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Neocortical circuits can be altered by sensory and motor experience, with experimental evidence supporting both anatomical and electrophys-
iological changes in synaptic properties. Previous studies have focused on changes in specific neurons or pathways—for example, the thalamo-
cortical circuitry, layer 4-3 (L4-L3) synapses, or in the apical dendrites of L5 neurons— but a broad-scale analysis of experience-induced
changes across the cortical column has been lacking. Without this comprehensive approach, a full understanding of how cortical circuits adapt
during learning or altered sensory input will be impossible. Here we adapt an electron microscopy technique that selectively labels synapses, in
combination with a machine-learning algorithm for semiautomated synapse detection, to perform an unbiased analysis of developmental and
experience-dependent changes in synaptic properties across an entire cortical column in mice. Synapse density and length were compared
across development and during whisker-evoked plasticity. Between postnatal days 14 and 18, synapse density significantly increases most in
superficial layers, and synapse length increases in L3 and L5B. Removal of all but a single whisker row for 24 h led to an apparent increase in
synapse density in L2 and a decrease in L6, and a significant increase in length in L3. Targeted electrophysiological analysis of changes in
miniature EPSC and IPSC properties in L2 pyramidal neurons showed that mEPSC frequency nearly doubled in the whisker-spared column, a
difference that was highly significant. Together, this analysis shows that data-intensive analysis of column-wide changes in synapse properties
can generate specific and testable hypotheses about experience-dependent changes in cortical organization.

Key words: automated; development; electron microscopy; machine learning; synapse detection; synaptic plasticity

Significance Statement

Development and sensory experience can change synapse properties in the neocortex. Here we use a semiautomated analysis of
electron microscopy images for an unbiased, column-wide analysis of synapse changes. This analysis reveals new loci for synaptic
change that can be verified by targeted electrophysiological investigation. This method can be used as a platform for generating
new hypotheses about synaptic changes across different brain areas and experimental conditions.

in sensation or behavioral output, such as in sensory cortex
after altered sensory input, in the amygdala after fear condi-
tioning, or in the hippocampus after spatial navigation and
recall tasks. Typically, only a small region of the selected brain
area is examined because of the experimental difficulty re-
quired to characterize these changes. For example, in the bar-
rel field within the primary somatosensory (S1) cortex, in vivo
imaging of dendritic spines, originating from apical dendrites

Introduction

Abundant anatomical and electrophysiological evidence indi-
cates that synapses across the brain are shaped by in vivo ex-
perience. Typically, these experiments are directed toward
examination of synapses from a specific brain area implicated
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of thin-tufted layer 5 (L5) pyramidal neurons arborizing in L1,
has shown that there are experience-dependent alterations in
spine properties (Holtmaat and Svoboda, 2009). At the same
time, paired-cell recordings in S1 L2/3 pyramidal neurons in-
dicate changes in connectivity strength between cells after al-
tered sensory input (Cheetham et al., 2007; Wen and Barth,
2011). Whether these are exclusive, or even major, sites of
change has not been examined systematically. These highly
focused investigations have not addressed large-scale changes
in circuit structure and function that might reveal coordinated
altering of specific pathways by sensory or behavioral experi-
ence. As a first step toward this goal, we performed unbiased,
high-throughput analysis of synapse properties over a large
anatomical area to reveal additional loci of synaptic
rearrangements.

We take advantage of an electron microscopy (EM) technique
that uses ethanolic phosphotungstic acid (EPTA) to enhance vi-
sualization of synaptic structures while removing signal from
other cellular structures (Bloom and Aghajanian, 1966, 1968)
and then detect them with a machine-learning algorithm (Nav-
lakha et al., 2013) to quantitatively compare synapse density and
length across different experimental conditions. We use selective
whisker stimulation, in which all but a single row of facial vibris-
sae have been removed, [single row experience (SRE); Wen et al.,
2013], as a platform to test whether this unbiased, algorithmic
approach can be used to detect experience-dependent changes in
synapse organization across an entire cortical column.

Alterations in sensory input have been well established to in-
duce synaptic plasticity and changes in sensory-evoked firing in
S1 cortex of rodents (Fox, 1992; Diamond et al., 1994; Glazewski
and Fox, 1996; Bender et al., 2006; Benedetti et al., 2009; Jacob et
al., 2012). At the end of postnatal week 2 [postnatal day 14 (P14)],
24 h of SRE is associated with an increase in the synaptic strength
of individual excitatory synapses from L4 to L3 neurons (Wen
and Barth, 2011). This rapid plasticity ceases to occur after P15,
although different forms and durations of sensory experience
continue to drive synaptic changes and alterations in firing out-
put throughout adult life (Trachtenberg et al., 2002; Cheetham et

Translaminarisolation and analysis of D-row synapses from mouse barrel cortex. A, Schematic showing the dissection
angle for visualization of all five barrel rows. B, Example cytochrome oxidase-stained tissue from a P14 mouse showing all five
barrel rows. Scale bar, 1 mm. C, Example tissue section imaged under TEM. Scale bar, 100 wm. D, Example TEM image. Scale bar,
500 nm. E, Mosaic showing examples of manually identified synapses for classifier training. Scale bar, 200 nm.
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al., 2007; Wilbrecht et al., 2010; Jacob et
al., 2012). Thus, we hypothesized that
EPTA-assisted analysis of synaptic prop-
erties would be consistent with previous
findings as well as reveal new sites of cir-
cuit change.

Initially, we examined synaptic density
across the cortical column in 21 control,
undeprived animals, acquiring 9775 im-
ages representing ~10% of the column
height. Surprisingly, we observed that
mean synapse density values could vary
substantially across animals, a property
that was most pronounced for superficial
layers at P14 and was reduced in older an-
imals (P18). We then examined whether
24 h of SRE in P14 animals could alter
mean synapse density and length. We
found that L2 and L6 were likely sites of
change for synapse density and L3 and
L5A were sites for changes in synapse
length. Although SRE-dependent changes
in synapse length were consistent with
previous electrophysiological studies
showing an increase in glutamatergic
quantal amplitude between L4-L3 neurons (Wen and Barth,
2011), coordinated changes in synapse density and length across
other cortical layers have not been, to our knowledge, reported
previously. These data corroborate previous, highly focused an-
atomical and electrophysiological studies and stimulate new hy-
potheses about how altered sensory input can rewire neural
circuits across the cortical column.

Materials and Methods

Animals. Wild-type C57BL/6 (Harlan origin, raised onsite) mice, of ei-
ther sex, were birth-dated by daily cage checks. At P13, litters were di-
vided into two groups: (1) a control group; and (2) an SRE group. Both
control and SRE-treated animals were subjected to a brief period (<1
min) of isoflurane anesthesia on the day of SRE treatment. For the SRE
group, all but the D-row whiskers were plucked gently from the right side
of the animal’s face. All whiskers on the left side (ipsilateral) were fully
removed (Glazewski et al., 2007; Wen et al., 2013). The control group was
subjected to sham plucking by gently tugging at the whiskers with a pair
of forceps. A total of 21 P14 animals were used as sham-plucked controls,
and 19 P14 animals were subjected to SRE. Eight control, sham-plucked
P18 mice were used and also subjected to brief isoflurane anesthesia for
consistency. Twenty-four hours later, the animals were killed by decapi-
tation, and their brains were dissected out and immersion fixed in ice-
cold 2.5% glutaraldehyde (Electron Microscopy Sciences) in 0.1 M
phosphate buffer (PB). After 24 h of glutaraldehyde fixation at 4°C,
brains were equilibrated with PB and 30% sucrose solution and stored at
4°C until sectioning.

Tissue preparation. To preserve the order of barrel column rows (A-E)
in the hemisphere contralateral to the spared D-row whiskers, brains
were cut at 45° to the midline (Fig. 1A) for cryostat sectioning (Finnerty
et al., 1999). Sections were cut at 50 wm thickness and stored in PB. The
A-E row of barrels was visualized by mitochondrial (cytochrome oxi-
dase) staining (Land and Simons, 1985), and sections in which the D row
could be unambiguously identified as the second-most medial barrel of
five distinct barrels in the specimen were selected for manual tissue dis-
section (Fig. 1B). In only two to three 50-um-thick sections were all rows
unambiguously present; specimens without five clear barrels present
were excluded from additional analysis. Because barrels within the pos-
teromedial barrel subfield are larger, ranging from 150 to 300 wm in
diameter, visualization of a clear cytochrome oxidase signal in the
second-most medial barrels likely indicated that the section was from the
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middle of the D barrel. Dissected columns were typically 200-300 wm
wide and spanned the pial surface to the white matter, and only one
column per animal was evaluated (Fig. 1C). When comparisons between
EPTA-EM and traditional EM staining were made, tissue from adjacent
50-um-thick sections from the same animal were examined.

EM tissue preparation. For EPTA staining of synapses (Bloom and
Aghajanian, 1966, 1968), the dissected 50-um-thick section was washed
three times in distilled water (5 min each), followed by incubation in
0.02% NaOH in water for 10 min. The tissue was dehydrated with an
ascending series of ethanol baths (25, 50, 70, 80, 90, and 100%; 5 min
each). A 1% phosphotungstic acid (PTA; Ladd Research) solution was
prepared in 100% EtOH. A critical step for this solution was the addition
of a tiny amount of water, via a 95% ethanol solution (7 ul of 95%
ethanol per 1000 ul of PTA solution, for a final H,O concentration of
0.035%). The dehydrated tissue was moved into the PTA solution and
incubated at room temperature, with shaking, for 1 h. PTA was washed
from the sample with two changes of 100% ethanol. Next, propylene
oxide (PO; Electron Microscopy Sciences) was used as a transitional
solvent, in which the first change of PO was on ice, and then the specimen
was infiltrated with Spurr embedding resin (Ted Pella) and then polym-
erized at 60°C for 48 h. Finally, 100 nm sections were cut using a diamond
knife (Delaware Diamond Knife) on an Ultracut-E ultramicrotome
(Riechert Jung) and were picked up using single-slot copper grids (Elec-
tron Microscopy Sciences).

For conventional EM imaging, the dissected 50-um-thick sections
were incubated with 1% OsO, in PBS for 1 h, followed by three distilled
H,O washes and then dehydrated and embedded in Spurr resin as de-
scribed above. Sections were cut at 100 nm and exposed to 0.89% lead
citrate solution in water for 1 h (Reynolds, 1963) before imaging.

Image acquisition. Samples were viewed on a Hitachi H-7100 transmis-
sion electron microscope (TEM; Hitachi High Technologies America)
operating at 75 kV. Digital images were obtained using a Kodak Mega-
plus 1.6i camera and the AMT Advantage 10 CCD Camera System (Ad-
vanced Microscopy Techniques) and NIH Image software. The electron
beam was scanned across each cortical layer parallel to the pial surface
and non-overlapping images (8—10 wm apart) were obtained in a con-
tinuous manner (Fig. 1C). Approximately 100 images, each representing
a4.31 X 4.31 um region were captured for each layer (Fig. 1D).

Laminar identity. After mounting on copper grids, tissue specimens
exhibited ~25% shrinkage. This was determined by comparing the col-
umn height (H) as marked by the separation between fiduciary land-
marks, namely the pia and an angular cut that was manually made
underneath L6, for resin-embedded specimens compared with the 100-
nm-thick mounted section. Laminar depths were determined based on
previous reports (Lefort et al., 2009), and images were taken after adjust-
ing the depths for the relative shrinkage for each sample (the specimen
height from the embedded sample, compared with the 100-nm-thick
section cut from the embedded sample for imaging). Laminar depths for
imaging were as follows: (1) L1, 50 wm; (2) L2, 125 pwm; (3) L3, 325 um;
(4) L4, 500 wm; (5) L5A, 600 wm; (6) L5B, 725 wm; and (7) L6, 900 wm.

Shrinkage Factor (s) = Hppyi/H,esin» Where Hypy, was the distance
between the pia and L6 landmark under TEM, and H,;,, was the distance
between pia and L6 landmark in resin.

Adjusted depth of layers (d) = D X s, where D was the depth from
previous reports (Lefort et al., 2009), and s was the shrinkage factor.

Cytoarchitectural features, including L1 as a cell-sparse region adja-
cent to a dense layer of cell bodies representing L2, L4 with characteristic
smaller granular cell nuclei, and L5A with the emergence of larger cell
nuclei adjacent to L4, were also used to corroborate laminar identity.
Overall cortical thickness did not change during the developmental win-
dow examined (P14 L1-L6 thickness, 1.16 * 0.06 mm, n = 4 versus P18,
1.22 £ 0.02 mm, n = 3; depth of layer 4 from the pia, P14, 0.48 = 0.07
mm versus P18, 0.46 = 0.03 mm; all values mean * SD).

Image analysis. Images were analyzed using custom-written software
in MATLAB (MathWorks). First, the contrast of each image was en-
hanced using a contrast-limiting adaptive histogram equalization algo-
rithm (Zuiderveld, 1994), and each image was binarized using a single,
sample-independent threshold. The remaining pixels were linked into
connected segments, or objects, in each image. Objects were filtered to
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exclude very small (<5.5 X 10° nm?) or very large (>66 X 10° nm?)
components, because these were unlikely to be synapses. A 75 X 75 pixel
square patch was isolated around the centroid of the selected objects so as
to use the features of the immediate neighborhood of the objects for
better classification. To eliminate variability attributable to variable ori-
entations of the objects, all of them were rotated using a Hough transfor-
mation so that their major axis were oriented vertically (Navlakha et al.,
2013). Synapses were identified based on the following features: (1) the
presence of a highly electron-opaque band, representing the postsynaptic
membrane (Bloom and Aghajanian, 1966); (2) the presence of either
circular electron-opaque structures or another less intense electron-
opaque band arranged parallel to the postsynaptic membrane; (3) a well
defined gap between the postsynaptic and presynaptic structures repre-
senting the synaptic cleft; and (4) no more than two electron-opaque
bands arranged in parallel (often found in mitochondrial structures).
The surrounding box was cropped down and objects were identified
withina 61 X 61 pixel (256 X 256 nm) square patch around its centroid.
A support vector machine machine-learning algorithm was used to clas-
sify objects as synapses based on texture- and shape-based features (Nav-
lakha et al.,, 2013). The classifier was trained using 1665 manually
identified synapse examples (Fig. 1E) and 10,441 nonsynapse examples.
Given a candidate object, the classifier assigned a score between 0 and 1
representing the likelihood that this object represented a synapse based
on its features. To use the classifier on new images in this study and to
account for natural heterogeneity in sample quality (tissue staining, mi-
croscope lightning, etc.), a randomly selected 10% of the images from
each sample were labeled manually to generate a test dataset of synapses
and nonsynapses. Classifier performance for each sample, S, was evalu-
ated on the test dataset (generated from S), to determine the appropriate
confidence threshold to apply to all images in S. The threshold used was
selected so that the positively labeled set of objects (synapses) identified
by the classifier for each sample had a recall value of 50% (half of the
manually identified synapses had a score above the threshold selected),
where recall is defined as follows: Recall = TP/(TP + EN), where TP is
true positives, and FN is false negatives.

Given a threshold leading to a 50% recall, we computed the precision
for each sample, where precision is the probability that a predicted syn-
apse was truly a synapse in the test dataset: Precision = TP/(TP + FP),
where TP is true positives, and FP is false positives.

Computed precision values for each sample layer ranged from 11 to
100% (mean of 75% among control and SRE-treated animals) at P14,
whereas they ranged from 30 to 100% (mean of 73% among control P18
animals). To calculate synapse density, we adjusted synapse density val-
ues to take into account potential FP synapses that the classifier exhibited
at 50% recall. Final estimates of synapse density were then multiplied by
2 (to account for the recall value) to estimate actual synapse numbers:
Final synapse density = Synapse density reported by the algorithm X
Precision of algorithm for that sample X 2.

Synapse length measurements were obtained from each object by fit-
ting an ellipse to the object (i.e., the synapse) and calculating the major
axis length (Navlakha et al., 2013). Synapse curvature was not corrected
for; thus, synapse length measurements may be underestimated. For syn-
apse length measurements, it was critical to ensure that only TP, i.e., bona
fide synapses, were used for our calculations. Therefore, only samples
that had precision values >75% were used for these calculations. Conse-
quently, the number of animals included in the analysis could vary by
layer. The synapse detection algorithm (and human observers) could not
distinguish between excitatory and inhibitory synapses. Thus, the
changes reported in this study encompass all classes of synapses.

Whole-cell recording. Animals were anesthetized with isoflurane and
decapitated. Acute brain slices at 350 wm thickness were prepared by an
“across-row” protocol (Finnerty et al., 1999). Slices were vibratome sec-
tioned in artificial CSF at 2—6°C composed of the following (mm): 119
NaCl, 2.5 KCl, 2.5 CaCl,, 1.3 MgSO,, 1 NaH,PO,, 26.2 NaHCO;, and 11
glucose (equilibrated with 95% O,/5% CO,). Slices were maintained and
whole-cell recordings were performed at room temperature. Somata of
upper L2 pyramidal neurons (=175 um from the pial surface) in the
D-row column were targeted for whole-cell recording with borosilicate
glass electrodes with a resistance of 6—8 M(). Electrode internal solution



Chandrasekaran et al. @ EM Analysis of Synaptic Changes in the Neocortex

Table 1. P14 versus P18 synapse densities

P14 control P18 control

Animals Mean = SD Animals Mean = SD

(n) (synapses/m?) (n) (synapses/um?)
L1* 14 0.246 = 0.044 7 0.356 = 0.081
L2t 20 0.241 = 0.062 8 0.328 = 0.060
13 20 0.253 = 0.089 8 0.330 = 0.050
L4 19 0.231 = 0.084 8 0.303 = 0.041
L5A 9 0.249 = 0.071 8 0.309 = 0.052
L5B 9 0.217 £ 0.035 8 0.276 = 0.076
L6 9 0.219 = 0.052 8 0.201 = 0.054
*Significant increase at P18, p = 0.0007.
*Significant increase at P18, p = 0.0022.
Table 2. P14 control versus 24 h SRE synapse densities

P14 control P14 24 h SRE

Animals Mean = SD Animals Mean =+ SD

(n) (synapses/um?) () (synapses/um?)
L1 14 0.246 = 0.044 15 0.232 = 0121
12 20 0.241 = 0.062 18 0.287 * 0.089
13 20 0.253 = 0.089 18 0.273 = 0.088
L4 19 0.231 = 0.084 19 0.247 = 0.081
L5A 9 0.249 £ 0.071 9 0.228 = 0.067
L5B 9 0.217 = 0.035 9 0.194 = 0.060
L6 9 0.219 = 0.052 9 0.161 = 0.054

was composed of the following (in mwm): 130 cesium, 10 HEPES, 0.5
EGTA, 8 NaCl, 4 Mg-ATP, and 0.4 Na-GTP, pH 7.25-7.30 (290-300
mOsm), containing trace amounts of Alexa Fluor-568. Pyramidal cell
identity was confirmed after the recording session by pyramidal soma
morphology and the presence of dendritic spines. Only cells with Ry,
=40 MQ and R;,,,,, =200 M{), in which changes in either measurement
were <30% were included for analysis. Electrophysiological data were
acquired by Multiclamp 700A (Molecular Devices) and a National In-
struments acquisition interface. The data was filtered at 3 kHz, digitized
at 10 kHz, and collected by Igor Pro 6.0 (Wavemetrics).

Recordings were performed with 0.5 um tetrodotoxin (Sigma) in the
bath solution, and L2 pyramidal neurons were voltage clamped at —70 or
10 mV for isolation of miniature EPSCs (mEPSCs) and mIPSCs, respec-
tively. Isolated, asynchronous events were selected manually and ana-
lyzed using Minianalysis software (Synaptosoft). The detection threshold
for events was set at 2X root mean square noise (usually ~4-5 pA), and
data were filtered with a low-pass filter at 1 kHz.

Statistics. Mean synapse density for each animal was calculated using
the “final synapse density” value measured for individual layers. These
values were averaged across all animals in a group to provide a group
mean for each layer (Tables 1, 2). All values are presented as mean = SEM
unless indicated. To assess significance across ages or whisker experience,
we used a unpaired, two-tailed f test to compare individual layers, fol-
lowed by a Benjamini—-Hochberg correction for controlling false discov-
ery rate (d) with significance set at p = 0.5 for multiple comparisons. In
this method, all the p values (p,, . . ., p,,) from n comparisons (n = 7 for
this study, because the analyses were performed for 7 cortical layers) are
arranged in ascending order, and all p values (p,,..., p;) are declared
significant, where k denotes the largest p value index i for which p; = d/n.

mEPSC and mIPSC amplitude and frequency was compared for ani-
mal (not cell) averages across conditions using a two-way ANOVA, fol-
lowed by a post hoc Tukey’s HSD test.

For analysis of synapse length, length measurements from all identi-
fied synapses from samples with a precision =75% were included but
weighted to ensure that the population distribution was not biased by
synapses from any one sample. For differences in mean length of syn-
apses, a two-way ANOVA for mean synapse length across conditions and
layers was performed. For cumulative histograms of synapse lengths in
any given layer, we used a two-sample Komolgorov—Smirnov (K-S) test,
with Benjamini-Hochberg correction for multiple comparisons.
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Results

Animal-to-animal variability in synapse density
measurements

To understand how synapse properties might vary across a pop-
ulation of control animals—a necessary analysis before applying
this method across a variety of experimental conditions—we ini-
tially focused on EPTA-EM data collected from P14 animals.
Synapse density and length measurements for 16,240 synapses
were made for each cortical lamina, in 21 animals from eight
different litters. Overall, mean density calculated across all ani-
mals in the P14 undeprived animal dataset was similar across
layers (Fig. 2A), a developmental characteristic consistent with
previous studies (Huttenlocher and Dabholkar, 1997).

One advantage of a semiautomated synapse detection algo-
rithm is that it enables sampling of broad areas of the cortex—an
entire cortical column in a laminar-specific manner—to obtain
large numbers of example synapses. Do these large datasets re-
duce experimental variability, either within a sample or across
samples? We found that the large number of synapses collected
for each animal was sufficient to reduce variability from subsam-
pling (Fig. 2B). As expected, as the image dataset expanded, the
SD of mean synapse density decreased, until at least 50 images
were included (Fig. 2C). Thus, 90—120 images were typically used
to calculate synapses density from each layer.

Mean synapse density values for individual animals at P14
were highly variable. This did not appear to stem from our algo-
rithmic detection method, because a direct comparison of syn-
apse density identified by either EPTA-staining or conventional
EM (from adjacent sections from the same tissue specimen)
showed a high correlation between these values (Fig. 2D-F).
EPTA-assisted semiautomated synapse detection typically classi-
fied more synapses than visually identified synapses from con-
ventional EM images (Fig. 2D), a result that may be attributed to
better detection of small synapses.

Did across-animal variability in mean synapse density come
from differences in sample preparation? For example, the classi-
fier performance in samples in which background staining was
high might be impaired, with more FP synapse “objects.” Indeed,
precision values varied widely across tissue samples. We com-
pared synapse detection by the algorithm with manual detection
from the same images and found that synapse densities were
correlated significantly using the two approaches (r = 0.81) and
that classifier performance measured by precision was unrelated
to final density values (Fig. 2G).

To determine whether the high variability observed across
animals could be attributed to differences in biological factors
resulting from animal litter (for example, resulting from small
variations in birth-dating estimates, litter size, or maternal care
profile; Seelke et al., 2015), we compared synapse density values
for control P14 animals from the same litter (Fig. 2H, example
litter). In general, we found that animals from the same litter had
more similar synapse density values, although the same layer
compared across animals from the same litter could vary up to
twofold in synapse density (Fig. 2I). Thus, litter identity could
explain some of the variation observed, although overall we con-
clude that small differences in litter birth-dating or gestation time
were not sufficient to fully explain the observed overall variation.

Synapse density increases in superficial layers from P14

to P18

Previous studies have shown that synapse density in the neocor-
tex increases during postnatal development, peaking around the
end of postnatal week 3 (Micheva and Beaulieu, 1996; De Felipe
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Figure 2.

Biological contributions to across-animal variability in synapse density. A, Mean synapse density at P14 by layer for each animal (open circles) and across all animals (filled circles). B,

Calculated mean synapse density values become less variable as image number increases. L3 values shown for example. €, The SD of mean synaptic density is reduced for larger (non-overlapping)
image sets. L3 values shown for example. D, EPTA-assisted semiautomated synapse detection compared with manual synapse detection from conventional EM for the same animal in L2 (red), L3
(blue), and L4 (cyan). E, Manually identified EM synapse density values are consistent across sections from the same animal for L2 (red), L3 (blue), and L4 (cyan). F, As in E but for
algorithm-identified synapses from EPTA-stained images. G, Manual versus algorithm-identified synapse densities for L3 samples from each P14 animal. Color represents the precision
of the algorithm for that sample. Values were significantly correlated, using Pearson’s correlation coefficient, p = 0.0001. H, P14 mice (anesthetized) from the same litter show
differences in body size. 1, Variability in synapse density cannot be attributed to different litters. Mean synapse density for individual animals (open circles) grouped by litter (a—h) and

the litter group mean (filled circles). L3 values shown for example.

etal.,, 1997; White et al., 1997). We selected P18 as a comparative
time point, soon after the closure of the critical period for rapid,
experience-dependent changes in synaptic strength (Wen and
Barth, 2011). At P18, we found that L1 showed the highest devel-
opmental increase in synaptic density, with a significant, nearly
50% increase from P14 (Fig. 3A, B; Table 1). Layer 2 also showed
a significant, 36% increase in density (Table 1). Infragranular
layers showed a much smaller increase, with a 24% increase in

L5A and a 27% increase in L5B, and a small 8% decrease in L6,
differences that did not meet statistical significance (Table 1).
Across-animal variability in synapse density was reduced in
animals aged P18, suggesting that it might have a developmental
component. Mean coefficient of variation (CV, or SD/mean) de-
creased in P18 animals (Fig. 3C). The CV for L3 and L4 declined
by >50% from P14 to P18 despite the fact that the P18 group
consisted of fewer animals (Fig. 3C). These data support the hy-
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Figure 3.

Synapse density increases in superficial layers at P18. A, Mean synapse density at P18 by layer for individual animals (open circles) and across all animals (filled circles). B, Mean

percentage change in synapse density in P18 animals, normalized to the P14 mean for each layer. Asterisks indicate a significant difference for L1 and L2 only. C, The CV of synapse density for each
layer for P14 (black) and P18 (gray) animals. Error bars indicate SD calculated by bootstrapping for 200 iterations.

pothesis that the high variability observed at P14 might be attrib-
uted to developmental asynchrony across different animals that
may be pronounced at this stage (Fig. 2H ).

Our data suggest that synapse density is not a tightly con-
strained property of cortical circuits, especially during circuit
maturation. The large number of animals examined in this study
enabled us to observe this developmentally regulated feature of
cortical organization and might explain why previous studies that
typically focus on less than three animals per group (Micheva and
Beaulieu, 1996; De Felipe et al., 1997) have not identified this
phenomenon. Analysis of stimulus-induced changes in synapse
density during development may require analysis of a large num-
ber of animals within each experimental group.

Synapse length changes during cortical development

Our semiautomated analysis also enabled us to capture each
identified synapse “object” and then evaluate its morphological
properties (Fig. 1E). Synapse diameter is correlated with AMPAR
content of the synapse (Kharazia and Weinberg, 1999), and stud-
ies in adult animals indicate a close correspondence between EM-
assessed synapse ultrastructure and synaptic strength (Cheetham
etal., 2014). We used this rich dataset to calculate mean synapse
length across layers, animals, and over the 4 day developmental
window between P14 and P18 (Fig. 4; Table 3).

Mean synapse length for animals of a given age was highly
consistent, varying by a maximum of only 10% (CV = 0.05) in
any given layer (for example, at P14, the maximum mean synapse
length in L2 was 0.235 um and a minimum of 0.211 um; Fig.
4A,B). Mean synapse length varied across layers: at P14, L2 and
L3 had slightly shorter synapses than other layers, and L6 had the
longest synapses (Fig. 4C—E; Table 3). This trend was also visible
at P18, with shorter synapses in L2 and long synapses in L6 (Fig.
4F, G; Table 3).

Notably, L3 and L5B exhibited a significant increase in mean
synapse length from P14 to P18 (Fig. 4G—J; Table 3). Thus, we
predict that inputs specific to L3, for example from L4, or be-
tween L3 neurons (Petreanu et al., 2009), may be selectively
strengthened during this short developmental window. Inputs to
L5B, such as thalamic inputs from the ventroposterior medial
nucleus (Wimmer et al., 2010; Oberlaender et al., 2012), between
specific subsets of L5 pyramidal or inhibitory neurons (Silberberg
and Markram, 2007) or from L3 pyramidal neurons that inner-
vate L5B (Lefort et al., 2009), may also be subjected to develop-
mental increases in synaptic strength.

Altered whisker input changes synaptic density

site specifically

To determine whether synapse density might be altered by im-
balanced sensory input, mice were subjected to bilateral whisker

removal, sparing only the D row on the right side (SRE; Fig. 5A).
These experiments focused on 24 h deprivations initiated at P13,
because previous work has established that rapid, pathway-
specific synaptic potentiation synapses is pronounced at this age
(Wen and Barth, 2011). Analysis of 16,449 synapses in 19 animals
from eight litters suggested that the distribution of synapse den-
sity across all layers was altered by SRE (Fig. 5B; Table 2), with an
increase in superficial and a decrease in deep layers compared
with control, undeprived littermates, in which mean synapse
density across layers was similar (Fig. 2A). In particular, L2
showed a 19% increase and L6 showed a 27% decrease after SRE
(Fig. 5D; Table 2). No differences were statistically significant
after Benjamini—-Hochberg correction.

Because we observed that a substantial portion of the variance
between animals could be attributed to the specific litter from
which an individual animal came, we investigated whether there
might be any systematic differences between control and SRE-
treated animals from a given litter (Fig. 6). In all cases, SRE-
treated animals had at least one littermate control, and, in many
cases, we had several control and SRE-treated animals within the
same litter. Thus, we compared synapse density means for each
condition, grouped by litter. Only for layer 2 did we observe a
notable difference, in which in six of eight litters the synapse
density increased after SRE. However, this difference did not
meet criterion for statistical significance after Benjamini—-Hoch-
berg correction.

A cumulative histogram plot of synapses per image, calculated
from all animals per group, revealed a significant shift in the
distribution of synaptic densities for each layers after SRE (data
not shown). Consistent with the differences in mean density, the
greatest shifts were observed in L2 and L6, in which SRE was
associated with an increase in the density of synapses per image in
L2 and a decrease in L6.

SRE enhances mEPSC frequency in L2
Previous imaging studies in L1-L2 have shown that L2 dendritic
spines and the apical dendrites of L5 pyramidal neurons are
changed during learning or altered sensory input (Lendvai et al.,
2000; Trachtenberg et al., 2002; Zuo et al., 2005; Holtmaat et al.,
2006; Holtmaat and Svoboda, 2009; Wilbrecht et al., 2010; Kuhl-
man et al., 2014). The connection probability of L2 pyramidal
cells, synapse that are typically localized to L2 (Feldmeyer et al.,
2006), can also be reduced by sensory deprivation (Cheetham et
al., 2007). These studies have been performed using a variety of
whisker-dependent behaviors, deprivation patterns, and animal
ages, making comparisons between studies and comprehensive
analysis across layers difficult.

Identification of experience-dependent changes for synapses
located within L2 limits possible networks that might be altered.
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Table 3. P14 versus P18 synapse lengths

P14 control P18 control

Synapses  Animals  Mean = SD Synapses  Animals  Mean = SD

(n) (n)® (jum) (n) (n)® (um)
L1 2917 n 0.231 0072 393 1 0.232 = 0.103
L2 3336 13 0.222 = 0.069 652 2 0.219 £ 0.071
13* 3647 14 0.221 = 0.070 1429 4 0.227 = 0.080
L4 3595 13 0.229 £ 0.073 956 3 0.233 = 0.083
L5A 1448 6 0.232 =0.083 1973 5 0.227 = 0.072
5B 531 2 0.230 = 0.069 1120 4 0.244 = 0.082
L6 766 4 0.234 £0.080 725 3 0.239 = 0.083

*Significant increase at P18, p = 0.011.
*Significant increase at P18, p = 0.0007.
SNumber of animals reflects only those animals in which the algorithm had a precision =0.75.

The increase in synapse density in L2 might arise from a variety of
sources, including the following: (1) an increase in connections
between local L2 neurons or between L3 and L2 neurons; (2) in
connections between L5 and L2 neurons (Frick et al., 2008; Ober-
laender et al., 2011); (3) from the thalamus to L2 neurons; (4)
from contralateral S1 neurons; or (5) between L2 neurons and

local inhibitory neurons (Feldmeyer et al., 2006; Cheetham et al.,
2007; Lefort et al., 2009; Petreanu et al., 2009; Fino and Yuste,
2011; Jouhanneau et al., 2014). In addition, synapses between
neurons with cell bodies in other layers or brain areas might be
located within L2, such as thalamic or M1 inputs onto L5 apical
dendrites.

Because L2-L2 recurrent connectivity is one of the major
sources of input to L2 neurons (Lefort et al., 2009) and because
these inputs are strengthened after SRE (Wen and Barth, 2011),
we hypothesized that increases in L2 synapse density after SRE
might be detected as an increase in mEPSCs. Electrophysiological
recordings might also enable us to examine changes in inhibitory
and excitatory synapses, which the EPTA method could not easily
differentiate (Hildebrandt et al., 2011).

Whole-cell patch-clamp recordings targeted to L2 pyramidal
neurons were performed for control and SRE-treated animals
(Fig. 7A). mEPSCs and mIPSCs were collected. In SRE animals,
mean mEPSC frequency was 2.799 = 0.914 Hz, approximately
twofold greater than that observed in control animals (1.532 =
0.547 Hz), a difference that was highly significant (Fig. 7F). In
contrast, mIPSC frequency was not altered between the two con-
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circle indicate animals were from the same litter. Ctrl, Control; Sprd, spared.

ditions (control, 1.317 £ 0.667 Hz vs SRE, 1.363 * 0.773 Hz; Fig.
7C,F). There were no changes in either mEPSC and mIPSC am-
plitude after SRE (mEPSC amplitude, control, 11.166 = 3.532 pA
vs SRE, 10.111 = 4.311 pA; mIPSC amplitude, control, 12.482 =
3.508 pA vs SRE, 10.701 * 5.631 pA; Fig. 7D,E,G). Because
NMDA receptor blockade can influence mini frequency (Larsen
et al., 2011; Urban-Ciecko et al., 2014), we did not include
NMDA receptor antagonists in our recordings, an approach that
might underestimate changes in mEPSC amplitude (Wen and
Barth, 2012).

These data indicate that the SRE-dependent changes in syn-
apse density observed by the EPTA synapse detection method
could be linked to input changes in L2 pyramidal neurons using
electrophysiological recordings. In addition, our experiments in-

dicate that the changes observed are likely to stem from altera-
tions in excitatory, not inhibitory, synapses.

Changes in synapse length after 24 h SRE
Previous studies have demonstrated that 24 h of SRE can initiate the
strengthening of L4 —L3 and L2/3-L3 excitatory synapses, increasing
quantal amplitudes by ~25% over values obtained from control
undeprived animals (Clem and Barth, 2006; Wen and Barth, 2011).
Thus, we hypothesized that our column-wide analysis of experience-
dependent changes in synapse properties would reveal an increase in
synapse length, specifically in L3, and potentially other layers that
have not been investigated previously.

After SRE in P14 animals, L3 showed a significant, 3%
increase in mean synapse length compared with control unde-
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prived samples (Fig. 8A; Table 4). L5A analysis suggested that
SRE treatment might reduce synapse length, with a 2.5% re-
duction in mean length, but this difference was not significant.
No other layer exhibited notable changes in length. Because we
did not correct for synapse curvature, which disproportion-
ately reduces measured values for the longest synapses, these
values may underestimate changes in length.

Discussion

EPTA-assisted, semiautomated synapse analysis generates a
large and rich dataset of candidate synapses across large areas
of the brain that can reveal the selective modification of spe-
cific neural subcircuits. Here we use this method to quantify
changes in synaptic properties across development and alter-
ations of sensory input in mouse somatosensory cortex. Un-
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SRE triggers an increase in mean length of L3 synapses. A, Average synapse length measured in each cortical layer in control (black) and spared (green) barrel columns. Mean synapse

length in L3 is significantly larger after 24 h SRE. See Table 4 for group n. B, Cumulative histogram comparing L3 synapse length in control (black) and spared (green) animals. p = 0.14 with
two-sample K=S test. €, Example images representing longest 5% of synapses in L3 in control animals. Scale bar, 200 nm. D, As in C but after 24 h SRE.

Table 4. P14 control versus 24 h SRE synapse lengths

P14 control P14 24 h SRE

Synapses  Animals ~ Mean = SD Synapses  Animals ~ Mean = SD

(n) () (jum) (n) (n) (um)
L1 2917 n 0.231 £0.072 2362 8 0.229 = 0.085
2 3336 13 0.222 = 0.069 4574 14 0.222 = 0.071
13* 3647 14 0.221 £0.070 3171 n 0.227 = 0.077
L4 3595 13 0.229 = 0.073 2669 9 0.227 = 0.074
L5A 1448 6 0.232 £ 0.083 1459 6 0.226 = 0.068
L58 531 2 0.230 = 0.069 1372 7 0.235 = 0.078
L6 766 4 0.234 = 0.080 842 5 0.235 = 0.079

*Significant increase after SRE at P14, p = 0.0013.
*Number of animals reflects only those animals in which the algorithm had a precision =0.75.

like previous EM studies, in which only a small number of
animals and a very restricted anatomical area were character-
ized, we collected tissue from 48 animals, capturing 24,492
images to detect 39,937 synapses. The dense sampling of syn-
aptic properties across a broad and interconnected cortical
circuit revealed both developmental and experience-dep-
endent changes across the cortical column.

First, we found that, at the end of postnatal week 2, animals
exhibited a high variability in mean synaptic density that was
concentrated in superficial layers, a time period in which these
circuits undergo rapid maturation (Maravall et al., 2004; Wen

and Barth, 2011). In addition, we discovered that L3 and L5B
synapses significantly increase in length between P14 and P18,
suggesting the maturation of specific inputs localized to this
layer.

SRE, a platform to drive experience-dependent changes in
synapse function, was then used to examine at how synapse prop-
erties might be changed across the entire cortical column corre-
sponding to the spared sensory input. We found that SRE was
associated with an apparent increase in L2 synapse density, an
observation corroborated by a highly significant, almost twofold
increase mEPSC frequency recorded in L2 pyramidal cells. Syn-
apse length was significantly increased in L3, consistent with pre-
vious electrophysiological recordings that show SRE-induced
increases in quantal EPSC amplitudes between L4 and L3 pyra-
midal neurons (Wen and Barth, 2011). We also observed that
synapse density in L6 may be reduced after SRE. Overall, these
data provide a window into developmental and experience-
dependent changes across the cortical column.

Unbiased, high-throughput analysis of experience-dependent
synaptic changes

It has been well established that neocortical synapses can be mod-
ified by age and experience. EM, array tomography, fluorescence
imaging, or electrophysiological experiments have characterized
anatomical and functional changes in synapse properties across
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development and experimental conditions (De Felipe et al., 1997;
Huttenlocher and Dabholkar, 1997; Lendvai et al., 2000; Tra-
chtenberg et al., 2002; Oray et al., 2004; Holtmaat et al., 2005,
2006; Peters et al., 2008; Hofer et al., 2009; Xu et al., 2009; Yang et
al., 2009; Wilbrecht et al., 2010; Chen et al., 2012; Busse and
Smith, 2013; Yu et al., 2013; Kuhlman et al., 2014; Wang et al.,
2014; Joachimsthaler et al., 2015). These studies show that virtu-
ally all layers can be changed during development or by manipu-
lating sensory input, but the sequence of these changes and the
specific neural subcircuits involved have not been investigated
comprehensively.

This is critical, because in many cases, small differences in
experimental conditions or animal age are associated with oppo-
site results. Electrophysiological analyses show that L6 synapses
exhibit synaptic strengthening or weakening in response to the
same sensory stimulus, based on the developmental state of the
circuit (Petrus et al., 2011). Because we observed pronounced
variability in synapse density between animal samples— espe-
cially in developing animals— our data indicate that large sample
sizes may be required to draw strong conclusions about the di-
rection of change. A coherent picture of broad-scale circuit
changes will be facilitated by high-throughput methods to evalu-
ate synaptic properties, over multiple animals and conditions.

Correlating anatomical with electrophysiological changes in
the spared whisker column

Anatomical changes in synapse properties were compared
with experimental data obtained through electrophysiological
analysis. Although analysis of miniature PSCs cannot provide
a laminar location for the synapses surveyed by recording
from a single neuron, it is used frequently as a screening
method to provide a quantitative measure of changes in syn-
aptic function. Other groups have observed a direct correla-
tion between spine density (MacAskill et al., 2014) or
excitatory synapse density (Spiegel et al., 2014) with fre-
quency of excitatory synaptic events. Indeed, this method
provides a complementary, functional approach to surveying
experience-dependent changes in synapse function. The 19%
SRE-dependent increase in synapse density in L2 was associ-
ated with a near-doubling of mEPSC frequency in L2 pyrami-
dal neurons. Why the discrepancy? Our EPTA analysis did not
enable us to distinguish between excitatory and inhibitory
synapses, and a lack of change in inhibitory input (as sug-
gested by mIPSCs measurements) would suppress the aggre-
gate difference in overall synapse density. In addition, L2
dendrites extend into L1 and L3, and unlike EPTA-EM iden-
tified synapses, mEPSC measurements likely report these in-
puts. Functional changes, such as enhanced release probability
of synapses, could occur after whisker-evoked plasticity. Fi-
nally, the density of other synapse types residing in L2—such
as inputs to L5 apical dendrites, inputs from the thalamus, or
inhibitory synapses—might be reduced, suppressing the over-
all magnitude of change.

Mean synapse length in L3 increased after SRE, consistent
with previous reports of synaptic potentiation of excitatory syn-
apses in this area (Wen and Barth, 2011). The 25% increase in
quantal EPSC amplitude at L4-L3 synapses observed is much
greater than the difference in mean synapse length (3%) between
control and SRE-treated samples in L3. Why might this be the
case? Although both L4-L3 and L3-L3 synapses are localized to
L3, specifically on the basal dendrites of L3 pyramidal neurons
(Feldmeyer et al., 2006; Petreanu et al., 2009), these excitatory
synapses constitute only a fraction of the total synapses within L3.
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Other major L3 synapses may arise from extracolumnar L3 pyra-
midal neurons (Bruno et al., 2009), VPM (Petreanu et al., 2009),
M1 projection neurons (Petreanu et al., 2009; Kinnischtzke et al.,
2014), callosal projections (Petreanu et al., 2007; Molyneaux et
al., 2009), local inhibitory neurons (Fino and Yuste, 2011), su-
pragranular inputs to L5 apical dendrites (Petreanu et al., 2009),
and other sources. We predict that the small differences in length
observed here might reflect large changes in L4-L3 and L3-L3
synapses, without changes or with compensatory reductions in
other inputs within this layer.

L6 neurons have been implicated in gain modulation of
responses of neurons in the superficial layers (Olsen et al.,
2012) by translaminar inhibition and also via corticothalamic
projections. EPTA-assisted synapse identification enabled us
to identify a pronounced reduction in synaptic density in L6
in the spared whisker barrel column after SRE. Experience-
dependent synaptic plasticity in L6 has not been well charac-
terized. Previous studies show that sensory deprivation can
trigger reductions in mEPSC amplitude in L6 pyramidal neu-
rons (Petrus et al., 2011), although more targeted studies in-
dicate that thalamocortical inputs in L6 do not undergo
experience-dependent changes in early development (Wang et
al., 2013; Crocker-Buque et al., 2015).

What synapses might be regulated in L6? L6 neurons primarily
receive input from other L6 neurons within and across columns
but also receive within-column input from 1L2/3 (Velez-Fort et
al., 2014; DeNardo et al., 2015), L4 (Qi and Feldmeyer, 2015),
L5A-L5B (Zarrinpar and Callaway, 2006; Lefort et al., 2009), and
the thalamus (Zhang and Deschénes, 1998; Bureau et al., 2006;
Oberlaender et al., 2012), and other distant brain areas, such as
the motor cortex and secondary somatosensory cortex (Zhang
and Deschénes, 1998; Briggs, 2010) and the contralateral hemi-
sphere (Petreanu et al., 2007). These within-column inputs from
other layers are relatively rare— only a few percent of L4 neurons,
for example, are connected to L6 neurons—but anatomical stud-
ies show elaborate axonal arborization of a subset of L6 neurons
across different columns (Narayanan et al., 2015), suggesting that
these inputs might be a candidate for synaptic rearrangements.
Examination of experience-dependent changes in cell-type-
specific changes in L6 circuits will be a fruitful area for future
investigations.

Limitations of the approach

Many apparent differences observed in synapse density and
length reported here did not reach statistical significance after
correction for multiple comparisons, in part because this
study attempted to comprehensively investigate column-wide
changes in synapse properties, and each new comparison (for
example, separately assessing L5A and L5B) made it effectively
more difficult to observe statistically significant differences. In
addition, the high variance in synapse density observed across
animals made it difficult for small differences to achieve sta-
tistical significance. This variance, especially pronounced dur-
ing early development, will impede studies that focus on this
time point. Because variability across animals in overall syn-
apse density values decreased as development proceeded, this
technique might be more effective at characterizing synaptic
changes in more mature circuits. An important limitation of
this technique is that it does not distinguish between excit-
atory and inhibitory synapses or between synapses originating
from different sources. Thus, compensatory changes from dif-
ferent input sources, reflecting different synapse types, may
mask the overall magnitude of change.



Chandrasekaran et al. @ EM Analysis of Synaptic Changes in the Neocortex

An important challenge is the development of methods that
enable the selective labeling not only of excitatory and inhibitory
synapses, but that can differentiate synapses based on presynaptic
and postsynaptic identity. Future experiments can address this
using genetically encoded molecules recognizable by EM meth-
ods that are compatible with high-throughput synapse identifi-
cation algorithms. Developing a quantitative directory to classify
synapse types, across development and experimental conditions,
will provide critical information about how circuits change in
response to experience and disease and is an important long-term
goal.

Potential applications

Our results show that a high-throughput analysis of synaptic
changes can uncover novel loci of synaptic plasticity to guide
subsequent targeted experiments, such as electrophysiological
recordings to further characterize observed changes. Localiza-
tion of simultaneous synaptic changes across different neocor-
tical layers or different brain areas may suggest specific
subcircuits that are coordinately regulated by different exper-
imental conditions. Because the method is suited for dense,
broad-scale anatomical analysis, alterations in synaptic prop-
erties across genetic condition, drug exposure, or learning
paradigms are feasible.
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