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Behavioral experience alters the strength of neuronal connections
in adult neocortex. These changes in synaptic strength are thought
to be central to experience-dependent plasticity, learning, and
memory. However, it is not known how changes in synaptic trans-
mission between neurons become persistent, thereby enabling the
storage of previous experience. A long-standing hypothesis is that
altered synaptic strength is maintained by structural modifications
to synapses. However, the extent of synaptic modifications and the
changes in neurotransmission that the modifications support remain
unclear. To address these questions, we recorded from pairs of sy-
naptically connected layer 2/3 pyramidal neurons in the barrel
cortex and imaged their contacts with high-resolution confocal
microscopy after altering sensory experience by whisker trimming.
Excitatory connections strengthened by experience exhibited larger
axonal varicosities, dendritic spines, and interposed contact zones.
Electron microscopy showed that contact zone size was strongly
correlated with postsynaptic density area. Therefore, our findings
indicate that whole synapses are larger at strengthened connec-
tions. Synaptic transmission was both stronger and more reliable
following experience-dependent synapse enlargement. Hence,
sensory experience modified both presynaptic and postsynaptic
function. Our findings suggest that the enlargement of synaptic
contacts is an integral part of long-lasting strengthening of cortical
connections and, hence, of information storage in the neocortex.
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Introduction

The neural basis for information storage in the brain remains a
pivotal question in neuroscience. The underlying cellular
mechanisms are central to experience-dependent plasticity
(Fox and Wong 2005), learning, and memory (Martin et al.
2000). A commonly held hypothesis is that information storage
in the nervous system involves a combination of functional and
structural modifications to the connections between neurons
(Tanzi 1893; Ramón y Cajal 1894; Hebb 1949; Geinisman 2000;
Martin et al. 2000; Yuste and Bonhoeffer 2001; Becker et al.
2008; Barnes and Finnerty 2010). The structural modifications
may provide a mechanism to maintain long-term alterations in
connection strength (Tanzi 1893; Hebb 1949; Geinisman 2000).
However, the nature and extent of the structural remodeling in-
volved in information storage remain unclear. One proposal is
that the size of existing synapses varies with long-lasting adjust-
ments in function (Tanzi 1893; Hebb 1949). Alternatively, it
has been suggested that the number of synapses forming indi-
vidual connections alters (Ramón y Cajal 1894; Greenough and

Bailey 1988). These hypotheses posit that both the strength
and structure of connections between pairs of neurons are
modified by behavioral experience. This has been extremely
hard to demonstrate in mammalian brains (Geinisman 2000;
Barnes and Finnerty 2010).

It is widely thought that structure and function are closely
related (Lisman and Harris 1993; Pierce and Lewin 1994). In
principle, then, it should be possible to predict how behavior-
al experience alters signaling between neurons from the
associated structural modifications to the neuronal connec-
tion. Currently, however, it is not known which aspects of the
altered synaptic transmission induced by behavioral experi-
ence are reinforced by structural remodeling of synapses. Ad-
dressing this issue requires a combination of functional
recording and morphological reconstruction of the same
neuronal connection.

Rodent primary somatosensory cortex (SI) contains an
orderly map of the large facial whiskers, with a precise topo-
graphic correspondence between the arrangement of the
whiskers on the snout and cell clusters in layer 4 of contralat-
eral SI, termed barrels (Woolsey and Van der Loos 1970). This
enables the effects of either experience-dependent plasticity
or perceptual learning (Guic-Robles et al. 1989; Harris et al.
1999) on the structure–function relationship at synapses to be
studied in SI after altering whisker sensory input. Trimming a
subset of the whiskers of mature rats for weeks results in
strengthening of local excitatory connections between layer
2/3 (L2/3) pyramidal neurons in whisker barrel cortex with
retained sensory input (spared cortex; Cheetham et al. 2007).
Experience-dependent strengthening occurs without an al-
teration in the number of putative synapses forming each con-
nection, suggesting that individual synapses are potentiated
(Cheetham et al. 2007). Here, we report that the synapses at
strengthened connections in spared cortex are larger. We
refer to this enlargement as pansynaptic because it encom-
passes the presynaptic axonal varicosity, the postsynaptic
dendritic spine, and the interposed synaptic contact zone.
Notably, postsynaptic response amplitude and the reliability
of synaptic transmission are also both increased at strength-
ened connections. Hence, our findings indicate that larger
synaptic contacts support enhanced presynaptic and postsyn-
aptic function in the mature cortex.

Materials and Methods
Our experiments were designed to investigate how both function and
structure were modified in the same neurons following altered
sensory experience (Supplementary Fig. S1). All procedures were per-
formed in accordance with the UK Animals (Scientific Procedures) Act
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of 1986 and the European Communities Council Directive of 24 No-
vember 1986 (86/609/EEC). All necessary measures were taken to
minimize pain and discomfort.

Whisker Trimming
Altered sensory experience was induced by bilateral trimming of
either the upper 3 rows (A, B, and C rows and α, β, and γ outliers
termed A–C row trim) or the lower 2 rows (D and E rows, γ and δ
outliers termed D–E row trim) of rats’ whiskers daily from P19 for 13–
41 days (n = 12 rats). Sham-trimmed littermates (n = 13 rats) were
used as controls. On the day of the experiment, all whiskers were
acutely trimmed by an assistant to blind the experimenter to the rat’s
sensory experience during electrophysiological recording, imaging,
and analysis.

Brain Slice Preparation and Recording
Brain slices were cut across the whisker barrel rows (65° to the
midline; Cheetham et al. 2007). We made whole-cell voltage record-
ings from pairs of synaptically connected L2/3 pyramidal neurons in
spared and control cortex at 36–37°C. Pairs of neurons in spared
cortex were recorded from either the D barrel column in slices from
A–C row trimmed rats (n = 9; Fig. 1A), or the C barrel column in slices
from D–E row trimmed rats (n = 3). Pairs of neurons in control cortex
were recorded in either the C or the D barrel column of slices from
sham-trimmed rats. Presynaptic and postsynaptic neurons were filled
with different fluorescent dyes (AF488 or AF568, Invitrogen) during
recording, enabling the identification of the putative synapses con-
necting them. Although it is possible that some synapses between
connected pairs of neurons were lost as a result of slicing, these sy-
napses would not have contributed to the electrophysiological record-
ings and, hence, their loss would not affect our analyses. Our brain
slice preparation protocol results in spine densities on L2/3 pyramidal
neurons (Cheetham et al. 2008) that are similar to those measured
after perfusion–fixation of the neocortex (Peters and
Kaiserman-Abramof 1970; Wise et al. 1979; Larkman 1991; Wallace
and Bear 2004) and, hence, indicate that our brain slice preparation
does not cause a proliferation of spines on L2/3 pyramidal neurons,
as reported for hippocampal pyramidal neurons (Kirov et al. 1999).
For a subset of connections, recordings were made sequentially in
normal artificial cerebrospinal fluid (ACSF, which contains 2 mM
CaCl2) and in ACSF containing 5 mM CaCl2.

Electrophysiological Analysis
Single-axon connections between pairs of neurons termed unitary
excitatory postsynaptic potentials (uEPSPs) were analyzed as de-
scribed previously (Cheetham et al. 2007). We defined an evoked
uEPSP as having 2 properties with respect to the average of 50 traces:
1) The latency of the response to an action potential in the presyn-
aptic neuron fell within ±0.6 ms of the latency of the mean uEPSP and
2) the peak of the evoked response was within ±1.0 ms of the peak of
the mean uEPSP. Spontaneous EPSPs were defined as EPSPs that did
not fulfil the criteria for an evoked response. Failures were defined as
traces that had no evoked uEPSP. Failures were scored independently
by 2 people and any discrepancies were rechecked. Failure traces for
each connection were then averaged to ensure that small responses
had not been missed. The probability of failure was calculated from
responses to the first action potential in the stimulus train. The coeffi-
cient of variation was calculated as the standard deviation of single
uEPSP responses for a connection divided by the mean uEPSP ampli-
tude for that connection. The maximum evoked uEPSP amplitude was
defined as the mean of the 3 largest responses from typically 50–150
trains of 8 action potentials (minimum, 20 trains). The maximum
evoked uEPSP amplitude per synapse was calculated by dividing the
maximum evoked uEPSP amplitude by the anatomically determined
number of putative synapses forming the connection to estimate
the contribution of a theoretical “average” synapse to the uEPSP
amplitude.

Confocal Imaging and Image Processing
Presynaptic and postsynaptic neurons were filled with different fluor-
escent dyes during recording. Following electrophysiological record-
ing, slices were fixed in 4% paraformaldehyde at room temperature
for 30 min, washed in phosphate-buffered saline (PBS), and mounted
using Gel/Mount (Invitrogen). We used a Zeiss 510 META confocal
microscope with a C-Apochromat ×63, 1.2 numerical aperture water-
immersion objective with coverslip correction. Pinhole diameters
were set to give an identical optical slice thickness for both channels
(0.43 µm; AF488, 1 Airy unit; AF568, 0.84 Airy units). Medium resol-
ution z-stacks (≤120 μm; voxel, 0.14 × 0.14 × 0.43 μm; Supplementary
Movie S1) encompassing the entire postsynaptic dendritic arbor were
acquired and examined for the presence of possible synapses. All
regions where presynaptic axon passed close to a postsynaptic den-
drite were reimaged at high resolution (voxel, 0.07 × 0.07 × 0.20 μm;
intensity, 8 bit) with 8× mean averaging. For clarity of presentation,

Figure 1. Imaging putative synapses between L2/3 pyramidal neurons. (A) Whisker
trimming paradigm. An A–C row trim protocol is shown. (B) Brain slice showing
neurons filled with AF488 (green; presynaptic) and AF568 (red; postsynaptic) in the
D (spared) barrel column. Scale bar: 250 μm. (C) Train of presynaptic action
potentials and postsynaptic excitatory postsynaptic potentials (EPSPs) (average of 50
trials) recorded from the neurons shown in B. Scale bars: 40 mV, 0.2 mV; 50 ms. (D)
A montage of maximum intensity projections of confocal z-stacks through the filled
neurons shown in B. Dashed line indicates the pia. Scale bar: 20 μm. (E) Single
optical sections showing a presynaptic axonal varicosity (i; green), a postsynaptic
dendritic spine (ii; orange), and the interposed contact zone (iii; magenta arrowhead).
Scale bar: 1 μm.
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presynaptic neurons have been pseudocolored green, and postsyn-
aptic neurons have been pseudocolored orange.

We deconvolved our images using a blind adaptive point spread
function (PSF) algorithm (AutoDeblur, Media Cybernetics, Bethesda,
MD, United States of America; Landmann and Marbet 2004; Sup-
plementary Fig. S2). Image-processing parameters were determined
from the measurements of 0.10–1.00 µm diameter fluorescent beads
(TetraSpeck, Invitrogen) made in the higher resolution xy plane,
which showed that 10 iterations of deconvolution and a minimum flu-
orescence intensity threshold of 25% were optimal, that is, the full-
width quarter-maximum diameter provided the most accurate
measurement of the imaged structure (Supplementary Fig. S3). There-
fore, images of possible synapses underwent 10 iterations of deconvo-
lution and were thresholded at 25% of the maximum fluorescence
intensity of the imaged structure. This enabled us to measure the
volumes of the axonal varicosities and dendritic spines that formed
the putative synapses and to quantify the number of colocalized fluor-
escence voxels comprising the interposed contact zones. Measure-
ments from the deconvolved and thresholded images were made
using Measurement Pro running under Imaris x64 (Bitplane, Zurich,
Switzerland), ImageJ v1.36–1.43 (http://rsb.info.nih.gov/ij), and Fiji
(http://fiji.sc/wiki/index.php/Fiji).

Image Resolution
We measured the PSF of our imaging system using 0.10 μm diameter
beads (TetraSpeck, Invitrogen), which are loaded with fluorescent
dyes with similar absorption and emission peaks to the AF488 and
AF568 used to fill neurons (Supplementary Fig. S3A,B). The size of
the PSF is usually measured by the full-width half-maximum (FWHM)
and increases with imaging wavelength. Therefore, the signal from
the AF568 dye limits the resolution achievable in our neuronal
images. Accordingly, we used the bead emission at >560 nm for PSF
measurements. The FWHMs of each PSF were measured in Fiji using
the MetroloJ plugin (http://imagejdocu.tudor.lu/doku.php?id=plugin:
analysis:metroloj:start). The FWHM of 0.10 μm diameter beads
(n = 15) before deconvolution was 0.24 [0.20–0.25] μm in the xy plane
and 0.76 [0.66–0.79] μm in the z-axis. This decreased to 0.17
[0.16–0.19] μm in the xy plane and 0.48 [0.44–0.53] μm in the z-axis
after 10 iterations of deconvolution.

The deconvolution software (AutoDeblur) returned not only the
image of the deconvolved structures, but also the PSF used for decon-
volution. We compared the measured PSF of 0.10 μm beads in the xy
plane with the PSF in the xy plane estimated by the deconvolution
software to determine how accurately the software estimated the
measured PSF and found that the 2 values were in good agreement
(AutoDeblur PSF, 0.17 μm). Therefore, we used the AutoDeblur PSF
in the xy plane to monitor the effect of imaging putative synapses in
tissue. We found that the AutoDeblur PSF enlarged to a maximum of
0.19 μm in the xy plane when imaging filled neurons in brain slices.
These data indicate that resolution is slightly reduced when imaging
neurons in lightly fixed brain slices, but that the FWHM in the xy
plane remains below the diameter of the smallest synaptic contact
zones that we and others have found with electron microscopy (EM)
(Peters and Kaiserman-Abramof 1969; Jones and Calverley 1991).

We assessed how accurately our imaging system could measure
objects near the limit of light resolution by imaging fluorescent beads
of similar sizes to synapses (Supplementary Fig. S3C–E). Importantly,
differences between the measured volumes of beads of different
diameters (0.10, 0.50, and 1.00 µm) were significant (P = 0.002, 1-way
analysis of variance [ANOVA] on ranks; P < 0.05 for all pairwise com-
parisons with the Student–Newman–Keuls method, n = 5 beads per
group). The standard deviation of the diameter of 0.50 µm beads
measured in the xy plane with confocal microscopy was small and
was comparable with the manufacturer’s data from EM measurements
(manufacturer’s standard deviation = 0.02 µm; our data = 0.03 µm).
Hence, our imaging system has the sensitivity to detect differences at
the submicrometer level.

High-resolution confocal imaging overestimates the volume of
structures near the resolution of light because the image is stretched
in the z-axis. Therefore, as an additional check of the robustness of

our findings, we used fluorescent beads with diameters similar to
those of contact zones measured with EM (Jones and Calverley 1991),
to correct for the volume overestimation attributable to fluorescence
imaging. We fitted a power law function to the relationship between
real and measured bead volumes (measured volume = 3.74(real
volume)0.92, R2 = 0.997; Supplementary Fig. S6A). We then used this
function to calculate the corrected contact zone sizes for putative
synapses in control and spared cortex (Supplementary Fig. S6B).

Classification and Measurement of Dendritic Spines and
Axonal Varicosities
Putative synapse-forming spines were classified as mushroom,
stubby, or thin, using criteria similar to those described previously
(Peters and Kaiserman-Abramof 1970; Harris et al. 1992; Knott et al.
2006). Thin spines had lengths much greater than their diameters,
and similar head and neck diameters. Mushroom spines had a much
greater head than neck diameter, and stubby spines had a similar
length and diameter. Dendritic protrusions characterized as filopodia
(thin neck >3 μm in length and no head) were rare and did not form
identified putative synapses. The boundaries of spines relative to the
dendritic shaft were defined by extending a line, parallel to the direc-
tion of travel of the dendrite, which linked the points where the spine
emerged from the dendrite, for each optical section. Spines were ex-
cluded from analysis if they merged with a neighboring spine or pro-
truded from the dendrite primarily in the z-axis such that the limits of
the spine relative to the shaft could not be determined. Axonal varic-
osities were defined as swellings of the axonal shaft with a varicosity
diameter ≥1.25 times the diameter of the adjacent axonal shaft and
fluorescence signal in the varicosity ≥1.30 greater than that of the
adjacent axonal shaft (Cheetham et al. 2008). The boundaries
between a varicosity and the adjacent axonal shaft were defined as a
points where the transverse diameter of the varicosity increased
above the diameter of the adjacent axonal shaft in each optical
section. The volume of each spine or varicosity was calculated by
measuring the area of the spine/varicosity fluorescence in contiguous
optical sections, multiplied by the z-step (0.20 μm), and summed to
give a fluorescence volume.

Identifying Putative Synapses with Light
We have described previously criteria for identifying putative sy-
napses between neurons, which are filled with different fluorophores
and are known to be synaptically connected from electrophysiological
recording (Cheetham et al. 2007). After high-resolution confocal
imaging of the neurons and image deconvolution, our putative
synapse identification criteria require that: 1) A presynaptic axonal
varicosity (Cheetham et al. 2008) and a postsynaptic dendritic spine
or shaft form an overlap that has a minimum diameter of 0.40 μm in
the higher resolution xy plane (Supplementary Results) and 2) the
overlap extends through at least 4 contiguous 0.20 μm optical sections
in the lower resolution z-axis.

We have previously tested our optical criteria for the identification
of putative synapses by reconstructing the overlaps between axons
and dendrites of L2/3 pyramidal neurons that were not synaptically
connected and estimate that our criteria have a false-positive rate of
5% (Cheetham et al. 2007). For this analysis, we reconstructed either
the unconnected direction from pairs of unidirectionally connected
L2/3 pyramidal neurons (n = 8) or pairs of unconnected L2/3 pyrami-
dal neurons (n = 2). A pair or direction was termed “unconnected”
when both cells were recorded in whole-cell mode, and action poten-
tials in 1 neuron failed to evoke EPSPs in the other neuron. A
minimum of 20 stimulus trains, each of which evoked 8 action poten-
tials at 20 Hz in the “presynaptic” neuron, were recorded and exam-
ined individually and as averages to ensure that weak or facilitating
connections were not missed. Unconnected pairs and directions were
reconstructed in the same way as described for the connected pairs of
neurons: Medium resolution z-stacks (≤120 μm; voxel,
0.14 × 0.14 × 0.43 μm; Supplementary Movie S1) encompassing the
entire dendritic arbor of both neurons were acquired and examined
for the presence of possible synapses. All regions where the axon of
one neuron passed close to a dendrite of the other neuron were
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reimaged at high resolution (voxel, 0.07 × 0.07 × 0.20 μm; intensity, 8
bit) with 8× mean averaging, and these images were deconvolved.
False-positive putative synapses fulfilled the criteria for a putative
synapse listed above.

The volume of each contact zone was calculated by measuring the
number of colocalized pixels in each contiguous optical section (Sup-
plementary Fig. S2) and summing them to give the contact zone size in
voxels. Colocalized voxels contributed to the contact zone only if they
fell within the boundaries of the varicosity and spine (for putative sy-
napses on dendritic spines) forming the putative synapse. The mean
contact zone size did not differ between pairs in spared cortex of A–C
trimmed and D–E trimmed rats (P = 0.37, Mann–Whitney rank sum
test). Therefore, data from A–C and D–E trimmed rats were pooled.

We found that each contact zone comprised at least 40 voxels
(voxel, 0.07 × 0.07 × 0.20 μm). Connections between pairs of pyrami-
dal neurons consist of 1–10 synapses distributed over the dendritic
tree (Markram et al. 1997; Silver et al. 2003; Cheetham et al. 2007).
Furthermore, we recorded only 1 synaptically connected pair of
neurons in each brain slice and filled presynaptic and postsynaptic
neurons with different fluorescent dyes. Hence, only 1 fluorescently
labeled synapse is likely to be present in each imaging voxel. These
data indicate that our imaging protocol is capable of visualizing the
smallest neocortical synapses.

Contact Zone Size and Probability of Failure
The relationship between contact zone size and the probability of
failure at a connection was well fitted by a theoretically derived power
relationship:

Probability of failure ¼ ð1� kðmean contact zone sizeÞÞn

where n is the anatomically determined number of putative synapses
forming the connection, mean contact zone size is the mean contact
zone size for the putative synapses forming the connection, and k is a
constant. The probability of failure at a connection is approximated
by (1–p)n, where p is the average probability of release of the sy-
napses forming the connection and n is the number of synapses
forming the connection. The equation assumes that the size of the
contact zone is proportional to the probability of release of that
synapse. This assumption is based on the findings that the contact
zone scales with the presynaptic active zone, whose area correlates
with the probability of release (Peters and Kaiserman-Abramof 1969;
Dyson and Jones 1980; Jones and Calverley 1991; Pierce and Lewin
1994; Harris and Sultan 1995; Dobrunz and Stevens 1997; Schikorski
and Stevens 1997; Murthy et al. 2001; Schikorski and Stevens 2001).
Furthermore, the probability of release at many synapses is linearly
related to the volume of the presynaptic varicosity (Pierce and Lewin
1994), and we show that varicosity volume is linearly related to
contact zone size (Fig. 3C). Fitting the equation to our data returned
k = 0.0017 (P < 0.001, R2 = 0.48). For display purposes, the curve
shown in Figure 5D was calculated using n = 3.65, the mean putative
synapse number for all connections.

Electron Microscopy
A P60 rat was transcardially perfused with 500 mL fresh fixative (4%
paraformaldehyde and 0.2% EM-grade glutaraldehyde in 0.1 M phos-
phate buffer [PB], pH 7.4). Brains were embedded in 5% agarose in
PB (0.1 M, pH 7.4), and 60 μm slices cut across the whisker barrel
rows (65° to the midline) in PBS (0.1 M PB, 0.9% NaCl, pH 7.4) using
a VT1000S vibratome (Leica Microsystems). Slices were then washed
in sodium cacodylate buffer (0.1 M, pH 7.4), stained in osmium tetr-
oxide with potassium ferrocyanide followed by osmium tetroxide,
and then uranyl acetate. Stained sections were embedded in Durcu-
pan resin and cured for 24 h at 65°C. The region of interest was cut
from the hardened section and serially sectioned at 50 nm thickness.
The sections were collected on single-slot grids, stained with lead
citrate, and then imaged in a CM10 transmission electron microscope
(operating at 80 kV tension) with a digital camera (Morada,
Olympus). Image alignment and morphological analysis, for example,
apposition surface, synaptic surface, and synapse density, were

carried out in Fiji running the TrakEM2 plugin. A grid method was
used to count the number of asymmetric (presumed excitatory) sy-
napses and the total number of instances where boutons and spines
were apposed, but no synapse was present. The area of either a
bouton–spine contact zone or postsynaptic density (PSD) was
measured in each EM image in which it was present, and summed to
give the total surface area in 3 dimensions.

Statistics
Normally distributed data were described by their mean ± standard
error of the mean and were analyzed using t-tests or 2-way ANOVAs
and linear regression. Data that failed normality and/or equal variance
tests were expressed as median [interquartile range]. Where possible,
these data either underwent a natural log transform to normalize their
distributions and/or equalize their variances prior to performing
t-tests, ANOVA, or linear regression. Alternatively, they were analyzed
with a Mann–Whitney rank sum test, 1-way ANOVA on ranks, or
Spearman’s rank correlation coefficient. Outliers (1 control and 1
spared putative synapse) were defined as data points outside the
range encompassed by the mean ± three standard deviations and were
excluded from the structural analysis. Percentage differences in sizes
are given as the percentage difference between the mean values for
the 2 groups if both were normally distributed with equal variances,
or otherwise as the percentage difference between median values.
Distributions were compared using Kolmogorov–Smirnov or Ander-
sen–Darling tests (Cheetham et al. 2007; Matlab, Mathworks). All stat-
istical tests were 2-tailed with alpha set at 0.05.

Data were from 13 connected pairs comprising a total of 40 puta-
tive synapses in control cortex and from 12 connected pairs compris-
ing a total of 44 putative synapses in spared cortex. Values for n,
which are quoted in the Results, differed between data sets because:
1) Not all putative synapses were formed on dendritic spines (36 puta-
tive synapses in control cortex and 31 putative synapses in spared
cortex were formed on dendritic spines) and 2) not all spines could
be measured because the spine merged with a neighboring spine or
the spine and dendritic shaft were aligned in the z-axis (27 of 36 puta-
tive synapse-forming spines in control cortex and 25 of 31 putative
synapse-forming spines in spared cortex were measured). Two recon-
structed connections in spared cortex were excluded from the prob-
ability of release, coefficient of variation, and maximum evoked EPSP
amplitude analyses because either the presynaptic or the postsynaptic
resting membrane potential was not stable (depolarized above −65
mV) during the recording period.

The relationships between the area of the postsynaptic density and
the area of the contact zone from our EM measurements; spine volume
and varicosity volume from our confocal images; and age and the size
of the varicosity, spine, or contact zone were modeled under the gener-
alized linear model framework using the “stat” package in R (R Project
for Statistical Computing; http://www.r-project.org), as described pre-
viously (Cheetham et al. 2008). The models were, respectively,

Eðpostsynaptic density areaÞ ¼ aþ b1ðcontact zone areaÞ

with the Gamma error family where E(postsynaptic density area) is the
expected area of the postsynaptic density, α and β1 are coefficients of
the model;

Eðvaricosity volumeÞ ¼ aþ b1ðspine volumeÞ þ b2ðSPÞ

with the Gaussian error family where E(varicosity volume) is the
expected volume of the varicosity, α, β1, and β2 are coefficients of the
model, and SP is a dummy explanatory variable denoting L2/3 pyrami-
dal neurons in spared cortex (spared = 1, control = 0); and

EðsizeÞ ¼ aþ b1ðageÞ þ b2ðSP� ageÞ

with the Gaussian error family where E(size) is the expected volume of
the varicosity, spine, or contact zone, age is the age of the rat on the
day of recording, α, β1, and β2 are coefficients of the model, and SP is
a dummy explanatory variable denoting L2/3 pyramidal neurons in
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spared cortex (spared = 1, control = 0). (SP × age) denotes the inter-
action between spared cortex and age. The strengths of the linear
relationships were reported using the explained deviance as a percen-
tage of the null deviance. This is the equivalent in linear regression of
the coefficient of determination, R2, which is a measure of the variance
in the data explained by the linear regression model.

Varicosity–contact zone and spine–contact zone relationships from
our fluorescence data were modeled under the generalized estimating
equations framework using the “stat” and “gee” packages implemented
in R (Cheetham et al. 2008). The models were:

Eðcontact zone voxelsÞ ¼ aþ b1ðvaricosity volumeÞ þ b2ðSPÞ
þ b3ðSHAFTÞ

Eðcontact zone voxelsÞ ¼ aþ b1ðspine volumeÞ þ b2ðSP
� spine volumeÞ

with the Gamma error family and unstructured working correlation
matrices. E(contact zone voxels) is the expected size of the contact
zone in fluorescence images, α, β1, β2, and β3 are coefficients of the
model, varicosity and spine volume are the volumes of the varicosities
and spines, respectively, and (SP × spine volume) denotes the inter-
action between spared cortex and spine volume. SP is a dummy expla-
natory variable denoting L2/3 pyramidal neurons in spared cortex
(spared = 1, control = 0). SHAFT is a dummy explanatory variable repre-
senting putative synapses formed on the dendritic shaft (putative shaft
synapse = 1, putative spine synapse = 0). Model selection was per-
formed by minimizing the quasi-likelihood criterion (Pan 2001). Two-
tailed P-values were calculated using the robust (sandwich) estimate of
variance.

Results

Altering whisker experience leads to the strengthening of local
excitatory connections between L2/3 pyramidal neurons in
spared cortex (Cheetham et al. 2007). To investigate the role of
structural remodeling in this synaptic strengthening, we pre-
pared brain slices and recorded synaptically connected pairs of
L2/3 pyramidal neurons in spared cortex of trimmed rats, or
control cortex of sham-trimmed rats (Fig. 1A–C, Supplementary
Fig. S1). Presynaptic and postsynaptic neurons were filled with
different fluorescent dyes during recording and visualized
using high-resolution laser-scanning confocal microscopy. The
images were deconvolved prior to reconstruction in three-
dimensions (3D) (Fig. 1D, Supplementary Figs S2 and S3;
Materials and Methods). This enabled us to identify the puta-
tive synapses forming local excitatory connections between
L2/3 pyramidal neurons (Fig. 1E), using criteria validated
previously (Cheetham et al. 2007). All electrophysiological
recordings, imaging, and analysis were performed blind to the
animal’s sensory experience (Cheetham et al. 2007).

We found that putative synapse number per connection
was very similar in control cortex (median [interquartile
range]: 3 [1–4] putative synapses per connection, n = 13 con-
nections) and in spared cortex (3 [2–4] putative synapses per
connection, n = 12 connections; P = 0.78, Mann–Whitney rank
sum test), as we have reported previously (Cheetham et al.
2007). There were no differences in the passive membrane
properties, location, or dendritic morphology of recorded
neurons in control and spared cortex (Supplementary
Table S1). Therefore, our data suggest that the experience-
dependent strengthening of connections between L2/3
neurons in spared cortex (see below) is attributable to poten-
tiation of the synapses forming those strengthened connec-
tions (Cheetham et al. 2007).

Axonal Varicosities Forming Putative Local Excitatory
Synapses are Larger in Spared Cortex
Stronger excitatory connections in spared cortex show greater
short-term depression of synaptic responses when the presyn-
aptic neuron fires a train of action potentials (Cheetham et al.
2007). This is thought to reflect altered function of the presyn-
aptic terminal (Zucker and Regehr 2002). Therefore, we inves-
tigated whether sensory experience modified the structure of
axonal varicosities, which form the presynaptic terminals,
at putative synapses in spared cortex. We measured the
volumes of all axonal varicosities that formed putative sy-
napses between the pairs of L2/3 pyramidal neurons that we
had recorded from (Fig. 2A). Varicosities forming putative
local excitatory synapses between L2/3 pyramidal neurons
were 62% larger in spared cortex (0.52 [0.26–0.98] μm3, n = 44)
than in control cortex (0.32 [0.21–0.57] μm3, n = 40; P = 0.019,
t-test, Materials and Methods; Fig. 2B, Supplementary Fig. S4A,
B). The distribution of varicosity volumes was also tilted to
larger volumes in spared cortex (Fig. 2B; P = 0.020, Andersen–
Darling test). This finding indicated that the increase in size of

Figure 2. Axonal varicosities and dendritic spines are larger in spared cortex. (A)
Left panels show maximum intensity projections of segments of axon in spared
cortex. Arrowheads indicate en passant (i) and terminaux (ii) varicosities that form
putative synapses. Right panels show single optical sections through the putative
synapses formed by these varicosities. Scale bars: 1 μm. (B) Empirical distribution
functions for the volumes of putative synapse-forming varicosities in control (n= 40
varicosities from 13 connections) and spared (n= 44 varicosities from 12
connections) cortex. *P=0.020, Andersen–Darling test. (C) Volumes of en passant
and terminaux varicosities forming putative synapses. Note: log scale, *P= 0.010,
t-test. (D) Left panels show single optical sections through segments of dendrite
from spared cortex. Arrowheads indicate mushroom (i), stubby (ii), and thin (iii)
spines that form putative synapses. Right panels show single optical sections through
the putative synapses formed by these spines. Scale bars: 1 μm. (E) Empirical
distribution functions for the volumes of putative synapse-forming dendritic spines in
control (n=27 spines from 13 connections) and spared (n=25 spines from 12
connections) cortex. *P= 0.038, Kolmogorov–Smirnov test. (F) Volumes of
mushroom and stubby spines forming putative synapses. Note: log scale,
**P=0.007 for spines in control versus spared cortex, 2-way ANOVA.
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varicosities forming strengthened local excitatory connections in
L2/3 of spared cortex could not be attributed to the extensive
expansion of just a subset of those varicosities.

Axonal varicosities either emerge directly from the axon
shaft (en passant) or form at the end of protrusions from the
axon shaft (terminaux; Fig. 2A). En passant varicosities that
formed putative synapses between L2/3 pyramidal neurons
were 72% larger in spared cortex (0.55 [0.25–1.22] μm3,
n = 35) than in control cortex (0.32 [0.21–0.56] μm3, n = 34;
P = 0.010, t-test; Fig. 2C). Terminaux varicosities were 20%
larger in spared cortex (0.46 [0.31–0.57] μm3, n = 9) than in
control cortex (0.38 [0.30–0.70] μm3, n = 6; P = 0.80, t-test;
Fig. 2C), but this result did not attain statistical significance,
possibly due to the small data set for terminaux varicosities
at identified putative synapses. Varicosity volume in spared
cortex increased with the duration of whisker deprivation
(Supplementary Fig. S5A). Taken together, our findings
suggested that experience-dependent strengthening of local
excitatory connections was accompanied by the progressive
enlargement of the presynaptic axonal varicosities that form
those connections.

Dendritic Spines Forming Putative Local Excitatory
Synapses are Larger in Spared Cortex
Most cortical excitatory synapses are formed on dendritic
spines (Elhanany and White 1990; Knott et al. 2006). Synaptic
strengthening induced by long-term potentiation (LTP) has
been reported to cause spine enlargement (Fifková and Van
Harreveld 1977; Matsuzaki et al. 2004; Park et al. 2004; Kopec
et al. 2007; Tanaka et al. 2008). However, there is conflicting
evidence as to whether LTP-induced spine expansion is long-
lasting at mature synapses (Sorra and Harris 1998; Lang et al.
2004; Bozdagi et al. 2010). Therefore, we explored how
spines forming putative local excitatory synapses between L2/
3 pyramidal neurons were modified by sensory experience
(Fig. 2D). Dendritic spines were 72% larger in spared cortex
(0.72 [0.38–1.08] μm3, n = 25) than in control cortex (0.42
[0.22–0.65] μm3, n = 27; P = 0.008, t-test; Fig. 2E, Supplemen-
tary Fig. S4C,D). The distribution of dendritic spine volumes
was also shifted toward larger values (P = 0.038, Kolmogor-
ov–Smirnov test; Fig. 2E). This finding indicated that most
dendritic spines forming strengthened local excitatory con-
nections in spared cortex were larger, rather than there being
expansion of just a subset of those dendritic spines.

It has been proposed that LTP-induced spine enlargement
may preferentially affect small spines (Matsuzaki et al. 2004).
It remains uncertain whether dendritic spines on neocortical
neurons can be subdivided into clearly distinguishable groups
or whether they form a continuum of shapes and sizes
(Wallace and Bear 2004; Arellano et al. 2007). However, the
classification of spines into mushroom, stubby, and thin types
(Peters and Kaiserman-Abramof 1970) remains widely recog-
nized. The proportions of different spine types (Fig. 2D)
forming putative synapses between L2/3 pyramidal neurons
were similar in control cortex (80% mushroom, 20% stubby,
n = 36) and in spared cortex (69% mushroom, 25% stubby, 6%
thin, n = 31; P = 0.91, χ2 test). Further analysis indicated that
the sizes of different spine types were affected similarly by
altered whisker experience (Fig. 2F; P = 0.78 for spine type,
P = 0.007 for spared vs. control, 2-way ANOVA). Statistical
modeling did not suggest a clear temporal profile for spine

enlargement (Supplementary Fig. S5B). We concluded that
the volumes of all spine types were increased during
experience-dependent strengthening of local excitatory corti-
cal connections.

Contact Zones are Larger in Spared Cortex
We next investigated whether the size of the contact between
a presynaptic varicosity and a postsynaptic dendrite was also
altered at strengthened connections in spared cortex. For any
putative synapse, the apposition of an axonal varicosity and a
dendrite will be visible in a fluorescence image as an overlap
of that varicosity and dendrite (Cheetham et al. 2007;
Fig. 3A). This overlap is a consequence of the closeness (≤30
nm) of axon and dendrite at contacts. EM studies show that
the diameter of the apposition between a presynaptic varicos-
ity and a postsynaptic dendrite at excitatory synapses in L2/3
of mature SI is ≥0.25 μm (Peters and Kaiserman-Abramof
1969; Jones and Calverley 1991). This is above the resolution
of our fluorescence images (Materials and Methods) and
suggests 2 important conclusions: first, our fluorescence
images would not miss the smallest contacts between neurons
and; second, the fluorescence overlap at contacts can be used
as an index of the size of those contacts. Therefore, we
measured the size of these overlaps in 3D by counting the
number of colocalized voxels.

Figure 3. Contact zones are larger in spared cortex. (A) Example of a putative local
excitatory synapse from control cortex. The contact zone (white) has been projected
onto 3 planes (left, XY; right, YZ; lower, XZ). Scale bar: 1 μm. (B) Empirical
distribution functions for contact zone size in control (n=40 putative synapses from
13 connections) and spared (n= 44 putative synapses from 12 connections) cortex.
**P= 0.006, Kolmogorov–Smirnov test. (C) Relationship between contact zone size
and varicosity volume for individual putative synapses. Voxels are ∼0.001 μm3. Lines
represent generalized estimating equation fits: E(contact zone voxels) = 29.8 + 313
(varicosity volume) + 23.8(SP) + 58.5(SHAFT) for putative synapses formed on
dendritic spines (solid) and dendritic shafts (dashed). ***P<0.001 for slope for all
groups. (D) Relationship between contact zone size and spine volume for individual
putative synapses. Lines represent generalized estimating equation fits: E(contact
zone voxels) = 74.4 + 140(spine volume) + 125(SP × spine volume); ***P<0.001
for the slope for both groups; ††P= 0.002 for control versus spared.
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We found that contact zones at putative synapses between
L2/3 pyramidal neurons were 60% larger in spared cortex (215
[145–476] voxels, n = 44) than in control cortex (134 [94–203]
voxels, n = 40; P < 0.001, t-test; Fig. 3B, Supplementary
Fig. S6A,B; Supplementary Results). The distribution of contact
zone size was tilted toward larger values in spared cortex
(P = 0.006, Kolmogorov–Smirnov test; Fig. 4B). Furthermore,
the mean contact zone size per connection was 137% larger in
spared cortex (337 ± 57 voxels, n = 12) than in control cortex
(142 ± 19 voxels, n = 13; P = 0.003, t-test). Similar results were
found when our analyses were repeated with the maximum
contact area in a single optical slice rather than the volume of
the contact zone (Supplementary Fig. S6C,D). Contact zone
size in spared cortex increased with the duration of whisker
deprivation (Supplementary Fig. S5C). The dendritic location
of the putative synapse did not affect the contact zone size
(Supplementary Fig. S7). Taken together, these data suggested
that there was a progressive increase in contact zone size at
putative synapses forming strengthened connections in spared
cortex. Furthermore, this finding could not be attributed to just
a subset of those contacts becoming much bigger (Supplemen-
tary Fig. S8).

EM studies show that the sizes of many synaptic structures
are correlated, for example, the volume of the postsynaptic
spine with the area of the postsynaptic density, although
variability is greater at bigger synapses (Harris and Stevens
1989; Schikorski and Stevens 1999). In our fluorescence
images, we found that the size of the contact zone expanded
linearly with increases in the volume of the varicosity
(Fig. 3C; slope, 313 voxels μm−3, P < 0.001; Supplementary
Results). This relationship was not affected by deprivation
status (P = 0.16). The relationship between dendritic spine
volume and contact zone size was also linear although the
slope was greater for spines in spared cortex than for spines
in control cortex (control slope 140 voxels μm−3, P < 0.001;
spared slope 265 voxels μm−3, P = 0.002; Supplementary
Results; Fig. 3D). We checked that this result was robust by

repeating the analysis after removing the 4 largest spines from
the data set and found that the slopes were similar to those
obtained for the full data set and remained statistically signifi-
cant (Supplementary Results). We found a linear relationship
between varicosity and spine volume (Supplementary Fig. S9,
P < 0.001, explained deviance 55%), as reported for other
central synapses (Schikorski and Stevens 1999). The spine–
varicosity relationship was not modified by deprivation status
(Supplementary Fig. S9, P = 0.60). Taken together, our find-
ings suggest that the enlargement of varicosities and spines
was coordinated across each strengthened putative synapse to
expand the contact zone (Lisman and Harris 1993).

Contact Zone Size Scales with Synapse Size
We explored how contact between an axon and a spine is
related to the size of synapses by performing serial section
EM through a volume of 227 μm3 of L2/3 in spared barrel
cortex. The area of all contacts (n = 92) was measured in 3D
(Materials and Methods). Synapses were present at 34 con-
tacts. All contact zones showed a synapse if the contact area
was >0.13 μm2, which was the area of the biggest nonsynaptic
contact (Supplementary Results). Only 2 synaptic contacts
had contact zones < 0.13 μm2. Hence, the vast majority (32 of
34, 94%) of synaptic contacts were larger than the biggest
nonsynaptic contact.

At synapses, the contact zone between a presynaptic varic-
osity and a postsynaptic dendrite is much larger than the
region of the synapse where neurotransmission occurs, that
is, the presynaptic active zone and PSD. Therefore, we further
analyzed our EM measurements of synapses and investigated
the relationship between the size of the contact zone and the
size of the PSD (Fig. 4A,B; Supplementary Results). We found
a strong linear relationship between the area of the contact
zone and the area of the PSD for both simple (disc-like) and
complex (e.g. perforated) PSDs (slope, β1 = 0.53 ± 0.04,
P < 0.001, explained deviance 89%, n = 34 synapses, general-
ized linear model, Materials and Methods; Fig. 4C). This indi-
cates that contact zone size was tightly related to PSD size at
presumed excitatory synapses. We concluded that the size of
the contact zone between a presynaptic varicosity and a post-
synaptic dendrite can be used as an index of synapse size.

Altered Presynaptic and Postsynaptic Functions
Strengthen Synaptic Transmission in Spared Cortex
We next explored whether the expansion of the contact zone
is linked to experience-dependent changes in synaptic func-
tion at strengthened connections. We have reported pre-
viously that the number of putative synapses per connection
does not alter in spared cortex (Cheetham et al. 2007). Hence,
synaptic strengthening could result from enhanced presyn-
aptic release and/or increased postsynaptic response size.
Presynaptic function was probed by studying failures of
neurotransmission, which occur when none of the synapses
forming a connection release neurotransmitter. We found
that the probability of failure at excitatory connections
between pairs of L2/3 pyramidal neurons was significantly
lower in spared cortex (0.00 [0.00–0.08], n = 10; Materials and
Methods) than that in control cortex (0.34 [0.06–0.59], n = 13;
P = 0.020, Mann–Whitney rank sum test; Fig. 5A,B). Further-
more, the coefficient of variation of EPSP responses
was significantly lower for connections in spared cortex

Figure 4. Contact zone size scales with synapse size in spared cortex. (A) Three
consecutive EM sections through a synaptic bouton (b) synapsing (arrowhead) with a
dendritic spine (s). Scale bar, 0.5 μm. (B) 3D reconstruction of the bouton and spine
shown in A made from serial images. (C) Relationship between PSD area and
synaptic contact zone area for excitatory synapses (n=34) in L2/3 of spared cortex.
Line represents the fit from the generalized linear model: PSD area = 0.009 + 0.53
(contact zone area); explained deviance 89%, ***P<0.001 for all synapses.
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(0.36 [0.25–0.59], n = 10) than that in control cortex (0.65
[0.32–1.40], n = 13; P = 0.028, Mann–Whitney rank sum test).
Hence, our data suggest that putative synapses with larger
contact zones at strengthened local excitatory connections in
L2/3 of spared cortex have a higher probability of release, re-
sulting in more reliable neurotransmission.

To investigate the postsynaptic response size, we measured
the maximum response evoked by a connection, which
occurs when all of the synapses forming the connection
release neurotransmitter. We first validated this method for
connections between pairs of L2/3 pyramidal neurons. We
raised the extracellular calcium concentration from 2 to 5 mM
to increase the presynaptic release probability and measured
the effect on synaptic transmission and the maximum evoked
uEPSP amplitude. This increase in extracellular calcium con-
centration resulted in a decrease in the probability of failure

for the first uEPSP in the stimulus train (2 mM, 0.31 ± 0.08;
5 mM, 0.06 ± 0.04; P = 0.010, paired t-test, n = 5 connections),
indicating that baseline presynaptic release probability had
increased. However, the maximum evoked uEPSP amplitude
recorded sequentially in 2 and 5 mM extracellular calcium did
not change (2 mM, 0.45 ± 0.05 mV; 5 mM, 0.45 ± 0.03 mV;
P = 0.92, paired t-test, n = 5 connections). We concluded that
the maximum evoked uEPSP amplitude is not significantly af-
fected by changes in release probability at local excitatory
connections in L2/3 and, therefore, provides a good measure
of the postsynaptic response when all synapses forming the
connection release neurotransmitter.

We then tested the effect of altered sensory experience
on the maximum evoked uEPSP amplitude. The maximum
evoked uEPSP amplitude was significantly larger for connec-
tions in spared cortex (1.06 [0.65–2.07] mV, n = 10) than that
in control cortex (0.55 [0.27–0.84] mV, n = 13; P = 0.032, t-test;
Fig. 5C). These findings indicate that postsynaptic responses
are larger in spared cortex, as would be predicted for sy-
napses formed on larger dendritic spines (Fifková and Van
Harreveld 1977; Matsuzaki et al. 2004; Park et al. 2004).

Structure–Function Relationship at Neocortical Synapses
Our data indicate that behavioral experience resulted in both
functional strengthening and expansion of contact zones at
putative synapses between L2/3 pyramidal neurons in spared
cortex. Therefore, we next explored the relationship between
contact zone size and function at these putative synapses.
We modeled each putative synapse forming a connection as
a theoretical, “average” synapse, whose properties were the
mean of all the synapses forming the same connection, equiv-
alent to a simple binomial model in quantal analysis. This
model eliminates any variability between synapses compris-
ing a connection. We related presynaptic structure and func-
tion by deriving a relationship (Materials and Methods)
between the mean contact zone size and the probability of
failure at a connection:

Probability of failure ¼ ð1� kðmean contact zone sizeÞÞn

where n is the anatomically determined number of putative
synapses forming the connection and k is a constant. The
derived equation gave a good fit to all data points (Fig. 5D,
P < 0.001, R2 = 0.48), suggesting that contact zone size and
probability of release co-vary in the mature cortex.

To investigate the postsynaptic structure–function relation-
ship, we first estimated the EPSP amplitude evoked by an
average synapse by dividing the maximum evoked EPSP am-
plitude by the number of putative synapses comprising the
connection. The mean postsynaptic response evoked by an
average synapse was linearly related to mean contact zone
size in the pooled data (Fig. 5E; P = 0.003, R2 = 0.35, linear
regression). This finding indicates that contact zone size and
postsynaptic response amplitude co-vary in the mature cortex.

Discussion

We investigated how the structure of synaptic contacts is
modified when the synaptic connections between neurons
undergo experience-dependent strengthening. Our findings
show that the varicosities, spines, and the interposed contact
zones forming strengthened excitatory cortical connections

Figure 5. Excitatory connections in spared cortex are stronger and more reliable. (A)
Example recordings of: (i) presynaptic action potential and postsynaptic failure; (ii)
presynaptic action potential and maximum evoked uEPSPs in control (blue) and
spared (orange) cortex (single traces). Scale bars: 40 mV, 0.5 mV; 10 ms. (B)
Scatterplot of probability of failure. *P=0.020, Mann–Whitney test. (C) Scatterplot
of maximum evoked uEPSP amplitude. *P=0.032, t-test. (D) Relationship between
mean contact zone size and probability of failure. Curve represents the power fit to
data, y= (1–0.0017x)3.65. (E) Relationship between mean contact zone size and
maximum evoked uEPSP amplitude per synapse. Line represents linear regression fit
to all data points; Maximum evoked uEPSP amplitude= 0.0629 + 0.0012(mean
contact zone size). n= 13 control and 10 spared connections. (F) Schematic
showing that naïve synapses (i; active zone, red; postsynaptic density, blue; contact
zone, cyan) become functionally stronger and structurally larger in spared cortex (ii).
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are larger following weeks of altered sensory experience in
vivo (Fig. 5F). Importantly, the differences in function of
strengthened synapses paralleled the structural modifications.
Hence, synapse structure contains information on differences
in synaptic function induced by behavioral experience. The
greater reliability of strengthened connections that we report
is consistent with the increased probability of neurotransmit-
ter release from presynaptic terminals and the increased
maximum evoked uEPSP amplitude per connection indicates
that the postsynaptic response to neurotransmitter release is
enhanced. Pansynaptic enlargement, therefore, provides a
mechanism by which increases in both presynaptic and post-
synaptic strength can be stably maintained in the mature
cortex.

The larger size of synaptic contacts that we report could be
due to the enlargement of existing synaptic contacts or the
growth of new, larger synapses. We have shown previously
that the number of dendritic spines on L2/3 pyramidal
neurons in spared cortex is not affected by sensory experience
(Cheetham et al. 2007). This suggests that growth of new,
larger synapses would be offset by loss of smaller, weaker sy-
napses to keep spine number constant. L2/3 pyramidal
neurons in the mature cortex undergo a low level of synapse
turnover (Holtmaat et al. 2005; De Paola et al. 2006), which is
increased by altering sensory experience (Holtmaat and
Svoboda 2009) and may contribute to memory formation
(Cheetham et al. 2008; Hofer et al. 2009; Xu et al. 2009; Yang
et al. 2009). Typically, new synapses are formed by thin
spines with small heads (Knott et al. 2006). Hence, our data,
which show generalized spine expansion, indicate that
experience-dependent growth of new synapses should at least
parallel the enlargement of existing synapses. However, our
data cannot distinguish the relative contributions of the enlar-
gement of existing synapses and the growth of new synapses.
This will require technological advances to permit longitudi-
nal super-resolution imaging deep in the living brain
(Berning et al. 2012).

Role of Presynaptic Structure in Synaptic Strengthening
The hypothesis that mature presynaptic terminals remodel
during synaptic strengthening (Hebb 1949) has received sur-
prisingly little attention. Strengthening of presynaptic func-
tion may be a feature of late LTP in the hippocampus
(Bayazitov et al. 2007). However, EM studies have found little
evidence for the enlargement of axonal boutons within 1 day
of LTP induction (Fifková and Van Harreveld 1977; Chang
and Greenough 1984). Our data demonstrate that the expan-
sion of presynaptic terminals is an integral part of the struc-
tural plasticity that accompanies experience-dependent
synaptic strengthening in vivo. Furthermore, the remodeling
of synaptic boutons in the mature cortex occurred over days
to weeks, mirroring the strengthening of local excitatory con-
nections in spared cortex (Cheetham et al. 2007). Hence, the
discrepancy between our findings and those following hippo-
campal LTP may be attributable to the kinetics of structural
remodeling in mature cortex and/or a requirement for re-
peated or prolonged periods of altered input before remodel-
ing of axonal boutons becomes evident.

How are structure and function linked at presynaptic term-
inals? The probability of release at central synapses is widely
thought to be directly related to the number of synaptic

vesicles that are docked at the presynaptic active zone
(Dobrunz and Stevens 1997; Schikorski and Stevens 2001),
which is, in turn, strongly correlated with the area of the
active zone and with bouton volume (Pierce and Lewin 1994;
Harris and Sultan 1995; Schikorski and Stevens 1997; Murthy
et al. 2001). In spared cortex, we found that varicosity
volumes were larger, the coefficient of variation of postsyn-
aptic responses was lower, and the probability of failure of
neurotransmission had decreased. Hence, our structural and
functional findings are consistent and indicate that the prob-
ability of release had increased at excitatory synapses
between L2/3 pyramidal neurons in spared cortex.

Role of Postsynaptic Structure in Synaptic Strengthening
Many previous studies of synaptic structural plasticity have
focused on remodeling of postsynaptic dendritic spines. Early
EM studies showed mixed effects of LTP on spine size
(Fifková and Van Harreveld 1977; Chang and Greenough
1984; Sorra and Harris 1998; Yuste and Bonhoeffer 2001),
possibly due to the difficulty of identifying potentiated sy-
napses (Harris et al. 2003). More recently, live imaging
studies of cultured hippocampal neurons have shown rapid,
input-specific spine enlargement induced by LTP (Lang et al.
2004; Matsuzaki et al. 2004; Park et al. 2004; Kopec et al.
2006). Some studies found that spine enlargement lasts for
>1 h at small spines, but is lost within tens of minutes at
larger spines (Matsuzaki et al. 2004; Tanaka et al. 2008). This
led to the proposal that small spines act as “learning spines”
and larger spines are “memory spines” (Kasai et al. 2003; Mat-
suzaki et al. 2004). However, other studies have reported sus-
tained (>1 h) expansion of spines of all sizes using a range of
LTP-induction protocols (Kopec et al. 2006; Steiner et al.
2008; Yang et al. 2008; Bozdagi et al. 2010).

The maturity of the tissue may also affect structural remo-
deling of spines. Persistent LTP-induced spine enlargement
has been difficult to elicit in mature hippocampus in vitro
(Sorra and Harris 1998; Lang et al. 2004), although it has
been reported more recently (Bozdagi et al. 2010). Dendritic
spine enlargement in vivo has been described on pyramidal
neuron apical tufts in layer 1 of the neocortex after motor
training (Harms et al. 2008) or repeated episodes of monocu-
lar deprivation (Hofer et al. 2009). However, when motor
training lasted only a few days, spine expansion was not
maintained, suggesting that it can be transient (Harms et al.
2008). We found that dendritic spines at putative synapses
forming strengthened connections in the mature neocortex
were larger following weeks of altered in vivo sensory experi-
ence. Furthermore, our results indicate that all spine types are
modified by prolonged periods of altered sensory experience
in vivo. Taken together, our findings support the view that all
spine types are capable of persistent enlargement in the
mature brain.

EM reconstructions show that spine volume, PSD area, and
AMPA receptor number are all highly correlated at central sy-
napses (Harris and Stevens 1989; Kharazia and Weinberg
1999; Schikorski and Stevens 1999; Knott et al. 2006; Arellano
et al. 2007). The enhanced postsynaptic response and en-
larged dendritic spines that we found both suggest that there
is a persistent increase in AMPA receptor number at local
excitatory synapses onto L2/3 pyramidal neurons after pro-
longed behavioral experience in mature animals.
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Expansion of Contact Zones at Strengthened Synapses
We found that contact zones between pyramidal neurons
were larger at strengthened connections in spared cortex.
However, our EM data indicate that neurons also form nonsy-
naptic contacts, which are usually smaller than synapses (Sup-
plementary Results). These nonsynaptic contacts would
appear as overlaps in our fluorescence images and could con-
found interpretation of our results. We addressed this issue by
combining high-resolution imaging, image deconvolution,
and stringent criteria for identifying putative synapses. We
have previously validated our methods by analyzing fluor-
escence overlaps between pairs of L2/3 pyramidal neurons
that were not connected electrophysiologically and found a
false-positive rate of only 5% (Cheetham et al. 2007). Hence,
the vast majority of contact zones that we report are the sites
of synapses.

Our EM data showed a strong linear relationship between
contact zone size and PSD area, indicating that they are
tightly coupled. Hence, the enlargement of the contact zone
that we found in our fluorescence images suggests that PSDs
are also expanded at strengthened connections.

Coordinated Presynaptic and Postsynaptic Enlargement
Studying either presynaptic or postsynaptic structures in iso-
lation provides an incomplete picture of structural synaptic re-
modeling. We imaged both the presynaptic and postsynaptic
structures forming individual putative synapses and their in-
terposed contact zones. Contact zone size was linearly related
to both varicosity and spine volumes at individual putative sy-
napses in the adult cortex. Our data suggest that presynaptic
and postsynaptic structural remodeling is coordinated to
expand the contact zone and PSD at individual synapses
(Lisman and Harris 1993). The coordinated enlargement of
apposed presynaptic and postsynaptic terminals could be
implemented in many ways, for example, by transsynaptic sig-
naling via synaptic cell adhesion molecules, such as neurex-
in–neuroligin (Choi et al. 2011), N-cadherin (Bozdagi et al.
2010; Mendez et al. 2010), integrins (Chavis and Westbrook
2001), neural cell adhesion molecules (Dalva et al. 2007), or
via retrograde messengers (Regehr et al. 2009). However, the
enlargement of presynaptic and postsynaptic terminals in
the mature cortex need not be precisely temporally matched,
nor employ the same mechanisms. Determination of the
precise timing of the enlargement of varicosities and their
apposed spines at synaptic contacts will require longitudinal
super-resolution imaging deep in the living brain (Berning
et al. 2012). Unraveling how structure and function are coor-
dinated across the entire synapse in the adult brain will
provide insights into how synapse structure supports synaptic
computation.
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Supplementary material can be found at: http://www.cercor.oxford-
journals.org/
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