

ment and condition. Natural log-transforms of the sur-

face areas of PSDs, active zones, and nascent zones as

well as docked vesicle number and distance to nascent

zones were applied to normalize these skewed distribu-

tions before computing hnANOVAs.

Since control stimulation resulted in significant differ-

ences across time in vitro, all of the LTP-related com-

parisons were made using the hnANOVA at a particular

time point, with dendrite nested in condition and

experiment, and experiment nested in condition. These

time-matched comparisons were appropriate because

control and TBS stimulation were delivered within the

same slice for each experiment.

When comparing area measurements in slices with

perfusion-fixed data, hnANOVAs were performed across

two groups (perfusion-fixed and 5- or 30-minute data col-

lapsed across condition), three groups (perfusion-fixed,

2-hour control, and 2-hour LTP conditions), or four groups

(perfusion-fixed and control conditions from three time

points), with dendrite nested in group and experiment,

and experiment nested in group. Similarly, when compar-

ing area measurements across control slices, hnANOVAs

were performed across three groups (three time points),

with dendrite nested in group and experiment, and experi-

ment nested in group. For three- and four-group compari-

sons, the Tukey’s HSD post hoc test was then applied to

determine differences among each of the groups.

ANCOVAs were used to determine the strength of

and effects of LTP on the relationships between PSD

and nascent zone areas and docked vesicle numbers

and active zone areas. Log-transformations were not

applied when computing ANCOVAs.

The outcomes of statistical tests are reported in the

Results, figure legends, and tables where appropriate.

For each finding, the type of test used, the statistical

value achieved, n values, degrees of freedom, and P

values are reported, with significance set at P< 0.05.

Unless otherwise indicated, data are reported or plotted

as the mean 6 SEM from the actual measurements (not

log-transforms). Active zone is abbreviated as AZ and

nascent zone is abbreviated as NZ in the figures and

legends but spelled out elsewhere for ease of reading.

RESULTS

Identification of nascent zones
Criteria for distinguishing nascent zones from active

zones were first established in perfusion-fixed hippo-

campus and then applied to the control and LTP sites

in the hippocampal slices. A nascent zone was qualita-

tively identified as having a PSD that was similar in

ultrastructure to the PSD of the adjacent active zone

but lacking the docked and nondocked presynaptic

vesicles that congregated at the active zone (Fig.

2A–E). A portion of the active zone might have been

mistaken for a nascent zone if a docked vesicle had

been released immediately prior to fixation; however,

docked vesicles typically were not found in isolation

without neighboring nondocked vesicles. Hence, to

avoid potential misidentification of nascent zones, we

set a conservative criterion for the minimum nascent

zone length on each section as the width of two pre-

synaptic vesicles and required that no vesicles were

located within two vesicle diameters perpendicular to

the presynaptic membrane along a nascent zone. Rep-

resentative cross-sectioned vesicles were selected to

quantify these criteria (see Materials and Methods). No

significant differences in vesicle diameters were found

across series for any of the conditions (Fig. 2F), and

the criterion vesicle diameter was set as the mean of

perfusion-fixed hippocampus (47 6 1 nm, comparable

to previous findings from Sorra et al., 2006). Thus, the

minimum nascent zone was 94 nm long on a single sec-

tion with an area of 0.004 mm2 across all conditions.

Although some nascent zones might have been missed

if sectioned en face, only three synapses (0.25%) were

composed entirely of nascent zone area (0.0068,

0.0077, and 0.013 mm2). Thus, it is unlikely that this

approach underestimated active zones, and it provided

a conservative, unbiased estimate of nascent zone

areas. 3DEM revealed that some synapses had more

than one nascent zone (Fig. 2G,H); therefore, the

summed nascent zone area per synapse was usually

compared across conditions, except when analysis of

individual nascent zone areas was applicable and is

explicitly stated below.

An additional approach using higher resolution EM

tomography served to estimate the accuracy of identify-

ing and measuring nascent zones through the �50-nm

serial sections used in this study. Tomograms were gen-

erated from two serial sections (each �120 nm thick)

through part of a large synapse with a nascent zone in

perfusion-fixed hippocampus (Fig. 3). Virtual sections

were simulated at �2–3 nm (210 sections) or �50 nm

(four sections) from the same tomograms for compari-

son. When viewed through the �2–3-nm virtual sec-

tions, docked vesicles with pores (Fig. 3A–D) or without

pores (Fig. 3E, F) in the presynaptic membrane were

readily identified at the active zone. No vesicles were

located within 94 nm perpendicular to the presynaptic

membrane of the nascent zone in any of the �2–3-nm

M.E. Bell et al.
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or �50-nm virtual sections (Fig. 3G). The measured

dimensions of the nascent zone were the same (0.017

mm2) within measurement error in the �2–3-nm (aqua

region) and the �50-nm virtual sections (region

bounded by dotted outline, Fig. 3G), although the boun-

daries were more precise in the thinner virtual sections.

From these comparisons, we concluded that 3DEM

using �50-nm section thickness provides reliable identi-

fication and measurement of nascent zones.

When synapses were imaged in cross-section, as in

Figures 2 and 3, the distinction between nascent and

active zones was obvious. However, if a synapse was

Figure 3. Identification and measurement of nascent zones in 3DEM using virtual sections computed from transmission EM and tilt tomog-

raphy. A–F: Virtual sections from a synapse from perfusion-fixed hippocampus are shown. Some docked vesicles had an evident pore

(A–D, yellow arrows) and others were pressed against the presynaptic plasma membrane (E,F; blue arrows) when viewed in the 2–3-nm

virtual sections. G: Stacked projection of the axon–spine interface (gray), AZ (red), and NZ (teal) that were first traced through the 2–3-nm

virtual sections in Reconstruct and then displayed orthogonal to the virtual section planes with white lines illustrating the locations of the

virtual sections in (A–F). Maximum diameters of docked vesicles are illustrated as dark blue circles with scaled pores (yellow circles) cir-

cumscribed in vesicles that had them. The dotted line encloses the region in which the same NZ was identified and measured on two of

four 50-nm simulated sections for comparison. Approximately 7 nm of tissue appeared to be missing between the two �120-nm serial

sections (black band). Scale bar 5 100 nm in G (applies to (A–G). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 4. For accuracy, nascent zone analyses were restricted to cross-sectioned synapses, which revealed the same effects of LTP as in

the overall population of synapses. A,B: An obliquely sectioned synapse from perfusion-fixed hippocampus with en face PSD areas (red)

shown in serial sections. These areas were added to a connector line (orange), which was multiplied by section thickness and corre-

sponded to the portion of the synapse that passed between sections. Docked vesicles could have been obscured within the section by

the en face PSD at a potential NZ (aqua arrow, NZ?). Section numbers are shown in the upper right corner of each panel. C: 3D recon-

structions of sample dendritic segments (yellow) from the 2-hour control and LTP conditions illustrating cross-sectioned PSDs that were

included (red) and obliquely sectioned PSDs that were excluded (dark gray) from subsequent analyses. Scale cube is 500 nm per side. D:

When combined across control and LTP slice conditions, the average PSD area from the cross-sectioned subset of synapses (CS, light

gray) was significantly less than in the overall population of synapses (all, dark gray; one-way ANOVAs, within time point, 5 minutes,

F1,851 5 3.94, *P 5 0.048, CS n 5 335, all n 5 518; 30 minutes, F1,1061 5 6.47, *P 5 0.011, CS n 5 437, all n 5 626; 2 hours,

F1,989 5 5.24, *P 5 0.022, CS n 5 399, all n 5 592). E: Changes (D) in PSD area for CS synapses (pink) and all synapses (red) relative to

time-matched controls were calculated by subtracting the control mean PSD area from each data point by experiment and averaging the

results across condition. CS PSD area was unchanged following TBS at 5 minutes (hnANOVA, F1,315 5 0.49, P 5 0.49) and 30 minutes

(hnANOVA, F1,412 5 0.36, P 5 0.55) but increased significantly at 2 hours during LTP (hnANOVA, F1,381 5 24.7, ****P< 0.0001). Similarly,

all PSD area was unchanged following TBS at 5 minutes (hnANOVA, F1,498 5 0.003, P 5 0.95) and 30 minutes (hnANOVA, F1,601 5 1.2,

P 5 0.27) but increased significantly at 2 hours during LTP (hnANOVA, F1,574 5 20.5, ****P< 0.0001). Data were reanalyzed from Bourne

and Harris (2011). Scale bar 5 200 nm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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sectioned obliquely, then the PSD could have obscured

presynaptic vesicles within the section (Fig. 4A,B).

Therefore, only cross-sectioned synapses were used in

these analyses (Fig. 4C). The average PSD area of the

cross-sectioned subset of synapses was significantly

less than that of the overall population, because larger

synapses are more often curved and obliquely sec-

tioned; however, the number of cross-sectioned synap-

ses still represented a major fraction of the overall

sample (Fig. 4D).

Since cross-sectioned synapses were on average

smaller, we determined whether the sample of cross-

sectioned synapses (Table 1) produced the same

results as previously reported for the set of all synap-

ses (Bourne and Harris, 2011). The average cross-

sectioned PSD area was substantially enlarged by 2

hours after induction of LTP relative to control stimula-

tion, but not at 5 or 30 minutes, which was consistent

with the overall population of synapses (Fig. 4E). Thus,

the cross-sectioned population of synapses provided a

representative sample for analysis of nascent zones.

Nascent zone frequency and changes with
constitutive synaptogenesis

Some synapses had no nascent zones (Fig. 5Ai–iv,

B), but, at synapses where they were present, nascent

zones were located primarily at the outer edges of

active zones (Fig. 5C,D). A greater percentage of synap-

ses in the 30-minute and 2-hour conditions had nascent

zones than in the 5-minute and perfusion-fixed condi-

tions, but there was no effect of LTP on this percentage

at any time point (Fig. 5E). This increase could have

resulted from differences in the total amount of stimula-

tion received over time under the control or LTP condi-

tions or instead from passive differences in the degree

of recovery due to the total time spent in vitro.

Thus the question arose of whether this proliferation

of nascent zones was related to constitutive synapto-

genesis in slices. We knew from our prior work that sli-

ces must be recovered in vitro for at least 3 hours, as

in these experiments, to achieve near-perfusion-quality

tissue (Bourne and Harris, 2012b; Bourne et al., 2007;

Fiala et al., 2003). When we compared cross-sectioned

PSD area measurements in slices and perfusion-fixed

hippocampus, we detected significant differences (Fig.

6). There was no LTP effect at 5 or 30 minutes, but,

when the data were collapsed across conditions, the

mean PSD area was significantly increased relative to

perfusion-fixed hippocampus at both times (Fig. 6A).

Interestingly, PSD area returned to perfusion-fixed lev-

els by 2 hours in the control condition (Fig. 6A). In the

2-hour LTP condition, PSD area was significantly

increased relative both to perfusion-fixed hippocampus

TABLE 1.

Sample of Cross-Sectioned Synapses1

Condition Description PSD area (mm2) AZ area (mm2) NZ area (mm2) No. NZ/PSD

Perfusion- N 124 124 48 43
fixed Mean 6 SD 0.054 6 0.037 0.050 6 0.035 0.011 6 0.009 1.1 6 0.4

Range 0.013–0.169 0.009–0.169 0.005–0.051 3
5-Min control N 189 189 95 71

Mean 6 SD 0.073 6 0.060 0.069 6 0.055 0.009 6 0.005 1.3 6 0.8
Range 0.007–0.366 0.007–0.353 0.004–0.032 4

5-Min LTP N 146 145 72 61
Mean 6 SD 0.076 6 0.073 0.071 6 0.067 0.010 6 0.009 1.2 6 0.6

Range 0.007–0.609 0.007–0.540 0.004–0.052 4
30-Min control N 201 201 161 113

Mean 6 SD 0.072 6 0.076 0.063 6 0.067 0.011 6 0.009 1.4 6 0.8
Range 0.006–0.610 0.002–0.525 0.004–0.058 5

30-Min LTP N 236 236 168 135
Mean 6 SD 0.070 6 0.062 0.063 6 0.058 0.010 6 0.008 1.2 6 0.6*

Range 0.011–0.544 0.004–0.490 0.004–0.056 4
2-Hr control N 153 152 92 79

Mean 6 SD 0.057 6 0.053 0.053 6 0.050 0.008 6 0.005 1.2 6 0.4
Range 0.006–0.364 0.006–0.318 0.004–0 .039 3

2-Hr LTP N 246 245 153 121
Mean 6 SD 0.089 6 0.089**** 0.080 6 0.081**** 0.015 6 0.012**** 1.3 6 0.6

Range 0.006–0.661 0.006–0.572 0.005–0.082 5

1Number of synapses (N), mean 6 standard deviation (SD), and ranges for PSD, AZ, and NZ areas and the maximum number of NZs per synapse

for synapses that had NZs (No. NZ/PSD) for perfusion-fixed tissue and control and LTP slices at increasing experimental time points. Statistical

comparisons of LTP vs. time-locked controls for AZ areas (hnANOVAs, 5 minutes, F1,314 5 0.63, P 5 0.43; 30 minutes, F1,412 5 1.2, P 5 0.27; 2

hours, F1,379 5 22.1, ****P< 0.0001). Statistical comparisons of LTP vs. time-locked controls for individual NZ areas (hnANOVAs, 5 minutes,

F1,147 5 0.54, P 5 0.46; 30 minutes, F1,304 5 2.0, P 5 0.16; 2 hours, F1,227 5 42.1, ****P< 0.0001) and for the number of NZs per PSD (hnANOVAs,

5 minutes, F1,112 5 3.3, P 5 0.071; 30 minutes, F1,223 5 4.6, *P 5 0.032; and 2 hours, F1,182 5 3.0, P 5 0.084).
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and to the time-matched control (Fig. 6A). Comparison

across control conditions revealed that this effect was

not due to a change in the size of synapses on small

(head diameter <0.45 mm) or large (head diameter

�0.45 mm; Fig. 6B) dendritic spines but instead

resulted from the addition of small dendritic spines in

the 2-hour control condition (Fig. 6C, replotted from

Bourne and Harris, 2011). Since the physiological

response to control stimulation did not change over

time (Fig. 1), it seems unlikely that the additional small

spine synapses were functional. These findings show

that synapse number and average PSD area returned to

perfusion-fixed levels by 2 hours in slices that received

control stimulation only. In contrast, TBS resulted in

Figure 5. Location and frequency of nascent zones. Ai–iv: Serial EM images through an AZ (red) without an NZ from the 5-minute LTP

condition. Section numbers are shown in the lower left corner of each panel. B: 3DEMs of synapses from various slice conditions with

both small and large AZs (red) without NZs and C: With NZs (aqua). Docked vesicles (blue) and neighboring nondocked vesicles (light

purple). Scale cube is 200 nm per side. D: NZs were found primarily at the outer edges of AZs and were rarely surrounded by the AZ

(inside). E: The percentage of synapses that had NZs was unaffected by LTP (5 minutes, v2 5 0.61, P 5 0.43; 30 minutes, v2 5 0.04,

P 5 0.84; 2 hours, v2 5 0.23, P 5 0.63). However, the combined 5-minute and perfusion-fixed conditions demonstrated a smaller percent-

age of synapses with NZs compared with the combined 30-minute and 2-hour conditions (v2 5 28.7, ****P< 0.0001). [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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PSD enlargement by 2 hours after the induction of LTP.

As noted by Bourne and Harris (2011), by 2 hours after

the induction of LTP, either the return of dendritic

spines to in vivo levels was prevented or spines were

eliminated following TBS stimulation.

One might argue that the changes in synapse num-

ber with time and test pulse delivery precluded the

analysis of potentiation-related effects, especially inas-

much as spine density decreased relative to perfusion-

fixed hippocampus in the 5- and 30-minute control con-

ditions. However, because all LTP-related comparisons

were made within the same slices, and therefore after

the same amount of time in vitro, it was possible to dis-

tinguish the effects of TBS from those of the delivery of

test pulse stimulation. Therefore, results from all three

time points are reported below.

Influence of nascent zones on active zone
dynamics

Next, we determined whether the absence or pres-

ence of a nascent zone would affect active zone size

(Fig. 7). At synapses without nascent zones, active zone

areas were not significantly different from perfusion-

fixed hippocampus at any time point or condition, with

the exception of the 2-hour LTP condition, in which

active zones were significantly enlarged relative to both

time-matched control and perfusion-fixed hippocampus

(Fig. 7A). In contrast, when combined across condition,

the active zones of synapses with nascent zones were

Figure 6. Restoration of small dendritic spines and average PSD

area in acute slices to levels found in perfusion-fixed hippocam-

pus. A: Relative to perfusion-fixed hippocampus (dashed gray line

in each graph), PSD area was increased significantly in slices

under both control and LTP conditions at 5 minutes (hnANOVA,

F1,432 5 19.2, ****P< 0.0001, gray) and 30 minutes (hnANOVA,

F1,529 5 7.0, ***P< 0.001; gray, but in only two out of three

experiments). In the 2-hour LTP condition, PSD area was elevated

relative to perfusion-fixed hippocampus (hnANOVA, F2,498 5 19.4,

P< 0.0001, post hoc Tukey, ****P< 0.0001, gray) and the 2-

hour control condition (post hoc Tukey ****P< 0.0001, bracket),

whereras the 2-hour control condition was comparable to the

perfusion-fixed condition (post hoc Tukey, P 5 0.97). B: Restrict-

ing these comparisons to perfusion-fixed vs. slice control condi-

tions (data shown in A) revealed greater PSD areas (hnANOVA,

F3,932 5 10.4, P< 0.0001) at 5 minutes (post hoc Tukey,

****P< 0.0001) and at 30 minutes (**P< 0.01) but not at 2

hours (post hoc Tukey, P 5 0.35). In addition, control PSD areas

did not differ significantly among spines with head diameters

<0.45 mm (hnANOVA, F2,493 5 0.33, P 5 0.72; 5 minutes,

n 5 170; 30 minutes, n 5 183; and 2 hours, n 5 171) or �0.45

mm (hnANOVA, F2,260 5 0.16, P 5 0.85, 5 minutes, n 5 122; 30

minutes, n 5 97; 2 hours, n 5 72). C: The control dendrites at 5

and 30 minutes (combined) had significantly lower spine densities

than perfusion-fixed dendrites (t(28) 5 2.1, *P 5 0.044, gray; P

values also shown individually), which were restored to the

perfusion-fixed levels by 2 hours in control dendrites (t(15) 5 –

0.57, P 5 0.58). The density of spines with head diameter <0.45

mm on control dendrites was unchanged between 5 and 30

minutes (t(20) 5 –0.39, P 5 0.70) but increased significantly

between 5 minutes and 2 hours (t(17) 5 –2.5, *P 5 0.021,

bracket). In contrast, the density of spines with head diameter

�0.45 mm was unchanged between 5 minutes and 30 minutes

(t(20) 5 1.0, P 5 0.31) or 2 hours (t(17) 5 0.44, P 5 0.66) after

TBS. The number of dendrites evaluated for spine density in each

control condition included perfusion-fixed, n 5 8; 5 minutes,

n 5 10; 30 minutes, n 5 12; and 2 hours, n 5 9. [Color figure can

be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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significantly larger at both 5 minutes and 30 minutes

relative to perfusion-fixed hippocampus (Fig. 7B). Fur-

thermore, the active zones were also significantly

enlarged at 2 hours during LTP relative to both time-

matched control and perfusion-fixed hippocampus (Fig.

7B). These results suggest that, relative to perfusion-

fixed hippocampus, active zones were larger and more

dynamic at synapses with nascent zones in hippocam-

pal slices early during constitutive synaptogenesis and

at 2 hours following induction of LTP.

Effects of LTP on nascent zone area
Under all conditions and times, the summed nascent

zone area per synapse was positively and significantly

correlated with PSD area (Fig. 8A–C). There was no sig-

nificant difference in summed nascent zone area per

synapse relative to perfusion-fixed hippocampus under

control conditions at any time point. At 5 minutes after

the induction of LTP, the number and size of nascent

zones were unchanged relative to time-matched control

conditions across synapses of all sizes (Table 1, Fig.

8A). By 30 minutes, there were fewer nascent zones

per synapse in the LTP condition than in the time-

matched control (Table 1), resulting in a smaller

summed nascent zone area per synapse (Fig. 8B). By 2

hours during LTP, individual nascent zone area

increased relative to time matched control (Table 1),

resulting in a significant increase in the summed nas-

cent zone area per synapse (Fig. 8C). These findings

suggest that nascent zones were converted to active

zones via recruitment of presynaptic vesicles by 30

minutes after LTP induction, when average PSD area

remained unaltered, and that NZs were restored and

enlarged by 2 hours during LTP.

Potential involvement of nascent zone
conversion in active zone enlargement

To test the plausibility of the nascent zone conver-

sion and growth hypothesis, we sought to compute the

number of nascent zones that would have to be con-

verted to account for active zone enlargement at 2

hours during LTP (Fig. 9). Synapse size scales with

spine size (Harris and Stevens, 1989; Hering and

Sheng, 2001), and spines can enlarge rapidly during

LTP, even before PSD areas grow (Bourne and Harris,

2011; Matsuzaki et al., 2001, 2004). Synapses of differ-

ent sizes might require different amounts of nascent

zone conversion to account for their active zone

enlargement; hence, we set the median spine head

diameter in the 2-hour control condition (0.36 mm) as

the criterion to split spines into small and large catego-

ries. For small spines, the active zone enlargement

would require conversion of 1.2 times the mean, but

Figure 7. Influence of the presence of nascent zones on active

zone size during constitutive synaptogenesis and LTP. A: AZ areas

at synapses without NZs: Relative to perfusion fixed hippocampus

(dashed line in each graph), AZ areas were not significantly

altered in the combined 5-minute (hnANOVA, F1,257 5 2.1,

P 5 0.15) or 30-minute (hnANOVA, F1,238 5 0.080, P 5 0.78) con-

ditions, and increased significantly in the 2-hour LTP condition

(hnANOVA, F2,255 5 10.7, P< 0.0001; post hoc Tukey,

*P 5 0.042, gray) but not in the 2-hour control condition (post

hoc Tukey, P 5 0.081). Relative to time-matched controls, there

was no change following TBS at 5 minutes (hnANOVA,

F1,183 5 0.021, P 5 0.89) or 30 minutes (hnANOVA,

F1,164 5 0.024, P 5 0.88), although by 2 hours during LTP there

was a significant increase (hnANOVA, F1,181 5 18.6,

****P< 0.0001, bracket). B: For synapses with NZs: the AZ

areas were significantly increased relative to perfusion-fixed levels

for combined conditions at 5 minutes (hnANOVA, F1,147 5 27.7,

****P< 0.0001, gray) and 30 minutes (hnANOVA, F1,259 5 6.1,

*P 5 0.014, gray, but in only two out of three experiments) and

in the 2-hour LTP condition (hnANOVA, F2,216 5 10.6, P< 0.001;

post hoc Tukey, ***P< 0.001, gray) but not in the 2-hour control

condition (post hoc Tukey, P 5 0.32). Relative to time-matched

controls, there were no significant changes following TBS at 5

minutes (hnANOVA, F1,111 5 1.7, P 5 0.20) or 30 minutes (hnA-

NOVA, F1,223 5 0.53, P 5 0.47); however, the AZs with NZs were

larger by 2 hours during LTP (hnANOVA, F1,180 5 7.9, **P< 0.01,

bracket). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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only 0.46 times the largest summed nascent zone area

(Fig. 9A). For large spines, the active zone enlargement

would require conversion of 3.2 times the mean, but

only 0.76 times the largest summed nascent zone area

(Fig. 9B). Thus, summed nascent zone areas found at

control synapses were sufficient to account for active

Figure 8. Direct effects of LTP on nascent zones. The summed

RNZ area per synapse was correlated with PSD area but did not

change following TBS at 5 minutes (A; control, r 5 0.69,

P< 0.0001; LTP, r 5 0.73, P< 0.0001; ANCOVA, F1,125 5 0.28,

P 5 0.60) or at 30 minutes (B; control, r 5 0.72, P< 0.0001; LTP,

r 5 0.52, P< 0.0001; ANCOVA, F1,241 5 7.4, P< 0.01). C:

Summed NZ area remained well-correlated with PSD area in the

2-hour condition and increased significantly during LTP (control,

r 5 0.49, P< 0.0001; LTP, r 5 0.65, P< 0.0001; ANCOVA,

F1,195 5 11.4, P< 0.001). For PSD areas �0.4 mm2 and NZ areas

�0.1 mm2, the following points are plotted: 5 minutes LTP (0.61

mm2, 0.069 mm2), 30 minutes control (0.43 mm2, 0.065 mm2;

0.61 mm2, 0.085 mm2), 30 minutes LTP (0.54 mm2, 0.054 mm2),

and 2 hours LTP (0.34 mm2, 0.12 mm2; 0.66 mm2, 0.089 mm2;

0.62 mm2, 0.050 mm2). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 9. Determining whether nascent zones were large enough

to account for active zone growth at 2 hours during LTP. AZ area

increased significantly during LTP on small spines (A; head diame-

ter <0.36 mm, hnANOVA, F1,167 5 12.5, ***P< 0.001) and large

spines (B; head diameter >0.36 mm, hnANOVA, for LTP,

F1,194 5 13.5, ***P< 0.001). Changes (D) were calculated by

subtracting the control mean AZ area from each data point by

experiment and averaging the results across condition to com-

pare changes in AZ area to summed (R) NZ areas. The mean and

largest summed NZ areas that were found on small or large

spines in the 2-hour control condition are plotted, as are the

number of each required to be converted to achieve the mean AZ

enlargement at 2 hours during LTP. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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zone growth by nascent zone conversion on both small

and large spines by 2 hours during LTP.

Role for small DCVs in nascent zone
conversion

Presynaptic active zone proteins are transported in

the membranes of small (�80 nm) DCVs (Shapira et al.,

2003; Zhai et al., 2001). DCVs travel between axonal

boutons in transport packets (Ahmari et al., 2000;

Bourne et al., 2013; Dresbach et al., 2006; Maas et al.,

2012; Sorra et al., 2006; Wu et al., 2013; Ziv and Gar-

ner, 2001), allowing for their redistribution from other

locations to boutons that might require the formation or

growth of presynaptic active zones. Our previous work

showed that DCVs were present in 26% of presynaptic

axonal boutons in perfusion-fixed, mature hippocampal

area CA1 and decreased to 17% during constitutive syn-

aptogenesis during recovery in hippocampal slices (Sorra

et al., 2006). Here, presynaptic boutons were viewed

through serial sections until they became clearly tapered

on each end. Individual boutons contained zero to eight

DCVs (Fig. 10A, Table 2). Given the transience of this

process, capturing DCVs in the act of releasing their

contents was a rare event (Fig. 10B). We hypothesized

that DCVs provide rapid delivery of presynaptic active

zone components to nascent zones as part of the

conversion process as active zones enlarge during LTP in

the mature hippocampus (Fig. 10C). Consistent with this

hypothesis, the percentage of presynaptic boutons con-

taining DCVs increased significantly at 5 minutes and

returned to time-matched control levels by 30 minutes

after the induction of LTP (Fig. 10D).

The low number of DCVs per bouton suggests that

rarely would more than one be released at the same

location. Hence, for our hypothesis to be correct, the sur-

face area of a single DCV would have to convert an

entire nascent zone to active zone. DCVs were large

enough to span more than one section. DCV circumfer-

ences (C) were measured on the section with a clear

bounding membrane; their diameters were calculated

(D 5 C/p), and their surface areas were computed,

assuming that they were spherical (SA 5 pD2). The mean

DCV diameter in slices was 80.0 6 0.0004 nm, which did

not differ significantly across conditions or time point and

was comparable to prior findings (Sorra et al., 2006). The

surface area of a single DCV (Fig. 10E) was greater than

most individual nascent zone areas (Table 1), so insertion

of one presynaptic DCV would be more than sufficient to

convert most nascent zones to active zones in both LTP

and time-matched control conditions at 30 minutes (Fig.

10F) and 2 hours during LTP (Fig. 10G).

Together these findings suggest that DCVs could

migrate rapidly from interbouton regions to presynaptic

boutons, where their release between 5 and 30 minutes

TABLE 2.

Sample of Dense-Core Vesicles and Docked Vesicles1

Condition Description No. DCV/bouton No. docked vesicles

Perfusion-Fixed N 37 124
Mean 6 SD 2.1 6 1.4 6.2 6 4.8
Maximum 6 24

5-Min control N 51 189
Mean 6 SD 1.9 6 1.2 15 6 10
Maximum 7 75

5-Min LTP N 39 145
Mean 6 SD 1.8 6 1.1 16 6 12
Maximum 5 62

30-Min control N 69 201
Mean 6 SD 1.9 6 1.4 7.4 6 7.2
Maximum 8 41

30-Min LTP N 81 236
Mean 6 SD 1.7 6 1.2 5.8 6 5.2*
Maximum 7 31

2-Hr control N 35 152
Mean 6 SD 1.66 6 0.97 10.5 6 8.8
Maximum 4 54

2-Hr LTP N 62 245
Mean 6 SD 1.4 6 1.0 11.3 6 10.8
Maximum 8 69

1N 5 the number of boutons analyzed for percentage of boutons with DCVs and the number of docked vesicles per synapse. The mean 6 SD and

ranges are provided for the number of DCVs per bouton (including only boutons that had at least one DCV) and for the number of docked vesicles

per synapse. Statistical comparisons of LTP vs. time-locked controls: for number of DCVs per bouton (main effects ANOVAs, 5 minutes,

F1,85 5 0.15, P 5 0.70; 30 minutes, F1,146 5 0.63, P 5 0.43; 2 hours, F1,94 5 1.2, P 5 0.28) and for docked vesicles per synapse (hnANOVAs, 5

minutes, F1,313 5 0.33, P 5 0.57; 30 minutes, F1,401 5 4.6, *P 5 0.032; 2 hours, F1,377 5 0.028, P 5 0.87).
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Figure 10. Presynaptic dense core vesicles (DCVs) and nascent zone conversions during LTP. A: DCVs were identified (arrowhead) in the

presynaptic boutons of cross-sectioned synapses from slice experiments and combined for frequency analyses with findings from synapses

sectioned in all orientations. B: DCV (arrowhead) fusing with presynaptic membrane (image from a recovered mature hippocampal slice,

previously published by Sorra et al. (2006). C: Proposed DCV involvement in nascent to active zone conversion. 3D reconstruction with AZ

(red), NZ (aqua), DCV (black), docked vesicles (blue), and neighboring nondocked vesicles (light purple). Arrow indicates DCV insertion and

overlap at a nascent zone. Scale cube is 100 nm per side. D: Comparisons to time-matched controls show an increase in the percentage

of boutons with DCVs at 5 minutes after TBS (v2 5 9.87, **P< 0.01; control 20%, n 5 423 boutons; LTP 30%, n 5 305 boutons) but not at

30 minutes (v2 5 0.25, P 5 0.62; control 43%, n 5 161; LTP 46%, n 5 180) or 2 hours (v2 5 0.51, P 5 0.47; control 30%, n 5 115; LTP

34%, n 5 180). Changes (D) were calculated by subtracting control percentages from LTP percentages at each time point. E: DCV surface

areas are plotted as percentage of all the measured DCVs from slices (gray) and from just the 5-minute LTP condition (red). The DCV

diameters used to calculate DCV surface areas did not differ across slice conditions (main effects ANOVA, time point: F2,822 5 0.44,

P 5 0.64; condition: F1,822 5 2.36, P 5 0.12; see also Table 2). F,G: Individual NZ areas were divided by the overall mean DCV surface

area in slices (0.021 6 0.0002 mm2), and the resulting distribution of the number of DCVs that would be needed for their full conversion

to AZ area is shown at 30 minutes (F; control mean 5 0.54 6 0.03, LTP mean 5 0.46 6 0.02) and 2 hours (G; control mean 5 0.40 6 0.03,

LTP mean 5 0.69 6 0.05). Dashed line indicates 1 DCV necessary for full conversion. Scale bar 5 100 nm in A (applies to A,B). [Color fig-

ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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would usually be sufficient to convert existing nascent

zones to active zones. Given that DCV surface areas

are frequently larger than individual nascent zones, the

extra presynaptic material they provide might also serve

to initiate addition and growth of nascent zones, as was

also observed at 2 hours during LTP (see Fig. 8C and

Table 1).

Implications of altered docked vesicle
distribution at enlarged active zones

Prior work has shown that the number of presynaptic

vesicles correlates nearly perfectly with the total PSD

area per synapse (Harris and Sultan, 1995; Lisman and

Harris, 1993; Schikorski and Stevens, 1997). Recently

we found that by 30 minutes following TBS the number

of vesicles docked at synapses decreased and that by

2 hours vesicle pools were also smaller, especially in

boutons with coated pits or vesicles demonstrating

recent recycling activity (Bourne et al., 2013).

Here we determined the number and density of

docked vesicles as active zones enlarged during LTP

(Fig. 11). At 5 minutes after induction of LTP, there was

no change in the number or density of docked vesicles

at active zones (Table 2, Fig. 11A). By 30 minutes,

Figure 11. The density of docked vesicles decreased as active zones were enlarged during LTP. A: The density of docked vesicles per AZ

area was correlated with PSD area and unchanged at 5 minutes after TBS relative to control stimulation (control, r 5 0.86, P< 0.0001; LTP,

r 5 0.83, P< 0.0001; ANCOVA, F1,327 5 0.37, P 5 0.54). B: By 30 minutes after TBS, the density of docked vesicles per AZ area remained

well correlated with AZ area; however, the density decreased relative to control stimulation (control, r 5 0.87, P< 0.0001; LTP, r 5 0.79,

P< 0.0001; ANCOVA, F1,430 5 21.7, P< 0.0001). C: 3D examples of small and large synapses illustrate representative docked vesicle distri-

butions at AZs in the 2-hour control and LTP conditions. Scale cube is 200 nm per side. D: Docked vesicle density remained well correlated

with AZ area but decreased by 2 hours during LTP (control, r 5 0.94, P< 0.0001; LTP, r 5 0.89, P< 0.0001; ANCOVA, F1,392 5 34.6,

P< 0.0001). Several points were included in the AZ area �0.4 mm2 and docked vesicle number �60 categories, including 5 minutes control

(0.32 mm2, 75; 0.31 mm2, 65) and LTP (0.54 mm2, 55; 0.26 mm2, 62), 30 minutes control (0.52 mm2, 39) and LTP (0.49 mm2, 15), and 2

hours LTP (0.57 mm2, 59; 0.57 mm2, 69). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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there was a significant decrease in the number and

density of docked vesicles per active zone (Table 2, Fig.

11B). This decrease in docked vesicles suggests an

increase in presynaptic release, which is consistent

with the observation that additional vesicles were

recruited to within 94 nm of the presynaptic membrane

at 30 minutes following LTP induction, resulting in the

reduction of summed nascent zone area (see Fig. 8B).

By 2 hours during LTP, the total number of docked

vesicles per active zone returned to time-matched con-

trol levels, but the contemporaneous increase in active

zone area resulted in a decrease in the density of

docked vesicles at active zones on synapses of all sizes

(Tables 1 and 2 and Fig. 11C, D). The correlation

between docked vesicles and active zone area was

highly significant across all times and conditions, sug-

gesting that an elevated release of docked vesicles had

occurred uniformly across preexisting and recently con-

verted active zones.

Functional status of nascent zones
Glutamatergic synapses are functionally silent if they

lack AMPARs, which mediate fast excitatory transmis-

sion and accumulate in synapses during LTP (Bredt and

Nicoll, 2003; Collingridge et al., 2004; Isaac et al.,

1995; Kerchner and Nicoll, 2008; Kim et al., 2003; Liao

et al., 1995; Malinow and Malenka, 2002; Sheng and

Kim, 2002; Shepherd and Huganir, 2007). Their func-

tional status also depends on whether AMPARs are

near enough to docking sites to detect glutamate

released from presynaptic vesicles (Christie and Jahr,

2006; Raghavachari and Lisman, 2004; Traynelis et al.,

2010). Stochastic modeling of synapses with a random

distribution of glutamate receptors using MCell (http://

mcell.org) showed that the probability of an AMPA-type

channel opening upon release of presynaptic glutamate

falls exponentially from 0.4 at the center of a release

site to just 0.1 at a distance 200 nm away (Franks

et al., 2003; Kinney et al., 2013).

We hypothesized that recruitment of presynaptic

vesicles to nascent zones was necessary to switch

them from a functionally silent to an activatable state.

As predicted from visualization of AMPARs in cultured

neurons (Nair et al., 2013), we have determined with

immunogold labeling (Fig. 12A–D) that AMPARs can be

found in nascent zones of mature synapses (Fig. 12B).

To test the vesicle recruitment hypothesis, we com-

puted the minimum distance in 3D from every vesicle

docked at an active zone to the nearest edge of nas-

cent zone(s) on the same synapse using Reconstruct

(Fig. 12E). The distribution of these distances ranged

from 14 nm (vesicle docked immediately adjacent to

the nascent zone) to more than 1,000 nm (Fig. 12F).

Figure 12. Proximity of nascent zones to glutamate release sites.

A–D: Four serial sections from an unstimulated hippocampal slice

illustrates gold-labeled GluA1 (arrowheads), NZ (aqua), and AZ

(red). GluA1 labeling was found in the NZ (B) and in the AZ

(A,C,D). Section numbers from the series are labeled in the upper

right corner. E: 3D reconstruction of an average-sized synapse

with one NZ (top) and a large synapse with two NZs (bottom),

both from the 2-hour LTP condition. AZ (red), NZs (aqua), and

docked vesicles (blue) with arrows illustrating example distances

measured from docked vesicles to an edge of the NZs. F: Distri-

bution of minimum distances between each docked vesicle and

NZ(s) on the same synapse in the perfusion-fixed (gray) and 2-

hour control (blue) and LTP (red) conditions. G: Mean minimum

distance between docked vesicles and NZ(s) increased in the 2-

hour LTP condition relative to perfusion-fixed hippocampus (hnA-

NOVA, F1,3811 5 60.2, P< 0.0001; post hoc Tukey

****P< 0.0001) and 2-hour control (post hoc Tukey

****P< 0.0001). Scale bar 5 500 nm, cube 5 200 nm per side.

[Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Nascent and active zone structural dynamics

The Journal of Comparative Neurology | Research in Systems Neuroscience 3877

http://mcell.org
http://mcell.org
http://wileyonlinelibrary.com


On average, the minimum distances were 170 6 5 nm

at perfusion-fixed synapses and 214 6 6 nm in the

2-hour control condition and increased to 251 6 4 nm

in the 2-hour LTP condition as a result of synapse

enlargement (Fig. 12G). These measurements suggest

that an AMPAR in a nascent zone would have a much

lower probability of response than AMPARs anchored

beneath docking sites in the active zone (Franks et al.,

2003). Thus, recruitment of presynaptic vesicles to nas-

cent zones during LTP should indeed be required to

achieve the enhanced synaptic efficacy.

DISCUSSION

These results demonstrate that nascent zones are

dynamic substrates for LTP-induced synapse enlarge-

ment in mature hippocampus. Given these findings, we

propose a model of structural synaptic plasticity in

which synapse enlargement occurs via nascent to

active zone conversion following induction of LTP

(Fig. 13). By 5 minutes after TBS, small DCVs moved

into more presynaptic boutons. The return of their fre-

quency to control levels by 30 minutes suggests that

DCVs could have been released at existing nascent

zones, initiating nascent to active zone conversion via

the recruitment of small presynaptic vesicles. The sur-

face area of a single DCV is greater than that of most

individual nascent zones, so proteins on DCV surface

membranes and in their cores could provide a substrate

for the additional growth of nascent and active zones

during LTP. Mechanisms of postsynaptic growth could

involve synthesis of new proteins or redistribution of

existing synaptic resources, such as those from elimi-

nated small spine synapses (Bourne and Harris, 2011,

2012a; Harvey et al., 2008). In light of prior modeling

studies (Franks et al., 2002, 2003), the measured dis-

tances from presynaptic vesicles docked in active zones

to adjacent nascent zones suggest that many nascent

zones are functionally silent. Therefore, the recruitment

and release of presynaptic vesicles at existing nascent

zones is crucial to provide sufficient glutamate to stabi-

lize mobile AMPARs and convert silent nascent zones

to responsive active zones (Choquet and Triller, 2013;

Lisman and Raghavachari, 2006).

Because living neurons cannot be visualized in the

electron microscope, time-series 3DEM was required to

reveal ultrastructural changes in nascent zones and

active zones that were present as synapses enlarged

during LTP in the mature hippocampus. With their small

size, distinguishing nascent zones from active zones

with light microscopy will require new knowledge of

which molecules, if any, are specific to each zone and

when they might move freely between the zones (Deane

et al., 2013; MacGillavry et al., 2013; Nair et al., 2013).

Such studies could become possible given advances in

super-resolution fluorescence microscopy, which have

revealed dynamic changes in spine morphology at up to

43 nm resolution in vivo (Willig et al., 2014). Further-

more, a better understanding of the potential for activa-

tion of nascent zone receptors via glutamate diffusion

will require the z-axis resolution currently only achieved

with EM tomography because of the nonuniformity of

the dimensions and composition of the synaptic cleft

(Chen et al., 2008; Harlow et al., 2001). The evidence

presented here provides motivation for the further

refinement of both light and electron microscopic meth-

ods to investigate nascent zone dynamics as a general

mechanism for synaptic plasticity in living mature

circuits.

Postsynaptically silent synapses are commonly found

in the developing nervous system, and they undergo

unsilencing by the insertion or functional modification

of AMPARs during LTP (Durand et al., 1996; Edwards,

1991; Groc et al., 2006; Hanse et al., 2009; Isaac

et al., 1995; Liao et al., 1995; Macdougall and Fine,

2014; Petralia et al., 1999). Other junctions, including

nascent synapses and surface specializations, have a

distinct PSD but no presynaptic vesicles and are pres-

ent frequently in the developing but not the mature hip-

pocampus (Ahmari and Smith, 2002; Fiala et al., 1998;

Figure 13. Model incorporating nascent zone conversion and growth during the synaptic plasticity associated with LTP. Axonal bouton

(green), AZ (red), NZs (aqua), DCV (dark gray), docked vesicles (dark blue), and nondocked small synaptic vesicles located within 94 nm

of the presynaptic membrane (white). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Vaughn, 1989). Small DCVs, alone or in combination

with small presynaptic vesicles, are transported to and

inserted at nascent synapses, which are soon thereafter

converted to functional synapses (Ahmari et al., 2000;

Buchanan et al., 1989; Sabo et al., 2006; Zhai et al.,

2001; Ziv and Garner, 2004). Thus, the processes by

which new synapses are formed during development

are consistent with our model of the conversion of nas-

cent zones to active zones at enlarging synapses in the

mature system.

In support of our hypothesis that DCVs contribute to

nascent zone conversion, DCVs are known to transport

a variety of active zone proteins as well as cell adhe-

sion molecules (CAMs; Zhai et al., 2001). CAMs are

proteins involved in bidirectional signaling and coordi-

nated recruitment of pre- and postsynaptic proteins and

receptors (Akins and Biederer, 2006; Benson and Hunt-

ley, 2010; Benson et al., 2000; Li and Sheng, 2003;

Scheiffele, 2003; Sytnyk et al., 2002; Waites et al.,

2005; Ziv and Garner, 2004). DCVs contain cadherins

(Zhai et al., 2001), which cluster at the edges of synap-

ses (Elste and Benson, 2006; Fannon and Colman,

1996; Uchida et al., 1996), regulate AMPAR trafficking

(Nuriya and Huganir, 2006; Saglietti et al., 2007; Zhai

et al., 2001), and are required to stabilize enhanced

synaptic efficacy during LTP (Bozdagi et al., 2000,

2010; Mendez et al., 2010; Tang et al., 1998). DCVs

could transport other presynaptic CAMs that might also

participate in nascent zone conversion. For example,

neurexin-1b (Nrx-1b) binds to either postsynaptic

neuroligin-1 (NLG-1) or postsynaptic leucine-rich repeat

transmembrane protein 2 (LRRTM2). This extracellular

binding modulates presynaptic vesicle release probabil-

ity and promotes synapse initiation and stabilization via

transsynaptic signaling in cooperation with N-cadherin

(Dean et al., 2003; deWit et al., 2009; Futai et al.,

2007; Graf et al., 2004; Heine et al., 2008; Ichtchenko

et al., 1995; Linhoff et al., 2009; Scheiffele et al.,

2000; Soler-Llavina et al., 2013; Song et al., 1999; Stan

et al., 2010; Sudhof, 2008; Wittenmayer et al., 2009).

In addition, the Nrx-1b/NLG-1 complex binds with PSD-

95, Stargazin, and other proteins that reduce AMPAR

diffusion (Barrow et al., 2009; Giannone et al., 2013;

Irie et al., 1997; Mondin et al., 2011; Sudhof, 2008).

Presynaptic ephrin-B is another strong candidate for

DCV transport and nascent zone conversion, because

its extracellular binding to postsynaptic EphB receptors

has been implicated in the modulation of the synaptic

vesicle cycle and recruitment of glutamate receptors to

synapses during maturation and plasticity (Henkemeyer

et al., 2003; Kayser et al., 2006; Klein, 2009; Lai and

Ip, 2009; Lim et al., 2008; Murata and Constantine-

Paton, 2013; Nolt et al., 2011). Which DCV-transported

proteins are specifically engaged in nascent zone con-

version and growth at mature synapses remains to be

determined.

From the postsynaptic perspective, nascent zones

could host a variety of proteins that could trap AMPARs

upon appropriate signaling (Lisman and Raghavachari,

2006; Opazo and Choquet, 2011; Opazo et al., 2010;

Zhang and Lisman, 2012). Recent work with cultured

neurons suggests that the distribution of such synaptic

proteins is nonuniform and highly dynamic (MacGillavry

et al., 2013). AMPARs are inserted at extrasynaptic

regions and then diffuse along the spine membrane to

the synapse during LTP (Ashby et al., 2006; Bassani

et al., 2013; Makino and Malinow, 2009; Shi et al.,

1999). Single-particle tracking studies in cultured neu-

rons show that AMPARs are highly mobile at inactive

synapses, whereas local synaptic activity (Derkach

et al., 2007; Ehlers et al., 2007; Nair et al., 2013),

involving PSD-95 and Stargazin phosphorylated by CAM-

KII (Opazo et al., 2010), causes them to stabilize. Thus,

the stabilization of AMPARs in existing active zones or

converted nascent zones could account for a rapid yet

stable level of potentiation of the fast excitatory postsy-

naptic potential (fEPSP) observed across 5 minutes to 2

hours following the induction of LTP.

We show that changes in synapse structure occur

without concurrent changes in the slope of the fEPSP.

At the control stimulation sites, the number of small

dendritic spines was significantly increased by 2 hours,

relative to 5 minutes, despite no change in the magni-

tude of the fEPSP. This result suggests that the addi-

tional small spine synapses were silent. By 2 hours

after the induction of LTP, either small spines were

eliminated or their formation was prevented (Bourne

and Harris, 2011). Both nascent and active zones at

the remaining synapses were added or enlarged. Since

the level of potentiation remained stable and nascent

zones are likely to be silent, these results suggest that

the enlarged active zones must also be partially silent.

Hippocampal CA3!CA1 synapses have low probabil-

ities of vesicular release and glutamate receptor activa-

tion (Allen and Stevens, 1994; Bekkers and Stevens,

1995; Franks et al., 2002, 2003; Liu et al., 1999;

McAllister and Stevens, 2000). We considered how

changes in the density of presynaptic docked vesicles,

as an estimate of the density of release sites, might

affect the postsynaptic response. We found that the

docked vesicle density decreased across the enlarged

active zone areas at 2 hours during LTP relative to con-

trol stimulation in the same slices. Therefore, as the

postsynaptic area enlarged, presynaptic vesicle docking

sites became more sparsely distributed. Consequently,

the number of activated receptors might remain
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constant as a result of decreases in glutamate concen-

trations in the synaptic cleft as active zones enlarge,

resulting in a stably potentiated response across time.

Since the enlargement of nascent and active zones

at 2 hours following induction of LTP does not appear

to have enhanced the potentiation at that time, perhaps

it prepares synapses for subsequent augmentation of

LTP. Recent findings show that delivery of a single epi-

sode of TBS can saturate LTP, such that subsequent epi-

sodes delivered less than 30 minutes later produce no

additional potentiation (Lynch et al., 2013). However, if

the delay between episodes is 1 hour or more, additional

episodes of TBS can augment LTP (Cao and Harris,

2012; Kramar et al., 2012). These spaced episodes of

LTP induction have been proposed as a model for under-

standing the mechanisms of spaced learning (Lynch and

Gall, 2013; Lynch et al., 2013). Spaced learning pro-

duces longer memories than massed learning, and the

efficacy of memory is dependent on the interval between

repetitions (Ebbinghaus, 1885; Ruger and Bussenius,

1913). The delay required to allow augmentation of LTP

is consistent with the �30 minutes to 2 hours following

LTP induction during which both nascent and active

zones enlarged. Therefore, nascent and active zone

growth could be the substrate for the augmentation of

LTP that occurs with sufficiently spaced TBS episodes

and an underlying mechanism of spaced learning.

In summary, these findings suggest that nascent zone

conversion could provide a rapid mechanism for synapse

growth in the mature hippocampus. Conversion of nas-

cent zones to active zones begins prior to PSD enlarge-

ment and entails the recruitment of presynaptic vesicles

to existing nascent zones. This process appears to be

facilitated by the insertion of presynaptic active zone

proteins delivered through the release of small DCVs

shortly after induction of LTP. Nascent zone conversion

likely corresponds to the unsilencing of functionally inac-

tive regions at mature synapses and proceeds in a man-

ner similar to synapse formation during development.

Whether the addition of nascent and active zone area

provides a basis for further enhancement of synaptic effi-

cacy presents an intriguing question for future investiga-

tion into the structural basis of memory.
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