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Abstract

The transentorhinal cortex (TEC) is an obliquely oriented cortex located in the medial temporal lobe and, together
with the entorhinal cortex, is one of the first affected areas in Alzheimer’s disease (AD). One of the most widely
accepted hypotheses is that synaptopathy (synaptic alterations and loss) represents the major structural correlate
of the cognitive decline observed in AD. However, very few electron microscope (EM) studies are available; the
most common method to estimate synaptic density indirectly is by counting, at the light microscopic level,
immunoreactive puncta using synaptic markers. To investigate synaptic morphology and possible alterations
related to AD, a detailed three-dimensional (3D) ultrastructural analysis using focused ion beam/scanning EM
(FIB/SEM) was performed in the neuropil of Layer Il of the TEC in human brain samples from non-demented subjects
and AD patients. Evaluation of the proportion and shape of asymmetric synapses (AS) and symmetric synapses (SS)
targeting spines or dendritic shafts was performed using 3D reconstructions of every synapse. The 3D analysis of 4722
synapses revealed that the preferable targets were spine heads for AS and dendritic shafts for SS, both in control and
AD cases. However, in AD patients, we observed a reduction in the percentage of synapses targeting spine heads.
Regarding the shape of synapses, in both control cases and AD samples, the vast majority of synapses had a macular
shape, followed by perforated or horseshoe-shaped synapses, with fragmented synapses being the least frequent
type. Moreover, comparisons showed an increased number of fragmented AS in AD patients.
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Determination of postsynaptic targets, shape and size of the synaptic junctions provide critical data on
synaptic functionality. However, as far as we know, detailed three-dimensional (3D) synaptic morphology
and identification of postsynaptic targets in serial sections have not been performed before in the human
brain. The present study represents the first attempt to unveil the synaptic organization of the neuropil of the
human brain at the ultrastructural level using 3D electron microscopy (EM). Our present results provide a
new, large, quantitative ultrastructure dataset of the synaptic organization of the normal human cortex and of the
synaptic alterations that occur in Alzheimer’s disease (AD). Thus, these results may help to understand the
\relationship between alterations of the synaptic circuits and the cognitive deterioration in AD. j
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Introduction

The transentorhinal cortex (TEC) is an obliquely ori-
ented cortex located in the medial temporal lobe between
the perirhinal cortex and the entorhinal cortex and is
considered as a transitional zone between the periallocor-
tex and the proisocortex (Braak and Braak, 1985; Braak
et al., 1996; Insausti et al., 2017). This cortical region,
together with the entorhinal cortex, is one of the first
affected regions in Alzheimer’s disease (AD). AD is char-
acterized by two hallmark lesions: extracellular amyloid-3
(AB)-plaques and intracellular neurofibrillary tangles of fil-
amentous aggregates of hyperphosphorylated tau protein
(Alzheimer’s Association, 2018). In particular, neurofibril-
lary tangles first affect the TEC (Braak and Braak, 1991).

AB peptides and tau proteins play normal roles at the
synapse, but under pathologic conditions, they may lead
to toxic effects at both presynaptic and postsynaptic
elements, leading to synaptic loss and causing dysfunc-
tion in neurotransmitter release (Spires-Jones and Hy-
man, 2014; Dorostkar et al., 2015; Henstridge et al., 2016;
Rajmohan and Reddy, 2017; Zhou et al., 2017). At pres-
ent, one of the most widely accepted hypothesis is that
synaptopathy (synaptic alterations and loss) represents
the major structural correlate of the cognitive decline
observed in AD (Dickson et al., 1995; Sze et al., 1997;
Masliah et al., 2001; Selkoe, 2002; Coleman et al., 2004;
Arendt, 2009).

In a previous study, Dominguez-Alvaro et al. (2018)
focused ion beam/scanning electron microscopy (FIB/
SEM) was used to study the possible alterations of syn-
apses in the neuropil of Layer Il of TEC in human brain
samples from AD patients. Unexpectedly, it was observed
that there were no significant differences in the density,
size and spatial distribution of synapses between AD and
control samples. However, cortical thickness of the TEC
in AD patients was reduced (35% thinner than in control
subjects). Thus, a decrease in the total number of syn-
apses in AD occurs in Layer Il of the TEC. It was proposed
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that the surviving TEC neurons might display a compen-
satory mechanism (such as the generation of new den-
dritic branches), which would explain the lack of changes
in the synaptic density.

It is well established that synapses are continuously
formed, eliminated and/or reshaped in response to syn-
aptic activity (Fauth and Tetzlaff, 2016). Synapses are
dynamic elements that can change in terms of not only
their function, but also their morphology and molecular
features (Wegner et al., 2018). These synaptic morpho-
logical changes may include an increase in the number of
perforated synapses [with one or more holes in the post-
synaptic density (PSD)] or fragmented synapses (with
several PSDs; Geinisman et al., 1987, 1991, 1992a,b).
How these morphological changes affect the synaptic
function is unknown, but since larger PSDs contain more
receptors, it may be that these changes are related to
changes in the synaptic transmission efficiency, as pro-
posed for long-term potentiation (LTP; Lischer et al.,
2000).

Changes in the postsynaptic elements have also been
described in AD patients and in animal models of AD,
specifically, morphological alterations of dendritic spines
(for simplicity, spines; Spires-Jones et al., 2007; Knafo
et al., 2009; Tackenberg et al., 2009; Merino-Serrais et al.,
2011, 2013; Pozueta et al., 2013), which are the major
targets of excitatory synapses in the cerebral cortex (for
review, see DeFelipe, 2015). Whether or not synaptic loss
precedes neuronal loss by synaptic disconnection is not
known, but previous studies on the morphological altera-
tions in spines of pyramidal cells in AD patients (Merino-
Serrais et al., 2013) appear to support the notion of
synaptic loss preceding neuronal loss.

Finally, as far as we know, detailed three-dimensional
(3D) synaptic morphology and identification of postsyn-
aptic targets in serial sections have not been performed
before in the human brain in either control cases or in AD
patients. Thus, in the present study, FIB/SEM was used to
determine the proportion and shape of asymmetric syn-
apses (AS) and symmetric synapses (SS) targeting spines
or dendritic shafts of 4722 synapses that were 3D recon-
structed from the neuropil of Layer Il of the TEC, from AD
patients and control (non-demented) subjects. Accord-
ingly, the present study represents the first attempt to
unveil the synaptic organization of the neuropil of the
human brain in both control and AD. This study provides
a new, large, quantitative ultrastructure dataset of the
synaptic organization of the normal human cortex and of
the possible synaptic alterations that occur in AD.

Materials and Methods

Tissue preparation

Human brain tissue was obtained at autopsy from three
sources: Pathologic Anatomy Service of Bellvitge Univer-
sity Hospital (Barcelona, Spain); Centro Alzheimer Fun-
dacién Reina Sofia, CIEN Foundation (Madrid, Spain); and
from the Unidad Asociada Neuromax, Laboratorio de
Neuroanatomia Humana, Facultad de Medicina, Universi-
dad de Castilla-La Mancha, Albacete and the Laboratorio
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Table 1. Clinical and neuropathological information
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Age Cause Postmortem Braak CERAD Neuropsychological

Patient Gender (years) of death delay (h) stage  stage diagnosis

AB1 Male 45 Lung cancer <1 NA NA NA

AB2 Female 53 Pulmonary shock 4 NA NA NA

IF10 Male 66 Bronchopneumonia plus cardiac failure 2 NA NA NA

M16 Male 40 Traffic accident 3 NA NA NA

M17 Male 36 Bronchopneumonia 2.5 NA NA NA

IF1 Female 80 - 2 v B No evidence of cognitive
impairment and dementia

IF2 Female 94 Pulmonary tuberculosis 1.5 Vv C Dementia

IF6 Male 85 Pneumonia 2 1] A Mild cognitive impairment

VK11 Female 87 Respiratory inflammation 1.5 n-=1v A Dementia

VK22 Female 86 - 2 \ C Dementia

Braak Stages (Braak and Braak, 1991): Il (NFTs in entorhinal cortex and closely related areas); lll-IV (NFTs abundant in amygdala and hippocampus. Extend-

ing slightly into association cortex); V-VI (NFTs widely distributed throughout the neocortex and ultimately involving primary motor and sensory areas). CERAD
Stages (Mirra et al., 1991): A (Low density of neuritic plaques); B (Intermediate density of neuritic plaques); C (High density of neuritic plaques). NA: Not appli-

cable; NFTs: neurofibrillary tangles. — : Not available.

Cajal de Circuitos Corticales UPM-CSIC (Madrid, Spain).
The tissue was obtained following national laws and in-
ternational ethical and technical guidelines on the use of
human samples for biomedical research purposes.
Briefly, tissue samples were obtained from five control
cases (with no recorded neurological or psychiatric alter-
ations) and five AD patients according to the neuropatho-
logical criteria provided by the above-mentioned centers.
As outlined in a previous study, immunostaining for anti-
PHF-1,, and anti-AB in the same control cases revealed
no presence of AB-plaques and only occasional PHF-1,,
neurons. By contrast, in AD patients, the same immuno-
staining revealed the presence of a variable number of
immunoreactive PHF-r,, neurons and Ap-plaques
(Doml'nguez—AIvaro et al., 2018, their Table 1).

In all cases, the time between death and tissue pro-
cessing was lower than 4h (Table 1). On removal, brain
tissue was fixed in cold 4% paraformaldehyde (Sigma-
Aldrich) in 0.1 M sodium phosphate buffer (PB; Panreac,
131965), pH 7.4, for 24-48 h. After fixation, the tissue was
washed in PB and coronally sectioned in a vibratome
(150-wm thickness; Vibratome Sectioning System, VT1200S
Vibratome, Leica Biosystems). Sections containing TEC
were selected and processed for EM as described else-
where (Dominguez-Alvaro et al., 2018). Briefly, fixed sec-
tions were treated with 1% OsO, (Sigma, 05500), 0.1%
potassium ferrocyanide (Probus, 23345) and 0.003%
CaCl, in sodium cacodylate buffer (0.1 M) for 1 h at room
temperature. After washing in PB, sections were stained
with 2% uranyl acetate (EMS, 8473), and then dehydrated
and flat-embedded in Araldite (TAAB, E021; DeFelipe and
Fairén, 1993). Embedded sections were glued onto a
blank Araldite block and trimmed. Semithin sections (1-2
um thick) were obtained from the surface of the block and
stained with 1% toluidine blue (Merck, 115930) in 1%
sodium borate (Panreac, 141644). The last semithin sec-
tion (which corresponds to the section immediately adja-
cent to the block surface) was examined under light
microscope and photographed to accurately locate the
neuropil regions to be examined. Tissue shrinkage due to
EM processing was estimated by measuring the area
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before and after processing to correct the final values in
both control and AD cases (Merchan-Pérez et al., 2009).
The area after processing was divided by the area value
measured before processing to obtain a shrinkage factor
for any area measurement (p?) of 0.933.

3D EM

3D samples of Layer Il from the TEC were obtained from
all cases using a dual beam microscope (Crossbeam
Neon40 EsB, Carl Zeiss NTS GmbH). This instrument com-
bines a high-resolution field-emission SEM column with a
focused gallium ion beam (FIB), which permits removal of
thin layers of material from the sample surface on a nano-
meter scale. As soon as one layer of material is removed by
the FIB (20 nm thick), the exposed surface of the sample is
imaged by the SEM, using the backscattered electron de-
tector. The sequential automated use of FIB milling and SEM
imaging allowed us to obtain long series of photographs of
a 3D sample of selected regions (Merchan-Pérez et al.,
2009). Image resolution in the xy plane was 5 nm/pixel.
Resolution in the z-axis (section thickness) was 20 nm, and
image size was 2048 X 1536 pixels. The number of sections
per stack ranged from 149 to 472, which corresponds to a
corrected volume ranging from 260.2 to 824.4 um?® (mean:
471.3 um®). A total of 30 stacks of images of the neuropil
from Layer Il of the TEC were obtained (three stacks per
case, for all 10 cases; total volume studied: 14,140 ;u,ms).
These images from the neuropil were obtained avoiding the
neuronal and glial somata, blood vessels and, in the case
of AD cases, also avoiding AB-plaques (plaque-free re-
gions) to avoid the effect of alterations of synapses in the
vicinity of AB-plaques, which has been described previ-
ously (Blazquez-Llorca et al., 2013).

Synaptic 3D analysis

Stacks of images obtained by the FIB/SEM were ana-
lyzed using EspINA software (EspINA Interactive Neuron
Analyzer, 2.1.9; http://cajalbbp.cesvima.upm.es/espina/);
3D reconstructed synapses were classified as AS (excit-
atory) or SS (inhibitory) based on their prominent or thin
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Movie 1. Video of the EspINA software user interface. FIB/SEM
sections are viewed through the xy-plane (as obtained by FIB/
SEM microscopy) and yz- and xz-plane. 3D reconstruction of a
perforated synapse is shown in the three orthogonal planes. This
3D reconstruction of one perforated synapse is shown in green
at the end of the video. The 3D reconstruction of the synapse
allows us to identify the morphology of the synapse as perfo-

rated. [View online]
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PSD, respectively (Gray, 1959; Colonnier, 1968; Peters
and Palay, 1996).

EspINA software calculated the size of every synapse
and also extracted the synaptic apposition surface (SAS)
area, which provides the morphological features of the
synapse, as an indicative measurement of the synaptic
functionality (Morales et al., 2013).

EspINA was also used to visualize each of the recon-
structed synapses in 3D and to detect the possible pres-
ence of perforations or deep indentations in their
perimeters (an additional movie file shows this in more
detail; Movie 1). Regarding the shape of the PSD, the
synaptic junctions could be classified into four main
types, according to Santuy et al. (2018a): macular (disk-
shaped PSD); perforated (with one or more holes in the
PSD); horseshoe-shaped (perimeter with an indentation)
and fragmented (irregular small disk-shaped PSDs with
no connection between them; Fig. 1A).

To identify the postsynaptic targets of 3D reconstructed
synapses, the image stack was navigated to determine
whether the postsynaptic element was a dendritic spine
or a dendritic shaft. A condition for unambiguous identi-

B

O

I— *k% —I
100 s

:\; l
>
Q
[
o .
]
<3
[
S
w

Control Alzheimer Control Alzheimer

AS SS
B Macular B Perforated
Horseshoe-Shaped WM Fragmented

3 1007 mm AS
< SS
= |
2 804
c
)
S 604
s
= 404
[
E
g 201
N
< o-

o\é @b Qob ‘@b

£ @ > &

« & P &
QO & ‘QQ
& 3
Q&
&
Q‘O

Figure 1. A, Schematic representation of the shape of the synaptic junctions: macular synapses with continuous disk-shaped PSD;
perforated synapses with holes in the PSD; horseshoe-shaped with tortuous horseshoe-shaped perimeter with an indentation; and
fragmented synapses with two PSDs with no connections between them. B, Proportion of macular, perforated, horseshoe-shaped,
and segmented AS and SS in control cases and AD patients. In AD patients, fragmented synapses were significantly more frequent
than in control cases (x?, p < 0.001). C, Proportion of AS and SS belonging to each morphological category in control cases. The
horseshoe-shaped synapses were significantly more frequent among SS than AS (¥, p < 0.0001). D, Proportion of AS and SS
belonging to each morphological category in AD cases. *x* p < 0.001.
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Figure 2. Serial images obtained by FIB/SEM from the human neuropil of Layer Il of TEC. A, Low-magnification photograph showing
a spine head, spine neck, and dendritic shaft in a single image. B—I, Selected sections (39-63) from an FIB/SEM stack of serial
sections, to illustrate an AS targeting a spine head. Arrows (in B, /) indicate the beginning and the ending, respectively, of the synapse
targeting a spine head. Scale bar, show in A, indicates 850 nm in A and 500 nm in B—I.

fication of spines, versus dendritic shafts, was that the
dendritic spine could be visually traced to the parent
dendrite (Fig. 2). Accordingly, when the postsynaptic ele-
ment of a synapse was close to the margins and it was
truncated by the borders of the stack, the identity of the
postsynaptic target could not be determined. Truncated
elements that could not be conclusively identified were
labeled as “unknown.” Therefore, the targets of synapses
were classified into two main categories: dendritic spines
and dendritic shafts. When the postsynaptic target was a
dendritic spine, we further recorded the position of the
synapse on the head or neck. We also determined
whether the target dendrite was a spiny dendrite or a
non-spiny one (Santuy et al., 2018b).

In addition, EspINA allowed the application of an unbi-
ased 3D counting frame (CF) to perform direct counting
(for details, see Merchan-Pérez et al., 2009). This 3D
unbiased CF is a regular rectangular prism enclosed by
three acceptance planes and three exclusion planes
marking its boundaries (Fig. 3). All objects within the CF
are counted, as are those intersecting any of the accep-
tance planes, while objects that are outside the CF, or
intersecting any of the exclusion planes, are not counted.

July/August 2019, 6(4) ENEURO.0140-19.2019

In this study, we have determined the morphology and
postsynaptic target of 4722 synapses inside the 3D CF of
the neuropil of Layer Il of the TEC, from AD patients and
control (with no recorded neurological or psychiatric al-
terations) subjects.

Statistical analysis

To perform statistical comparisons of AS and SS propor-
tions, x* test was used for contingency tables. The same
method was used to study whether there were significant
differences between groups in relation to the shape of the
synaptic junctions and their postsynaptic target. Briefly, in all
the )? statistical analyses, we firstly performed an “omnibus
test” based on 2 X 4 contingency tables. To further inves-
tigate the specific cells driving the significance of the ¥ test,
partitioning procedure was applied to create 2 X 2 contin-
gency tables (Sharpe, 2015). To identify possible differences
within a group regarding the synaptic size (SAS area, perim-
eter and ratio) related to the shape of the synapses and their
postsynaptic target, a Kruskal-Wallis (KW) nonparametric
test was performed (the normality and homoscedasticity
criteria were not met). Differences in the synaptic size be-
tween groups were evaluated by using the unpaired Mann-

eNeuro.org



eMeuro

B session @ explore R0l {f segment P2 edit (1] Analyze
DB S ) H 2 5 b = WEBse— @@ 7

e —

Segmentation Explorer ®

L o

Groupby: | Category v

[searct ]
> B SAS(174)
+ =l synapse (174)

~ = [l Asymmetric (160)
Asymmetric 1
Asymmetric 2
Asymmetric 3
Asymmetric 4
Asymmetric 5
Asymmetric 6
Asymmetric 7
Asymmetric 8

=,

Asymmetric 10
Asymmetric 11
Asymmetric 12
Asymmetric 13
Asymmetric 14
Asymmetric 15
Asymmetric 16
Asymmetric 17
Asymmetric 18
Asymmetric 19
Asymmetric 20
Asymmetric 21
Asymmetric 22
Asymmetric 24
Asymmetric 25

LEEEEEEEEEEEEEE] CEE K]

Tags: head, macular
a? BEJAOQOG
Stack Explorer | Segmentation Explorer

Counting Frame ®

Counting Frames:

Margins:
Left Top Front
" saz500m |2/ [ 757,500m |2 [ 2381 2

Right Bottom Back

22,500m |3| [ 27,500m |7 1l o

Apply only to:

A

New Research 6 of 17

> [issice |2 @ B <« » [6e8siice |2

Figure 3. Screenshot of the EspINA software user interface. In the main window (top), the sections are viewed through the xy-plane
(as obtained by FIB/SEM microscopy). The other two orthogonal planes, yz and xz, are also shown in adjacent windows (on the right).
The 3D windows (bottom left) show the three orthogonal planes and the 3D reconstruction of segmented synapses. A 3D rectangular
unbiased CF is shown on the bottom. The three acceptance planes are represented in green and three exclusion planes in red.
Synapses inside the CF are colored in green and synapses outside the CF in red.

Whitney (MW) nonparametric U test. Frequency distribution
analysis of the SAS was performed using Kolmogorov—-Smir-
nov (KS) nonparametric test. Statistical studies were per-
formed with the aid of the GraphPad Prism statistical
package (Prism 5.00 for Windows, GraphPad Software Inc.)
and SPSS program (IBM SPSS Statistics v24, IBM Corp.).

Results

Stacks of images obtained by the FIB/SEM were ana-
lyzed using EspINA software, which allows the segmen-
tation of synapses in the reconstructed 3D volume
(Morales et al., 2011). These TEC samples have been
previously used to determine the density and size of
synapses, as well as their spatial distribution (Dominguez-
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Alvaro et al., 2018). Since the synaptic junctions were fully
3D reconstructed, as described elsewhere (Merchan-
Pérez et al., 2009), each synapse could be classified as
AS (excitatory) or SS (inhibitory), based on its prominent
or thin PSD, respectively (Gray, 1959; Colonnier, 1968;
Peters et al.,, 1991; Peters and Palay, 1996). In these
stacks of images, it was also feasible to accurately deter-
mine the synaptic targets, which is critical from the point
of view of the synaptic organization.

Distribution of postsynaptic targets

Postsynaptic targets were classified into two main cat-
egories: dendritic spines and dendritic shafts. In addition,
when the postsynaptic target was a dendritic spine, we

eNeuro.org
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Table 2. Distribution of AS and SS on spines and dendritic shafts in control cases and AD patients

Synapses Synapses
Synapses Synapses on aspiny on spiny
Type of on spine on spine dendritic dendritic
Group synapse heads necks shaft shaft Total synapses
Control AS 59.1% (825) 0.5% (7) 19.9% (278) 20.5% (286) 100% (1396)
SS 7.1% (8) 0.9% (1) 38.4% (43) 53.6% (60) 100% (112)
Alzheimer AS 50.2% (579) 0.7% (8) 28.0% (323) 21.1% (243) 100% (1153)
SS 8.8% (9) 1.0% (1) 41.2% (42) 49.0% (50) 100% (102)

Synapses on spines have been sub-divided into those that are established on spine heads and those that are established on spine necks. Moreover, we dif-
ferentiated between aspiny and spiny dendritic shafts. Data are expressed as percentages with the absolute number of synapses studied given in parenthe-
ses. Data for each individual case are represented in Table 2-1. Data expressed as absolute number of synapses were taken from this table to perform con-

tingency tables showed in Table 2-2 and Table 2-3.

recorded the position of the synapse on the head or on
the neck. When the postsynaptic target was a dendritic
shaft, we also classified the dendrites as spiny or non-
spiny, based on the presence or absence of spines, re-
spectively.

Control

We determined the postsynaptic structures of 1396 AS
whose target could be unambiguously identified as spines
or dendritic shafts. Similarly, we analyzed a total of 112 SS.

In a previous study, it was found that AS outnumber SS
~95:5 (Dominguez-Alvaro et al., 2018). In the present
study, we observed that 59.1% of AS were established on
spine heads and 0.5% on spine necks. The remaining AS
were established on dendritic shafts: 40.4% (19.9% on
aspiny dendritic shafts and 20.5% on spiny shafts;
Table 2; Extended Data Table 2-1). SS showed a clearly
different preference for postsynaptic targets: 92% were
established on dendritic shafts (53.6% on spiny dendritic
shafts and 38.4% on aspiny shafts). That is, the majority
of SS target dendritic shafts, and a small percentage of
SS were established on spine heads (7.1%) and spine
necks (0.9%; Table 2; Extended Data Table 2-1).

Therefore, we evaluated whether AS and SS had a
preference for spines (heads and necks) or dendritic
shafts. To evaluate this possibility, a 2 X 4 contingency
table was created showing both types of synapses
against the type of their postsynaptic target (Extended
Data Table 2-2). The null hypothesis of this y* test was
“Hy: type of synapse and type of postsynaptic target are
independent”; 2 test demonstrated that the null hypoth-
esis must be rejected (Pearson-y* = 117.06; df = 3; p <
0.0001), showing that there is an association between the
type of synapses and the type of postsynaptic target. To
determine which values in this test are driving this signif-
icance, 2 X 2 contingency tables were created (Extended
Data Table 2-3). Since the observed values for SS in spine
necks were <5, these data were discarded (Bewick et al.,
2004). In the 2 X 2 tables, the expected counts of AS and
SS on spine heads, aspiny dendritic shafts and spiny
dendritic shafts were calculated from the marginal totals.
In general, for any contingency table, the expected fre-
quency for a cell in the ith row and the jth column is E; =
T;T/T where T, is the marginal total for the ith row, T; is the
marginal total for the jth column, and T is the total number
of observations. y° tests were applied to these tables and
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the null hypothesis (“Hy: type of synapse and type of
postsynaptic target are independent”) was rejected; that
is, there is an association between the type of synapse
and the type of postsynaptic target. We found that AS had
a significant preference for spine heads: 99.0% of AS and
only 1.0% of SS were established on spine heads (x*, p <
0.0001). By contrast, the SS showed a significant prefer-
ence for dendritic shafts (x?, p < 0.0001), both in aspiny
dendritic shafts (receiving 86.6% AS and 13.4% SS) and
spiny dendritic shafts (receiving 82.7% AS and 17.3%
SS). Since the overall proportion of synapses on spines
versus synapses on shafts was ~56:44, each synaptic
type, AS and SS, had a clear preference for a particular
postsynaptic target.

When we differentiated the synapses according to their
type (AS or SS) and their postsynaptic target (spine
heads, spine necks or dendritic shafts), we found that
54.7% were AS targeting spine heads, 37.4% were AS on
dendritic shafts, 6.8% corresponded to SS on dendritic
shafts, and 0.5% were SS on spine heads (Fig. 4). How-
ever, few synapses targeted spine necks (0.5% of AS and
0.1% of SS; Fig. 4).

We also determined the proportion of single or multiple
synapses per spine head and found that the majority of
synapses were single AS (94.5%). The remaining 5.5% were
multiple synapses, which were found on the spine heads in
different combinations as follows: 3.6% comprised two AS,
with 1.9% comprising one AS and one SS (Fig. 5).

Furthermore, we examined the possible relationship
between the postsynaptic target of the synapses and their
synaptic size. This study was performed by examining the
area, perimeter and curvature of the SAS from each AS
and SS. In the case of the AS, the mean SAS curvature of
synapses targeting spine heads was significantly higher
than in synapses targeting dendritic shafts (KW, p <
0.001; Table 3; Fig. 6). In the case of SS, the number of
synapses was considered too low to perform a robust
statistical analysis.

AD

We examined the postsynaptic targets of 1153 AS and
102 SS that were unambiguously identified. The study of
the preferred postsynaptic target revealed that 50.2% of
AS were established on spine heads and 0.7% on spine
necks. The remaining AS (49.1%) were established on
dendritic shafts: 28.0% on aspiny dendritic shafts and
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0.53%

0.46%
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0.72%

0.64% 0.08%

Figure 4. Representation of the distribution of AS (green) and SS (red) on spines and dendritic shafts. Percentages of each type are indicated.
Synapses on spines have been sub-classified into those that are established on the head of the spine and those that are established on the neck.
AS have been represented in green and SS in red. Control cases are represented on the top and AD patients on the bottom.

21.1% on spiny shafts (Table 2; Extended Data Table 2-1).
In these AD samples, SS also showed a clearly different
preference pattern: 90.2% of SS targeted dendritic shafts
(49.0% on spiny dendritic shafts and 41.2% on aspiny
shafts). A small percentage of SS were established on

Control

94.48%

Il

90.64%

3.60% 1.92%

Alzheimer

6.46%

1.70%

Figure 5. Schematic representation of single and multiple syn-
apses on dendritic spine heads. Percentages of each type are
indicated. Synapses on the necks and other combinations that
were rarely found (<1%) have not been represented. AS have
been represented in green and SS in red. Control cases are
represented on the top and AD patients on the bottom.
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spine heads (8.8%) and spine necks (1.0%; Table 2;
Extended Data Table 2-1).

To evaluate possible preference of AS and SS for
spines or dendritic shafts in AD samples, the same anal-
ysis performed in control cases was used: x° test in 2 X
4 and 2 X 2 contingency tables. We found that AS had a
significant preference for spine heads: 98.5% of AS ver-
sus only 1.5% of SS (¥?, p < 0.0001). By contrast, the SS
showed a significant preference for dendritic shafts (%, p
< 0.0001), with 82.9% of AS and 17.1% of SS on den-
dritic spiny shafts, and 88.5% of AS and 11.5% of SS on
aspiny dendritic shafts.

Analysis of synapses according to their type (AS or SS)
and their postsynaptic target (spine heads, spine necks and
dendritic shafts) showed that, in AD samples, 46.1% of the
synapses were AS targeting spine heads, 45.1% were AS on
dendritic shafts, 7.3% corresponded to SS located on dendritic
shafts and 0.7% to SS on spines (Fig. 4). Similar to observa-
tions with the control cases, there were few synapses targeting
spine necks (0.7% for AS and 0.1% for SS; Fig. 4).

The presence of single or multiple synapses per spine head
was also examined. The majority of synapses established on
spine heads were single AS (90.6%) and the least frequent type
was single SS (0.2%) on a spine head. The remaining 9.2%
were multiple synapses, which were found on the spine heads
in different combinations, as follows (Fig. 5): 6.5% comprised
two AS, with 1.7% comprising one AS and one SS, and 1.0%
comprising two AS and one SS (not shown).
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Table 3. Data regarding area (nm?), perimeter (nm), and curvature (ratio) of the SAS from synapses on spines and dendritic

shafts in control cases and AD patients

New Research
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Postsynaptic Type of Area of SAS Perimeter of Curvature of
Group structure synapse (hm?; mean + SEM) SAS (hm; mean = SEM) SAS (mean = SEM)
Control Spine heads AS 14,5013 = 4103 1877 + 38 0.05 *= 0.001
SS 81,295 + 12,011 1380 + 138 0.05 = 0.010
Spine necks AS 82,219 + 23,461 1413 + 255 0.04 = 0.004
SS 19,199 = 0 627.7 £ 0 0.04 =0
Dendritic shafts AS 115,703 = 2845 1613 + 24 0.04 * 0.001
SS 76,129 = 4299 1442 + 51 0.06 *= 0.005
Alzheimer Spine heads AS 135,310 = 4762 1815 = 47 0.05 = 0.002
SS 50,292 + 12,137 1014 + 128 0.06 = 0.010
Spine necks AS 61,658 + 13,211 1150 + 119 0.05 *= 0.005
SS 55,339 = 0 1269 = 0 0.11 =0
Dendritic shafts AS 119,272 + 3335 1638 + 32 0.04 * 0.001
SS 78,687 + 5885 1280 + 50 0.06 = 0.005

All data are corrected for shrinkage factor. SEM: standard error of the mean.

In AD samples, we also evaluated whether the postsyn-  synapses targeting spine heads was significantly higher
aptic target was related to the size of the synaptic junc-  than that found in synapses targeting dendritic shafts
tions. For this purpose, we examined the area, perimeter (KW, p < 0.001; Table 3; Fig. 6). In the case of SS, the
and curvature ratio of the SAS from each AS and SS. In number of these synapses was not sufficient to perform a
the case of the AS, the mean SAS curvature ratio of  robust statistical analysis.
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Figure 6. Frequency histograms of the SAS area (A, B), perimeter (C, D), and curvature (E, F) of AS targeting spine heads, spine necks, and
dendritic shafts from control cases (A, C, E) and from AD patients (B, D, F). The mean SAS curvature ratio of synapses targeting spine heads was
significantly higher than in synapses targeting dendritic shafts (KW, p < 0.0001), both in control cases and AD patients.
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Figure 7. Proportion of AS and SS on spines and dendritic shafts in control and AD cases. In AD patients, there is a significantly lower
number of AS targeting spine heads (%, p < 0.001) and a significantly higher number of AS targeting dendritic shafts (2, p < 0.001).

Data from SS shows no apparent differences between groups.

The analysis of SAS features to compare between con-
trol and AD samples showed no differences between
groups (MW, p > 0.05). Likewise, frequency distribution
analysis of SAS did not reveal significant differences (KS,
p > 0.01; Fig. 6).

To evaluate possible differences in the postsynaptic
targets in AD patients compared to control cases, y° tests
in 2 X 4 and 2 X 2 contingency tables were performed. In
this case, contingency tables considered both control and
AD samples against the type of postsynaptic target. For
AS, in AD patients there were significantly less synapses
targeting spine heads compared to control cases (2, p <
0.001; Fig. 7). By contrast, we observed that significantly
more synapses targeted dendritic shafts in AD patients
(X%, p < 0.001; Fig. 7). No differences were found
regarding synapses targeting spine necks (x%, p =
0.7099; Fig. 7). Concerning SS, the number of synapses
examined was not sufficient to perform a robust statis-
tical analysis.

July/August 2019, 6(4) ENEURO.0140-19.2019

The shape and size of the synaptic junctions

Regarding the synaptic shape, synapses were catego-
rized into four main types according to Santuy et al.
(2018a): macular, perforated, horseshoe-shaped, and
fragmented synapses. Briefly, macular synapses pre-
sented continuous disk-shaped PSD; those with holes in
the PSDs were classified as perforated synapses; syn-
apses with tortuous horseshoe-shaped perimeters with
an indentation were called “horseshoe-shaped”; and ir-
regular small disk-shaped PSDs with no connection be-
tween them were considered as “fragmented” synapses
(Fig. 1A).

Control

In control cases, 2561 AS were identified and fully
reconstructed in 3D. The majority of these were macular
(83.8%), followed by perforated synapses (11.8%). Rela-
tively few were horseshoe-shaped (3.8%), and much
fewer still were fragmented synapses (0.6%; Table 4;
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Table 4. Proportion of the different shapes of synaptic junctions in control and AD patients
Type of Macular Perforated Horseshoe-shaped Fragmented Total
Group synapse synapses synapses synapses synapses synapses
Control AS 83.8% (2145) 11.8% (302) 3.8% (98) 0.6% (16) 100% (2561)
SS 83.5% (106) 3.9% (5) 12.6% (16) 0.0% (0) 100% (127)
Alzheimer AS 81.4% (1558) 11.5% (221) 5.3% (101) 1.8% (35) 100% (1915)
SS 92.5% (110) 6.7% (8) 0.8% (1) 0.0% (0) 100% (119)

Data are given as percentages with the absolute number of synapses studied in parentheses. Data for each individual case are represented in Table 4-1.

Extended Data Table 4-1). Regarding SS, we identified
and fully reconstructed in 3D a total of 127 synapses. The
majority were macular-shaped (83.5%), followed by
horseshoe-shaped (12.6%). The least frequent type was
the perforated (3.9%) and no fragmented SS were found
(Table 4; Extended Data Table 4-1).

To evaluate possible association of AS and SS regard-
ing the synaptic shape, again x® testsin 2 X 4 and 2 X 2
contingency tables were created, considering both types
of synapses against the morphological synaptic type. The
null hypotheses of these y? tests were “H,: type of syn-
apse and morphological synaptic type are independent.”
We found that 95.3% of macular synapses were AS and
4.7% were SS. This proportion was slightly different in
perforated synapses (98.4% AS and 1.6% SS), but in the
case of horseshoe-shaped synapses, the proportion of
AS was significantly lower (86.0% were AS and 14% SS;
x>, p < 0.0001), indicating that the horseshoe-shaped
synapses were more frequent among SS than AS. Re-
garding the fragmented synapses, 100% were AS (Fig.
1C).

We also determined whether the shape of the synapses
was associated with differences in their size. For this
purpose, we examined the area, perimeter and curvature
ratio of the SAS from each AS and SS. In the case of the
AS, the mean SAS area, perimeter and curvature ratio of
macular synapses were all significantly smaller than in

perforated, horseshoe-shaped and fragmented synapses
(KW, p < 0.0001; Table 5; Fig. 8). Although we observed
the same tendency in the case of SS (smaller macular
synapses than perforated and horseshoe-shaped syn-
apses), only five perforated synapses and 16 horseshoe-
shaped ones were found, and therefore, statistical
analysis was not applied.

AD

In AD patients, a total of 1915 AS were identified and
fully 3D reconstructed. The majority of these synapses
were macular-shaped (81.4%), followed by perforated
synapses (11.5%), horseshoe-shaped (5.3%), and only
1.8% were fragmented synapses. Concerning SS, we
identified and fully 3D reconstructed a total of 119 syn-
apses. The majority were macular (92.5%), followed by
perforated (6.7%). The least frequent type was the
horseshoe-shaped (0.8%), and similar to the observations
with control cases, fragmented SS were not found in AD
patients (Table 4; Extended Data Table 4-1).

As occurred in the control cases, we found that 93.4%
of macular synapses were AS and 6.6% were SS. This
proportion was slightly different in perforated synapses
(96.5% AS and 3.5% SS) and horseshoe-shaped syn-
apses (99.0% AS and 1.0% SS). Regarding the frag-
mented synapses, 100% were AS (Fig. 1D).

Table 5. Data regarding area (nm?), perimeter (nm), and curvature (ratio) of the SAS of macular, perforated, horseshoe-
shaped, and fragmented synapses in control cases and AD patients

Shape of Area of SAS Perimeter of Curvature of
Group synapses Type of synapse (hm?; mean + SEM) SAS (hm; mean = SEM) SAS (mean = SEM)
Control Macular AS 88,272 + 1283 1352 + 11 0.04 + 0.001
SS 70,960 * 3764 1306 + 40 0.05 + 0.005
Perforated AS 264,960 + 6606 2914 + 58 0.07 + 0.003
SS 108,320 + 22,066 2080 = 279 0.07 = 0.016
Horseshoe-shaped AS 262,251 = 13,757 3725 = 163 0.09 = 0.007
SS 88,466 = 13204 1876 = 153 0.06 + 0.011
Fragmented AS 360,245 + 34,068 3735 + 435 0.14 = 0.025
SS - - -
Alzheimer Macular AS 91,162 = 1689 1367 = 14 0.04 + 0.001
SS 59,436 = 3156 1224 + 42 0.06 + 0.005
Perforated AS 259,540 + 7942 2879 + 73 0.07 = 0.003
SS 123,147 + 14,857 1776 = 129 0.03 + 0.006
Horseshoe-shaped AS 237,778 = 9524 3568 = 127 0.08 = 0.006
SS 115,312 = 0.0 2431 £ 0 0.07 = 0.000
Fragmented AS 303,922 + 21,783 2985 + 210 0.13 + 0.014
SS - - -

All data are corrected for shrinkage factor. SEM: standard error of the mean.
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Figure 8. Frequency histograms of the SAS area (A, B), perimeter (C, D), and curvature (E, F) of macular, perforated, horseshoe-
shaped and segmented AS from control cases (A, C, E) and from AD patients (B, D, F). The mean SAS area, perimeter and curvature
of macular synapses was significantly smaller than in perforated, horseshoe-shaped and segmented synapses (KW, p < 0.0001), both

in control cases and AD patients.

To evaluate possible differences in the proportion of the
synaptic shapes between control cases and AD patients,
X° tests in 2 X 4 and 2 X 2 contingency tables were
performed. In this case, contingency tables considered
both control and AD samples against the morphological
synaptic type. For AS the results indicated that, in AD
patients, fragmented synapses were more frequent
than in control cases (¥, p < 0.001). This difference
was not significant regarding macular, perforated and
horseshoe synapses (x?, p > 0.01; Fig. 1B), but we
observed a slightly higher number in horseshoe syn-
apses (x?, p = 0.024) and slightly fewer number in
macular synapses (¥, p = 0.039). Regarding SS, the
number of these synapses was not sufficient to perform
a robust statistical analysis.

Moreover, we determined whether the shape of the
synapses was associated with differences in their size.
The area, perimeter and curvature of the SAS from each of
the AS and SS were examined. In the case of the AS, the
mean SAS area, perimeter and curvature of macular syn-
apses were, as occurred in control cases, significantly
smaller than in perforated, horseshoe-shaped and frag-

July/August 2019, 6(4) ENEURO.0140-19.2019

mented synapses (KW, p < 0.0001; Table 5; Fig. 8).
Although we observed the same tendency in the case of
SS (smaller macular synapses than perforated and
horseshoe-shaped synapses), the number of these syn-
apses was not sufficient to perform a robust statistical
analysis. SAS features of AS such as the area, perimeter
and the curvature were compared between the two
groups, with no significant differences observed between
control cases and AD patients (MW, p > 0.05). Likewise,
frequency distribution analysis did not reveal significant
differences (KS, p > 0.01).

Discussion

This study provides the following findings: first, both in
control cases and AD patients, AS had a significant pref-
erence for spine heads, while the preference of SS was for
dendritic shafts. However, in AD patients we observed a
lower percentage of synapses targeting spine heads.
Second, regarding the shape of synapses, in control and
AD samples, the vast majority of synapses had a macular
shape (83.8% for AS and 83.5% for SS control; 81.4% for
AS and 92.5% for SS AD). Third, in AD patients, we
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Table 6. Summary of the data from the studies of the pattern of synaptic distribution

Striate cortex (area

Visual cortex of Somatosensory cortex

Human TEC 17) of the monkey' the adult cat? of the adult rat (P60)°
Layer All Layer All All
Layer Il =1 layers Il layers layers
AS on spines 55.2% 54.9% 53.0% 71.2% 66.4% 73.0%
AS on dendritic shafts 37.4% 27.7% 30.0% 13.3% 17.6% 12.9%
SS on dendritic shafts 6.7% 11.4% 11.9% 10.8% 10.6% 9.3%
SS on spines 0.61% 6.0% 5.1% 4.7% 5.3% 4.8%

Data are given as percentages. Data were taken from: 'Beaulieu et al., 1992; 2Beaulieu and Colonnier (1985); *Micheva and Beaulieu (1996).

observed a higher percentage of fragmented AS than in
control cases.

Distribution of postsynaptic targets
Synaptic targets in control cases

The analysis of the preferred postsynaptic target re-
vealed that the vast majority of AS were established on
spines, whereas, in the case of SS, the vast majority were
on dendritic shafts. If we take into account the synaptic
type (AS or SS) and its postsynaptic target, we found that
in control cases 54.7% of synapses were AS targeting
spine heads, 37.4% were AS on dendritic shafts, 6.8%
were SS located on dendritic shafts, and 0.5% were SS
on spine heads. Very few synapses targeted spine necks
(0.5% of AS and 0.1% of SS).

Since there are no similar studies performed in the
human cerebral cortex, we compared our results with EM
studies performed in the neuropil of other species and
cortical regions (Table 6; Beaulieu and Colonnier, 1985;
Beaulieu et al., 1992; Micheva and Beaulieu, 1996). These
studies include data from the monkey striate cortex, the
cat visual cortex, and the rat barrel cortex. As summarized
in Table 6, there is a general pattern in all cortical areas
and species: AS located on spines predominate, followed
by AS located on dendritic shafts, SS located on dendritic
shafts, and, finally, SS located on spines. Taking into
account the considerable differences in the functional and
structural features between the different cortical areas
and species (DeFelipe, 2011), the similarity of this general
pattern of synaptic distribution is remarkable. Neverthe-
less, there are important differences in the percentage for
each category, which could be attributed to species spe-
cialization of the different cortical areas examined. For
example, Layer Il of the human TEC had the lowest per-
centage of AS on spines, although this percentage was
similar to that found in layer 2/3 of the monkey striate
cortex. However, the proportions of AS on shafts and SS
on spines were largest and lowest, respectively, in the
human TEC (Table 6). Nevertheless, we cannot rule out
the possibility that the differences in the percentages
observed in the present study and the above mentioned
publications in experimental animals could also be ex-
plained, at least in part, by the different methodological
approaches used to identify the postsynaptic targets; we
used the gold standard method, namely full reconstruc-
tions of the synapses, rather than the partial reconstruc-
tions conducted in other publications.

July/August 2019, 6(4) ENEURO.0140-19.2019

Synaptic targets in AD

In the AD samples, the study of the preferred postsyn-
aptic target showed that, as observed with control cases,
the majority of AS were established on spines (with 50.2%
targeting spine heads and 0.7% targeting spine necks).
The remaining AS were established on dendritic shafts
(28.0% of AS on aspiny dendritic shafts and 21.1% of AS
on spiny shafts). However, the majority of SS target den-
dritic shafts (49.0% on spiny dendritic shafts and 41.2%
on aspiny shafts), and a small percentage of SS were
established on spine heads (8.8%) and spine necks
(1.0%).

Comparison of the postsynaptic targets in AD patients
and control cases revealed a significant reduction in the
number of synapses targeting spine heads in AD patients.
This reduction is probably related to the changes in num-
ber and morphology of spines that occur in AD. For
example, in the vicinity of amyloid-plaques in the cerebral
cortex of mouse models of AD, as well as in tissue from
AD patients, spines are loss or undergo a variety of mor-
phological changes (Spires-dones et al., 2007; Knafo
et al., 2009; Tackenberg et al., 2009; Merino-Serrais et al.,
2011; Pozueta et al., 2013; Llorens-Martin et al., 2014;
Zou et al., 2015). Furthermore, some studies have ob-
served loss and morphological changes of spines in tau
transgenic mice and AD patients, related to the presence
of pretangles or neurofibrillary tangles in pyramidal neu-
rons (Tackenberg et al., 2009; Merino-Serrais et al., 2013;
Pozueta et al., 2013). Thus, both AB-plaques in the neu-
ropil and the intracellular neurofibrillary tangles within py-
ramidal cells induce alterations in spines. Since the
majority of the synapses a pyramidal cell receives are on
spines and they represent the vast majority of AS syn-
apses (DeFelipe and Farifias, 1992), the loss of spines,
and, therefore, the loss of synapses, has been proposed
as the structural basis of pathogenesis in AD and in other
neurodegenerative diseases, such as Huntington’s dis-
ease, and amyotrophic lateral sclerosis-associated de-
mentia (Herms and Dorostkar, 2016).

Despite the fact that we found a significantly lower
number of synapses targeting spine heads in AD patients,
it is important to note that there was a high interindividual
variability (Extended Data Table 2-1). Two AD patients
(IF6, VK11), who had the lowest Braak/CERAD stage
(IlVv/A), showed values of synapses targeting spine heads
similar to control cases. By contrast, one AD patient
(VK22) classified with the highest Braak/CERAD stage
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(V/C) presented the lowest number of synapses targeting
spine heads. Therefore, the number of synapses targeting
spine heads might be modified by differences in the dis-
ease progression. By contrast, one AD patient (IF1), clas-
sified as Braak/CERAD stage IV/B, showed values of
synapses targeting spine heads similar to control cases.
Since this patient apparently did not display cognitive
impairment, it is possible that this particular case may
represent a predementia stage of AD with no impairment
of spines. This variability could not be explained by tech-
nical effects, since postmortem delays were all similar and
we used the same methodological procedures. However,
others factors such as gender or aging could explain the
variability among cases, since these factors may influence
the number of synapses (Alonso-Nanclares et al., 2008;
Peters and Kemper, 2012).

The shape and size of the synaptic junctions:
controls versus AD

It is not only the number of spines that is essential in
terms of maintenance of synaptic connectivity and plas-
ticity; spine morphology is also critical from a functional
point of view (Yuste, 2010; Herms and Dorostkar, 2016).
The spine head volume has been related to the area of the
PSD, which has in turn been related to the number of
postsynaptic receptors (Nusser et al., 1998) and the prob-
ability of neurotransmitter release (Arellano et al., 2007;
Montes et al., 2015). Regarding the molecular composi-
tion of the PSD, the larger the synapse, the higher the
actual number of AMPA receptors, whereas a higher con-
centration of NMDA receptors has been found in smaller
synapses (Kharazia and Weinberg, 1999). In the present
study, no changes in any of the PSD size parameters (SAS
area and perimeter) were found in AD samples. However,
the protein composition of human synapses is highly
complex (Grant, 2012) and we cannot rule out changes in
the composition and number of postsynaptic receptors
and other elements of the postsynaptic signaling com-
plexes in Layer Il of the TEC in AD patients. Further
studies of the human synapse proteome in the TEC would
be necessary to better understand the synaptic changes
found in this cortical region.

In both control and AD cases, synaptic junctions were
categorized into four main types depending on their
shape: macular, perforated, horseshoe-shaped and frag-
mented synapses.

Control

In general, the vast majority of both AS and SS had a
macular shape; followed far behind, the second most
common type was perforated synapses in the case of
AS, or horseshoe-shaped synapses in the case of SS.
Fragmented synapses were found in low numbers and
all of them were AS. Regarding the average size of
synapses, macular synapses were smaller than perfo-
rated, horseshoe-shaped and fragmented synapses.
Unfortunately, since there are no studies about the 3D
synaptic morphology in the human neocortex, our results
cannot be compared with previous studies performed in
the TEC or in any other human cortical region. These
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results are similar to previous studies on synaptic shape
and size performed in the juvenile rat somatosensory
cortex (Santuy et al., 2018a).

Although we do not know how morphological synaptic
changes affect synaptic function, some studies have re-
lated them to an increase in the synaptic transmission
efficiency, because the remodeling process involves the
insertion of new receptors in the postsynaptic membrane
(Luscher et al., 2000). Moreover, in response to synaptic
activity, receptors can be incorporated into the PSD either
by endosomal pathways or by lateral diffusion from the
extrasynaptic membrane zone (Kneussel and Hausrat,
2016). Under normal conditions, the macular synapses
had the capacity to become larger by progressively
adopting a more tortuous perimeter with perforations and
indentations (Geinisman et al., 1987, 1991, 1992a,b). So,
synapses may become larger and more complex by a
remodeling process involving the incorporation of recep-
tors into the postsynaptic membrane. Accordingly, some
studies have reported higher immunoreactivity for gluta-
mate receptors (AMPA and NMDA) in perforated syn-
apses than in non-perforated ones (Ganeshina et al.,
2004a,b). Models to study how variations in size of syn-
aptic junctions are related to characteristics such as re-
lease probability of neurotransmitter and density of
postsynaptic AMPA receptors suggest that large syn-
apses with more number of postsynaptic receptors would
produce stronger and more homogeneous responses,
while small synapses with fewer receptors would produce
weaker and much more variable responses (Montes et al.,
2015).

Furthermore, it has been postulated that fragmented
synapses are specialized synapses which would lead to a
greater synaptic response than in the case of synapses
that only have a single PSD (Geinisman et al., 1987;
Ganeshina et al., 2004a). Several studies have found an
increase in the number of fragmented synapses resulting
from the turnover of original synapses in the dental gyrus
and CA1 of the rat hippocampus after LTP or kindling
stimulation (Geinisman et al., 1991, 1992a,b, 1993; Toni
et al., 2001). In this process, a continuous disk-shaped
PSD synapse (macular) enlarges with the formation of one
or more holes in its PSD, becoming a horseshoe shape
before finally separating into different PSDs with no con-
nections between them (Geinisman et al., 1987). Thus,
fragmented synapses could be structural intermediates in
various forms of synaptic dynamics and their increase in
their number could be responsible for the enhancement of
synaptic efficacy that is typical of LTP and kindling. Fi-
nally, if perforated, horseshoe-shaped and fragmented
synapses represent different dynamic functional stages,
and the percentage of these synapses is relatively low, it
follows that dynamic synaptic changes must be of rela-
tively little importance.

However, we should keep in mind that, in the TEC, there
are billions of synapses (510 X 10° synapses per mm?;
Dominguez—AIvaro et al., 2018). Thus, there are millions of
synapses with these different shapes, which could in fact
be interpreted as a relatively high rate of synaptic dyna-
mism.
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AD

In AD cases, the vast majority of both AS and SS were
macular, followed by perforated, horseshoe-shaped and
fragmented synapses. In the case of SS, the percentages
of perforated and horseshoe-shaped synapses were
lower than for AS, and fragmented synapses were not
found.

When we compared the proportion of the different syn-
aptic shapes between control cases and AD patients, we
found that AS fragmented synapses were more frequent
in AD patients than in control cases. This difference was
not found in macular, perforated or horseshoe-shaped
synapses, although a slightly lower proportion of macular
synapses and a slightly higher proportion of horseshoe
synapses were found in AD patients.

In our AD samples, we also determined whether the
shape of the synapses was related to the synaptic size
(area, perimeter and curvature of the SAS). We observed
that synapses in AD samples had similar morphological
features to those observed in control cases. In the case of
the AS, the area, perimeter and curvature of macular
synapses were significantly smaller than in perforated,
horseshoe-shaped, and fragmented synapses. Moreover,
regarding these synaptic features, there were no signifi-
cant differences between control and AD patients, as
previously reported in other cortical regions using con-
ventional transmission EM (Scheff and Price, 2006; Scheff
et al., 1993).

Since an increase in the number of fragmented syn-
apses has been related to potentiation of the synaptic
efficacy (Geinisman et al., 1991, 1992a,b, 1993; Toni
et al., 2001), the increased number of this type of synapse
found in AD patients could be due to the activation of
compensatory mechanisms in response to the synaptic
loss that occurs in this cortical region (Dominguez-Alvaro
et al., 2018). Accordingly, a higher number of perforated
synapses have been reported in several diseases and
under certain experimental conditions, such as, e.g., after
striatal dopamine depletion in the striatum of the rat
(Anaya-Martinez et al., 2014). Recently, enhancement of
physiologic synaptic activity during early stages of AD has
been suggested as a compensatory response (Tampellini,
2015). Since the potentiation of synaptic activity may
promote an increase in the proportion of fragmented syn-
apses, we could hypothesize that the higher proportion of
fragmented synapses found in AD patients could be a
compensatory mechanism during the progression of this
disease, which would end in the generation of more frag-
mented synapses. However, it could be possible that this
kind of mechanism fails and synaptic activity would fall
off. Moreover, as fragmented synapses have more than
one independent release site their formation could involve
an increase in glutamate release, which may promote
excitotoxicity and neuronal death (Anaya-Martinez et al.,
2014).

Finally, although we analyzed only five control cases and
five AD patients, it is important to keep in mind that, thanks
to FIB/SEM technology, it was possible to obtain the first
largest collection of 3D reconstructed synapses of the hu-
man brain, with thousands of synapses examined. This al-
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lowed us to accurately determine their morphology and
postsynaptic targets, constituting firm support for the evi-
dence provided by the data presented. Nevertheless, further
verification involving the examination of more cases with
similar ages would be necessary to better understand the
possible differences in the synaptic organization between
controls and AD. As a final point, it is well established that
there are differences in the microstructure of the cerebral
cortex depending on the cortical area and layer (DeFelipe,
2011). Therefore, the data obtained in the present study
probably cannot be extrapolated to other cortical regions. In
other words, the synaptic organization must be examined
separately in each particular region and for different ages
and genders. This will make it possible to determine the
similarities and differences in the synaptic organization be-
tween different cortical regions of the human brain.

Concluding remarks

In summary, this study provides evidence of a reduction
in the number of synapses targeting spine heads in AD
patients, in line with previous studies. The loss of spines,
and, therefore, the loss of synapses, has been proposed
as the structural basis of pathogenesis in AD. Besides, in
this study we observed morphological synaptic altera-
tions in TEC in AD patients. How these morphological
changes could affect the synaptic function is unknown,
but these changes have been related to modifications in
the synaptic transmission efficiency. Thus, the increase in
the number of fragmented synapses in AD patients could
be due to the activation of compensatory mechanisms in
response to the synaptic loss that occurs in this cortical
region during the progression of the disease. However, it
could be possible that this kind of mechanism fails and
synaptic activity would fall off.
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