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Abstract

Understanding the structural and functional mechanisms underlying the development of individual brain microcircuits is
critical for elucidating their computational properties. As synapses are the key structures defining a given microcircuit, it is
imperative to investigate their development and precise structural features. Here, synapses in cortical layer 4 were analyzed
throughout the first postnatal month using high-end electron microscopy to generate realistic quantitative 3D models. Besides
their overall geometry, the size of active zones and the pools of synaptic vesicles were analyzed. At postnatal day 2 only a few
shaft synapses were found, but spine synapses steadily increased with ongoing corticogenesis. From postnatal day 2 to 30
synaptic boutons significantly decreased in size whereas that of active zones remained nearly unchanged despite a reshaping.
During the first 2 weeks of postnatal development, a rearrangement of synaptic vesicles from a loose distribution toward a
densely packed organization close to the presynaptic density was observed, accompanied by the formation of, first a putative
readily releasable pool and later a recycling and reserve pool. The quantitative 3D reconstructions of synapses will enable the
comparison of structural and functional aspects of signal transduction thus leading to a better understanding of networks in the
developing neocortex.
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Introduction . .
of synaptic parameters (Aghajanian and Bloom 1967; Cragg

Although synapses are key elements in the establishment and 1972, 1975; Dyson and Jones 1980; Blue and Parnavelas

maintenance of cortical networks, most of the existing structural 1983a,1983b; Rakic et al. 1986; Markus et al. 1987; Bourgeois
studies have mainly focused on their density and distribution et al. 1989; Zecevic and Rakic 1991; Micheva and Beaulieu 1996;
during development without providing further quantifications De Felipe et al. 1997). However, a detailed and quantitative
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Structural Determinants of Synaptic Transmission During Development

description of synaptic structures is required to understand
the functional signal cascades underlying the computational
properties in early neocortical networks. This would allow
answering important questions about cortico- and synaptogen-
esis; for example, when are the first synapses generated in the
neocortex? Second, are synapses rearranged and/or reshaped
during early phases of development? Third, when do these
synapses become structurally mature? And finally what are the
structural substrates of synaptic transmission and efficacy dur-
ing development? These questions can be adequately addressed
taking advantage of high-end electron microscopy (EM) and
computer-assisted quantitative 3D reconstructions of synaptic
structures based on serial ultrathin sections and digital electron
micrographs.

So far, several quantitative 3D studies of synaptic structures
are available in adult CNS (hippocampus: Harris and Sultan
1995; Rollenhagen et al. 2007; Popov and Stewart 2009; cerebel-
lum: Xu-Friedman et al. 2001; Xu-Friedman and Regehr 2003;
calyx of Held: Satzler et al. 2002; reviewed by Rollenhagen and
Libke 2006), but only a few for development (hippocampus:
Harris et al. 1992; Sorra et al. 1998; Fiala et al. 1998; Wilke et al.
2013; calyx of Held: Holcomb et al. 2013), and rather nothing for
neocortical synapses. Recently, using 3D volumetric reconstruc-
tion, Rollenhagen et al. (2014) quantitatively investigated the
structural characteristics of synaptic boutons terminating on
excitatory spiny neurons in layer 4 (L4) of the adult rat barrel
cortex. They showed that the geometry and size of active zones
(AZs; transmitter release sites) and the size and organization of
the pools of synaptic vesicles explain the specific functional
behavior of L4 synapses (Egger et al. 1999; Feldmeyer et al. 2002,
2005, 2006; Beierlein et al. 2003; Silver et al. 2003; Staiger et al.
2004; Bruno and Sakmann 2006; Qi and Feldmeyer 2015; reviewed
by Liibke and Feldmeyer 2007; Feldmeyer et al. 2013).

Here, we provide a detailed quantitative analysis of the struc-
tural subelements constituting excitatory synapses at early
stages of postnatal development day (P) 2-30in L4 of the rat barrel
cortex to compare developing and adult L4 synapses. The
so-called barrel field in the primary somatosensory area (S1) of
the neocortex is the cortical representation of the whisker pad
on the rodent’s muzzle (Woolsey and Van der Loos 1970) and is
thought to represent the major input layer for thalamocortical
(TC) afferents from the somatosensory periphery, and thus, the
first station of cortical information processing (Armstrong-James
et al. 1992; but see Constantinople and Bruno 2013; reviewed by
Feldmeyer et al. 2013). Besides the overall geometry of presynaptic
boutons, the distribution, size, and shape of the AZs, as well as the
development, organization, and size of the pools of synaptic vesi-
cles, that represent 2 of the key structural determinants of synap-
tic transmission and plasticity, were investigated. Both undergo
profound changes during ongoing cortico-, synapto-, and spino-
genesis in the first postnatal weeks. This study is the first coherent
quantitative description of developing cortical synapses in such
detail and may thus help to explain the behavior of synapses in
early brain networks.

Materials and Methods

Fixation and Tissue Processing

All animals were handled in accordance with the Animal
Research Committee of the Research Centre Jiilich GmbH and
the European Community Council directives regarding the pro-
tection of animals used for experimental and scientific purposes
(2010/63/EU).
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Experiments were performed on Wistar rats of different post-
natal ages: P2, P4, P7, P10, P14, and almost mature animals (P30). It
has to be noted that L4 is not present at birth (P0), but emerges
from the lower part of the dense cortical plate (DCP) at P1 (Cata-
lano et al. 1996), thus we started investigations at P2. Four rats of
each age were investigated in order to examine the interindivi-
dual variability.

P2 pups (n=2) were deeply anesthetized with pentobarbital
(Narkodorm®; 100 mg/kg; CP-Pharma GmbH, Germany) and
then decapitated. Brains were removed from the skulls, immedi-
ately immersion-fixed for 24 h at 4°C in a phosphate-buffered
solution (PB; 0.1 M, pH 7.4) containing 4% paraformaldehyde
and 2.5% glutaraldehyde, and then extensively washed in PB.

After being anesthetized with Narkodorm®, the other animals
(including 2 extra animals for P2) were perfused through the as-
cending aorta at a constant flow rate (1.75 mL/min for P2 and P4,
3 mL/min for P7 and P10, 6 mL/min for P14 and P30) with saline PB
for 1 min, followed by the same ice-cold fixative as described
above for 10-15 min. Brains were removed, post-fixed 1h in the
same but fresh fixative at 4°C and then extensively washed in PB.

Coronal sections (150 um in thickness) were cut through the
barrel field using a vibratome (VT1000S; Leica Microsystems
GmbH, Germany) and collected in PB. After incubation for 1h in
sucrose-PB containing 1% osmium tetroxide, sections were
washed in PB, and dehydrated in ascending series of ethanol to
absolute ethanol. Sections were transferred to propylene oxide,
to a mixture (1:1) of propylene oxide and epoxy resin (Durcu-
pan™; ACM, Fluca, Sigma-Aldrich Inc., USA) for 1h, and then to
pure Durcupan™ overnight. Finally, sections were flat-embedded
in Durcupan™ and polymerized at 60°C for 2 days.

Individual barrels from the posteromedial barrel subfield
(rows A and B) were chosen for analyses. This region is a highly
consistent region, containing the largest barrels and displaying
a striking isomorphic representation of the major facial whiskers
(Woolsey and Van der Loos 1970). However, a clear identification
of the barrel field was not possible for P2 and P4 in coronal sec-
tions, although prebarrels are visible in acute slice preparations
under infrared contrast video microscopy (D. Feldmeyer, person-
al communication). For both ages the rostro-caudal extension of
the A and B rows was defined within the neocortex with respect
to the location of barrels in older animals. The area of interest
was trimmed out and glued onto prepolymerized resin blocks.
A progressive cropping was made using semithin sections coun-
terstained with toluidine-blue for light microscopy examination
(for more details see Supplementary Fig. 1a,b). Then serial ultra-
thin sections (~50-70 sections/series; ~55 nm in thickness, silver
to light gray interference contrast appearance) were cut through
the level of L4 (or the lower part of the DCP for P2 and P4 rats;
Catalano et al. 1996) with an ultramicrotome (Ultracut S; Leica
Microsystems GmbH). Sections were collected on Pioloform-
coated slot copper grids. After counterstaining with 5% uranyl
acetate in double distilled water (5-20 min) and lead citrate
(1-7 min; Reynolds 1963), grids were examined with a Libra 120
electron microscope (Carl Zeiss GmbH, Germany) equipped
with a bottom-mounted ProScan 2 K digital camera, using the
SIS Analysis software (Olympus Soft Imaging Solutions GmbH,
Germany). Serial digital images using the Multi Images Acquisi-
tion software were taken at a magnification of x8000 providing
the basis for 3D reconstruction and quantitative analysis.

Aldehyde fixation and dehydration are thought to cause
tissue shrinkage leading to a possible bias in morphological para-
meters. A recent study by Korogod et al. (2015) reported a reduc-
tion by 16% of cortical thickness in the mouse somatosensory
neocortex, with, nevertheless, no shrinkage along the barrel
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arcs. Comparing aldehyde- and cryofixation, they described a
marked difference in extracellular and glia volume but no differ-
ence in the volume of axons and dendrites. On the other hand
older studies have shown that there were no significant differ-
ences in the values of synaptic structural parameters, similar to
those measured here, of samples prepared by high pressure
freezing or cryosubstitution when compared with conventionally
embedded electron microscopic material (Zhao, Studer, Graber
et al. 2012; Zhao, Studer, Chai et al. 2012). Thus, no correction
for shrinkage was performed.

3D reconstruction and Analyses

Electron micrographs composing the series were imported,
stacked, and aligned in the reconstruction software OpenCAR
(Contour Alignment Reconstruction; Satzler et al. 2002). Pre-
synaptic boutons, their mitochondria as well as their postsynap-
tic target structures, either dendritic shafts or spines were
outlined on the outer edge of their membranes using closed con-
tour lines. From these contours, 3D volumetric reconstructions
were performed to obtain surface and volume measurements.
The pre- and postsynaptic densities that, together with the syn-
aptic cleft, compose the AZ were analyzed separately. The pre-
synaptic density (or presynaptic AZ, PreAZ) was computed by
extracting the area from the reconstructed presynaptic mem-
brane covered by the membrane specializations defined by con-
tour lines in consecutive sections. The surface area of the
postsynaptic density (PSD) was estimated by its contour lines.

Measurements of the synaptic cleft width under the AZs in
P2 (n=96 in 4 animals) and P30 rats (n=100 in 4 animals) were
performed on random images taken from the series using the
SIS Analysis software. Only synapses cut perpendicular through
the AZ were included in these samples. The distance between the
outer edge of pre- and the postsynaptic membranes was mea-
sured at the 2 lateral edges and at the center of the synapse;
the 2 values of the lateral edges were averaged for each synapse
according to Rollenhagen et al. (2014).

To estimate the number and size of the clear synaptic and
dense-core vesicles (DCVs), all vesicles were marked throughout
each synaptic bouton and their diameters were individually mea-
sured. To determine the distribution of vesicles, 2 different meth-
ods were used. First, the minimal distance between each vesicle
membrane and the projection of the contour lines of the PreAZ on
the boutons membrane was measured in 2 dimensions. However,
this method, which only includes the vesicles in the same serial
sections as the AZ, is only appropriate for vesicles within a short
distance from the PreAZ. Thus, we developed another method of
measurement more appropriate for longer distances (>100 nm)
that follows the same principle of measurement as before, but
in “real” 3D in order to estimate the total pool of vesicles. To
avoid double counts, DCVs were measured only in the section
where they appear largest. All calculations were performed
off-line using a batch version of OpenCAR. For additional infor-
mation on 3D reconstruction, see also Sdtzler et al. (2002) and
Rollenhagen et al. (2014).

Statistical Procedures and Image Editing

Statistical tests were computed with InStat (GraphPad Software
Inc., USA) and XLSTAT (Addinsoft SARL, France). To look for inter-
individual differences between animals of the same age and for
each structural parameter, data distributions were analyzed
using boxplots (see Rollenhagen et al. 2014). For each parameter
the mean + standard deviation (SD) was calculated per bouton,

animal, and then per age. Statistical differences between 2
groups were tested using the non-parametric Mann-Whitney
test (MW), whereas comparisons among more than 2 groups
were accomplished with the non-parametric Kruskal-Wallis
test (KW). Differences between 2 distributions were assessed
using the non-parametric Kolmogorov-Smirnov test. Correla-
tions were tested using the non-parametric Spearman test. The
significance level was set at P <0.05. For better clarity, results
were summarized in tables. Image editing and layout were per-
formed using Adobe Photoshop (Adobe Systems Inc., USA).

Results

A total of 274 synaptic boutons and 386 AZs taken from 24 ani-
mals between P2 and P30 were analyzed regardless of their differ-
ent possible origin and their target structures (glutamatergic and
GABAergic dendritic segments, and dendritic spines) in L4 of the
barrel cortex. We focused on asymmetric synapses; synapses on
somata as well as symmetric synapses were not included. From
the sample, 226 synaptic boutons and 348 AZs were completely
reconstructed (see Table 1). A synaptic bouton was considered
complete when it was possible to follow the axon in both direc-
tions through the entire z-stack (en passant bouton) or the en-
largement of the axon leading into an end-terminal bouton. An
AZ was regarded as complete when its perimeter was entirely re-
constructed. Spines were categorized in filopodial (length >2
pm), thin (length <2 pm), stubby (length/width ratio < 1), mush-
room (width > 0.6 ym), and branched (2 or more heads) spines ac-
cording to Risher et al. (2014). At the EM level synapses were
identified by the presence of 2 apposed membrane specializa-
tions, a pre- and postsynaptic density forming the AZ, a synaptic
cleft, and a pool of synaptic vesicles (Gray 1959b; 1959a).

General Observations on the Development of Synaptic
Structures in L4

At P2, L4 in the barrel field of the rat S1 neocortex is still develop-
ing and thus not unequivocally identifiable and distinguishable
from the DCP (Catalano et al. 1996). Therefore, the lower part of
the DCP, which develops into L4 with ongoing maturation, was
examined. At this age, the neuropil shows a loose organization
(Fig. 1A). The large extracellular space contains sparse cellular
elements including somata, dendritic, and axonal profiles of dif-
ferent caliber. Somatic and dendritic gap-junctional coupling
were frequently observed (this study; Sutor and Hagerty 2005).
Within the neuropil only a few synaptic contacts, predominantly
established on dendritic shafts (~91%) but very rarely on spines,
are present. Dendrodendritic synapses were also infrequently
observed (Fig. 1A). P2 is characterized by a large variability in
the shape and size of synaptic profiles with a large gradient in
maturity between individual synaptic contacts. AZs are always
found in synapses but vary substantially in shape and size; in
particular in the thickness of their PSD due to differences in the
accumulation of dense material. At P2, the majority of the synap-
tic boutons contain a relatively small number of synaptic vesicles
distributed over the entire terminal, although with a large vari-
ability (Table 1). Only a few were found close to the PreAZ with
only one to 2 docked vesicles (Fig. 1A inset). Besides synaptic
vesicles, large DCVs are present in approximately 83% of the
synaptic boutons. However, this number decreases with ongoing
development.

At P4, as the lower part of the DCP further develops into L4, the
steady increase in cellular profiles and synapses lead to a pro-
nounced decrease in extracellular space (Fig. 1B). Besides shaft
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Table 1 Quantitative analysis of structural parameters of L4 synaptic boutons and AZs

P2 (n=4) P4 (n=4) P7 (n=4) P10 (n=4) P14 (n=4) P30 (n=4) Statistical test
Boutons
No. of analyzed boutons 26 27 45 37 50 41
Mean bouton surface (}lmz) 11.23+5.10;9.81 10.66+3.52;10.33 4.62+1.01;4.76 6.46 +1.65; 6.50 5.14+1.68; 5.35 3.85+0.82; 3.90 Kw
P=0.0051
Mean bouton volume (pm3) 1.081+0.576; 1.047 0.873+0.333;0.784 0.335+0.078;0.355 0.420+0.192;0.356 0.336+0.146; 0.339 0.209+0.049; 0.206 KW
P=0.0055
Correlation bouton surface r=0.926 r=0.939 r=0.953 r=0.912 r=0.962 r=0.952 Spearman
versus bouton volume P <0.0001 P <0.0001 P <0.0001 P <0.0001 P <0.0001 P <0.0001 test

Percentage of boutons with 71.87 +26.65; 75

a single AZ
Mitochondria

Percentage of boutons
containing mitochondria

Mean volume of
mitochondria per bouton
(um?)

Percentage of mitochondria 4.61+2.27;4.45
volume in bouton
volume

Mean mitochondrion

56.54+18.17; 50

4.21+3.21;3.64

volume (pm?)
Active zones

No. of analyzed AZs 47 59 62
Percentage of AZs on spines 8.51+7.63;7.94
Percentage of spines 0 6.25+12.50; 0
containing a spine
apparatus
Percentage of perforated 1.47 £2.94;0 4.89+3.50; 5.95
AZs

Synaptic cleft width (nm) 16.28 +0.27; 16.23

10.66 +4.40; 9.09

592+7.42;4.16

61.16+44.56; 72.32 79.49+22.23;90.45 61.30+£9.33;61.25 67.85+38.36;78.57 83.13+8.40; 84.44

53.21+33.71;46.42 57.08+8.37;54.54 44.26+16.02;46.02 55.15+4.95;54.76 43.33+13.80;38.18 KW

P=0.5706

0.050+0.003; 0.049 0.044 +0.027;0.040 0.045+0.028;0.037 0.046 +0.013; 0.052 0.056 +0.038;0.040 0.073+0.033;0.061 KW

P=0.3948

7.02+3.11;7.90 12.90+4.75;12.14 21.02+8.84;17.92 KW

P=0.0049

0.033+0.006; 0.033 0.043+0.025; 0.032 0.041+0.028;0.030 0.031+0.006;0.032 0.041+0.015;0.035 0.042+0.009; 0.045 KW

P=0.7507

62 70 48

2291+22.71;22.02 61.81+18.52;68.26 60.92+15.08;62.78 74.53+8.94;72.88 92.88+10.49; 96.87
33.85+30.06; 34.37 11.53+13.32; 11.53 26.36+23.23;27.73 42.90 +20.54; 34.84

3.25+3.79;2.94 9.73+7.45;11.14 31.77 +13.54; 29.16

16.97+0.58;17.06 MW

lateral mean value P=0.1143
Synaptic cleft width (nm)  16.75 +0.40; 16.80 17.10+£1.41;17.33 MW
central mean value P=0.3429
PSD mean area (um?) 0.178 £0.064; 0.149 0.163+0.043; 0.148 0.164+0.042;0.179 0.186+0.032;0.191 0.177 +0.024; 0.169 0.204+0.045; 0.204 KW
P=0.7154
PreAZ mean area (um?) 0.236 +0.066; 0.208 0.243+0.048; 0.226 0.220+0.052;0.235 0.273+0.050; 0.280 0.227 +0.026; 0.231 0.268+0.051; 0.269 KW
P=0.5309
Ratio PreAZ /PSD areas 1.43+0.05; 1.43 1.50+0.08; 1.49 1.42+0.09; 1.41 1.41+0.06; 1.40 1.40+0.10; 1.44 1.33+0.05; 1.33 KW
P=0.2076
Correlation PreAZ versus r=0.975 r=0.971 r=0.970 r=0.964 r=0.943 r=0.955 Spearman
PSD areas P <0.0001 P <0.0001 P <0.0001 P <0.0001 P <0.0001 P <0.0001 test
PreAZ mean area on shafts 0.244 +0.059; 0.217 0.256 +0.039; 0.254 0.160 +0.037; 0.160 0.254 +0.094; 0.250 0.158+0.036;0.162 0.271+0.035;0.271 KW
(im?) P=0.0274
PreAZ mean area on spines 0.216+0.127;0.165 0.217 +0.044; 0.226 0.237 +0.065; 0.253 0.268+0.071; 0.282 0.244+0.036; 0.243 0.270+0.047;0.270 KW
(pm?) P=0.8425
Correlation bouton surface r=0.434 r=0.390 r=0.282 r=0.435 r=0.430 r=0.581 Spearman
versus PreAZ area P=0.0299 P=0.0443 P=0.0628 P=0.0207 P=0.0023 P <0.0001 test

Note: Summary of structural parameters estimated from the 3D reconstructions of L4 synaptic boutons during postnatal development. Mean + SD and median values are

given for each age. KW, MW, and Spearman correlation tests were used for statistics.

synapses (Fig. 1B), more spine synapses are present at this
age (~23% of the synapses; Fig. 1B,C). In general, AZs appear
more mature as indicated by the adding of dense material to
both the pre- and postsynaptic densities (Fig. 1B,C). The number
of synaptic vesicles per bouton increases, still loosely distributed
over the entire terminal, but with more vesicles close to the
PreAZ (Fig. 1C).

Atthe end of the first postnatal week the neuropil is even more
compact, densely filled with cellular profiles and synapses
(Fig. 1D). At P7, >60% of the synaptic contacts are established on
spines (Fig. 1D). At this age a prominent spine apparatus, a specia-
lized form of the endoplasmic reticulum, was clearly identifiable
in approximately 34% of the total population of spines.
The majority of the AZs show an increase in thickness with
a further condensation of their dense material (Fig. 1E,F). There
is a tendency for synaptic vesicles to be located closer to the PreAZ.

At the end of the second postnatal week, L4 is still in the
process of ongoing maturation. Here, the majority of synapses
appear mature based on their structural geometry, but in particu-
lar the rearrangement of the AZs and the increasing pools of syn-
aptic vesicles (Fig. 2A-C). At P14 a spine apparatus was observed
in approximately 26% of the spines as exemplified in Figure 2B.
AZs can be categorized according to their nonperforated
(Fig. 2A-C) and perforated (Fig. 2A) appearance. Perforations
occur in approximately 10% of the AZs; they were observed al-
ways at both the pre- and postsynaptic sides. The pools of synap-
tic vesicles become more densely packed and loose the random
distribution throughout the entire terminal (Fig. 2A,C), although
their number and distribution is still highly variable (Fig. 2B).

At P30, the neocortex is regarded to be nearly adult-like as in-
dicated by the organization of the neuropil, the density of synap-
ses and their morphology (Fig. 2D-F; see also Blue and Parnavelas
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Figure 1. Structural organization of the neuropil in L4 during the first postnatal week. (A) At P2 developing L4 is characterized by a very loose neuropil which contains only a
few synapses (synaptic bouton-dendrite contacts, sb-de), dendro-dendritic contacts (de1-de2), dendrites and axons of different caliber. Inset: higher magnification of the
AZ shown in (A) Note the occurrence of a single docked vesicle, highlighted in green, attached to the PreAZ. (B,C) At P4 the extracellular space decreases while the density of
synapses increases. The majority of the synapses are established between large cell processes, presumably on dendritic shafts. Synaptic vesicles seem to be randomly
distributed throughout the entire terminals (B) although in some synaptic boutons vesicles are located in close proximity to the PreAZ (C). Note the presence of a DCVin (C).
(D) At the end of the first postnatal week (P7) the neuropil appears more condensed and contains a higher density of synapses still displaying different levels of maturity.
Three types of synapses are present: dendro-dendritic (del-de2), dendritic shaft (sb-de) and spines (sb-sp) some of which are drawn in yellow (sb) and blue (de, sp). The
long spine neck is indicated by a black arrow. (E) High magnification of a synaptic bouton (sb) establishing synaptic contacts with 2 dendrites (de1, de2) at P7. (F) Another
example of a synaptic bouton (sb) taken at the same age containing a relatively large number of small and large synaptic vesicles as well as DCVs. In all figures AZs are

delimited by red dots. Scale bars in A-F 0.5 pm.

1983a; 1983b; Markus et al. 1987; Micheva and Beaulieu 1996; Roll-
enhagen et al. 2014). The number of spine synapses further in-
creases by a third when compared with P7 (Table 1). In parallel,
an increase in the number of perforated AZs to approximately
32% of the total is observed. The organization of the synaptic ves-
icle pools is now similar to that found for adult synapses (Rollen-
hagen et al. 2014).

No obvious signs of synapse and spine degeneration or elim-
ination were observed as characterized for the development of
cat and rat visual cortex (Cragg 1972, 1975; Dyson and Jones
1980). However, it has to be mentioned that a synaptic elimin-
ation could occur later as described in the mouse barrel cortex
(between P32 and adulthood, De Felipe et al. 1997).

Geometry of Synaptic Boutons

One unexpected finding was that the size of synaptic boutons
significantly decreases by 5-fold with ongoing development
(Fig. 3). However, a large variability in both shape and size of syn-
aptic boutons was observed throughout the age groups. The sur-
face area of synaptic boutons significantly decreases (from
11.23+5.10 pm? at P2 to 3.85+0.82 um? at P30; P=0.0051, KW
test; Table 1) as well as the bouton volume (from 1.08 + 0.58 pm?
at P2 to 0.21 +0.05 prn3 at P30; P=0.0055, KW test; Table 1; Fig. 4A).
Surface area and volume are always highly correlated (see Table 1).

The majority of the synaptic boutons form only a single AZ
(~72% at P2; ~83% at P30; see Table 1); the remainder has 2-4
AZs, with the exception of 7 AZs for one P4 bouton.
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Figure 2. Structural organization of L4 at P14 versus P30 stages of postnatal development. (A) At P14 the number of spine synapses (sb-sp, some of which are given in yellow
and blue) steadily increases when compared with shaft synapses (sb-de). The asterisk shows a perforated AZ. (B,C) Two examples of synaptic boutons of different size
contacting dendritic spines at P14. Note the presence of a spine apparatus in (B). (D) At P30, the neuropil of L4 appears similar to the adult with a high density of synapses;
approximately one-third shows a perforation of their AZ (asterisks). (E,F) Examples of synaptic boutons contacting dendritic spines at P30. Note the perforation of the AZ in
(E). The spine in (F) contains a spine apparatus shown at higher magnification in the inset. In all figures AZs are delimited by red dots. Scale bars in A-F 0.5 pm.

Approximately half of the synaptic boutons contain at least
one, at most 4 mitochondria with no significant change during
postnatal development (P=0.5706, KW test; Table 1). The mean
volume of a mitochondrion is 0.033 + 0.006 pm? at P2 and 0.043 +
0.001 pm? at P30 (P =0.7507, KW test; Table 1).

Synaptic Vesicles

The most striking observation during postnatal development is
the dramatic change in the organization of synaptic vesicles
from a loose distribution (Fig. 3A-C) to a highly organized, dense-
ly accumulated pool of synaptic vesicles relatively close to the
PreAZ (Fig. 3D-F). At P2 synaptic vesicles were randomly distribu-
ted over the entire terminal with only a few docked or vesicles
close to the PreAZ (Fig. 1A inset). At P30 synaptic vesicles may al-
ready constitute the 3 functionally defined pools: the readily re-
leasable pool (RRP), recycling pool (RP) and the reserve pool.
However, except for the docked vesicles primed to the PreAZ,

no morphological distinction can be made between the 3 pools;
RP and reserve pool are strongly intermingled (reviewed by Rizzo-
li and Betz 2005; Denker and Rizzoli 2010). For this study, since it
is impossible to differentiate the pools upon morphological cri-
teria, we performed a distance analysis which determines the
exactlocation of each synaptic vesicle to the PreAZ. Nevertheless,
we defined a distance of <10 nm for docked vesicles and one of
<40 nm (~1 vesicle diameter) for the nondocked vesicles located
in close proximity of the PreAZ, from which synaptic vesicles
could be easily and fast recruited upon stimulation.

Number of Vesicles

The total pool of vesicles per synaptic bouton increases signifi-
cantly by approximately 4-fold during postnatal development,
from 88.27 + 89.65 vesicles at P2 to 439.98 +214.93 vesicles at P30
(Fig. 4B; P=0.0347, KW test; Table 2). However, the variability ob-
served for this parameter is always very large for each age as in-
dicated by the SD, the minimum and maximum values (Table 2).
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Figure 3. Comparison of synaptic boutons at P4 and P30. (A1-A3) Consecutive electron micrographs taken from a series used for the 3D reconstructions of the P4 synaptic
boutons shown in A4. (A4) Example of a P4 synaptic bouton. At this age, the majority of boutons are large and synaptic vesicles are most often distributed throughout the
entire terminal. The synaptic bouton is reconstructed in transparent yellow, the mitochondrion in white, the PreAZ in red, synaptic vesicles in green, and the DCV in
magenta. Axons are pointed out by arrows and the axonal vesicle by an asterisk. (B,C) Different views of the distribution of synaptic vesicles with respect to their
location to the PreAZ. Although the majority of synaptic vesicles are distributed throughout the entire terminal, a small fraction is found in close proximity to the
PreAZ (C). (D1-D3) Consecutive electron micrographs taken from a series used for the 3D reconstructions of the P30 synaptic boutons shown in D4. (D4) Example of a
P30 synaptic bouton. Same color code as described above. Note that this bouton establishes 2 synaptic contacts (synl, syn2). In P30 boutons synaptic vesicles are
densely packed close to the PreAZ. (E F) Different views of the pool of synaptic vesicles with respect to their location to the PreAZ. Scale bars in A-F 0.5 pm.

The mean volume occupied by the vesicles to the total volume of
synaptic boutons significantly increases from approximately
0.7% at P2 to approximately 8% at P30 (P = 0.0094, KW test; Table 2).
Notably, no correlation between the volume of the boutons and
the total number of vesicles was detected except at P30 (see
Table 2) suggesting that, during development, the number of syn-
aptic vesicles is independently regulated from bouton size.

Vesicles Distance Analyses

As already mentioned above, a dramatic rearrangement in the
distribution pattern of synaptic vesicles was observed with on-
going maturation. This is reflected by changes in the distance
of individual vesicles to the PreAZ and their nearest-neighbor

relationship. Figure 5A shows the cumulative distribution of
the vesicles within a distance of <100 nm from the PreAZ, with
a gradual increase in steepness observed over all ages (Table 2).
Interestingly, although the mean number of vesicles within the
<100 nm distance significantly increases by approximately
5-fold (Fig. 5B; from 22.34 + 28.06 vesicles at P2 to 95.49 + 24.88
vesicles at P30; P=0.0289, KW test; Table 2) their proportion
to the total number of vesicles per bouton remains constant
(~22% at P2 to ~24% at P30; P = 0.5380, KW test; Table 2). The num-
ber of vesicles close to the PreAZ (<40 nm) increases by approxi-
mately 4-fold (Fig. 5B; 10.22 + 11.85 vesicles at P2 to 37.24 +9.65
vesicles at P30; Table 2) although the average number of docked
vesicles (<10nm) is not significantly different (Fig. 5B;
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Figure 4. Developmental change in synaptic bouton volume and size of the vesicle
pool. (A) Line histogram showing, despite a large variability, the steady decline in
bouton volume throughout postnatal development (P=0.0055, KW test; see
Table 1). (B) Line histogram showing the increase in the mean number of
synaptic vesicles per synaptic bouton during postnatal development (P =0.0347,
KW test; see Table 2). Error bars represent SD.

1.54 + 2.04 vesicles at P2 to 7.71 +0.71 vesicles at P30; P = 0.0608,
KW test; Table 2). No correlation was found between the number
of vesicles at <10, <40, and <100 nm distance and the surface area
of the PreAZ at the early stages (see Table 2). In addition, the over-
all distribution of synaptic vesicles throughout the entire termin-
al was estimated. The number of synaptic vesicles beyond
100 nm from the PreAZ steadily increases by approximately
5-fold from P2 to P30 (Fig. 5C; Table 2). The difference in the slope
(~9% for P2 versus ~70% for P30 between 100 and 500 nm) of the cu-
mulative distribution lines, which rapidly reach a plateau for the
older animals, reflects the developmental rearrangement of synap-
tic vesicles pools in terms of accumulation and condensation.
Interestingly, for both distance analyses, differences in the
number of vesicles tend to be more significant with increasing dis-
tance (Table 2). This suggests a progressive composition of the
mature vesicle pool by accumulation of vesicles near the PreAZ.
Finally, the nearest-neighbor relationship between individual
synaptic vesicles regardless of theirlocation to the PreAZ was cal-
culated (Fig. 5D; see Table 2). A significant decrease from approxi-
mately 112 nm (P2) to approximately 44 nm (P30) was observed
throughout ongoing development (P=0.0041, KW test; Table 2).
This further supports the rearrangement of the pool of synaptic
vesicles from a loose distribution throughout the terminal at P2
to a densely packed pool at P30 (Fig. 3). No correlation between
the volume of the synaptic bouton and the total pool of synaptic
vesicles was found before P30. Furthermore, no correlation
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between the volume of the bouton and the vesicle-to-vesicle dis-
tance has been observed for all ages investigated (see Table 2) in-
dicating that the rearrangement of the vesicle pool is
independent from the size of the bouton.

Vesicles Diameter

A significant decrease of approximately 20% in the mean diameter
of vesicles was found from 50.27 +4.14 nm at P2 to 40.73 +0.99 nm
at P30 (Fig. 6A; P=0.0079, KW test; Table 2). This difference is
exemplified for P2 versus P30 by the frequency distribution histo-
gram in Figure 6B (P <0.0001, Kolmogorov-Smirnov test). Our
findings are in line with results by Markus et al. (1987) in the
motor-sensory neocortex, which report a decrease in vesicle
diameter parallel with an increase in their number.

Dense-core Vesicles

DCVs are known to contain various neuropeptides, growth fac-
tors, but also components involved in the build-up of the AZs
(Dieni et al. 2012; Torrealba and Carrasco 2004; Ziv and Garner
2004; reviewed by Vaughn 1989). They were frequently found in
synaptic terminals throughout postnatal development. In imma-
ture terminals the number of DCVs per individual bouton is high-
er than for older animals, with a maximum of 19 observed in a P2
synaptic bouton. However, it should be pointed out that the per-
centage of synaptic boutons containing DCVs gradually declines
from approximately 83% at P2 to approximately 42% at P30 going
along with a significant reduction in both number and size (Fig. 7;
Table 2). The strong presence of DCVs in L4 terminals at early
stages of synapse development supports their role in the forma-
tion and maturation processes of the PreAZ.

The Pre- and Postsynaptic AZs

In the adult, per definition, an AZ, the structural equivalent to a
functional transmitter release site, is characterized by the typical
broadening of the synaptic cleft, the symmetric or asymmetric
pre- and postsynaptic densities, and the accumulation of synap-
tic vesicles located close to the PreAZ (Gray 1959b; 1959a). At all
ages investigated prominent asymmetric AZs were always ob-
served. At P2 and P4, dendritic shaft synapses represent the
large majority but a significant and steady increase of spine
AZs was found with ongoing postnatal development. Although
spines are, at first, relatively sparse (~8.5% and ~23% of the sam-
ples at P2 and P4, respectively versus ~93% at P30; see Table 1),
they already display a broad spectrum, from filopodia and thin
spines (Fig. 8A1-A3) to mushroom and branched spines
(Fig. 8A4-A7). In L4 of S1 mouse cortex, it was indeed reported
that spines display the shape and size of adult spines very early
(around P6, White et al. 1997). Due to a small sample size it was
not feasible to properly estimate proportions, but filopodia as
well as stubby (not shown) and mushroom spines were observed
as early as P2.

The second profound change is an increasing number of
synapses with a perforated appearance on both pre- and postsy-
naptic densities. Perforated synapses are present as early as P2,
but their proportions do not exceed 6% of the synapses investi-
gated before P14 when an increase is finally observed. At P30, ap-
proximately 32% of the synapses show perforations of their AZ
(Table 1; Fig. 9A-C) which is in line with similar findings in
adult L4 synapses (~35%, Rollenhagen et al. 2014).

The width of the synaptic cleft was 16.28 + 0.27 nm for the lat-
eral and 16.75 + 0.40 nm for the central region at P2, 16.97 + 0.58
nm for the lateral and 17.12 £ 1.41 nm for the central region at
P30 with no significant change between both ages (see Table 1).
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Table 2 Quantitative analysis of L4 synaptic vesicles and DCVs

P2 (n=4)

P4 (n=4)

P7 (n=4)

P10 (n=4)

P14 (n=4)

P30 (n=4)

Statistical test

Synaptic vesicles

Mean number of vesicles
per bouton

Min and Max number of
vesicles per bouton

Correlation bouton volume
versus number of
vesicles per bouton

Mean vesicle pool volume
per bouton (um?)

Percentage of the vesicle
pool volume in the
bouton volume

Mean number of vesicles
<10 nm from PreAZ*

Mean number of vesicles
<20 nm from PreAZ*

Mean number of vesicles
<30 nm from PreAZ*

Mean number of vesicles
<40 nm from PreAZ*

Mean number of vesicles
<100 nm from PreAZ*

Percentage of vesicles
<10 nm from PreAZ*

Percentage of vesicles
<40 nm from PreAZ*

Percentage of vesicles
<100 nm from PreAZ*

Correlation PreAZ area
versus number of
vesicles <10 nm from
PreAZ*

Correlation PreAZ area
versus number of
vesicles <40 nm from
PreAZ*

Correlation PreAZ area
versus number of
vesicles <100 nm from
PreAZ*

Mean number of vesicles
<100 nm from PreAZ**

Mean number of vesicles
<500 nm from PreAZ**

Mean number of vesicles
<1000 nm from PreAZ*

Mean vesicle-to-vesicle
distance (nm)

Correlation bouton volume
versus mean vesicle-to-
vesicle distance

Mean vesicle diameter per
bouton (nm)

Dense-core vesicles

Percentage of boutons
containing DCVs

Mean number of DCVs per
bouton

Mean DCV diameter (nm)

88.27 +89.65; 49.67
14

470

r=0.553

P=0.0033

0.007 +0.008; 0.003

0.67 +0.56; 0.39

1.54+2.04; 0.63

5.18 +6.56; 2.27

7.88+9.81;3.21

10.22 +11.85; 4.50

22.34+28.06; 9.16

1.55+0.92; 1.45

10.83+2.07; 11.18

21.98 +5.40; 21.45

r=0.279

P=0.1671

r=0437
P=0.0286

r=0.613

P=0.0011

26.12 +£29.00; 12.45

63.82 +74.00; 27.53

76.70+77.38;41.71

112.07 + 25.45; 116.29

r=0.242
P=0.2432

50.27 £4.14;51.33

83.42+1941;85.71

4.25+2.56;3.31

88.05+5.79; 89.79

199.18 + 84.39; 207.67
22

559

r=0.511

P=0.0063

0.014 +0.006; 0.015

2.27+£1.10;2.34

3.87+3.46;3.12

9.04 +4.99; 9.05

13.68 £6.59; 13.78

16.68 +8.05; 17.12

34.64+18.78; 35.89

171+£1.24;1.36

8.24+1.53;7.74

16.65+4.07; 15.87

r=0.554

P=0.0027

r=0.760
P <0.0001

r=0.750

P <0.0001

66.35 +53.58; 58.01

163.98 + 103.14; 166.41

186.70 +89.45; 192.11

79.34+20.53; 73.73

r=0.285
P=0.1485

51.55+0.61;51.49

61.80 + 27.03; 55.00

5.04+5.31;2.59

89.67 +4.95; 88.60

242.53+76.88; 265.97 250.93+93.73; 236.77 274.40+133.57; 222,98 439.98 +214.93; 342.71 KW

P=0.0347
6 22 9 37
683 934 1063 3345
r=0.510 r=0.620 r=0.737 r=0.800 Spearman test
P=0.0003 P <0.0001 P <0.0001 P <0.0001
0.012+0.004; 0.013  0.014+0.007;0.012  0.011+0.005; 0.010 0.016 +0.007; 0.013 KW

P=0.4826
447 +£1.57;4.91 4.33+2.83;3.87 3.87+£1.30; 3.55 8.22+2.94;845 Kw

P=0.0094
2.54+1.31;2.23 3.58+2.71;2.98 4.42+0.71; 4.16 7.71£0.71;7.70 KW

P=0.0608
8.20+4.17;8.97 8.25+2.79;7.96 10.94 +1.29; 10.83 19.25+4.72;19.55 KW

P=0.0559
13.29£6.45; 14.72 12.73+3.01;12.77 16.53+1.59; 16.57 28.14 +7.39; 28.36 Kw

P=0.0492
17.56 £7.94; 18.22 17.22+4.09; 17.27 22.51+3.01;22.78 37.24+9.65; 38.53 KW

P=0.0625
47.00 +22.80; 48.59 42.64+11.71;43.72 57.53+9.38; 59.51 95.49 +24.88; 102.64 KW

P=0.0289
1.02+0.29; 0.96 1.29+0.56; 1.24 1.77£0.49;1.78 1.98£0.66; 2.20 KW

P=0.4510
6.99 +1.30; 6.72 7.14+1.04;7.34 9.35+3.76;9.01 9.32+£3.41;8.98 KW

P=0.2297
18.55+4.21;17.84 17.52 +2.40; 17.64 23.75+9.50; 22.48 23.61+7.66; 23.64 Kw

P=0.5380
r=0.383 r=0.474 r=0.777 r=0.682 Spearman test
P=0.0102 P=0.0030 P <0.0001 P <0.0001
r=0.849 r=0.684 r=0.909 r=0.909 Spearman test
P <0.0001 P<0.0001 P <0.0001 P <0.0001
r=0.864 r=0.594 r=0.902 r=0.921 Spearman test
P <0.0001 P=0.0001 P<0.0001 P <0.0001

62.10 +£22.26; 61.88 72.57 +28.68; 68.67 85.66 + 38.26; 69.52 122.87 +£34.30; 119.82 KW
P=0.0557
210.57 +68.72; 227.95 217.70+99.14; 212.77 236.07 +115.69; 192.46 401.88 +214.83; 316.51 KW
P=0.0457
238.10+78.21; 260.23 240.52 +95.80; 229.06 261.35 +134.94; 207.53 438.59 +213.99; 342.53 KW
P=0.0298
65.20+13.42;62.54  58.25+5.07;57.32 57.23+13.13; 54.08 44.47 +2.92; 43.98 KW
P=0.0041
r=0.124 r=0.234 r=0.125 r=0.225 Spearman test
P=0.4146 P=0.1616 P=0.3864 P=0.1558
46.31+4.70; 45.48 45.62+2.41;45.23 42.79+1.52; 42.61 40.73+0.99; 40.63 KW
P=0.0079
48.46 +12.61; 46.92 52.38 +20.08; 46.02 46.92 +19.79; 45.63 42.00+17.63; 38.18 KW
P=0.1958
2.21+0.50; 2.33 3.44 +0.49; 3.47 2.07 +0.45; 2.20 1.72+0.42; 1.75 KW
P=0.0217
84.05 +8.02; 87.70 79.88+4.98; 78.32 80.67 +4.57; 81.39 74.95+7.11;73.63 KW
P=0.0311

Note: Summary of synaptic vesicles and DCVs parameters collected from the 3D reconstructions of L4 boutons during development. Mean + SD and median values are
given for each age. KW and Spearman correlation tests were used for statistics. Asterisks indicate results from the “2D” distance analysis while double asterisks indicate

results from the “3D” distance analysis.

This is in line with Markus et al. (1987), but different from previ-
ously published findings (18-22 nm at PO and 25-30 nm after P10
in mouse visual cortex, Li et al. 2010; ~30 nm in adult rat L4, Roll-
enhagen et al. 2014).

PreAZ and PSD areas always perfectly overlap in size as indi-
cated by the ratio and the correlation factors (Fig. 9D; Table 1).

Notably, the mean surface area of both PreAZ and PSD do not
undergo significant changes during postnatal development
estimated for all synapses (shaft and spines pooled together:
0.236 +0.066 pm? at P2 to 0.268 + 0.051 um? at P30 for the PreAZ;
P=0.5309, KW test; Table 1). The mean surface area of the PreAZs
opposing spines is similar in size when compared with those on
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Figure 5. Quantitative analysis of synaptic vesicle distribution. (A) Cumulative distribution of the synaptic vesicles within a 100 nm distance from the PreAZ. Note the
steady increase of vesicle numbers in all ages. (B) Bar histograms of the mean number of vesicles in a 10 (docked vesicles), 40 and 100 nm distance from the PreAZ
during postnatal development. (C) Cumulative distribution of the vesicles in a 100 to 3000 nm distance from the PreAZ. (D) Line histogram showing the steady
decrease in the mean distance between synaptic vesicles per bouton during postnatal development (P =0.0041, KW test; see Table 2). Error bars represent SD.

dendritic shafts (Fig. 9E; Table 1) although spines form a much
smaller compartment than dendritic shafts. Hence spine synap-
ses could be more efficient in synaptic transmission than shaft
synapses.

Finally, no correlation between the mean surface area of syn-
aptic boutons and that of AZs was found for all ages investigated
(Table 1), suggesting that the size of the AZ is an independent
structural parameter.

Discussion

In contrast to the structural and functional synaptic organiza-
tion in adult rodent barrel cortex (Egger et al. 1999; Liibke et al.
2000, 2003; Feldmeyer et al. 2002, 2005, 2006; Beierlein et al.
2003; Silver et al. 2003; Lefort et al. 2009; Meyer, Wimmer, Ober-
laender, et al. 2010; Meyer, Wimmer, Hemberger; et al. 2010;
Wimmer et al. 2010; Oberlaender et al. 2012; Kuhlman et al.
2014; Reyes-Puerta et al. 2014; Qi and Feldmeyer 2015; reviewed
by Liibke and Feldmeyer 2007; Feldmeyer et al. 2013), our knowl-
edge about synapses and their respective synaptic connections
in early cortical networks is rather limited (Daw et al. 2007; Frick
et al. 2007, 2008; Ashby and Isaac 2011).

The present study is the first coherent quantitative description
of the structural characteristics and changes of cortical synapses
during the first postnatal month. While some structural para-
meters undergo profound changes and adjustments, which occur
in parallel to the barrel and L4 formation, spinogenesis and the
onset of whisking, others remain relatively constant (Fig. 10). In
particular, the size of the presynaptic bouton decreases significant-
ly, whereas that of the AZs remains unchanged, although with a

late reshaping. The rearrangement of the pool of synaptic vesicles
from a loose distribution with only a small releasable pool towards
a dense organization at the PreAZ is the most important structural
modification. The structural alterations underlie changes in intrin-
sic electrophysiological properties and paired-pulse behavior in
early cortical networks to adulthood (Feldmeyer et al. 1999; Frick
et al. 2007, 2008; Ashby and Isaac 2011). Moreover, the large vari-
ability in almost all the parameters probably reflects (1) differences
in the structural and functional maturation coexisting at the same
age, and (2) the different origins of synapses in L4.

Signal Transduction in the Early Neocortical Network

Information processing in an early cortical network, in particular
during the first postnatal week, is induced and mediated via elec-
trical synapses by gap-junctional coupling (Peinado et al. 1993;
Peinado 2001; reviewed by Sutor and Hagerty 2005; Niculescu
and Lohmann 2014). In the developing rat neocortex, a high
level of gap-junctional coupling was observed between P5 and
P12 with a steady decline at P18 (Peinado et al. 1993; Peinado
2001). Nevertheless, it has to be mentioned here that gap-junc-
tional coupling is found between certain types of GABAergic in-
terneurons in the adult neocortex forming highly specific
independent networks (Gibson et al. 1999; Beierlein et al. 2003; re-
viewed by Hestrin and Galarreta 2005). Throughout early post-
natal development, the high level of gap junctions goes in
parallel with a progressive rearrangement of the neuropil and
the early formation of synapses starting at P2 (this study; see
also Blue and Parnavelas 1983b; Micheva and Beaulieu 1996).
Thus, during a transition window when the network switches
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Figure 6. Synaptic vesicle diameter. (A) Line histogram of the mean vesicle
diameter per synaptic bouton during postnatal development. Note the
significant decrease with ongoing maturation of synaptic boutons (P=0.0079,
KW test; see Table 2). Error bars indicate SD. (B) Bar histogram of the
normalized distribution of vesicle diameters at P2 (white open bars) versus P30
(solid black bars) synaptic boutons. They are significantly different (P <0.0001,
Kolmogorov-Smirnov test).

from electrical to chemical transmission, gap-junctional coup-
ling, and synapses structurally and functionally coexist. Since
during early cortex development gap-junctions drive network ac-
tivity via electrical coupling (Peinado 2001; reviewed by Niculescu
and Lohmann 2014), they may help to induce the formation of
synaptic structures and connections. However, after their dra-
matic decrease at P18 (Peinado 2001) a fine tuning of synapses,
in particular a reshaping of the AZ and an ongoing addition and
reorganization of synaptic vesicles, was observed which will be
discussed in detail below.

Quantitative Evaluation of Synaptic Structural
Parameters

So far several studies have investigated the development of cor-
tical synapses at the EM level, but focused on certain aspects
such as their density and distribution pattern (rat: Aghajanian
and Bloom 1967; Dyson and Jones 1980; Blue and Parnavelas
1983b; Markus et al. 1987; Micheva and Beaulieu 1996; mouse: De
Felipe et al. 1997; cat: Cragg 1972, 1975; monkey: Rakic et al. 1986;
Bourgeois et al. 1989; Zecevic and Rakic 1991). Among them, only a
few studies have further quantified other structural parameters
such as the size of synaptic boutons (Dyson and Jones 1980), the
AZ size (Dyson and Jones 1980; Blue and Parnavelas 1983b; Markus
etal. 1987; Bourgeois et al. 1989), the synaptic cleft width (Markus
et al. 1987), or the number and size of synaptic vesicles (Dyson
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Figure 7. Dense-core vesicles. (A) Line histogram of the percentage of boutons
containing DCVs. (B) Line histogram showing the decrease in the mean number
of DCVs per synaptic bouton during development (P=0.0217, KW test; see
Table 2). (C) Line histogram of the mean DCVs diameter per synaptic bouton
which significantly decreases during development (P =0.0311, KW test; see also
Table 2). Error bars represent SD.

and Jones 1980; Blue and Parnavelas 1983b; Markus et al. 1987).
All these analyses were based on single ultrathin sections. Such
2D measurements are inaccurate because the extension and
shape of a given structure is not completely followed as in con-
secutive serial sections (this study). Quantitative 3D models of
synaptic structures are, to date, the best solution to estimate
synaptic parameters such as the geometry of synaptic boutons,
the surface area of AZs or the number of synaptic vesicles and
their distribution profile, which can then be used for realistic
numerical and Monte Carlo simulations.

It should be mentioned that although synapses are composed
of nearly the same structural subelements, it is their individual
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Figure 8. Shape and size of different types of spines at the early stages of development. (A) 3D reconstructed spines at P2 and P4. Besides thin (A1, A2) and filopodial spines
(A3), also mushroom (A4-A6) and branched (A7) spines were found. For all spines the corresponding PreAZs are given in red; those labelled with asterisks are closest to the
mean surface area for the same age. The arrow in A6 points to a second synaptic contact established by the same synaptic bouton. Double arrowheads in A7 indicate
protrusions of a branched spine without synaptic contacts. (B) Typical mushroom spine reconstruction from P30. On this dendritic segment 3 synaptic contacts (red
areas) were established at different spines and locations. Arrows point to synaptic contacts that are not completely visible in this orientation. Scale bar 0.5 pm.

composition that critically determines their function. Synapses
are unique entities perfectly adapted to the network in which
they are embedded (hippocampus CA1: Harris and Sultan 1995;
hippocampus CA3: Rollenhagen et al. 2007; neocortex: Rollenha-
gen et al. 2014; cerebellum: Xu-Friedman and Regehr 2003; calyx
of Held: Satzler et al. 2002; reviewed by Rollenhagen and Liibke
2006). Thus it is difficult to compare the structural parameters
of synapses from different brain regions.

Refinement of Synaptic Structural Parameters During
Postnatal Development

Size and Shape of AZs
In the adult, the shape and size of the AZ represent key parameters
that critically determine synaptic transmission and plasticity.

Here, the average size of the AZ was similar to that reported for
adult L4 and other CNS synapses comparable in size, although a
high variability was observed in our study and adult synapses
(Rollenhagen et al. 2014; reviewed by Xu-Friedman and Regehr
2004; Rollenhagen and Liibke 2006). This variability may partially
contribute to the wide distributions of release probability, reliabil-
ity and quantal size observed at developing and almost mature L4
synapses (Feldmeyer et al. 1999, 2002, 2006; Silver et al. 2003; Frick
et al. 2007, 2008; Ashby and Isaac 2011; Qi and Feldmeyer 2015). In
addition, it has been shown for hippocampal CA1 synapses that
both the size and shape of the AZ drive reliability, strength, and
RRP size (Matz et al. 2010; Freche et al. 2011; Holderith et al.
2012). Large AZs have a much higher release probability, RRP and
a higher number of presynaptic Ca?* channels than smaller AZs
(Holderith et al. 2012). Whether the size of the AZ in developing
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Figure 9. Shape and size of the AZ during postnatal development. (A-C) 3D
reconstructions of presynaptic densities (in red) at P2 (A) and P30 (B,C) with
their corresponding pool of synaptic (in green) and dense-core (in magenta)
vesicles. Note the perforation of the PreAZ in (C). Scale bar 0.5 pm. (D) Line
histogram showing the ratio between the PreAZ and the PSD areas per synaptic
bouton during postnatal development. (E) Distribution profile of the mean
surface area of presynaptic densities during postnatal development shown for
presynaptic densities apposed on shafts (in black) or spines (in red). Error bars
represent SD.

synapses is as determinant in synaptic behavior as in the adult is
arguable, because of the profound changes in the composition and
accumulation of various pre- and postsynaptic synaptic proteins
and channels not yet established or due to their rearrangement
during early postnatal development (Stidhof 2012).

As early as P2 synaptic boutons have prominent pre- and op-
posing postsynaptic densities. As mentioned above, the average
size of the AZ does not significantly change with age. However, at
the end of the second postnatal week, the proportion of AZs with
perforations of their pre- and postsynaptic density starts to in-
crease, and finally represents a third of the total population
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Figure 10. Summary diagram of the time scale of events in cortico- and
synaptogenesis. Summary of the structural changes of synapses observed in
this study in comparison to L4 and barrel formation (Catalano et al. 1996) and

the onset of whisking (Landers and Zeigler 2006) during postnatal development
in the rat barrel cortex.

comparable to published values in adult L4 synapses (Rollenha-
gen et al. 2014). It has been shown that perforations of PSDs con-
tribute to high synaptic efficacy in adult hippocampal synapses;
in line with a strong correlation between AZs area, perforated
PSDs and the number of docked and reserve pool vesicles (Geinis-
man et al. 1991; Geinisman 1993). Both the total number of
docked and reserve pool vesicles at perforated AZs significantly
exceeds that of AZs with a nonperforated PSD (Nava et al. 2014).
Notably, this structural refinement of the AZ with ongoing devel-
opment may partially contribute to changes in synaptic reliabil-
ity, efficacy, strength, and short-term plasticity as observed in
developing L5-L5 excitatory connections (Frick et al. 2007, 2008).

Although shaft synapses represent the majority at P2 also a
few spine synapses are already established in L4 rat barrel cortex.
This is much earlier than the spinogenesis starting as late as P9
reported at mouse L4 spiny stellate neurons by Ashby and Isaac
(2011). The profound increase in spine density by approximately
10-fold from P2 onwards is accompanied by an increase in spine
apparatus occurrence (from ~6% at P4 to ~43% at P30). It has been
hypothesized, that spines containing this structure are more mo-
bile. Spine motility may be required to ease the establishment of
a contact with a presynaptic bouton. This steady add-on of spine
connections may help in the establishment and maintenance of
an early cortical network and its reshaping until adulthood, and,
as a consequence, modulate changes in the functional properties
of neurons and short- and long-term plasticity during develop-
ment (Gray 1959b; 1959a; Deller et al. 2003; Konur and Yuste
2004; Holtmaat et al. 2005; Umeda et al. 2005). Hence, it may be
speculated that the early appearance (P2) of spines with a prom-
inent AZ and the early presence of a spine apparatus may partial-
ly contribute to functional changes in synaptic efficacy, strength,
and reliability in an early L4 network in rat.
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Rearrangement of the Pool of Synaptic Vesicles

During development, the pool of synaptic vesicles undergoes the
most pronounced changes (Fig. 3). Besides a significant increase
in number, a gradual decrease in the diameter was observed in-
line with Markus et al. (1987). By changing the amount of releas-
able neurotransmitters, the size of synaptic vesicles may consti-
tute another mechanism in the regulation and modulation of
synaptic function (Hu et al. 2008; Qu et al. 2009).

Strikingly, a rearrangement of the vesicle pool occurs by pro-
gressive accumulation of vesicles near the PreAZ, with also a shift
from a loose to a highly densely packed organization. With the
exception of docked vesicles, no clear morphological correlate
can be defined for the 3 functional vesicle pools (RRP, RP, and re-
serve pool; reviewed by Rizzoli and Betz 2005; Denker and Rizzoli
2010). However, docked and primed vesicles are regarded to re-
present the RRP (Schikorski and Stevens 2001; Watanabe et al.
2013; reviewed by Denker and Rizzoli 2010). Taken the <40 nm
distance measurements (Table 2), we tried to estimate this
particular pool. A putative RRP was already present as early as
P2 and increases by nearly 4-fold at P30. The steady add-on and
rapid refill of vesicles to the putative RRP from the RP is a pre-
requisite for repetitive or high-frequency firing described for
mature L4 synaptic connections (Feldmeyer et al. 1999, 2002,
2006; Watanabe et al. 2013; Schikorski 2014; reviewed by Denker
and Rizzoli 2010). Such a developmental maturation and refill
of the RRP has been reported for cultured neocortical neurons
(Mohrmann et al. 2003), resulting in an improved synaptic
efficacy during strong, repetitive stimulation.

Vesicles beyond 40 nm from the PreAZ thus constitute the pu-
tative RP and reserve pool which also progressively increase with
age (Table 2) in line with findings in developing cultured hippo-
campal neurons (Mozhayeva et al. 2002). Based on the sparse dis-
tribution of the vesicles beyond 40 nm in early phases of
development it may be speculated that the RP and reserve pool
are constituted later than the RRP.

Thalamocortical versus Corticocortical Synaptic Inputs
inL4

The main sources of synaptic inputs to L4 spiny neurons during
early development include TC afferents from the ventroposterior
medial nucleus, corticocortical (CC) established mainly by excita-
tory L4 neurons (reviewed by Feldmeyer 2012) and synapses
made by transient subplate neurons (Schlaggar and O’Leary
1994; Zhao et al. 2009; Liao and Lee 2012; reviewed by Kanold
and Luhmann 2010). The morphological properties, density and
distribution pattern of synaptic boutons from subplate neurons
terminating on L4 neurons are largely unknown, but they may
contribute to the large variability of the synaptic profiles ob-
served in this study. Although TC afferents constitute only a
small fraction of synaptic contacts in adult L4 (10-20%, Bensha-
lom and White 1986), their proportion during early development
might be substantially higher, since TC inputs are established
prior to CC synapses (Schlaggar and O’Leary 1994; Catalano
et al. 1996; Isaac et al. 1997; White et al. 1997; Miller et al. 2001;
Daw et al. 2007; Ashby and Isaac 2011; reviewed by Erzurumlu
and Gaspar 2012). Moreover, TC terminals have a larger range in
size than CC terminals (Kharazia and Weinberg 1994; Nahmani
and Erisir 2005). We observed a severe decrease in bouton size
while the proportion of TC synapses progressively declines com-
pared with CC connections. Thus, during the first week of devel-
opment, our data set may reflect the TC synaptic activity.

The thalamic drive of the cortex is highly influential (Bensha-
lom and White 1986; Peters and Payne 1993; Gil et al. 1999; Bruno
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and Sakmann 2006). However, on the level of individual synapses,
it has been shown that TC and CC synapses are similar in strength
and dendritic location (Schoonover et al. 2014). Thus, they may be
considered as relatively homogeneous in terms of structure. Then
how to morphologically differentiate TC from CC synapses? Ves-
icular glutamate transporter type 2 immunolabeling (Nahmani
and Erisir 2005; Coleman et al. 2010) or tracer injections into the
VPM (Kharazia and Weinberg 1994; da Costa and Martin 2011)
allow TC afferents identification. However, those methods inter-
fere with the quantification of fine synaptic structures, such as
the AZ and synaptic vesicles, because of the DAB reaction product
diffusing and masking entirely the interior of the labeled element.

In summary, our observations and quantifications reflect
the general state of development of excitatory synapses in L4
of the barrel cortex, regardless whether they are TC or CC synap-
ses, or even synapses established by subplate neurons. Further-
more, our results reveal that the reorganization of the vesicles
pool, mostimportant in synapse maturation, always occurs inde-
pendently of the volume of the bouton. So the “size” parameter of
a presynaptic bouton and its related origin is not important for
the process of synapse maturation.

Supplementary Material

Supplementary material can be found at http:/www.cercor.
oxfordjournals.org/online.
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