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Abstract

Synapses “govern” the computational properties of any given network in the brain. However, their detailed quantitative
morphology is still rather unknown, particularly in humans. Quantitative 3D-models of synaptic boutons (SBs) in layer (L)6a
and L6b of the temporal lobe neocortex (TLN) were generated from biopsy samples after epilepsy surgery using fine-scale
transmission electron microscopy, 3D-volume reconstructions and electron microscopic tomography. Beside the overall
geometry of SBs, the size of active zones (AZs) and that of the three pools of synaptic vesicles (SVs) were quantified. SBs in
L6 of the TLN were middle-sized (~5 um?), the majority contained only a single but comparatively large AZ (~0.20 um?). SBs
had a total pool of ~1100 SVs with comparatively large readily releasable (RRP, ~10 SVs L6a), (RRP, ~15 SVs L6b), recycling
(RP, ~150 SVs), and resting (~900 SVs) pools. All pools showed a remarkably large variability suggesting a strong modulation
of short-term synaptic plasticity. In conclusion, L6 SBs are highly reliable in synaptic transmission within the L6 network in
the TLN and may act as “amplifiers,” “integrators” but also as “discriminators” for columnar specific, long-range
extracortical and cortico-thalamic signals from the sensory periphery.

Key words: electron microscopic tomography, human temporal lobe neocortex, layer 6 synaptic boutons, quantitative
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Quantitative Structural Dynamics of Synaptic Boutons

Introduction

The temporal lobe neocortex (TLN) is located at the baso-lateral
side of the cerebral hemispheres and can only be found in
primates including humans. It occupies ~20% of the total vol-
ume of human cerebral cortex (Kiernan 2012) and is regarded
as a highly specialized associative, homotypic granular, and
six-layered neocortex (von Economo and Koskinas 1925; Vogt
2009; Zilles et al. 2015; Zilles and Palomero-Gallagher 2017).
Beside various other functions, the TLN is involved in auditory,
visual, vestibular, linguistic, and olfactory information process-
ing. Beside connections to various other neocortical areas, the
TLN is linked to other multimodal association areas like the
limbic system. Hence, the TLN is regarded as a higher-order mul-
timodal, but not primary, or early sensory neocortex (reviewed
by Insausti 2013).

The growing interest in working on the TLN is its involvement
in several neurological diseases; most importantly as the area
of origin and onset of temporal lobe epilepsy, the most common
form of epilepsy (reviewed by Allone et al. 2017; Tai et al. 2018).

Taken together, the TLN represents an important region in
the normal and pathologically altered human brain.

In various animal species including non-human primates
(NHPs) and humans, L6 is present in all neocortical regions and
can be subdivided into two distinct sublaminae, L6a and Lé6b
(TGmbdl et al. 1975; Tombdl 1984; Zhang and Deschénes 1997,
1998; Mercer et al. 2005; Watakabe et al. 2007; Kumar and Ohana
2008; Andjelic et al. 2009; Chen et al. 2009; Rowell et al. 2010;
reviewed by Briggs 2010; Thomson 2010). In sensory cortices,
L6a receives afferents from the specific thalamic relay nuclei. In
turn, a subpopulation of L6a pyramidal neurons project back to
these nuclei hence forms an excitatory feedback loop allowing
the direct control of their excitatory input. In addition, L6 is
intracortically connected with L4 excitatory spiny stellate and
star pyramidal cells and in turn receives direct input from this
layer (Marx and Feldmeyer 2013; Qi and Feldmeyer 2016; Marx
et al. 2017).

Hence, L6 represents an important layer for both thalamo-
cortical and intracortical information processing within and
across cortical columns (Zhang and Deschénes 1997, 1998;
Hay et al. 2015; Frandolig et al. 2019; reviewed by Briggs
2010; Feldmeyer and Libke, 2010; Thomson 2010; Feldmeyer
2012).

The neuronal composition and subdivision of L6 also reflects
its dual origin. L6a is a derivate of the early cortical plate with
cortico-thalamic and cortico-cortical projecting pyramidal neu-
rons (Zhang and Deschénes 1997, 1998; Kumar and Ohana 2008;
Marx and Feldmeyer 2013; Marx et al. 2017, Diao et al. 2018),
whereas L6b is more heterogeneous with neurons originating
from the transient “subplate” and primordial plexiform layer
(Marx et al. 2017). In contrast to L6a, pyramidal neurons in
L6b are highly diverse in their dendritic configuration, axonal
arborizations and projection; beside normally oriented pyrami-
dal neurons with vertically oriented apical dendrites like those
in L6a, a substantial fraction are inverted, horizontally oriented
or with two thick main apical trunks (Tombdl et al. 1975; Tombol
1984; Miller 1988; Andjelic et al. 2009; Chen et al. 2009; reviewed
by Briggs 2010; Feldmeyer and Liibke 2010; Thomson 2010).

In contrast to its neuronal composition, relatively little is
known about the synaptic organization of L6, in particular the
quantitative geometry of SBs and their target structures in both
sublaminae, at least in the human TLN. Moreover, whether the
neuronal composition and dual origin of the two sublaminae
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is also reflected in the structural composition of SBs and their
density remains unknown.

To fill this gap, biopsy samples of non-affected (non-
epileptic) neocortical access tissue of the temporal lobe (TL)
from patients that had to undergo amygdalo-hippocampectomy
was used to investigate the layer-specific morphology and
differences of L6 SBs. Using high-end fine-scale transmission
electron microscopy (TEM) and 3D-volume reconstructions,
quantitative 3D-models of excitatory synapses in L6a and
L6b were generated. In particular, structural parameters that
represent morphological correlates of synaptic transmission
and plasticity were quantified such as the number, size and
shape of AZs and that of the three pools of SVs, namely the
readily releasable (RRP), the recycling (RP), and resting pool
and compared with values obtained from already investigated
layers of the TLN (Yakoubi et al. 2019a, 2019b) and data from
experimental animals where available.

Here, we demonstrate layer-specific differences in the quan-
titative morphology of SBs, in particular for the shape and size
of AZs, and most importantly for the size of the RRP, RP, and
resting pools. No significant sublaminar-specific differences in
the quantitative morphology of SBs were found, despite the size
of the RRP and the large variability of structural and synaptic
parameters investigated.

In conclusion, L6 SBs can be regarded as highly reliable in
synaptic transmission and may act as “amplifiers,” “integra-
tors” but also as “discriminators” for columnar specific, long-
range extracortical and cortico-thalamic signals from the sen-
sory periphery within the L6 network.

Material and Methods

All experimental procedures were approved by the Ethical
Committees of the Rheinische Friedrich-Wilhelms-University/
University Hospital Bonn (Ethic Votum of the Medical Faculty
to Prof. Dr med. Johannes Schramm and Prof. Dr rer. nat.
Joachim Liibke, Nr. 146/11), and the University of Bochum
(Ethic Votum of the Medical Faculty to PD Dr med. Marec von
Lehe and Prof. Dr rer. nat. Joachim Liibke, Reg. No. 5190-14-
15; Ethic Votum of the Medical Faculty to Dr med. Dorothea
Miller and Prof. Dr rer. nat. Joachim Liibke, Reg. No. 17-6199-BR),
and the EU directive (2015/565/EC and 2015/566/EC) concerning
the work with human tissue samples. The consent of the
patients was obtained by written and signed statements for
all experiments.

Tissue Extraction and Fixation

The adult human neocortical brain tissue was taken from the
superior, medial, and inferior TL from four patients, ranging
from 25 to 63 years in age that suffered from drug-resistant
TLE (see Supplementary Table 1) and therefore had to undergo
a transcortical selective amygdalo-hippocampectomy. The neo-
cortical access tissue was considered as non-affected (non-
epileptic) since it was always located far from the epileptic focus
as routinely monitored by preoperative electrophysiology and
magnetic resonance imaging. The “normality” of such neocor-
tical access tissue has also been demonstrated by other recent
structural and functional studies using the same experimental
approach (Testa-Silva et al. 2014; Mohan et al. 2015; Molnar et al.
2016; Seeman et al. 2018; Yakoubi et al. 2019a, 2019b; reviewed
by Mansfelder et al. 2019).
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During epilepsy surgery, tissue from the three temporal gyri
was transected to access the hippocampus via a transcortical,
transventricular pathway. After removal, the extracted tissue
samples were immediately immersion-fixed in fresh ice-cold
4% paraformaldehyde and 2.5% glutaraldehyde diluted in 0.1 M
phosphate buffer (PB, pH 7.4) and incubated 24-72 h at 4°C.
Four hours after removal of the tissue samples, the fixative was
replaced by the same, but fresh solution. Prior to vibratome
sectioning, tissue samples were thoroughly rinsed in cold PB
and afterwards embedded in 5% Agar-Agar (Sigma) diluted in
PB. Tissue blocks were cut in the coronal plane through the TLN
with a Vibratome VT 1000S (Leica Microsystems GmbH) into 150-
200-um thick sections. Afterwards they were thoroughly washed
again in PB and transferred to 0.5-1% PB-sucrose buffered OsO4
(300 mOsm, pH 7.4; Sigma) for 60-90 min. After visual inspection,
sections were washed several times in PB and left overnight at
4°C. The next day, sections were dehydrated with an ascending
series of ethanol starting at 20%, 30%, 50%, 60%, 70%, 80%, and
90% (15 min for each step), followed by 95% ethanol (20 min) and
finally in 100% ethanol (twice 30 min). Subsequently sections
were transferred briefly into propylene oxide (twice 2 min) and
then incubated in a mixture of propylene oxide and Durcupan
(2:1 and 1:1, 60 min for each step; Fa. Fluka) and stored in
pure Durcupan overnight at room temperature. Finally, sections
were flat-embedded in fresh Durcupan between Acla foils and
polymerized at 60°C for 48 h.

Semi- and Ultrathin Sectioning

Embedded tissue samples of the TLN were inspected light micro-
scopically to determine the region of interest (ROI), which was
then trimmed out and glued onto a pre-polymerized block. To
look for the quality (preservation of the tissue) and to define the
final ROI, in this case layer 6a and L6b of the TLN, semithin sec-
tions were cut using a Histo-diamond knife (Fa. Diatome, Nidau)
with a Leica UltracutS ultramicrotome (Leica Microsystems) and
stained with methylene-blue (see also Supplementary Fig. 1).
After inspection and definition of the final ROI in either L6a
and L6b, the block was further trimmed to its final size for
serial ultrathin sectioning. In methylene-blue stained semithin
sections, L6a and L6b were identified as the area under the large
L5 pyramidal neurons (L6a) and the area above the white matter
(Léb; see also Supplementary Fig. 1).

Serial ultrathin sections (50 + 5 nm in thickness; silver to gray
interference contrast) were cut with the same Leica UltracutS
and collected on pioloform-coated slot copper grids (Fa. Plano).
An individual series comprised usually between 75 and 150
ultrathin sections to reconstruct SBs of different shape and
size to meet both structural variability and statistical variance.
Prior to electron micrography (EM) examination and to increase
the contrast, ultrathin sections were finally stained with 5%
aqueous uranyl acetate for 15-20 min and lead citrate for 3-
5 min.

EM Data Acquisition

Ultrathin sections were examined with a Zeiss Libra 120 TEM
(Fa. Zeiss) equipped with a bottom-mounted Proscan 2K digital
camera using the Image SP software (Fa. Trondle) at a magnifica-
tion of 8000x with frames of 6 x 6 images (10444 x 11129 final
pixel size). After the definition of 1-3 different ROIs in either L6a
or L6b they were photographed throughout consecutive sections
in the entire series of ultrathin sections. Afterwards all images

were stored in a database until further processing. Additional
photographs of interesting structural elements in L6a and L6b
were taken at different magnifications to describe characteristic
features of SBs, their target structures and other interesting
subelements in the neuronal network of L6. Selected EM images
were further edited for publication using the Adobe Photoshop
and Adobe Illustrator software.

3D-Volume Reconstructions of SBs and Their Target
Structures

Serial EM images were then imported, stacked and aligned in
OpenCAR (Contour Alignment Reconstruction; for details see
Satzler et al. 2002). Afterwards, a series was then inspected for
SBs that can be followed from the beginning to their end. An
SB was considered completely captured, when it was possible to
follow the axon in both directions until the occurrence (swelling)
of a SB (en passant boutons) or the enlargement of the axon
leading to an endterminal bouton. The start of a bouton was
defined by the typical widening of the axon and the abrupt
occurrence of SVs. All synaptic structures of interest were
outlined on the outer edge of their membranes throughout the
series of EM images.

3D-volume reconstructions were then generated and the
following structural parameters were analyzed: 1) surface area
and volume of SBs; 2) volume of mitochondria; 3) surface area of
the presynaptic active zones (PreAZs) and postsynaptic densities
(PSDs); 4) number and diameter of clear synaptic and dense core
vesicles (DCVs); and 5) total pool of SVs and the RRP, RP, and
resting pool.

Excitatory SBs in L6a and L6b were characterized by large
round SVs and prominent PreAZs and PSDs in contrast to puta-
tive GABAergic terminals that had smaller, more oval-shaped
SVs and thin or no prominent PSDs.

The PreAZs and PSDs were regarded as complete when their
perimeters were entirely reconstructed in a series of EM images.
Per definition, the PreAZ and PSD constituting the AZ are regions
of densely, electron-dense, dark-appearing material, and con-
densed at the pre- and postsynaptic apposition zone. The sur-
face areas of the PreAZ and PSD were computed separately by
first generating a 3D surface model of the SB. The PreAZ was
then measured by extracting this area from the reconstructed
presynaptic bouton membrane that was covered by this mem-
brane specialization (i.e., where the contour line coincided with
<30 nm distance from the presynaptic membrane). Hence, the
length (1) of the PreAZ (1 PreAZ) and the surface area (SA) of the
PreAZ (SA PreAZ) is already known. The size of the PSD opposing
the PreAZ was estimated under the following assumptions: 1)
both membrane specializations, PreAZ and PSD run parallel to
each other at the pre- and postsynaptic apposition zone; and
2) for both membrane specializations a contour line was drawn
determining their actual length (I PreAZ and 1 PSD). Hence, the
surface area of the PSD (SA PSD) is estimated by the following
equation:

SA PSD = SA Pre 1 PSD/1 PreAZ

which is the perimeter ratio between the outlines of the PSD to
that of the synaptic contact.

The synaptic cleft diameter was measured because of its
importance for the transient increase of the glutamate concen-
tration, reversible binding of glutamate to appropriate glutamate
receptors and eventual uptake and diffusion of glutamate out
of the cleft by fine astrocytic processes. To a large extent these
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processes are governed by the geometry of the synaptic cleft
and the shape and size of the PreAZs and PSDs. Synaptic cleft
width measurement was performed only on synaptic contacts
cut perpendicular to the AZ and showed the typical broadening
of the synaptic cleft (n=4 patients, n=120 AZs). The distance
between the outer edge of the pre- and postsynaptic mem-
branes at the center of the synaptic contact and at the two
lateral edges was measured and averaged for each synaptic
contact. The two values for the lateral edges were averaged and a
mean =+ standard deviation (SD) was calculated for each patient.
Finally, a total mean =+ SD over all patients was given.

All SVs were marked throughout each SB and their diameters
(outer to outer membrane) were individually measured. To deter-
mine the distribution profile of the SVs, the minimal distance
between each SV membrane to the contour lines of the PreAZ
was measured throughout the SB in every single image of the
series. Large DCVs were only counted in the image where they
appeared largest (for details see Yakoubi et al. 2019a, 2019b).

Tissue Shrinkage

In this study aldehyde fixation was used that is thought to
induce tissue shrinkage thereby biasing structural quantifica-
tion (but see Korogod et al. 2015). A direct comparison of struc-
tural parameters obtained from either aldehyde or cryo-fixed
and substituted tissue samples (Korogod et al. 2015) showed dif-
ferences in cortical thickness (~16% larger in cryro-fixed mate-
rial), volume of extracellular space (~6-fold larger in cryo-fixed
material), and a slight increase in glial volume.

Concerning synaptic parameters as estimated here, no sig-
nificant differences were found for SB size and other synaptic
subelements such as mitochondria, AZs and SVs (Zhao et al.
2012a, 2012b; Korogod et al. 2015). Therefore, no correction for
shrinkage was applied and we are thus convinced that the
synaptic parameters reported here are accurate and can be
directly used for detailed computational models. In addition,
large-scale preservation for ultrastructural analysis will there-
fore continue to rely on chemical fixation approaches, due to the
limited preservation of the ultrastructure in cryo-fixed material
as stated in Korogod et al. (2015).

EM Tomography of L6 SBs in the TLN

EM tomography was carried out on 200-300-nm thick sections
cut from L6 containing blocks prepared for ultrathin sectioning
as described above. For the analysis of L6, two patients were
used and the analysis was carried out on four tomography
prepared sections for L6a and L6éb, respectively. In addition, and
for comparison with L4, tomography prepared sections from two
series of one patient were imaged and analyzed. Sections were
mounted on either pioloform-coated line or slot copper grids
(Plano) and were counterstained with uranyl acetate and lead
citrate (see above). Subsequently, sections were examined with
a JEOL JEM 1400Plus, operating at 120 kV and equipped with a
4096 x 4096 pixels CMOS camera (TemCam-F416, TVIPS). Tilt
series were acquired automatically over an angular range of
—60° to +60° at 1° increments using Serial EM (Ver. 3.58; Mas-
tronarde 2005). Stack alignment and reconstruction by filtered
back-projection were carried out using the software package
iMOD (Ver. 4.9.7; Kremer et al. 1996). Final reconstructions were
ultimately filtered using a median filter with a window size of
three pixels. In individual tilt series through SBs in L6a and L6b
(Table 4) “docked” vesicles were counted separately for spine and
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shaft SBs. For comparison, additional L4 SBs were analyzed the
same way.

Cluster Analysis of L6 Excitatory SBs in the Human TLN

The excitatory SBs of L6 in the human TLN showed a large vari-
ability in both their shape and size in most structural parame-
ters investigated, which already indicate the presence of several
types of SBs within our sample. Therefore, to determine the most
characteristic features that best identify the different groups
that is, types of SBs, a cluster analysis (CA) was performed on
excitatory SBs of L6a (n=95) and L6b (n=85) using MATLAB and
Statistics Toolbox Release 2016b (The MathWorks, Inc.) based on
the following structural parameters: volume, surface area and
sphericity of SBs, number of AZs/SB, PreAZ and PSD surface
area, number and volume of mitochondria/SB, percentage of
mitochondrial volume to the total SB volume, total number of
SVs/SB, total vesicular volume/SB and its percentage to the total
SB volume, SV diameter, and number of SVs at different perime-
ters 10/20/30/40/60/70/80/90/100/200/300/400/500 nm from the
PreAZs, and finally the total number of DCVs/SB.

First, zero-mean normalization was applied as the parame-
ters had different units. Then, a principal component analysis
(PCA) was performed on the original dataset to simplify it,
by applying a rank reduction, to a smaller dataset of linearly
uncorrelated variables called principal components (PCs), but
still containing most of the information of the original dataset.
The PCA allows the detection of the main features that best
characterized the excitatory SBs of L6a and L6b and thus showed
that the first PC was predominantly defined by the surface
area of the PreAZs and PSDs as well as the vesicle pools at
different perimeters from the PreAZs. Subsequently, the simpli-
fied dataset was used to perform a hierarchical cluster analysis
(HCA) a method for unsupervised learning, since the original
dataset was not labeled (for further details see Yakoubi et al.
2019a).

Golgi-Cox Impregnation of Biopsy Material

Three human tissue blocks from the medial and inferior gyrus of
the TLN were processed with the Golgi-Cox impregnation tech-
nique using the commercially available Hito Golgi-Cox Optim-
Stain kit (Hitobiotec Corp). After removal of the biopsy samples,
tissue was briefly rinsed twice in double distilled water (dd H,0),
and then transferred into the impregnation solution overnight
at room temperature. The next day, samples were incubated in
a fresh impregnation solution and stored for 14 days in the dark
at room temperature. Samples were then transferred in solution
3in the dark at room temperature for 1 day. Thereafter, they were
placed into fresh solution 3 in the dark at room temperature
for six additional days. Then, solution 3 was exchanged and
samples were stored at 4°C in the dark overnight. Tissue blocks
were embedded in 5% Agarose (Carl Roth) diluted in dd H,O,
and sectioned with a vibratome in the coronal plane at 100-
250 um thickness and then transferred to dd H,0. After careful
removal of the agarose, free-floating sections were incubated
into solution 3 for 2-3 min in the dark at room temperature,
and right after placed into dd H,0, washed several times, and
stored overnight. The next day, sections were put into a mixture
of solutions 4 and 5 for 10 min at room temperature. Afterwards,
they were rinsed twice in dd H,O for 4 min each, dehydrated
in 50%, 70%, and 95% ethanol for 5 min each, then transferred
into absolute ethanol (3 x 5 min), defatted in xylene, and finally



1844 | Cerebral Cortex, 2022, Vol. 32, No. 9

embedded in Eukitt (Sigma-Aldrich) coverslipped and air-dried.
Finally, sections were examined and imaged with an Olympus
BX 61 light microscope equipped with the CellSense software
package (Olympus). For publication, selected images were fur-
ther processed using Adobe Photoshop and Adobe Illustrator.

Measurement of the Synaptic Density

In order to examine and further analyze structural parame-
ters that allow more detailed information in functionality and
plasticity within the human brain (DeFelipe et al. 1999; Anton-
Sanchez et al. 2014; Dominguez-Alvaro et al. 2019), a stereo-
logical unbiased estimation of the density of synaptic contacts
was performed using a physical dissector technique (Mayhew
1996; Fiala and Harris 2001; Yakoubi et al. 2019b). For this anal-
ysis, the same series of ultrathin sections was used as for
the 3D-reconstructions. To calculate the synaptic density for
each patient and sublamina, L6a and L6éb, a stack of 20 suc-
cessive frames (also called dissector) within each series was
cutout, aligned and edited with Fiji ImageJ (Schindelin et al.
2012; https://fiji.sc). A grid was layered over each image and
newly emerged synapses were marked and counted by using the
previous section as a reference to avoid double counting. The
results have then been inserted in the following formula (Fiala
and Harris 2001):

_2dad

NV=S3va

In this case, Nv is the density of synaptic contacts in a
virtual volume calculated for the number of synaptic contacts
per volume, Qg is the number of synaptic contacts per dissector
and Vg is the volume of the dissector given by the number of
dissectors x frame area x section thickness.

Quantitative Analysis of the Astrocytic Coverage

To quantify the astrocytic coverage of synaptic complexes that
constitute the “tripartite” synapse in the human neocortex, the
interactive software Image] (Schneider et al. 2012) was used.
The first, the middle, and the last images of a series were used
for a further quantitative volumetric analysis. In each section
of the same series used for the 3D-volume reconstructions, a
grid (grid size 0.8 x 0.8 um?) was placed over the EM image,
and in each square, the abundance of fine astrocytic processes
was documented throughout these images and averaged. Using
the Cavalieri method [Unbiased Stereology: Three-Dimensional
Measurement in Microscopy (Advanced Methods) Paperback—7
January 2005 by Vyvyan Howard Matthew Reed], the (absolute)
volume contribution of astrocytic processes was determined
according to the Cavalieri estimator:

V=a{p)x TP x t

where a(p) is the size of one square (0.8 x 0.8 um?), P is the
number of squares counted, and t is the thickness of the slice.

Statistical Analysis

The mean value expressed as the total mean over single
means for each patient + SD, the median with the first and
third quartile (interquartile range, IQR), the coefficient of
correlation (R?), the coefficient of variation (CV), skewness, the
degree of asymmetry observed in a probability distribution,

and the variance, a statistical measure of variability, was
given for each structural parameter analyzed. The P-value was
considered significant only if P < 0.05. Box- and Violin plots were
generated to investigate interindividual and age-dependent
differences for each patient and structural parameter (Ploty
4.0.0 https://chart-studio.ploty.com; see Supplementary Figs 2
and 3 and Supplementary Table 1). In addition, synaptic density
measurements were statistically tested for interindividual and
age-dependent differences. For statistical comparison data
obtained for L5 (n=7 patients ranging from 20 to 50 in age;
Yakoubi et al. 2019a) and L4 (n =6 patients ranging from 25 to 63
in age; Yakoubi et al. 2019b) were included in the present study
(see Supplementary Tables 1 and 2).

To test for significant differences between both subjects and
layers the non-parametric Kruskal-Wallis H-test analysis was
computed, using PAST 4.02 (Hammer et al. 2001), as some of the
analyzed parameters were not normally distributed as indicated
by the skewness.

Correlation graphs between several structural parameters
were generated. The R? values were interpreted as follows: 0,
no linear correlation; 0-0.5, weak linear correlation; 0.5-0.8, good
linear correlation; and 0.8-1.0, strong linear correlation. Further-
more, a freely available Fisher’s r-to-z-transformation calculator
was used to test for difference in R? between L6a and Léb (P
value <0.05).

Results
Synaptic Density in L6 of the Human TLN

The density of synaptic contacts in L6a and Léb was estimated
from the same series of ultrathin sections used for the quanti-
tative 3D-volume reconstructions (n=4 patients ranging from 25
to 63 years in age). For comparison, data in L4 from 6 patients
ranging from 24 to 63 in age were taken from Yakoubi et al.
(2019b; see Material and Methods; and Supplementary Table 1)
because both layers are main recipients of thalamo-cortical
afferents (reviewed by Sherman 2012). These measurements
provide the basis to further gain information regarding the
synaptic organization of the neuropil, rate of connectivity as well
as possible interindividual differences in the human TLN.

In L6, the overall density was 4.98 x 10’ synapses/mm?,
ranging from 2.6 x 10’ to 7.3 x 10’/mm?3, but the averaged
synaptic density of L6a versus L6b showed a ~1.5-fold difference.
Strikingly, also a huge interindividual variability was found,
although with no significant differences between individuals,
ages and L6a versus L6b. However, a significant difference in
synaptic density by ~20-fold (P <0.01) was observed between L6
and L4 (Table 1).

In all patients, the majority of synaptic contacts counted
were excitatory and were found predominantly on spines
(Léa: 81%; L6b: 79%) of different types (Table 1). The remainder
contacts were established on dendritic shafts (L6a: 29%; Léb:
21%). Interestingly, no significant difference in the innervation of
target structures (dendritic shafts vs., dendritic spines) between
L6a, Leb, and L4 was found, respectively. Finally, the majority of
spines in both sublaminae contained a spine apparatus (~90%)
with no significant differences between both sublaminae, but
strikingly different by ~20-fold when compared with data
obtained in L4 of the human TLN (~40%; Yakoubi et al. 2019b).

In summary, the synaptic density in L6 of the TLN was
strikingly by ~20-fold higher than in L4, indicating a lamina-
specific difference in synaptic density (see Discussion) but may
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Table 1 Density of synaptic contacts in L6a, L6b, and L4 of the human TLN

Total mean L4 4+ SD

Total mean
L6+ SD

Mean L6b + SD

Léb Léb

Mean L6a + SD L6b

L6a Léa

L6a

Patients

Hu_02 Hu_03

Hu_01

Hu_02 Hu_04

Hu_01

2.37 x 10° +
2.19 x 10%**

498 x 107 +
1.85 x 107

3.93 x 107 +
1.35 x 107 n.s.

26x107 5.3x107

6.03 x 107 +1.86 x 107 3.9 x 107

6.9x107 73x107 3.9x10’

Total density of synaptic

contacts/mm?

20.00 +£10.37 20.34+17.75 n.s.

21.00+10.44 n.s.

16 14

33

19.00 +£12.53

32

18

SBs on dendritic shafts

(%)

80.00 +£10.37 76.62+18.75 n.s.

79.00+10.44 n.s.

84 86

67

81.00+12.53

93 68

82

SBs on dendritic spines

(%)
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3.50
7.80

10.00 £6.39
76.00+13.16
14.00 £11.71

8.67 £8.35n.s.

16
56

11.33+7.51
82.67 +£9.29
6.00+£6.56

20
75

Stubby spines (%)

69.33+14.64 n.s.

67

85

80
13

93

Mushroom spines (%)

63.90

22.00+10.39 n.s.

28

10

Elongated filopodial

spines (%)

40.00

89.67 +£13.05 n.s. 90.83+9.45

100 94

75

92.00+7.00

100 89 87

SBs with spine
apparatus (%)

; n.s. non-significant and not non-significant. Values are given as mean =+ SD or percentage (%).

Note: **P <0.01
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also suggest a high connectivity rate of neurons in L6 in the
human TLN.

Neural Organization of the Human TLN

In Golgi-stained material (Fig. 1) and semithin sections (see
Supplementary Fig. 1) taken from samples of the superior,
medial and inferior gyrus of the human TLN (Fig. 1A,B, see
Supplementary Fig. 1A). L6 can be distinguished and separated
from L5, characterized by its large pyramidal cells, by the
occurrence of smaller-sized pyramidal neurons (Fig. 1B,C). This
is followed by a zone relatively sparse of neurons (Fig. 1B)
that can be distinguished from the white mater by the rapid
increase of myelinated axons and astrocytes (Figs 1B and 2A,B).
Like in rodents and NHPs, L6 can be clearly subdivided in
two distinct sublaminae, L6a and Léb according to their dual
origin (see Introduction) and the steady increase in myelinated
axons (compare Fig.2A with 2B). In the human TLN, both
sublaminae are nearly similar in size (Fig. 1B) throughout the
entire TL and are mainly composed of excitatory pyramidal
neurons of different shape and size (Figs 1B-D and 2A1,B1) and a
heterogeneous population of GABAergic interneurons (Fig. 1C).
In both sublaminae, pyramidal neurons are often organized in
clusters (see Supplementary Fig. 1B-D).

L6a is mainly composed of pyramidal neurons characterized
by a thick ascending, vertically oriented apical dendrite
(Fig. 1B,C, see Supplementary Fig. 1C) equivalent to cortico-
cortical and cortico-thalamic projecting pyramidal neurons
described in rodents (Tombdl et al. 1975; Tombdl 1984; Zhang
and Deschénnes 1997, 1998; Kumar and Ohana 2008; Marx and
Feldmeyer 2013; Marx et al. 2017). In contrast, the population
of pyramidal cells in L6b was very heterogenous with inverted
(Figs 1B,D and 2B1, see Supplementary Fig. 1), horizontally or
bipolar oriented pyramidal neurons with long apical dendrites
(Fig. 1B,E, see Supplementary Fig. 1E) as also described in
rodents (Tombdl et al. 1975; Tombol 1984; Marx and Feldmeyer
2013). Most neurons, regardless whether they are excitatory
or inhibitory contained so-called lipofuscin granula (Fig. 2A2),
indicative for aging. In addition, lipofuscin granula were also
observed in numerous astrocytes (not shown).

Interestingly, also degenerating apoptotic neurons were
found as identified by their dark appearance characterized by
severe distortions of their cytoplasm, large vacuoles and some-
times accompanied by microglia, indicative of cell death of these
neurons in our biopsy samples in semi- and ultrathin sections
(see Supplementary Figs 1D and 4A). In addition, dendrites in
different stages of degeneration were observed that sometimes
still receive synapticinput (see Supplementary Fig. 4B). However,
their density varied substantially within our neocortical TL
tissue samples.

Synaptic Organization of L6 in the Human TLN

The main goal of this study was to quantify morphological
parameters representing structural correlates of synaptic trans-
mission and plasticity in L6 excitatory SBs in the human TLN,
separated for both sublaminae L6a and Léb. For this purpose, a
total of 182 SBs were completely reconstructed out of six series
of 100-150 ultrathin sections/series. In L6a in three series 96 SBs
and 97AZs and in L6b in three series 86 SBs and 84 AZs were
quantified using non-affected (non-epileptic) neocortical access
tissue from biopsies taken during epilepsy surgery (see Material
and Methods; and Supplementary Table 1).
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Figure 1. Neuronal organization of the human TLN and L6 as visualized by Golgi-
staining. (A) Low power light micrograph through a Golgi-stained vibratome
section of the human Gyrus temporalis medialis. Dashed lines indicate the
border between the gray and white matter (wm). The framed area in red is
shown at higher magnification in (B). Scale bar 2 mm. (B) Vertical slab through a
cortical column in the human TLN showing the density and distribution of Golgi-
stained neurons throughout all cortical layers (L1-L6). Note the high density
of pyramidal neurons of different shape and size in L2 and L3 often with a
terminal tuft dendrite in L1. In L4, L5, and L6 an abrupt change in the density of
neurons is observed, which is comparatively lower than that in L2 and L3. Scale
bar 500 um. (C) Golgi-stained neurons in Lé6a. Pyramidal neurons (asterisks) are
always identifiable by their characteristic shape and size of their somata and
vertical orientation of their apical dendrites. Pyramidal cells are intermingled by
a heterogenous population of GABAergic interneurons two of which are marked
by arrowheads. (D) Two representative examples of bipolar tufted pyramidal
neurons in L6b as identified by their two thick dendrites one ascending towards
the pial surface the other oriented towards the white matter. (E) Typical example
of a horizontally oriented pyramidal neuron with a prominent apical dendrite
(marked by arrowheads) running parallel within L6éb. Scale bar in C-E 100 pxm.

At the TEM level, L6 can be also distinguished from L5 by its
smaller sized pyramidal neurons (L6a) and the abrupt increase
in myelinated axons (Fig. 2A); their number steadily increased in
L6b (Fig. 2B) towards the white matter.

In L6a and L6b the neuropil is composed of neuronal
cell bodies often organized in cluster of 8-12 neurons (see
Supplementary Fig. 1B-D), astrocytic cell bodies and their fine
processes often associated with the neuronal clusters (Fig. 2A1,
see Supplementary Fig. 1B-D), apical and basal dendrites of Lé6a
and L6b neurons, and SBs of different shape and size (Figs 3 and
4). When organized in clusters, neurons in L6 were sometimes
interconnected via gap-junctions (not shown).

Figure 2. Neuronal organization of L6 in the human TLN. (A) Low power electron
micrograph of the neuropil in L6a composed of dendritic and synaptic profiles
of different shape and size. Layer 6a also contains numerous myelinated axons
often accompanied by clusters of unmyelinated ones. Scale bar 1 um. Inset
Al: Two putative L6 pyramidal cell somata (pyr1, pyr2) identified by their large
somata and nuclei and organization of their cytoplasm. Pyramidal cells (pyr2) are
often accompanied by astrocytes (ast) identifiable by their darker appearance.
Scale bar 25 um. Inset A2: High magnification of lipofuscin granula in the
cytoplasm of a pyramidal neuron a frequently found indicator of aging in these
neurons. Scale bar 0.25 um. (B) Typical example of the neuropil in L6b with
a much higher density of myelinated axons ascending from the white matter
when compared with L6a. Scale bar 1 um. Inset B1: Typical example of an
inverted pyramidal neuron with a thick apical trunk descending towards the
white matter. Scale bar 10 um.

Synaptic complexes in L6a und L6b were formed by either
presynaptic en passant or endterminal boutons (Figs 3 and 4),
with their prospective postsynaptic target structures, either a
cell body of a neuron (not shown), or dendritic shafts (Figs 3A,C,G
and 4EH) or spines of different caliber (Figs 3A,B,D-FH and
4A-DFG).

In both sublaminae, SBs were predominantly found on den-
dritic spines (86.00% in Lé6a and 72.73% in L6b), the remainder
were located on dendritic shafts (Figs 3A,C,G and 4E,H; see also
Table 1). Spines were classified according to established crite-
ria (see for example: Gray 1959; Boyer et al. 1998; Holtmaat
et al. 2005; Tamada et al. 2020). SBs on spines were predomi-
nantly located on mushroom spines with a variable length of
the spine neck (66.00% in L6a and 55.84% in L6b), a smaller
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Figure 3. Synaptic boutons and their target structures in L6 of the human TLN. (A) Electron micrograph with several synaptic complexes in L6a. Here, synaptic boutons
(sb) are always highlighted in transparent yellow, their respective target structures in transparent blue and AZs in transparent red. The dendritic segment (de) on the
right receives synaptic input at a stubby spine (sp1, sb1), a mushroom spine (sp2, sb2) and two putative GABAergic shaft synapses (sb4, sb5) one of which (sb4) had
two AZs. Close to the dendrite, a synaptic bouton (sb3) terminate directly on a large spine head (sp3) with two AZs. Note also the prominent spine apparatus in sp2
and sp3 marked by asterisks. The framed area shows a large astrocytic process containing gliotransmitter. Scale bar 0.5 um. (B) Two large synaptic boutons (sb1, sb2)
terminating on two opposite stubby spines (sp1, sp2) on a dendritic segment in L6b with two macular, non-perforated AZs spanning the entire pre- and postsynaptic
apposition zone (arrowheads). A different spine (sp3) is innervated by a large glutamatergic synaptic bouton (sb3) with two AZs and a putative GABAergic bouton (sb4).
The AZ of this bouton (frame area) is shown at higher magnification to demonstrate several fused or “docked” synaptic vesicles (marked by asterisks) in the inset B1.
Scale bar in B 0.5 um and B1 0.25 um, respectively. (C) Dense innervation of a small caliber dendrite (de) in L6a by three excitatory synaptic boutons (sb1-sb3). The AZs
are marked by arrowheads. Scale bar 1 um. (D) Comparatively large synaptic bouton (sb) in L6b containing several mitochondria that establish synaptic contacts with
two dendritic spines (sp1, sp2) one (sp2) with a relatively large macular, non-perforated AZ. Scale bar 0.5 um. (E) Two twinned dendritic spines (sp1, sp2) emerging from
the same dendrite in L6a receiving input from two synaptic boutons (sb1, sb2) both with perforated AZs (arrowheads). Scale bar 0.5 um. (F) Large synaptic bouton (sb)
terminating on a dendritic spine (sp) in L6b. Note the enfolding of the pre- and postsynaptic membranes at the AZ into the SB highlighted in transparent red. Scale
bar 0.5 um. (G) Large putative GABAergic endterminal bouton in Léb identified by its content of small ovoid synaptic vesicles and the small AZ (arrowheads) located
on a dendritic shaft (sh). Sale bar 0.5 um. (H) Endterminal synaptic bouton terminating on the spine head of a small caliber dendritic spine containing a multivesicular
body with three separated AZs (arrowheads) in L6b. Scale bar 0.5 um.

fraction on stubby (13.00% in L6éa and 3.90% in Léb), or on
thin elongated spines (7.00% in L6a and 12.99% in Léb); the
remainder 14.00% in Léa and 27.27% in L6b were not classifi-
able.

Numerous SBs in both sublaminae were seen to establish
either two or three synaptic contacts on the same spine
(Fig. 4D,G), or dendrite (Figs 3A,C and 4E,H), or different spines
of the same dendritic segment (Figs 3B,E and 4H). Infrequently,
GABAergic synapses, identified by the smaller more spherical
SVs, and glutamatergic terminals were found on the same spine
(Fig. 3B). Interestingly, ~92% (L6a) and ~89% (L6b) of spines

contained a spine apparatus (Fig. 3A,B1,D), a specialized form of
the endoplasmic reticulum, which is thought to increase spine
motility and stabilize the pre- and postsynaptic apposition zone
during signal transduction (reviewed by Knott and Holtmaat
2008).

In numerous SBs in both sublaminae, so-called DCVs were
distributed throughout the presynaptic terminal (Figs 3H and
4D,G,H) although their number varied substantially between
individual SBs. In a few cases, DCVs were observed to fuse with
the PreAZ indicating that a subpopulation may be involved in
the build-up of the AZ (not shown).
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Figure 4. 3D-volume reconstructions of SBs in L6 of the human TLN. (A) Electron
micrograph of a SB (sb) in L6a highlighted in transparent yellow terminatingon a
mushroom spine originating from a small caliber dendrite given in transparent
blue. Presynaptic mitochondria are given in transparent white, SVs as green dots,
DCVs as magenta dots, and the AZs is marked by arrowheads (A) or as a red
contour in the subsequent 3D-volume reconstructions. Same color code as in
A occur for all following panels. (B) 3D-volume reconstruction of the SB and
its target spine shown in A reconstructed from serial ultrathin sections. Note
the mitochondria associated with the pool of SVs (green dots) and the macular,
non-perforated AZ (red). (C) SB terminating on a stubby spine in L6éb. Here, the
outline of the SB is given as contour lines to better allow the visualization of
mitochondria, AZs, and synaptic vesicles. (D) Dendritic segment in L6a with an
emerging elongated spine with two opposite SBs terminating on the beginning
of the spine head with comparatively large AZs (red). Here, and in the following
reconstructions SBs are made transparent yellow to visualize their content of
structural subelements. (E) SB in L6b establishing two contacts on two different
dendritic segments (del, de2). (F) Large endterminal SB synapsing in L6a on a
small caliber mushroom-shaped dendritic spine in L6b containing numerous
mitochondria and a large macular AZ (red). (G) Two comparatively small caliber
SBs in L6b terminating on a dendritic shaft lacking mitochondria but containing
numerous DCVs. (H) Four SBs terminating on the dendritic shaft in L6b. Note the
different geometry and size of the SBs, the pools of synaptic vesicles (green dots)
and the content or lack of mitochondria. Scale bar in A-H 0.5 um.

In addition, so-called clathrin-coated pits (not shown) were
frequently observed in SBs of the human TLN, some of which are
located near the AZ suggesting a role in membrane trafficking.
Clathrin-coated vesicles are thought to selectively sort cargo at
the cell membrane, trans-Golgi network, and endosomal com-
partments for multiple membrane traffic pathways, for example
exo- and endocytosis. In addition, a subpopulation is used in SV
formation at the PreAZ.

Interestingly, dendritic, axonal, or glial-derived spinules, rep-
resenting a mechanism for extrasynaptic neuronal communica-
tion, and/or may function as structural “anchors” that increase
the stability of cortical synapses were only very rarely observed
in SBs in contrast to experimental animals where they were
more frequently found (Rodriguez-Moreno et al. 2018, 2020).

Remarkably, beside synaptic complexes composed of a SBs
with either a dendrite or a spine, also fine astrocytic processes
identified by their darker appearance and the content of glio-
transmitter (Fig. 3A framed area, see Supplemental Fig. 5) were
frequently observed in L6a and L6b and were found close to den-
dritic profiles (Fig. 3A framed area, see Supplemental Fig. 5A) or
provide astrocytic input to dendrites (see Supplemental Fig. 5B)
or spines (see Supplemental Fig. 5C).

Overall, L6 SBs were on average medium-sized, with a
mean surface area of 5.30+1.21 um?, and a mean volume of
0.36+£0.12 um?3, with only slight non-significant differences
between L6a and L6b (Table 2; see Supplementary Table 2). The
variability in surface area of SBs was relatively small in both
L6a and Lé6b as indicated by a low CV and variance (Table 2)
regardless of their target structures. L6 SBs were comparable in
size with those in L5, but ~2-fold larger than those in L4 of the
human TLN (P <0.001; Table 2; see Supplementary Table 2). A
strong correlation between the surface area and volume of SBs
was observed for both sublaminae as indicated by the coefficient
of correlation (R?; Fig. SA and B) that was significantly different
between L6a and L6b (P <0.001).

In most L6 SBs several mitochondria (range 1-5; Figs 3A-E,G
and 4A-F,H) of different shape and size were observed, despite
some SBs that only contained a single (Fig. 3G,H) or no mitochon-
drion (Figs 3F,4G,H) with a volume of 0.04+0.02 xm?3 in L6a and
0.05 +0.04 um? in Léb, respectively (Table 2).

Mitochondria contributed with ~7% (L6a) and ~6% (L6b) to
the total bouton volume, with a ~2-fold lower percentage as that
found for mitochondria in L5 (~12%, Table 2; see Supplementary
Table 2) and L4 (~13%, Table 2; see Supplementary Table 2) of the
human TLN.

A good correlation between the volume of the SBs and that
of mitochondria (Fig. 5C,D) was found, suggesting, beside their
function as energy suppliers, an important role of these struc-
tures as internal calcium stores and in the priming and docking
process of SVs in the presynaptic bouton (for more details see
Discussion; Stidhof 2012).

Worth mentioning is the observation of a few degenerat-
ing SBs, characterized by their content of distorted organelles
(not shown, but see Yakoubi et al. 2019a) and the occurrence
of degenerating neurons (see Supplemental Fig. 4A) although
sometimes still to be seen receiving synaptic input (see Supple-
mental Fig. 4B).

Structural Composition of AZs in L6a and L6b
Excitatory SBs in the Human TLN

The number, size and shape of the AZs are important key
structural determinants in synaptic transmission and plasticity
(Matz et al. 2010; Holderith et al. 2012; reviewed by Cowan et al.
2002). The majority (~98%) of SBs in L6a and L6b had only a
single (Figs 3A-D/F,G, 4, and 7) at most two AZs (Figs 3A,B1 and
4E; see also Table 2). Beside very large AZs (0.19 um? in L6a
and 0.27 um? in L6b) spanning the entire pre- and postsynaptic
apposition zone (Figs 3F,H and 4F), also smaller AZs (0.17 um?
in L6a, 0.12 um? in L6b) covering only a fraction of the pre- and
postsynaptic apposition zone were found (Figs 3A,D,G and 4C,G).
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Table 2 Comparative quantitative analysis of various structural parameters in L4, L5, and L6 of the human TLN
Layer Mean + SD Median IQR cv Skewness Variance
Synaptic boutons
Surface area L6 530+1.21 5.23 1.77 0.23 —-0.29 1.47
(nm?) Léa 5.12+0.31 4.99 0.57 0.06 1.57 0.09
L6b 5.48+1.86 6.06 3.59 0.34 -1.26 3.47
L5 6.09+0.92 6.05 0.87 0.15 4.49# 23.04
L4 2.50+1.78 2.05 1.67 0.72 1.97 3.24
Volume L6 0.63+£0.13 0.62 0.24 0.21 0.54 0.01
(nm?3) Léa 0.53+£0.08 0.51 0.15 0.15 1.23 0.006
Léb 0.72+£0.11 0.71 0.22 0.15 0.53 0.01
L5 0.63+£0.18 0.63 0.21 0.29 2.05 0.46
L4 0.16 £0.16 0.11 0.12 1.01 2.89 0.03
Active zones
PreAZ L6 0.19+£0.05 0.18 0.05 0.26 0.88 0.002
surface area Lea 0.18+0.01 0.18 0.02 0.05 0.00 0.0001
(nm?) L6b 0.19+0.06 0.18 0.15 0.32 0.59 0.006
L5 0.23+£0.05 0.22 0.07 0.22 1.86 0.03
L4 0.13+0.07 0.11 0.08 0.54 1.35 0.005
PSD surface L6 0.18 £0.05 0.17 0.06 0.28 1.38 0.003
area (um?) Léa 0.17 £0.02 0.17 0.03 0.12 0.94 0.0002
L6b 0.19+£0.08 0.17 0.16 0.42 1.03 0.007
L5 0.29+0.15 0.23 0.16 0.52 2.77 0.06
L4 0.13+£0.07 0.11 0.08 0.53 1.44 0.005
Cleft width L6 L: L:19.85 L:2.39 L: 0.09 L: -0.18 L:3.48
(nm) 19.75+1.87
C: C:22.90 C:0.89 C:0.03 C:0.24 C:0.62
22.94+0.79
Léa L: L:19.85 L:3.55 L:0.10 L: -0.78 L:3.23
18.76 £1.80
C: C:22.96 C:1.37 C:0.03 C:-1.22 C:0.62
22.54+0.71
L6b L: L:20.73 L: 3.09 L:0.08 L:1.20 L:2.55
20.73+1.60
C: C:23.33 C:1.38 C:0.03 C:1.70 C:0.58
23.33+0.76
L5 L: L:17.51 L:3.74 L:0.13 L:1.14 L:20.73
17.25+2.39
C: C:18.85 C:2.95 C:0.15 C:1.82 C:30.84
19.05+2.94
L4 L: L:14.43 L:1.19 L: 0.05 L:0.74 L: 8.86
14.11+0.69
C: C:15.72 C:3.26 C:0.11 C:0.80 C: 17.09
16.47 £1.85
Mitochondria
Volume L6 0.05+0.02 0.05 0.03 0.40 1.17 0.0005
(nm?3) Lé6a 0.04+0.02 0.04 0.01 0.15 1.73 0.00003
L6b 0.05+0.04 0.05 0.07 0.80 0.42 0.0012
L5 0.12+0.09 0.07 0.16 0.75 8.224# 50.30
L4 0.03+0.04 0.02 0.02 1.04 3.71# 0.001
% to the total L6 6.70+1.72 6.33 3.22 0.26 0.63 2.97
volume Léa 6.89+1.19 7.01 1.42 0.17 —0.44 141
L6b 6.50+2.43 5.15 4.25 0.37 1.73 5.88
L5 12.04+1.20 11.89 2.18 0.10 0.57 23.04
L4 13.11+£6.20 12.78 9.25 0.47 0.17 38.47

Note: Summary of various structural parameter measurements provided from the detailed 3D-volume reconstructions of SBs in L6, separated for both sublaminae. For
comparison, data for L5 (Yakoubi et al. 2019a) and L4 (Yakoubi et al. 2019b) of the human TLN are given. Values are given as mean SD, Median, IQR, CV, Skewness and
Variance for each parameter in all patients investigated. #: Values with a skewness > 3 indicating non-normal distributions. Abbreviations: L: lateral; and C: central.

AZs were of the macular, non-perforated type (Figs 3A-D/F,G,
4A-H, and 6C,EF) or showed either a perforation in the PreAZ
or the PSD or both (Figs 3E,H and 6A,B,D).

On average, PreAZs were 0.18 £0.01 um? in surface area in
L6a and 0.19 £ 0.08 um? in L6b, respectively (Table 2). The surface
area of PSDs was 0.17+0.02 um? in L6a and 0.1940.08 um? in
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L6b. Both PreAZs and PSDs were significantly larger (P <0.001)
when compared with those in L4, but significantly smaller
(P <0.001) than those in L5 (Table 2; see Supplementary Table 2).
However, L6 AZs did not show a large variability in both shape
and size of the PreAZs and PSDs as those in L4 and L5 as
indicated by the low SD, CV, and variance (Table 2) as described

for other CNS synapses of similar or even larger size (see
Discussion).

Remarkably, only a weak correlation between the mean sur-
face area of SBs and that of PreAZs was found for L6a (Fig. S5E),
but with a good and significantly different (P < 0.001) correlation
for Léb (Fig. 5F). Finally, a good correlation also existed between
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* 1994 SVs

987 SVs

Figure 6. Pool of synaptic vesicles in L6 of the human TLN. (A, D) Representative
examples of comparatively large vesicle pools in Léa (A) and Léb (D). (B, E)
Two examples of medium-sized vesicle pools in L6a (B) and Léb (E). (C, F) Two
examples of comparatively smaller vesicle pools in Lé6a (C) and Léb (F). In all 3D-
reconstructions vesicles are given in green, DCVs in magenta and PreAZs in red.
Note the differences in the shape and size of the PreAZs ranging from macular,
non-perforated (C, E, F) to ring- (B, D) and horseshoe-like (A) forms. Scale bar
0.5 um.

the volume of SBs and the total pool of SVs (Fig. 5G,H) suggesting
that both the size of SBs and PreAZs contribute and partially
determine the total pool of SVs. This is different to findings
in L4 and L5 of the human TLN where the total pool size of
SVs seemed to be independent from both structural parameters
(Yakoubi et al. 2019a, 2019b).

The width of the synaptic cleft (Table 2; see Supplementary
Table 2) at AZs in L6 (n=4 patients, n=120 AZs) was on average
19.75 4+ 1.87 nm for the lateral, and 22.94 + 0.79 nm for the central
region with slight, but non-significant differences between the
two sublaminae. The values are comparable with cleft width
measured at L5 AZs, but significantly larger (P <0.05) by 1.4-fold
than that at AZs in L4 (P <0.01) of the human TLN (Table 2; see
Supplementary Table 2).

Organization of the Pools of SVs in L6a and L6b
Excitatory SBs of the Human TLN

SVs are, beside the shape and size of AZs, another key structural
element that contain, store, and release neurotransmitters, and
hence play a fundamental role in synaptic transmission and
in modulating short- and long-term synaptic plasticity (Stidhof

Schmuhl-Giesen etal. | 1851

2012, reviewed by Cowan et al. 2002). Their distribution in synap-
tic terminals and organization into three distinct functionally
defined pools, namely the RRP, the RP, and the resting pool,
regulate synaptic efficacy, strength and determine the mode and
probability of release (uni- vs., multivesicular; uni- vs., multi-
quantal; Silver et al. 2003; Saviane and Silver 2006; Watanabe
et al. 2013; Schikorski 2014; Vaden et al. 2019; reviewed by
Schneggenburger et al. 2002; Rizzoli and Betz 2004, 2005; Neher
2015; Chamberland and Téth 2016).

In general, SVs were distributed throughout the entire
terminal in ~90% of the population of SBs investigated
(Figs 3, 4, and 6). Interestingly, in some SBs the population of SVs
was either densely packed throughout the terminal (Figs 4B-D
and 6A-E) or near the PreAZs (Figs 4E-H and 6F).

Different types of vesicles were found (Table3; see
Supplementary Table 2): 1) small clear SVs with an average
diameter of 33.32+4.25 nm (L6a) and 32.19+1.44 nm (Léb),
2) nearly 2-fold larger clear SVs, and 3) large DCVs with
an average diameter of 62.99+5.96 nm with no significant
difference for the vesicles types between both sublaminae. DCVs
were intermingled with the population of the SVs throughout
the entire SB (Figs 4D,G,H and 6A,B,D-F). Their location with the
SBs implies possible functions for DCVs, namely their role in
endo- and exocytosis (Watanabe et al. 2013), build-up of PreAZs
by releasing Piccolo and Bassoon (Schoch and Gundelfinger
2006), or by clustering SVs at the PreAZs (Mukherjee et al.
2010, Watanabe et al. 2013). In addition, various co-transmitters,
such as neuropeptides, ATP, noradrenalin, and dynorphin were
identified in large DCVs (Ghijsen and Leenders 2005; Zhang et al.
2011).

The average total pool of SVs was 1170.53 +£318.17 (L6a) and
1059.17 +591.88 (L6b) SVs with an average of 1114.85+429.35
for L6. Interestingly, the total pool size of SVs in L6a and L6éb
was significantly different (P <0.05). SVs contributed with ~5%
(0.03 um?) in L6a and ~4% (0.02 um?) in L6b to the total volume of
SBs, however, with no significant difference between both sub-
laminae. Remarkably, a huge variability in total pool size exists
in both sublaminae ranging from 178 to 4126 in L6a and 158 to
4721 in L6b, respectively (Table 3; see Supplementary Table 2).

Despite the slight but significant difference in the total pool
size between L6a and L6b a good correlation between the vol-
ume of SBs and the total pool of SVs was observed (Fig. 5G,H).
Interestingly, a lower correlation was found for the total pool of
SVs and the surface area of PreAZs for both sublaminae, with a
weak correlation for L6a (Fig. 7A) but a good correlation for L6b
(Fig. 7B). The correlation factor for the total pool size with that
of bouton volume and PreAZ surface area implies that the total
pool of SVs is partially dependent from the size of the SBs and
PreAZs.

The distribution pattern of SVs made it impossible to mor-
phologically distinguish the three functionally defined pools of
SVs, except for the “docked” and fused vesicles primed to the
PreAZ (reviewed by Rizzoli and Betz 2004, 2005; Denker and
Rizzoli 2010; Neher 2015; Chamberland and Téth 2016; see also
chapter on EM tomography).

To overcome this problem a perimeter analysis was per-
formed to determine the exact location (distance) of each SV
from the PreAZ. Thus, we assumed that the RRP was located at a
distance (perimeter p) of <10 and <20 nm (less than the diame-
ter of a SV in L6a and Léb) from the PreAZ representing “docked”
and primed SVs fused to the PreAZ. The second pool, the RP, is
constituted by SVs within 60-200 nm, which maintained release
on moderate (physiological) stimulation. The resting pool,
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Table 3 Comparative quantitative analysis of various SV parameters in L4, L5, and L6 of the human TLN

Layer Mean + SD Median IQR cv Skewness Variance
Synaptic vesicles
Total number of SVs L6 1114.85 £ 429.35 1007.79 760.23 0.39 0.40 184,344.2
L6a 1170.53 + 318.17 1154.75 635.76 0.27 0.22 101,234.0
Lé6b 1059.17 £ 591.88 860.83 1132.82 0.56 1.34 350,326.3
L5 1518.52 + 303.18 1347.21 541.98 0.19 2.39 165,5452.24
L4 1820.64 + 980.34 1544.5 1119.5 0.54 0.91 961,066.6
Volume (pm?3) L6 0.03 £0.01 0.02 0.02 0.33 0.49 0.0002
Léa 0.03 £0.01 0.02 0.02 0.43 1.73 0.00013
Léeb 0.02 £+ 0.02 0.02 0.03 0.65 0.94 0.00023
L5 0.05 £ 0.02 0.05 0.03 0.40 3.60# 0.002
L4 0.01 £0.01 0.01 0.01 1.28 3.95# 0.0002
Diameter (nm) L6 32.75+2.90 32.65 4.42 0.09 0.04 8.43
L6a 33.32 +£4.25 34.39 8.29 0.13 -1.06 18.04
Lé6b 3219+ 1.44 31.45 2.59 0.045 1.70 2.08
L5 36.69 £ 1.71 37.02 3.26 0.04 —2.07 153.21
L4 19.80 £5.63 18.00 0.28 341 2.10 31.69
Pool size of SVs
Putative RRP at p10 nm L6 12.70 £ 4.32 13.53 8.19 0.34 -0.61 18.71
L6a 9.91 +4.17 12.05 7.46 0.42 -1.70 17.35
Lé6b 15.49 £ 4.48 15.00 8.92 0.29 0.49 20.07
L5 5.42 +4.09 4.93 6.29 0.75 217 39.93
L4 20.20 + 18.58 17.00 27.25 0.92 111 345.04
Putative RRP at p20 nm L6 28.70 £9.84 27.53 18.60 0.34 0.01 105.82
Léa 23.41+6.83 25.95 12.94 0.29 -1.44 46.70
L6b 33.99 + 12.84 29.10 24.25 0.38 1.46 164.95
L5 15.21 £9.02 13.55 16.34 0.59 2.06 206.69
L4 48.59 + 39.02 41.00 53.00 0.80 1.17 1523.1
Putative RP 60-200 nm L6 155.94 + 35.10 146.29 35.35 0.23 2.15 12321
Léa 148.68 + 92.69 138.50 114.00 0.62 141 8590.9
Lé6b 161.25 4+ 102.57 143.00 119.50 0.64 1.93 10,521.1
L5 181.86 + 27.05 180.89 47.42 0.15 1.25 11,469.9
L4 382.10 + 248.23 313.00 376.79 0.65 141 61,617.5
Putative resting pool L6 894.11 + 412.49 813.62 806.87 0.46 0.67 17,8917.9
> 200 nm L6a 966.34 + 318.86 960.17 637.64 0.33 0.09 10,1674.8
L6b 821.87 +506.12 667.07 976.09 0.62 1.25 25,6161.0
L5 1264.07 + 301.77 1150.76 540.39 0.24 0.66 72,853.5
L4 1251.82 +471.17 541.00 471.17 0.38 1.70 87,678.3

Note: Summary of various synaptic parameter measurements provided from the detailed 3D-volume reconstructions of SBs in L6, and separated for both sublaminae.
For comparison, data for L5 (Yakoubi et al. 2019a) and L4 (Yakoubi et al. 2019b) of the human TLN are given. Mean + SD, Median, IQR, CV, Skewness and Variance are
given for each parameter in all patients investigated. Values with a skewness > 3 indicate non-normal distributions. Abbreviations: p10, p20: perimeter from AZ (see

Material and Methods).

consisted of all SVs further than >200 nm, preventing depletion
upon strong or repetitive stimulations, but which under normal
physiological conditions remains unused.

Using these criteria, the p10 nm RRP/AZ was relatively
and comparatively large with an average of 9.91+4.17 SVs
(Léa) and 15.49+4.48 SVs (L6b), respectively (Table 3; see
Supplementary Table 2). The p10 nm RRP for Léb was signifi-
cantly (P<0.001) larger by ~ 1.5-fold than that in L6a. For the
p20 nm RRP/AZ the values increased by 2.4-fold (23.41+6.83
in L6a) and by 2.2-fold (33.994+12.84 in Lé6b) but were also
significantly different by ~1.5-fold between both sublaminae
(P <0.001). When compared with values taken from L5 and L4
of the human TLN, the p10 nm RRP in L6a was ~ 2.3-fold larger
than that in L5, but ~0.6-fold smaller when compared with
L4, respectively. The p10 nm RRP in L6b was ~1.8-fold larger
compared with L5 values, but ~2-fold smaller than the p10 nm
RRP in L4 (Table 3; see Supplementary Table 2).

For the p20 nm RRP values in L6a were nearly 1.5-fold larger
than in L5, but ~2-fold smaller when compared with values in
L4. For L6b these values were 2.2-fold larger than in L5 but 1.5-
fold smaller than in L4 (Table 3; see Supplementary Table 2). This
strongly suggests layer-specific differences in the RRP in the
human TLN.

Interestingly, both RRPs in L6a and L6b were characterized by
a comparatively lower variability than in L5 and L4 as indicated
by the SD, CV, and variance (Table 3; see Supplementary Table 2)
also pointing to layer-specific differences in release probability,
synaptic efficacy, strength and paired-pulse behavior at individ-
ual SBs. Strikingly, only a weak correlation, with the exception
of the p20 nm RRP in L6b, was found for the p10 nm and p20
nm RRP with the surface area of PreAZs (Fig. 7C-F) in contrast to
values obtained for CA1 synapses (Matz et al. 2010). Interestingly,
the summation of the p10 nm and p20 nm RRP was only weakly
correlated in L6a (Fig. 7G), but good correlated in L6b (Fig. 7H).
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Figure 7. Correlations between various synaptic parameters of L6 SBs and SVs. Surface area of PreAZs versus total pool of SVs in L6a (A) and Léb (B). Surface area of
PreAZs versus p10 nm RRP in Lé6a (C) and Léb (D). Surface area of PreAZs versus p20 nm RRP in L6a (E) and L6b (F). Surface area of PreAZs versus p10+ p20 nm RRP in

Lé6a (G) and Léb (H).

The RP/AZ at 60-200 nm perimeter was 148.68 +92.69 SVs
in L6a and 161.25+102.57 in L6b with no significant difference
for both sublaminae (Table 3; see Supplementary Table 2). For
L6a, the RP was smaller compared with L5 and L4 by nearly
1.2-fold and 2.5-fold, respectively. For L6b the values were 1.1-
fold and 2.4-fold smaller. No correlation for the RP (p60 nm)
with the PreAZ was found for L6a (Fig. 8A), in contrast for L6b

a good correlation was observed (Fig. 8B). For both sublaminae,
a good correlation was also found using the p100 nm criterion
(Fig. 8C,D).

The resting pool contained on average 966.34 +318.86 SVs in
L6a and 821.87 +506.12 SVs in Léb, respectively, which was sig-
nificantly different between both sublaminae (P <0.01; Table 3;
see Supplementary Table 2). The number of SVs in the resting
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Figure 8. Correlations between various synaptic parameters of L6 SBs and SVs. Surface area of PreAZs versus p60 nm RP in Léa (A) and L6b (B). Surface area of PreAZs
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in L6a (G) and Léb (H).

pool in Léa was 1.3-fold and 1.5-fold in L6b smaller when com-
pared with the resting pools in L5 and L4. A good correlation
existed for the resting pool (p200 nm, Fig. 8EF) and the p500
nm perimeter criterion (Fig. 8G,H) with the surface area of the
PreAZ similar to findings in L5 excitatory SBs in the human TLN
(Yakoubi et al. 2019a).

Taken together, SBs in L6a and Léb are comparatively
medium-sized in surface area and volume, with comparatively
large overlapping PreAZs and PSDs and had either larger RRPs
when compared with L5 SBs but smaller ones than SBs in
L4 of the human TLN. The RP and resting pools in both Lé6a
and L6b were smaller than in L5 and L4. In contrast to L5
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Figure 9. EM tomography of SBs in L4, L6a, and L6b in the human TLN. (A) Two
SBs (sb1, sb 2) terminating on a large dendritic shaft (sh) in L4. Scale bar 1 xm. (B)
Two spine synapses (sp1, sp2) with two separated AZs receiving synaptic input
from two SBs (sb1, sb2) in L4. Scale bar 1 um. (C1-C4) Sequence of images taken
from a tilt-series of an individual PreAZ at a L4 spine (sp) synapse showing the
location of “docked” SVs (green asterisks). Scale bar 0.25 um. (D) Typical example
of a shaft (sh) dendrite receiving synaptic input of a comparatively large SB (sb)
in L6a. Scale bar 0.5 um. (E) Dendritic spine in L6a (sp) identified by the presence
of a prominent spine apparatus (framed area) receiving input from a relatively
large, putative GABAergic SB (sb) as identified by the shape and size of the AZ
and SVs. Scale bar 0.5 um. (F1-F3) Sequence of three images taken from a tilt
series of an individual PreAZ in an Lé6a SB terminating on a spine (sp) showing
the location of “docked” SVs (green asterisks) at the PreAZ. Scale bar 0.25 um. (G)
Three SBs (sb-sb3) terminating on a small caliber dendritic shaft (sh, sb1) and on
a dendritic spine (sp, sb2, and sb3) containing a spine apparatus (framed area) in
L6b. Scale bar 0.25 um. (H1-H3) Sequence of three images taken from a tilt series
in an Léb SB terminating on a spine (sp) showing the location of “docked” SVs
(green asterisks) at the PreAZ. Scale bar 0.25 um. In all images the AZ is marked
by arrowheads.

and L4, all pools showed a smaller variability and were better
correlated.

EM Tomography of L4 Excitatory SBs in the Human TLN

High-resolution EM tomography was carried out on a total of
315 SBs out of three patients (Table 4). Only SBs where the AZ
could be followed from its beginning to its end and where the AZ
was cut perpendicular were included in our sample. In L6a 112
SBs (on spines =63; on shafts =43), in L6b 78 SBs (on spines=38;
on shaft=39) and in L4 126 SBs (on spines=75; on shafts=51)
were analyzed on a sample of small to large SBs and AZs to look
for the organization of SVs at the PreAZ, in particular those of
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the RRP (Figs 9 and 10; see Supplementary Movie 1). In addition,
this analysis was performed to test the hypothesis that larger
PreAZs display more “docked” or fused (omega-shaped) SVs than
smaller ones. As already mentioned above, SBs in L4 were also
analyzed because both layers receive direct thalamic input and
are also interconnected with each other (Marx and Feldmeyer
2013; Marx et al. 2017).

The results of the EM tomography were three-fold: First,
only a minority (5%) of all PreAZs analyzed, regardless
of their target structures, a dendritic shaft (Fig. 9A,D,G) or
spine (Fig.9B,E,G; see Supplementary Movie 1), contained
none, but their majority (95%) more than one, the most
16 (Léa, Léb, Fig.10) and 22 “docked” SVs at L4 spine AZs
(Fig. 9C1-C4, F1-F3, H1-H3, 11; Table 4) and/or omega-shaped
bodies (Fig. 9C3, C4, F1, H2; see Supplementary Movie 1), already
fused (Fig. 9C1-C4, F1-F3, H1-H3; see Supplementary Movie 1)
with the PreAZ. This strongly suggests multivesicular release of
SVs at both, the L6 sublaminae and L4 SBs.

On average 3.43+2.83 docked SVs (L6a), 6.29 +3.79 docked
SVs (Léb), and 7.63+4.29 docked SVs (L4) were found at
individual PreAZs (Table 4). Strikingly, the number of “docked”
SVs at L6b and L4 PreAZs was ~ 2-fold larger in L6b and L4 when
compared with L6a, but ~ 3-fold (L6a), ~ 2.5-fold (L6b), and ~ 2.6-
fold (L4) smaller to the results of our quantitative perimeter
analysis for the pl0 nm criterion (compare Tables 3 and 4).
Secondly, all values of “docked” SVs, regardless which layer or
sublamina, obtained by EM tomography were characterized by
a relatively large variability as indicated by the SD, skewness
and variance (Table 4). These findings were in line with that
of the perimeter analysis. Third, there was a non-significant
tendency that larger PreAZs contained more “docked” vesicles
(Fig. 9C1-C4, F1-F3, H1-H3) providing a larger “docking” area
allowing the recruitment of more SVs. However, in several cases
also SBs with a smaller PreAZ were found that had the same
number of “docked” vesicles (Fig. 9) when compared with larger
SBs or AZs.

In addition, significant differences between L4 shaft and
spine synapses with those in L6a and L6b and between L6a and
L6b were found (Fig. 10).

CA of SBs in L6 of the Human TLN

There is growing interest in further classifying SBs upon struc-
tural criteria using different methods. Here, a CA became an
attractive tool to determine further putative subtypes of exci-
tatory SBs in a given layer based on their structural parameters.
We adopted this method to meet the purpose above, based on
standardized reproducible steps in already published articles
about SBs in different layers and species (Yakoubi et al. 2019a,
2019b; Prume et al. 2020; Rodriguez-Moreno et al. 2020).

In this study, the CA was performed to further determine
putative subtypes of excitatory SBs in L6a and L6b based on
the structural parameters investigated of the human TLN
(Figs 11, 12). The PCA showed two principal components (PCs;
PC1 and PC2) explaining the most variance (Fig.11); where
PreAZs, PSDs and SV pools were the main features (parameters)
that predominantly contributed to the PCs as visualized by the
dendrograms for Léa (Fig. 11A) and Léb (Fig. 11C) and respective
scatterplots (L6a Fig. 11B; Léb Fig. 11D). The PCA showed that
the surface area of the PreAZs and PSDs as well as the vesicle
pools, at different perimeters from the PreAZs, were the main
structural parameters that equally contributed best to the PCs
and best separated the SBs in L6a and L6éb.


https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab315#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab315#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab315#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab315#supplementary-data
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Figure 10. Violin and dot plots of the density and distribution of “docked” vesicles in the thalamocortical receiving layers L4 and L6 of the human TLN. Here, the
distributions of “docked” SVs in L4, L6a, and L6b are given in different colors separated for spine and shaft SBs. The median in the violin plots is indicated by the
red dot, IQRs (black areas), and minimum and maximum (vertical lines) for the distribution of “docked” SVs. Levels of significance are given by asterisks: *P <0.05;

**P <0.01; and ***P <0.001.

Table 4 “Docked” SVs in the thalamocortical afferent receiving layers in the human TLN

Layer Mean + SD Median IQR cv Skewness Variance
Number of “docked” L6 (n=179 SVs) 4.71+£3.18 4.00 4.00 0.67 0.96 10.08
vesicles Lé6a 3.69+3.96 3.00 3.00 0.70 0.89 6.67
Spine SBs (n=63 SVs) 3.45+2.83 3.00 4.00 0.82 1.17 7.93
Shaft SBs (n=49 SVs) 3.98+2.22 4.00 3.50 0.55 0.47 4.98
L6b 6.414+3.35 6.00 4.00 0.52 0.83 11.25
Spine SBs (n=38 SVs) 6.29+3.79 5.50 4.25 0.60 0.97 14.37
Shaft SBs (n=29 SVs) 6.594+2.73 5.00 3.00 0.41 0.48 7.47
L4 7.32+3.96 7.32 5.25 0.54 0.91 15.71
Spine SBs (n=75 SVs) 7.63+4.29 7.00 6.00 0.56 0.99 18.37
Shaft SBs (n=51 SVs) 6.86 +3.42 7.00 5.00 0.50 0.47 11.72

Note: Values are given as mean + SD, Median, IQR, CV, Skewness and Variance.

Hence, dendrograms (Fig. 12A,C,E,G) and scatter plots
(Fig. 12B,D,F,H) were generated from the HCA for each sublamina
to identify and better visualize the different SB clusters. Note
that only clusters were considered that remain stable after
shuffling and sorting of the dataset in a different order. The
dissimilarity between the clusters is indicated by the Euclidean
height in the dendrograms (Fig. 12A,CE,G).

Thus, the clustering according to the PreAZ and PSD surface
area led to two major groups of SBs (Fig. 12A,B). In Léa: First, the
green cluster with 0.264+0.05 um? (PreAZ) and 0.2540.05 um?
(PSD); which is 2-fold larger in size than the second blue cluster
with 0.1340.05 um? and 0.12+0.04 um? for PreAZ and PSD
surface areas, respectively. In L6b (Fig. 12C,D), three groups were
obtained: the green cluster with 0.22+0.06 um? (PreAZ) and
0.21+£0.07 um? (PSD), also 2-fold larger than the blue cluster that
had 0.12£0.05 um? (PreAZ) and 0.11+0.05 um? (PSD). The third

cluster in red was larger in size (as it contained few SBs) with
0.5340.18 um? (PreAZ) and 0.53£0.15 zm? (PSD).

Based on the SV pools at p10-p20 nm, p30-p400 nm, and
p500 nm from the PreAZs, two major groups of excitatory SBs
were revealed in L6a (Fig. 12EF), where one cluster is almost 2-
fold larger than the other one, whereas, three distinct groups
of SBs were found in Léb (Fig. 12G,H). The sizes of these clus-
ters are summarized in Table 5 for better visualization and
comparison.

In summary, based on the clustering algorithms used, the
strongest structural parameters that best characterized excita-
tory SBs in L6a and L6b of the human TLN were first, the PreAZ
and PSD surface area that revealed two major groups of SBs in
both L6a and L6b, and second, the vesicle pool size at different
perimeters from the PreAZs, revealing two groups of SBs in L6a
and three in L6b.
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Figure 11. CA of structural parameters in L6a and L6b in the human TLN. (A, C) Dendrograms of the CA performed for all structural parameters investigated separated
for L6a (A) and L6éb (C). (B, D) Scatterplots of the CA performed for all structural parameters investigated separated for L6a (B) and Léb (D). Note the difference in

clustering between the two sublaminae.

Astrocytic Coverage of L6 SBs in the Human TLN

Astrocytes, by directly interacting with synaptic complexes, play
an important role in the induction, maintenance and termina-
tion of synaptic transmission and plasticity (Min and Nevian
2012; Krencik et al. 2017; reviewed by Dallérac et al. 2018). In
L6a and L6b of the human TLN, astrocytes and their fine pro-
cesses were observed in both sublaminae of the human TLN
intermingled with neurons and synaptic complexes, composed
of the SBs and dendritic shafts or spines (Fig. 13A,B). Strikingly,
and in contrast to L4 and L5 of the human TLN where the volume
fraction of astrocytic processes was ~60% (L5) and ~80% (L4),
only ~20% of synaptic complexes were completely covered in
L6. As a consequence, a high number of synaptic complexes was
only partially covered or completely unsheathed by astrocytic
processes (Fig. 13A,C), whereas only a small fraction of synap-
tic complexes was tightly ensheathed by astrocytic processes
(Fig. 13B,C).

This finding strongly suggests a layer-specific coverage of
synaptic complexes by astrocytes and their fine processes.
Hence, it is most likely that the absence of fine astrocytic
processes at the majority of human L6 synaptic complexes

together with the abundance of myelinated and clusters of
unmyelinated axons may partially contribute to a different
“behavior” in the induction, maintenance and termination
of synaptic transmission and plasticity. In particular, the
removal of “spilled” horizontally diffusing neurotransmitter
molecules that may prevent inter-synaptic crosstalk by fine
astrocytic processes. In addition, both structural subelements
also represent a physical barrier for neurotransmitter diffusion
(Fig. 13B; see also Discussion).

Discussion

The present study is the first comprehensive, coherent struc-
tural and quantitative study of the synaptic organization of L6
in the human TLN using fine-scale TEM, 3D-reconstructions and
EM tomography.

Overall, no significant differences were found between struc-
tural and synaptic parameters between L6a and L6b SBs, despite
significant differences in the RRP of SVs as shown by the perime-
ter and EM tomography analysis.

Thus, the dual origin of both sublaminae from the ventricular
zone and cortical plate (L6a) and the primordial zone or cortical
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Figure 12. CA of PreAZs, PSDs and vesicle pools in L6a and Léb in the human TLN. (A, C) Dendrograms of the CA performed for the PreAZs and PSDs separated for L6a
(A) and Léb (C). (B, D) Scatterplots of the CA performed for the PreAZs and PSDs separated for L6a (B) and L6b (D). (E, G) Dendrograms of the CA performed for the pools
of SVs separated for L6a (E) and L6b (G). (F, H) Scatterplots of the CA performed for the pools of SVs separated for L6a (F) and Léb (H). Note the difference in clustering

between the two sublaminae.

subplate (L6b) seems not to be reflected in the structural compo-
sition and quantitative morphology of SBs in both sublaminae.
The total pool size and the comparatively large RRP and RP
suggest that L6 SBs are strong, efficient, and reliable in synaptic
transmission. On the other hand, the large variability in the

shape and size of AZs and that of the three pools of SVs at
individual L6 SBs also point to a strong modulation of short-term
plasticity in L6 itself (Voigts et al. 2020) but also in the network
of the human TLN (see also Varga et al. 2015; Molnar et al. 2016;
Seeman et al. 2018).
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Table 5 Size of SV pools at different perimeters from the PreAZ in L6a and Léb of the human TLN
SV pools at different L6a L6b
distances (nm) from the — - -
PreAZ First cluster (green)  Second cluster (blue) First cluster (green)  Second cluster (blue) Third cluster (red)
p10-p20 nm 16.43 + 12.82 10.95 + 7.47 2278 +7.11 9.30 + 4.86 49.17 £10.94
p30-p400 nm 470.86 + 264.73 239.37 £ 128.76 382.14 + 139.38 197.25 £ 91.13 1019. 67 £331.85
p500 nm 604.31 + 341.85 305.85 + 159.16 502.30 + 179.79 242.70 + 101.96 1386.50 + 384.64

Note: Values are given as mean + SD.
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Figure 13. Astrocytic coverage of synaptic complexes in L6 of the human TLN.
(A) Electron micrograph of a large synaptic bouton (sb) terminating on two
opposite spines (sp1, sp2) in L6a. AZs are marked by arrowheads. Note the large
distance and thus absence of fine astrocytic processes (transparent green) at
the AZs of the synaptic complexes. Scale 0.5 um. (B) Higher magnification of
a synaptic complex between an SB (sb) and a dendritic spine (sp) containing
a spine apparatus in L6b. Here, astrocytic processes (transparent green) were
found close to the AZ. Sometimes, synaptic complexes were accompanied by
clusters of unmyelinated fibers (umf). Note two “docked” SVs (white asterisks)
at the PreAZ. The two AZs are also marked by arrowheads. Scale 0.5 um. (C) Bar
histograms showing the percentage (mean + SD) of the volumetric fraction of
astrocytic processes. Note that no significant differences are found between Léa
and L6b. For comparison, values estimated for L5 and L4 are also given that are
significantly different (***P <0.001) from that obtained in L6 (mean of pooled
data of L6a and Léb).

Since SBs in L6, like those in L4 receive direct thalamic input
and both layers are strongly interconnected with each other,
L6 SBs may act as “amplifiers,” “integrators” but also as
“discriminators” for columnar specific, long-range extracortical,

and cortico-thalamic signals from the sensory periphery.

Shape and Size of AZs in L6: Major Determinants of
Synaptic Transmission and Plasticity?

Although SBs are composed of nearly the same structural
subelements, it is their individual and thus highly specific struc-
tural composition that makes them unique entities, perfectly
adapted to their function in a given network, microcircuit, or
brain region.

Meanwhile it is unquestionable that structural parameters of
SBs, in particular the shape and size of AZs represent one struc-
tural key element that determines synaptic efficacy, strength,
modes of release, and probability of release, but are also involved
in the modulation of short- and long-term synaptic plasticity
(Matz et al. 2010; Stidhof 2012; Holderith et al. 2012; Wilhelm et al.
2014; Vaden et al. 2019). The majority of L6 SBs in the human TLN
had only a single AZ, like those in human L4 and L5 SBs and other
cortical SBs of similar size in rodents and NHPs (Marrone et al.
2005; Nava et al. 2014; Rollenhagen et al. 2015, 2018; Bopp et al.
2017; Hsu et al. 2017). Strikingly, the surface area of AZs in L6 and
L5 SBs in the human TLN was on average ~0.2 um? (Yakoubi et al.
2019a) and thus on average 1.1-fold larger when compared with
AZ size of L4 and L5 SBs in rats (Rollenhagen et al. 2015, 2018).
However, they were ~2- to 3-fold larger than those in mouse and
NHP visual, motor, and somatosensory neocortex (Bopp et al.
2017; Hsu et al. 2017), despite AZs in L4 of the human TLN that
were comparable in size (Yakoubi et al. 2019b). Remarkably, AZs
in L6 and L5 of the human TLN are even larger than those at the
Calyx of Held (Spirou et al. 1998; Satzler et al. 2002; Wimmer et al.
2006), the cerebellar (Xu-Friedman et al. 2003), and hippocampal
mossy fiber boutons (Rollenhagen et al. 2007), which are much
larger in surface area by ~500-, ~14-55-, and ~6-50-fold.

The large variability in AZ size atindividual SBs in both exper-
imental animals and the human TLN may partially contribute
to differences in the mode of release (uni- or multivesicular;
uni- or multiquantal), quantal size, the size of the RRP and
release probability as shown for other CNS synapses (Matz et al.
2010; Freche et al. 2011; Holderith et al. 2012; Vaden et al. 2019;
reviewed by Neher 2015; Chamberland and Toth 2016).

It is worth mentioning that a large proportion (~85%) of
AZs in L6 SBs is established on spines of different shape.
The majority of them (92% in L6a and 90% in Léb) contained
a spine apparatus, an endoplasmic organelle involved in
increasing spine motility. Spine “apparati” not only guarantee
spine motility, but also were shown to partially contribute in
modulating short- and long-term potentiation by stabilizing the
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axo-spinous complex during initial and high-frequency stim-
ulation (Holtmaat et al. 2005; Umeda et al. 2005). Moreover,
on spines ~65% of the AZs occupied two-third or even the
entire pre- and postsynaptic apposition zone, suggesting
that excitatory synaptic transmission is highly efficient by
increasing the docking area for primed and “docked” SVs. This
is further supported by our EM tomography experiments (see
Fig. 9) where larger AZs tend to have more “docked” SVs than
smaller ones.

Interestingly, only a weak (L6a) and in contrast a good (L&b)
correlation between the PreAZ surface area with that of the
bouton was found with differences to rat and human cortical
L4 and L5 excitatory SBs (Rollenhagen et al. 2015, 2018; Yakoubi
et al. 2019a, 2019b). This may imply that the size of the AZs is
an independent structural parameter and may be regulated in
an activity-dependent manner as shown for hippocampal SBs
in the CA1 subregion (Matz et al. 2010; Holderith et al. 2012).

In addition, both L6 sublaminae differed in their correlation
of the surface area of PreAZs and the total pool of SVs, with
a weak correlation for L6a and a good correlation for L6b that
is also different from those in neocortical L4 and L5 in rat
(Rollenhagen et al. 2015, 2018) and in the human TLN (Yakoubi
et al. 2019a, 2019b).

In summary, the comparatively large size, perfect overlap
and relatively high number of perforated PreAZs and PSDs at
L6 SBs in the human TLN may partially contribute to a high
release probability, and thus reliable synaptic transmission
(Marx and Feldmeyer 2013; Marx et al. 2017; Seeman et al. 2018;
Voigts et al. 2020). On the other hand, the large variability in
AZ size at individual SBs in both sublaminae of L6 may play
a role in the modulation of synaptic plasticity and paired-
pulse behavior at individual SBs (Seeman et al. 2018) and
during Up-and-Down states of synaptic activity in the neocortex
(Voigts et al. 2020).

Size of the Three Pools of SVs

The second major key structural parameter is the availability
of SVs and their recycling rates during prolonged and high-
frequency synaptic activity. Hence, the size of the RRP, RP, and
even the resting pool critically determines synaptic efficacy,
strength, mode of release, and plasticity (Rizzoli and Betz 2004;
Schikorski 2014; Watanabe et al. 2013 Rollenhagen et al. 2015;
Vaden et al. 2019; reviewed by Rizzoli and Betz 2005; Neher 2015;
Chamberland and Téth 2016).

L6 SBs in the human TLN had a total pool size of ~ 1200
SVs/AZ in L6a and ~ 1100 SVs/AZ in L6a; significantly smaller
than that observed in L4 and L5 terminals in the human TLN,
but 2-fold and ~1.5-fold larger than their counterparts in cortical
L4 and LS in rats, respectively (Rollenhagen et al. 2015, 2018).
The total pool/AZ was even larger by ~ 1.5-fold and nearly 9-fold
when compared with even much larger CNS terminals such as
the hippocampal (Rollenhagen et al. 2007) and cerebellar Mossy
Fiber Boutons (Xu-Friedmann and Regehr 2003) and the Calyx of
Held endterminal (Sétzler et al. 2002).

The putative RRP was on average 9.91+4.17 (p10 nm) and
doubled to 23.41+6.83 (p20 nm) SVs/AZ in L6a and 15.49 +4.48
(p10 nm) and 33.99+12.84 (p20 nm) in L6b, larger by ~1.5- to
3-fold than in L5 SBs, but smaller by ~ 1.5-fold and comparable
with those in L4 of the human TLN, but comparatively larger by
3-8-fold than in L4 and L5 SBs in rats, respectively. Comparison
with even larger CNS synaptic terminals the difference in the
RRP was even more pronounced and revealed a more than

12-fold (hippocampal MFBs p10 nm 1.6 +1.5, p20 nm 6.2 +4.1;
Rollenhagen et al. 2007) and 8-fold (Calyx of Held p10 nm
1.9+2.0, p20 nm 4.8 +3.8; Satzler et al. 2002) difference.

Interestingly, our estimates of the size of the RRP using the
perimeter analysis is by ~3-fold (L6a) and nearly 2.5-fold (L6b)
larger for the p10 criterion than our measurements using EM
tomography. However, this difference can be explained by the
inclusion of SVs that are not “docked” but within 10-nm distance
from the PreAZ, whereas only “docked” SVs were counted using
EM tomography.

In conclusion, the number of SVs in the RRP strongly indi-
cates multivesicular release and also suggests a high availability
of SVs in the RRP to even high-frequency synaptic stimulation.

This statement is also supported by the size of the putative
RP/AZ, which was ~150 SVs at human L6a and L6b SBs, compa-
rable with that in L5 SBs in both rat and human neocortex, but
~2.5-fold smaller than in L4 of the human TLN. Again, although
much smaller in bouton size, the RP/AZ in L6 of the human TLN
was nearly 3-fold larger than that reported for the rat Calyx of
Held (~60 vesicles).

Finally, the resting pool of SVs (on average ~900 SVs) in L6
SBs is large enough to rapidly replenish the RRP and RP and
may thus guarantee only a partial depletion even at repetitive
high-frequency stimulation by rapid refilling via active transfer
with the help of mitochondria associated with the pool of SVs
(Verstreken et al. 2005; Smith et al. 2016).

Taken together, the comparatively large size of AZs together
with the size of three pools of SVs in L6 of the human TLN
provide the basis for high reliability, but also modulation in
synaptic transmission, efficacy and strength (Seeman et al. 2018;
Voigts et al. 2020). However, the marked differences in AZ and
SV pool sizes between individual SBs, even between L6a and
L6b, may underlie rapid changes in the computational proper-
ties, modulation of synaptic plasticity and during Up-and-Down
states in behavior (Zhou and Fuster 1996, Sanchez-Vives and
McCormick 2000; Sakata and Harris 2009; Testa-Silva et al. 2014;
Voigts et al. 2020).

Other Important Structural Subelements that
Contribute to Synaptic Transmission and Plasticity

Two other structural parameters may be of importance and
may thus also partially contribute to synaptic transmission and
plasticity, namely mitochondria in the presynaptic bouton, and
the astrocytic ensheathment of SBs.

Mitochondria are structural components present in all CNS
nerve terminals but with marked difference in their numbers.
Remarkably, mitochondria in L6 SBs contribute only to ~7% to
the total volume, a value nearly 2-fold smaller than in L4 and
L5 SBs of the human TLN (Yakoubi et al. 2019a, 2019b), but were
also closely associated with the pool of SVs pointing also to a
role of mitochondria in the transfer of SVs from the resting pool
to the RP and RRP in L6a and L6b as shown for L4 and L5 of the
human TLN (Smith et al. 2016; Yakoubi et al. 2019a, 2019b). In
addition, mitochondria are highly mobile, act as internal calcium
stores and hence regulate internal Ca?* levels in nerve terminals
(Perkins et al. 2010; Papouin et al. 2017; reviewed by Allen 2014;
Dallérac et al. 2018).

Taken together mitochondria in L6, although lower in num-
ber, may contributed to the induction and maintenance of sev-
eral signal cascades, for example the binding, priming and dock-
ing process of SVs, relying on the rapid availability of Ca?* in
the SB.
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Secondly, and the most striking difference between L6, L4,
and L5 of the human TLN was the coverage of synaptic com-
plexes by fine astrocytic processes (Fig. 13). Astrocytic processes
reaching as near as the synaptic cleft can control and regu-
late the spatial and temporal glutamate concentration in the
synaptic cleft (reviewed by Allen 2014; Dallérac et al. 2018). In
contrast to L4 and L5 with an astrocytic volume fraction of
~80% (L4) and ~65% (L5)a leading to a nearly complete astro-
cytic coverage of synaptic complexes, those in L6 had only an
astrocytic volume fraction of ~20% showing as a consequence
either no or only a partial coverage of synaptic complexes with
astrocytic processes. This percentage is even much lower than
that at CA1 synapses where ~50% of fine astrocytic processes
were found at the synaptic interface (Ventura and Harris 1999).
Our finding of the astrocytic coverage in L6 suggests that astro-
cytic processes do not uniformly sample and remove glutamate
at the synaptic cleft. Hence, it is most likely that glutamate
spillover may occur at the majority of L6 synaptic complexes not
ensheathed by astrocytic complexes. This allows also a horizon-
tal diffusion of glutamate in the synaptic cleft not controlled by
the uptake by glutamate transporters located at fine astrocytic
processes. This may, as a consequence, support synaptic cross
talk between adjacent synaptic complexes and thus a switch
from asynchronous to synchronous release of adjacent synaptic
complexes upon repetitive stimulation (von Gersdorff and Borst
2002; Hallermann et al. 2003).

Thus, astrocytes at L6 synaptic complexes can only partially
act as physical barriers to neurotransmitter diffusion and may
allow a longer duration of the glutamate concentration in the
synaptic cleft at a comparatively high number of synaptic com-
plexes. As a consequence, astrocytes are only partially involved
in the termination of synaptic transmission and hinder a speed-
up recovery from receptor desensitization (Oliet et al. 2004;
Haydon and Carmignoto 2006; reviewed by Dallérac et al. 2018).

In summary, two other structural subelements at L6 excita-
tory SBs in human TLN contribute to synaptic transmission and
plasticity but also show marked laminar-specific difference in
the human TLN and also to findings in experimental animals
(see above).

L6: A Unique Layer in the Cortical Column with
Specialized Functions

In general, L6 is present in all neocortical areas across mam-
malian species, but is unique with respect to its dual origin
and the impact and balance of thalamo- versus intracortical
input. In the somatosensory and visual cortices of rodents, cats
and monkeys, L6 beside L4 is regarded as the main recipient
layer for thalamo-cortical afferents originating from the specific
relay nuclei (but see Constantinople and Bruno 2013; Rodriguez-
Moreno et al. 2018, 2020; reviewed by Sherman 2012; Clasca
et al. 2016). In these species, L6a is composed of two distinct
populations of pyramidal neurons, cortico-thalamic (CT) and
cortico-cortical (CC) projection neurons (Zhang and Deschénnes
1997, 1998; Kumar and Ohana 2008; Marx and Feldmeyer 2013;
Qi and Feldmeyer 2016; Marx et al. 2017). The CT projecting
pyramidal neurons can be further subdivided with respect to
their intracortical projection pattern and axonal termination
zone. The first population of CT pyramidal neurons possesses
a predominantly intracolumnar axonal projection with axonal
collaterals in L4 that terminate at the L4/L3 border. Possible
target neurons are other pyramidal neurons in L6, L5, spiny
stellate, and star pyramidal neurons in L4 (Lee and Sherman
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2008, Marx and Feldmeyer 2013; Marx et al. 2017) and to a smaller
fraction inhibitory neurons in those layers (Frandolig et al. 2019).

The second population of CT neurons in L6a projects predom-
inantly to and innervate L5a and other L6a pyramidal neurons
with columnar axonal collaterals but also long-range horizontal
collaterals that also could span several columns. In rodents, a
small third subpopulation of CT pyramidal neurons with a more
local axonal projection in L6a and few collaterals in L5b was
described (Zhang and Deschénnes 1997, 1998).

In contrast, CC projection pyramidal neurons of L6a intermin-
gled with the CT projecting pyramidal neurons are characterized
by a dense axonal plexus in L6a and L5b with a few collaterals in
L6b. These collaterals either remain within the cortical “home”
column in which the somata of these neurons are located but
also project and interconnect neighboring columns via long-
range horizontal axonal collaterals, with terminations in dif-
ferent cortical regions, such as motor and sensory areas and
a transcallosal projection to the other hemisphere (Zhang and
Deschénnes 1997, 1998) although these collaterals are restricted
to L6.

In summary, CT and CC projection pyramidal neurons in L6a
are involved in both intracortical columnar and transcolumnar
signal processing. TC projection neurons control their thalamo-
cortical input originating from the specific thalamic relay nuclei
due to a positive excitatory feed-back loop and thus control
inputs from the sensory periphery. Hence, L6a may be involved
in the integration, coordination and balancing of signals from
other cortical but also extracortical brain regions.

In contrast to L6a, still relatively little is known about the
synaptic organization of L6b. Due to its more diverse neuronal
organization it has been speculated that L6b may represent
a distinct layer (layer 7) constituted by persisting “subplate”
neurons (Reep 2000). It is still rather unknown whether L6b also
contains two subpopulations of pyramidal neurons although a
small population of CT projecting neuron exists (Arimatsu and
Ishida 2002). Golgi, intra- and extracellular injections studies
revealed local intralaminar axonal collaterals and projections to
the white matter, but also a transcolumnar long-range horizon-
tal projection to the primary and secondary somatosensory and
primary motor cortex (Tombdl et al. 1975; Tombol 1984; Clancy
and Cauller 1999; Arimatsu and Ishida 2002; Marx and Feldmeyer
2013).

One general function of the neocortex is to generate dynamic
predictive models that include “expectations” of incoming
stimuli and subsequent contextual appropriate actions. The
ability to generate and update these models from the sensory
environment enables rapid and adaptive changes in behavior
that underlie cognitive functions such as flexible language
processing, one important function of the human TLN. Such
computation is found in visual (Courchesne et al. 1975), auditory
(Ulanosky et al. 2003) and language-processing (Kutas and
Hillyard 1980a, 1980b) areas. Electrophysiologically such change
detection occur as an increase in firing rates elicited by deviant
stimuli following stimulus-specific adaptation (Voigts et al.
2020).

In this context both sublaminae in L6 are well positioned
to contribute to the neocortical implementation of predictive
models, as it integrates and balance thalamic, columnar, long-
range cortico-cortical, and modulatory inputs from other sen-
sory areas such as somatosensory and motor cortex (Zhang
and Deschénes 1998; Zhang et al. 2014; Vélez-Fort et al. 2014;
reviewed by Thomson 2010). It has been shown by a recent
study that stronger L6 drive inhibited firing and suppressed
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overall sensory function. These findings indicate that, despite
their sparse activity, specific ensembles of stimulus-driven L6
neurons are required to form neocortical predictions, and to
realize their behavioral benefit (Voigts et al. 2020).

With respect to the synaptic organization of the human TLN
these, together with our findings suggest, which due to a com-
paratively high density of synaptic complexes suggesting a high
intracortical columnar connectivity, the predominant location of
AZs on dendritic spines containing a spine apparatus, the shape
and size of AZs and the comparatively large RRP and RP predict
a high reliability, precision but also modulation of stimulus
dependent sensory responses from and to various brain region
with which the human TLN is interconnected.

Supplementary Material

Supplementary material is available at Cerebral Cortex online.
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