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Abstract. The quantification and measurement of synapses is a major goal in the study of brain organization in both health and
disease. Serial section electron microscopy (EM) is the ideal method since it permits the direct quantification of crucial features
such as the number of synapses per unit volume or the distribution and size of synapses. However, a major limitation is that
obtaining long series of ultrathin sections is extremely time-consuming and difficult. Consequently, quantitative EM studies are
scarce and the most common method employed to estimate synaptic density in the human brain is indirect, by counting at the
light microscopic level immunoreactive puncta using synaptic markers. The recent development of automatic EM methods in
experimental animals, such as the combination of focused ion beam milling and scanning electron microscopy (FIB/SEM), are
opening new avenues. Here we explored the utility of FIB/SEM to examine the cerebral cortex of Alzheimer’s disease patients.
We found that FIB/SEM is an excellent tool to study in detail the ultrastructure and alterations of the synaptic organization of the
human brain. Using this technology, it is possible to reconstruct different types of plaques and the surrounding neuropil to find
new aspects of the pathological process associated with the disease, namely; to count the exact number and types of synapses in
different regions of the plaques, to study the spatial distribution of synapses, and to analyze the morphology and nature of the
various types of dystrophic neurites and amyloid deposits.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common
age-related neurodegenerative disorder and is charac-
terized by two hallmark lesions: extracellular amyloid
plaques, primarily consisting of amyloid-� (A�) pep-
tide, and intracellular neurofibrillary tangles, which
consist of filamentous aggregates of hyperphospho-
rylated tau protein (e.g., [1]). There is a growing
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consensus, based primarily on cell-based assays, that
A�, the main component of senile plaques, is toxic
to synapses [2–4]. In both AD patients and animal
models of the disease, synapse loss is greatest near
A� plaques, suggesting a link between A� pathology
and synaptotoxicity in vivo [5]. In addition, numerous
studies have reported widespread synaptic dysfunc-
tion or loss even in early stages of the disease, and
at present it is widely accepted that synapse loss is
the major structural correlate of cognitive dysfunc-
tion [6–12]. Therefore, elucidation of the changes that
affect synapses is crucial for better understanding the
pathogenic mechanisms underlying AD.

The gold standard for quantification and mea-
surement of synapses is electron microscopy (EM).
However, the classical methods for quantification
of synapses with transmission EM (TEM), even
using stereological estimates, have significant tech-
nical limitations [13]. In addition, the ultrastructural
preservation of postmortem human brain tissue is often
rather poor, while the ultrastructure of biopsy mate-
rial is excellent (e.g., [14–26]) and can be studied
by accurate correlative light/EM and quantitative EM
methods comparable to those performed with exper-
imental animals (e.g., [27–29]), although the amount
of tissue removed with biopsy is, for obvious reasons,
rather small. For these reasons, quantitative TEM stud-
ies are scarce in humans [30–36] and, at present, one
of the most common methods employed to estimate
synaptic density is indirect, for example by count-
ing synaptophysin-immunoreactive puncta (or other
synaptic markers) using conventional light microscopy
or confocal microscopy (e.g., [8, 12, 37–40]; for a
review, see [6]).

An additional drawback is the need to perform
serial reconstructions from ultrathin sections, which
is necessary when the final goal is to examine 3D
characteristics, such as the number of synapses per
unit volume or the distribution and size of synapses.
Although serial sectioning TEM is a well-established
technique to obtain 3D data of brain tissue (e.g., [41,
42]), a major limitation is that obtaining long series
of ultrathin sections is extremely time-consuming and
difficult, often making it impossible to reconstruct
large volumes of tissue. As a consequence, these EM
methods are not widely used in spite of the importance
of the information obtained. Indeed, there are very
few 3D ultrastructural studies dealing with AD and
these have been performed in experimental animals to
reconstruct microglia around A� plaques in A�PP23
transgenic mice [43], to elucidate the spatial relation-
ship between A� deposits and cellular components in

3xTg-AD mice and aged dogs [44], or to reconstruct
dystrophic neurites of senile plaques in aged monkeys
[45]. However, as far as we know, no detailed 3D stud-
ies have been performed to study the cerebral cortex
of AD patients.

In recent years, the development of automatic EM
methods has been opening new avenues that are
expected to soon constitute an essential technology
for 3D reconstructions at the ultrastructural level [46].
Indeed, the combination of focused ion beam milling
and scanning electron microscopy (FIB/SEM) has
proved to be very useful in experimental animals as
it not only allows images with a quality and resolu-
tion similar to those obtained with TEM, but also has
the great advantage of permitting the rapid and auto-
matic serial section of large tissue volumes [47] that
can later be reconstructed in 3D with the help of soft-
ware tools [48]. Therefore, in the present study we
explored the utility of FIB/SEM to examine the cere-
bral cortex of AD patients obtained at autopsy, by far
the most common source of human tissue for research.
More specifically, we analyzed different regions of A�
plaques in order to check the validity of this technol-
ogy to quantify the number and distribution of synapses
and to reconstruct some of the abnormal structures that
constitute the plaques, such as dystrophic neurites and
A� deposits. We show that FIB/SEM is an excellent
tool to examine alterations of synapses that are in con-
tact A� plaques and to obtain 3D reconstructions of
the components of the plaques. Furthermore, since the
quality of the images was in general strikingly good
and better than that obtained with TEM, FIB/SEM is
a particularly useful technology to study the human
cerebral cortex in both health and disease.

MATERIALS AND METHODS

Human brain tissue from 5 patients with AD (aged
80–94, average 86.4) was obtained from the Instituto
de Neuropatologı́a (Dr. I. Ferrer, Servicio de Anatomı́a
Patológica, IDIBELL-Hospital Universitario de Bell-
vitge, Barcelona, Spain) and from the Banco de Tejidos
Fundación CIEN (Dr. A. Rábano, Área de Neuropa-
tologı́a, Centro Alzheimer, Fundación Reina Sofı́a,
Madrid, Spain) (Table 1).

Following neuropathological examination, the
pathological state and stage was defined according to
the CERAD [49] and Braak and Braak criteria ([50];
Table 1). In all cases, the time between death and tissue
processing was between 1.5 and 3 h. Upon removal,
the brain tissue was immediately fixed in cold 4%
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Table 1
Alzheimer’s disease patients in the study

Patient Age Gender NF/A� pathology Postmortem Cause of death
Braak stage delay (h)

P1 80 Female AD IV/B 2 -
P2 94 Female AD V/C 1.5 Pulmonary tuberculosis
P7 91 Male AD III/A and AGD 3 Hepatocarcinoma
P9 82 Male AD V/C 3 Bronchopneumonia plus cardiac failure
P10 85 Male AD V-VI/C 1.5 -

paraformaldehyde in phosphate buffer (PB: 0.1 M, pH
7.4), and after 12–24 h, the tissue was cut into small
blocks and post-fixed in 2% paraformaldehyde and
2.5% glutaraldehyde in PB for 48–72 h at 4◦C. Brain
samples were obtained following the guidelines and
approval of the Institutional Ethical Committee.

Tissue preparation

After fixation, the cortical tissue was washed in
PB and sectioned in a vibratome (150 �m thickness).
Selected sections were osmicated for 1 h at room tem-
perature in PB containing 1% OsO4, 7% glucose, and
0.02 M CaCl2. After washing in PB, the sections were
stained for 30 min with 1% uranyl acetate in 50%
ethanol at 37ºC, and they were then dehydrated and
flat embedded in Araldite [51]. The Araldite-embedded
vibratome sections were then processed either for TEM
or for FIB/SEM.

Transmission electron microscopy

Araldite-embedded vibratome sections were stud-
ied using a correlative light and EM method that
has been previously described in detail elsewhere
[51, 52]. Briefly, the vibratome sections were pho-
tographed under light microscope and then serially
cut into semithin (2 �m thick) sections with a Leica
EM UC6 ultramicrotome (Leica Microsystems, Wet-
zlar, Germany). The semithin sections were stained
with 1% toluidine blue in 1% sodium borate, examined
under the light microscope, and then photographed to
locate the region of interest. Selected semithin sections
were further sectioned into serial ultrathin sections
(50–70 nm thick) with a diamond knife using a Leica
ultramicrotome.

The ultrathin sections were collected on formvar-
coated, single-slot nickel grids, and stained with uranyl
acetate and lead citrate. Digital pictures were captured
at different magnifications in a JEOL JEM-1011 (JEOL
Ltd., Tokyo, Japan) electron microscope equipped
with a digitalizing image system (SC1000 ORIUS, 11
megapixel; Gatan, Pleasanton, CA).

Dual beam electron microscopy (FIB/SEM)

Embedded vibratome sections were glued onto a
blank Araldite block and trimmed. In order to select the
region of interest, several semithin sections (1–2 �m of
thickness) were obtained from the surface of the block
and stained with toluidine blue as described above.
The blocks containing the embedded tissue were then
glued onto aluminum sample stubs using conductive
carbon adhesive tabs (Electron Microscopy Sciences,
Hatfield, PA). All the surfaces of the Araldite blocks,
except for the surface to be studied (the top surface
containing the sample), were covered with colloidal
silver paint (Electron Microscopy Sciences, Hatfield,
PA) to prevent charging artifacts. The stubs with the
mounted blocks were then placed into a sputter coater
(Emitech K575X, Quorum Emitech, Ashford, Kent,
UK) and were coated with gold/palladium for 15 to
30 s to facilitate charge dissipation. The ultrastructural
three-dimensional study of the samples was carried out
using a dual beam microscope (Crossbeam® Neon40
EsB, Carl Zeiss NTS GmbH, Oberkochen, Germany).
This instrument combines a high-resolution field-
emission SEM column (Gemini® column, Carl Zeiss
NTS GmbH, Oberkochen, Germany) with a focused
gallium ion beam (FIB), which permits thin layers of
material to be removed from the sample surface on
a nanometer scale. As soon as one layer of material
has been removed (or milled) by the FIB, the freshly
exposed surface of the sample is imaged by the SEM
using the backscattered electron detector. The sequen-
tial automated use of FIB milling and SEM imaging
allowed us to obtain long series of photomicrographs
that represent a three-dimensional sample of selected
regions of the neuropil (see [47] for further information
about the FIB/SEM methodology).

For this study, we obtained images of 2048 × 1536
pixels, at a resolution of 5.99 to 9.97 nm per pixel;
each individual photomicrograph therefore covered
a field of view that ranged from 12.27 × 9.20 to
20.42 × 15.31 �m2. The layer of material milled by
the FIB in each cycle (equivalent to section thickness)
was 20 nm in all samples. The number of serial sections
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Fig. 1. Screenshot of Espina, the software tool used for the segmentation of synaptic junctions. In the central panel, one of the sections comprising
the stack is shown with some synaptic junctions already segmented (green profiles). The segmented synaptic junctions can also be visualized in
a 3D reconstruction of the tissue (upper right panel) or in orthogonal sections (right middle and right bottom panels). Every synaptic junction is
color-coded (asymmetric synapses in green, symmetric synapses in red) and given a unique number, so they can be individually accessed using
the left panel. Geometrical features of the reconstructed 3D objects such as their size and position are automatically calculated (bottom panel).

obtained for each sample varied between 135 and 625
(mean 349.25). The milling current of the FIB ranged
from 500 pA to 1 nA and the SEM was set to 1.8 to 2.0
kV acceleration potential.

Alignment and visualization of serial images:
Construction of the counting volume

Stacks of images were taken from the frontal cor-
tex (Brodmann area 10). We analyzed plaques as well
as neighboring areas (of the same layer and cortical
area) that were devoid of dystrophic neurites and A�
deposits. These neighboring areas were described as
plaque-free regions (Supplementary Video 1; avail-
able online: http://www.j-alz.com/issues/34/vol34-
4.html#supplementarydata04). Two different regions
were examined within the plaques that were constituted
either mainly by dystrophic neurites (Dn regions),
with few or no A� deposits (Supplementary Video 2),

or by both dystrophic neurites and large amounts
of extracellular A� (Dn/A� regions) (Supplementary
Video 3).

For the alignment (registration) of the stack of
images we used Fiji (http://fiji.sc). We applied a rigid
registration method (translation only, no rotation) to
avoid any deformation of single sections. After regis-
tration, the resulting stack was filtered and resized. We
used a Gaussian Blur filter with Fiji to eliminate noisy
pixels. The images in the stack were then scaled to one
half of their original size in order to save computer
memory.

Reconstructing structures in the stacks of serial
sections

Espina software was used for the automated segmen-
tation and counting of synapses in the reconstructed 3D
volume [48] (Fig. 1). In order to quantify the number of

http://www.j-alz.com/issues/34/vol34-4.html#supplementarydata04
http://fiji.sc
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objects per unit volume, a 3D unbiased counting frame
must be constructed within the stack [53]. This 3D
unbiased counting frame is a regular rectangular prism
enclosed by three acceptance planes and three exclu-
sion planes marking its boundaries. All objects within
the counting brick or intersecting any of the acceptance
planes are counted, while any object outside the count-
ing brick or intersecting any of the exclusion planes is
not [47].

Reconstruct Software 1.1.0.0 [54] was used to
carry out the serial reconstruction of somata (neu-
rons and glia), dystrophic neurites, and extracellular
A� deposits. Each structure was assigned a different
name and a color, and it was manually traced through
the stacks of images. Once segmentation of these
structures was performed, the generated meshes were
exported to vrml format (Reconstruct) or to stl for-
mat (Espina). Each mesh was then loaded into the 3D
modeling suite Blender 3D (http://www.blender.org).
Blender makes it possible to configure each mesh
and the entire scene easily in real-time. Inside this
application each mesh surface is smoothed and its
material properties (diffuse color, translucency, gloss)
are defined. After each mesh is configured, the entire
scene is composed, lights, camera, and camera anima-
tion are added, and some test renders are performed.
When the test renders are satisfactory, the whole scene
is exported via a python script to Yafaray native xml
format (http://www.yafaray.org), which is an open-
source hyper-realistic raytracer that allows us to get
high-quality render frames that were used for com-
posing each final video. In order to render each frame
for each video, we used an SGI Prism multiproces-
sor with 16 Itanium processors and 32 GB of memory.
Each frame took between 10 min and 1 h to be ren-
dered. Finally, the video composition and encoding
were performed in the sequence editor of Blender 3D
(Supplementary Videos 4–6).

RESULTS

To better interpret the images obtained with
FIB/SEM, we first examined the plaques using TEM in
the same tissue. What follows is a brief description of
the appearance of the plaques with these two methods.

Study of Aβ plaques using TEM microscopy

Types of Aβ plaques
As seen with TEM microscopy, A� plaques are

formed by two major pathological components: A�

fibrils or deposits and dystrophic neurites filled with
different cytoplasmic inclusions and organelles. These
elements, together with numerous apparently normal
and altered neuronal and glial processes made up
the plaques. However, as previously described (e.g.,
[22, 55–57]), different types of A� plaques were
distinguished according to their appearance and com-
position. In general, two main types of plaques can
be recognized: One type is characterized by a central
core of densely packed A� fibrils (“A�-cored plaque”)
surrounded by a “white halo” containing dispersed fib-
rils of A�, glial processes, and dystrophic neurites
(Fig. 2), where no or very few synapses are present
(non-synaptic area) (see also [58, 59]). These A�-cored
plaques may contain abundant (Fig. 2) or relatively
few dystrophic neurites (Supplementary Figure 1). The
other main type of plaques (“A�-diffuse plaques”) are
constituted by the same elements as A�-cored plaques,
but A� is present as lax bundles, not forming a core,
although arranged in a “plaque shape” (Supplemen-
tary Figures 2 and 3). These plaques are much less
conspicuous at the EM level than A�-cored plaques.
As occurs with A�-cored plaques, diffuse plaques
may contain abundant dystrophic neurites (Supple-
mentary Figure 3) or relatively few (Supplementary
Figure 2).

Ultrastructure of dystrophic neurites
Dystrophic neurites show a variety of morpholo-

gies, with different sizes, cytoplasmic inclusions,
and organelles (mitochondria, autophagosomes, lyso-
somes) (as can be seen in Fig. 3). Mitochondria
were easily identified by the presence of inner
and outer membranes surrounding an electrondense
matrix containing mitochondrial crests. It was fre-
quently observed that mitochondria in most dystrophic
neurites exhibited morphological abnormalities (con-
sistent with autophagic degradation; see [17, 60]),
suggesting that they are metabolically compromised
(see [45] and references contained therein).

As previously described in mice models of AD
(e.g., [16, 45, 61]), the vacuolar structures of putative
autophagic nature showed different morphologies and
heterogeneous intraluminal contents, which suggests
different degrees of alteration; from vacuoles with a
multilamellar/densely compacted, amorphous content
(Fig. 3A–C) to vacuoles containing an electrondense
core formed by an amorphous non-lamellar material
(Fig. 3D). Moreover, some dystrophic neurites show
relatively few cytoplasmic inclusions and organelles
(Fig. 3A) whereas others show a large number of these
structures (Fig. 3B–D).

http://www.blender.org
http://www.yafaray.org
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Fig. 2. A�-cored plaque in the frontal cortex (Brodmann area 10) from patient P2. A) Low-power TEM micrograph showing the A� core
(asterisk) and the surrounding halo outlined with a red line, where no or very few synapses are present (non-synaptic area). B, C) Higher
magnification of A, showing A� fibrils (arrows) emanating from the core, glial cells and their processes (g) and dystrophic neurites (dn).
Granules or bodies of lipofucsin (lf) can also be identified. Scale bar (in C): A, 6.7 �m; B, 2.1 �m; C, 1.4 �m.

In addition, a filamentous material that resembles
fibrillar A� aggregates of the plaques was com-
monly found within some dystrophic neurites that were
located close to the A� core of the plaques (Supple-
mentary Figure 4). Finally, within or near the plaques,
there were axon terminals forming synapses, which
appeared to represent early stages of axonal degenera-
tion, since some of them contained vacuoles typical of
well-developed dystrophic neurites or other abnormal

disposition of axonal organelles although the patho-
logical appearance was less obvious (Fig. 4).

Study of Aβ plaques using FIB/SEM

We compared the images obtained with TEM and
FIB/SEM within different regions of the A� plaques. In
order to facilitate the 3D reconstruction of the plaques,
we first identified, by light microscope, the plaques
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Fig. 3. TEM micrographs showing different types of dystrophic neurites in the frontal cortex (Brodmann area 10) of patients P9 (A) and P2 (B,
C, D). A) The dystrophic neurite contains neurofilaments with a circular orientation (arrow) and small (1a) and large (1b) cytoplasmic vacuoles
and organelles loosely distributed. The vacuole contents appeared dense, compacted, amorphous and multilamellar (especially, the largest ones,
1b). B) The dystrophic neurite is filled with large vacuoles with contents that appeared dense, compacted, amorphous and multilamellar (2).
Some mitochondria with a normal appearance can be observed (arrowhead). C) The dystrophic neurite contains small dense bodies (3), similar
in appearance to those in A (1a) but more closely packed. Some apparently normal mitochondria are observed (arrowhead). D) The dystrophic
neurite shows large vacuoles containing an electrondense core formed by an amorphous non-lamellar material (4). Scale bar (in D): A–D,
0.6 �m.

in toluidine-blue stained plastic semithin sections that
were taken from the surface of the block (Fig. 5A,
B). Since the last semithin section obtained is adja-
cent to the surface of the remaining block, it was
used as a guide for the subsequent study with the

dual beam electron microscope. In order to select the
regions of interest, the last semithin section obtained
was compared with a SEM image of the tissue block
and the appropriate regions were selected (see Fig. 5A,
C). Thereafter, the region of interest was sequentially
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Fig. 4. TEM micrographs showing axon terminals forming synapses, which appear to represent early stages of axonal degeneration. These
micrographs were taken near (A) or within (B) a plaque from the frontal cortex (Brodmann area 10) from patient P2. A, B) Abnormal-looking
axon terminals (ax) forming synapses (arrows) with a dendritic spine (sp) and with a dendritic shaft (de), respectively. The asterisk in A indicates
an abnormal-looking cluster of synaptic vesicles. Note in B that the axons (ax) contain vacuoles typical of dystrophic neurites (see Fig. 3). Dn,
dystrophic neurite. Scale bar (in B): A, 0.5 �m; B, 0.8 �m.

Fig. 5. Correlative light microscopy and FIB/SEM of a plaque located in layer IV of the frontal cortex of patient P2. A, B) Low- and high-
magnification photomicrographs, respectively, of a toluidine blue-stained semithin section obtained from a tissue block that was later studied
with the dual beam microscope. In A, a plaque (arrow) can be identified, and two blood vessels (bv) have been located as landmarks. In B, a
higher magnification photomicrograph of the same plaque shows a dystrophic neurite (dn), a glial cell (g), a neuron (n), and an amyloid deposit
(A�). The red and blue rectangles indicate the regions that were later imaged using FIB/SEM in the Dn and Dn/A� regions of the plaque,
respectively. C) Low-magnification SEM micrograph of the surface of the block. Since the semithin section shown in A and the surface of the
block are immediately adjacent, the same blood vessels (bv) can be identified and used as landmarks to locate the position of the plaque. A trench
has already been milled with its frontal part (arrowhead) providing the series of images corresponding to the region inside the red rectangle in
B. D) First microphotograph of the serial sections taken in the red square region shown in B, where portions of the same dystrophic neurite (dn),
glial cell (g), and neuron (n) are shown. Note that the plane of section of the FIB is perpendicular to the plane of section of the semithin section
shown in A and B. Scale bar (in D): A, C, 82 �m; B, 17.1 �m; D, 3.3 �m. See also Supplementary Videos 2 and 3.
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milled and imaged as described in the Material and
Methods section.

Reconstruction of the extracellular deposits of Aβ

and dystrophic neurites
The availability of long series of consecutive sec-

tions facilitates the visualization and analysis of
different elements in the neuropil. Indeed, neuronal
and glial processes or individual mitochondria can be
relatively easily followed in successive serial sections.
These advantages are particularly important to study
in detail the ultrastructural alterations that occur in
AD, since it is possible to analyze all elements (nor-
mal and abnormal) present in the plaque and their 3D
relationship (Fig. 6; Supplementary Videos 4–6).

Different types of dystrophic neurites could be
reconstructed within the plaques (Fig. 6), as well as the
extracellular A�, which in single sections did not seem
to occupy a large area of the plaque (Fig. 6I–P). How-
ever, reconstructions revealed that the extracellular A�
formed a continuous complex mesh (Fig. 6S). Many
of the dystrophic neurites were found to be degenerat-
ing axons since in serial sections they were observed
to make synaptic contacts with dendritic shafts and
dendritic spines (Fig. 7). Interestingly, we observed
that some dendritic elements established synapses with
both dystrophic and non-dystrophic axons (Fig. 8).

Identification and counting of synapses: number
of synapses per unit of volume

To test the validity of FIB/SEM for counting of
synapses in the human cerebral cortex within and
outside plaques, stacks of images were taken from dif-
ferent regions of the plaques and from regions with no
pathological alterations (plaque-free regions) located
in the same cortical areas and layers as the plaques
under study. What follows is a detailed analysis of the
plaque illustrated in Fig. 5 which was constituted by
dystrophic neurites and deposits of A� not forming
a central core. Supplementary Videos 2 and 3 show
the stacks of images from two regions of the plaque
illustrated in Fig. 5A, B, one constituted mainly by
dystrophic neurites (Dn region) and with few or no
A� (Supplementary Video 2; stack of 499 images) and
a second region that was formed by both dystrophic
neurites and large amounts of extracellular A� (Dn/A�
region) (Supplementary Video 3; stack of 625 images).
The images observed in these regions were compared
with those obtained in an adjacent plaque-free region
(Supplementary Video 1; stack of 352 images).

A structure was identified as a synapse when the
following elements were clearly recognized: pres-

ence of densities on the cytoplasmic faces in the
pre- and post-synaptic membranes (synaptic mem-
brane densities); synaptic vesicles in the pre-synaptic
axon terminal adjacent to the pre-synaptic density;
and a synaptic cleft, although this last element may
not be visible if sectioned obliquely or frontally (en
face). Synapses were classified into asymmetric and
symmetric synapses based on the prominent or thin
post-synaptic density, respectively (reviewed in [62]).
Since the synaptic junctions were fully reconstructed
using FIB/SEM (Figs. 9 and 10), the classification of
the vast majority of synapses as asymmetric or sym-
metric was possible [47]. Therefore, it was feasible to
count the exact number and types of synapses within a
three-dimensional unbiased counting brick.

In the examples illustrated in Figs. 9 and 10, which
include plaque-free, Dn, and Dn/A� regions, the den-
sity of synapses was 263 × 106 mm3 in the plaque-free
region, whereas in the Dn and Dn/A� regions the
density was 61 × 106 mm3 and 44 × 106 mm3, respec-
tively. Thus, the density of synapses in the Dn and
Dn/A� regions was about one fourth or less than in the
plaque-free regions.

Synapse distribution: 3D spatial analysis
The position of every synapse is given by its cen-

ter of gravity or centroid. The information about the
position of synapses in three-dimensional space can be
readily obtained from the Espina software, and can be
subsequently analyzed by spatial statistical tools [63].
Points in space (the centroids of synaptic junctions in
our case) can be distributed according to three basic
patterns: regular, clustered, and random. In a regular
or dispersed pattern, every point is located as far as
possible from its neighbors, resulting in a lattice-like
distribution of points with regular inter-point distances.
In clustered patterns, the points tend to concentrate in
groups, leaving other regions of space empty. Finally,
in a random pattern (or homogeneous Poisson point
process), the points are distributed in such a way that
the position of any given point is independent from the
position of any other point. That is, in a random dis-
tribution each point is equally likely to occur at any
position and is not affected by the location of the other
points. Although there are no clear-cut limits between
these three distributions, the random pattern represents
a boundary condition between dispersed and clustered
spatial processes [64, 65]. We have used SA3D soft-
ware [66] to calculate two commonly used functions to
analyze the three-dimensional distribution of synapses
in space, the G and F functions. To calculate the G
function, the distance between each point in the sample
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Fig. 6.
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Fig. 7. Synaptic contacts established by two abnormal looking axonal processes (a, b) in the Dn region reconstructed with FIB/SEM. A–D)
Illustrate sections 151, 181, 198 and 219, respectively (Supplementary Video 2). B) Shows that process b establishes an asymmetric synaptic
contact (arrows) with a dendritic profile. Process a contains numerous dense cytoplasmic inclusions and organelles typical of dystrophic neurites.
C, D) Show that process a establishes an asymmetric synaptic contact (arrows) with the same dendritic profile as b (see supplementary Video
2). Note that if only the single sections illustrated in B were available, it would appear that the synaptic contact was established by a single
abnormal axon, since it is very difficult to distinguish that there are two processes (a and b). Scale bar (in D): A–D, 1.5 �m.

and its nearest neighbor is measured and the cumula-
tive probability of having a nearest neighbor at a given
distance or less is plotted. To estimate the F function,
a regular grid is traced within the volume under study.
The distances between each grid-crossing point and
its nearest neighboring centroid are measured and the
cumulative probability plotted as a function of dis-
tance. In a random pattern, the theoretical G and F
functions take the same values (see [67], p. 101), so
they can be represented by a single curve to be com-
pared with the observed experimental values (Fig. 11).
Our preliminary results indicate that in plaque-free
regions the spatial distribution of synapses was nearly

random since both the G and F functions closely resem-
ble the theoretical curve that represents the G and F
functions of a homogeneous Poisson process (Fig. 11).
In Dn/A� and Dn regions of the plaques, however, the
pattern was clearly clustered, as indicated by the fact
that the G and F functions lay at the left and right side,
respectively, of the theoretical curve corresponding to
the theoretical Poisson process [67] (Fig. 11). More
precisely, the G function increases rapidly because in
a clustered pattern nearest neighbors are closer than
would be expected in a random process. The F func-
tion rises more slowly because many centroids in the
population are far from the grid-crossing points due to

Fig. 6. Methodology for reconstruction of structures visualized in FIB/SEM serial sections. A, C, E, G) Illustrate sections 140, 280, 350, 490
taken from the Dn region shown in Fig. 5B (red rectangle). B, D, F, H) Same images as in A, C, E, G, respectively, after pseudocoloring to label
the different structures. I, K, M, O) Illustrate sections 100, 200, 300, 400 taken from the Dn/A� region shown in Fig. 5B (blue rectangle). J, L,
N, P) Same images as in I, K, M, O respectively, after pseudocoloring. A given structure was followed in serial sections and was assigned the
same color and name in the different sections. R, S) 3D reconstructions obtained with the Reconstruct software of the Dn and Dn/A� regions,
respectively. In the Dn region, the soma of a neuron (light blue) and a glial cell (purple) and several dystrophic neurites (other colors) were
reconstructed. In the Dn/A� region, the extracellular A� (yellow) and several dystrophic neurites (other colors) were reconstructed. These
reconstructions were exported to the Blender software to generate Supplementary Videos 5 and 6, respectively. Note that all dystrophic neurites
that were represented in different colors in the Reconstruct software were represented as brown elements in the videos whereas the color of the
extracellular A� and of the neuronal and glial somata were maintained. Scale bar (in S): A–P, 7.2 �m; R, S, 4 �m.
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Fig. 8. Synaptic contact established by a dystrophic neurite in the Dn region reconstructed with FIB/SEM. A–D) Illustrate sections 320, 323,
329 and 331 (Supplementary Video 2). A synaptic contact (arrows in A and B) is established between a large dystrophic neurite (dn) (axon
in this case that contains numerous dense bodies) and a dendritic profile indicated by an asterisk. The postsynaptic element also establishes a
synapse with a normal axon (ax) (arrowhead in C–D). Scale bar (in D): 1.5 �m.

the presence of empty spaces. This clustered pattern
is most probably due to the fact that synapses are lost
in the space occupied by A� deposits and dystrophic
neurites, so the remaining synapses apparently concen-
trate in the available space between these pathological
structures.

DISCUSSION

In the present study we have shown that FIB/SEM
is an excellent tool to study in detail the ultrastructure
and alterations of the synaptic organization of the brain
of AD patients in particular, and of the human brain
in general. Since a number of studies have dealt with
the ultrastructure of the cerebral cortex of AD patients
from biopsy material, showing high quality images of
the different components of the plaques (e.g., [14–26]),
in the present study we focused mainly on the utility of
FIB/SEM to study synaptic alterations in the cerebral
cortex of AD patients. Using this technology it is pos-
sible to reconstruct different types of plaques and the
surrounding neuropil to find new aspects of the patho-

logical process associated with the disease, namely;
to count the exact number and types of synapses in
different regions of the plaques, to study the spatial dis-
tribution of synapses and to analyze the morphology
and nature of the various types of dystrophic neurites.

Identification and counting of synapses

In the human brain tissue examined in the present
study to test the validity of the application of FIB/SEM,
it was possible to easily count both the total number
and identify the types of synapses in different regions
of the plaques. What follows is a brief discussion about
the methods of counting synapses in comparison with
FIB/SEM.

The number and density of synapses is one of the
most commonly used measures in neurobiology to ana-
lyze different aspects of the organization of the brain
both in health and disease, including brain complexity,
learning, memory and plasticity, degree of alterations
under pathological circumstances, etc. Therefore, a
major aim of numerous researchers has been to find
simple and accurate methods for estimating the number
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Fig. 9. FIB/SEM images obtained from the plaque-free region from the frontal cortex (Brodmann area 10) of patient P2. A stack of 351 serial
images separated by 20 nm was obtained. A) Image 231 of the series (Supplementary Video 1) showing several synaptic contacts (arrows).
B) Three-dimensional reconstruction of all the synaptic junctions present in the same stack of serial sections (Supplementary Video 4). Green
and red objects represent asymmetric and symmetric synaptic profiles, respectively. C–H) Consecutive serial sections (096–101 of the stack of
images) illustrating an asymmetric (arrows) and a symmetric synapse (arrowheads). Note the difference in the thickness of the post-synaptic
densities between asymmetric (thick) and symmetric (thin) synapses. Scale bar (in F): A, 2 �m; B, 3.2 �m; C–H, 0.8 �m.

and density of synapses. The number of synapses has
been estimated for surface areas and volumes using a
variety of methods. Since these numbers depend on the
size and shape of the synaptic junctions, and these may
vary in different regions, at present the most common
strategy is to estimate the number of synapses present
in a unit volume using stereological methods. Thanks
to these stereological methods it is possible to infer
three-dimensional characteristics of synaptic junctions
observed two-dimensionally, and to relate their sizes
and numbers to a given volume of tissue (for a review,
see [68]).

The identification of the morphological types of
synapses is also critical from a functional point of
view since the vast majority of axon terminals forming
asymmetric synapses are excitatory (glutamatergic)
and those forming symmetric synapses are inhibitory
(GABAergic) [69]. Thus, changes in the density
and in the proportion of asymmetric and symmetric
synapses would represent modifications of the exci-
tatory/inhibitory balance of the cortical circuits. The

problem is that in single sections the synaptic cleft and
the pre- and post-synaptic densities are often blurred if
the plane of the section does not pass at right angles to
the synaptic junction. In these cases, synapses cannot
be classified (uncharacterized synapses), which rep-
resents a major limitation since around 40–60% of
the synaptic profiles cannot be identified as asymmet-
ric or symmetric from the analysis of single sections
(reviewed in [13, 47]). Furthermore, in these circum-
stances, misinterpreting a non-synaptic profile (false
synaptic contact) as a truly synaptic contact or vice
versa is a frequent drawback. Thus, examination of
the same section is necessary but viewed with vari-
ous tilt angles using the goniometer stage of the EM
(which can be applied within a short range of angles),
or more precisely by the examination of serial sec-
tions to classify the actual number of the asymmetric
and symmetric synapses. Since these methods are
extremely time-consuming and difficult, one approach
is to include uncharacterized synapses in the asymmet-
ric and symmetric types, according to the proportional
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Fig. 10. Three-dimensional reconstructions of two stacks of serial sections obtained with the FIB/SEM from the Dn region (A–C) and the Dn/A�
region (D–F) of a plaque from patient P2 (see Fig. 5). A) Low-power photomicrograph of section 470 of a stack of 499 serial sections from the
Dn region showing several dystrophic neurites and synapses (Supplementary Video 2). B) Three-dimensional reconstruction of the same stack
of the Dn region showing dystrophic neurites (brown), asymmetric synaptic junctions (green), symmetric synaptic junctions (red), a neuronal
soma (blue) and a glial cell (purple) (Supplementary Video 5). In C, only synaptic profiles have been shown to reveal the absence of synapses in
the regions occupied by dystrophic neurites and cell somata. D) Low-power photomicrograph of the Dn/A� region of a plaque showing image
75 of a stack of 625 serial sections. Dystrophic neurites, synaptic profiles and numerous A� fibrils can be identified (Supplementary Video
3). E) Three-dimensional reconstruction of the Dn/A� region showing the presence of several dystrophic neurites (brown) intermingled with
numerous A� fibrils (yellow) (Supplementary Video 6). F shows only asymmetric (green) and symmetric (red) synapses occupying the available
space among dystrophic neurites and A� fibrils. Scale bar (in F): A, D, 3.6 �m; B, C, E, F, 4.7 �m.

frequency of both types of synapses in each layer [70].
In this way, it is possible to obtain an estimate of the
real ratio. However, using FIB/SEM the synaptic junc-
tions are fully reconstructed, allowing the classification
of practically all synapses as asymmetric or symmet-
ric and resolving the cases of false synaptic contacts
[47]. We concluded that FIB/SEM not only provides
the actual number of synapses per volume but it is also
much easier and faster to use than other currently avail-
able TEM methods. Furthermore, FIB/SEM is free of
the errors introduced by stereological methods such
as the misidentification of synapses and the under-
or overestimation errors due to sampling. Finally, we
confirmed in the present study that the resolution of
the FIB/SEM micrographs was comparable to those
obtained with the conventional TEM, but the qual-
ity was superior with FIB/SEM and the images were
devoid of debris, folds, scratches and other artifacts that
are commonly generated by TEM. Another advantage
of FIB/SEM is that large samples up to a diameter of
a 10 cm wafer, with a height up to 4 cm, can be loaded

and they can be completely accessed, whereas for TEM
the samples have to be trimmed to a small areal size
before sectioning to obtain thin sections, with the con-
sequent loss of a significant amount of material. Thus,
with FIB/SEM technology a section comprising the
whole hemisphere of a rat or a whole gyrus of the
human brain can be sampled in many different loca-
tions and under different settings if needed without
losing material, and this clearly represents a remark-
able advantage. For example, in Fig. 5C, only a single
FIB/SEM sample was taken, but tens of other samples
could be obtained from the same region that is visible
in the figure. In fact, the picture only shows a small
portion of the actual tissue block, which is much big-
ger and could also be sampled. By contrast, for TEM
the vibratome sections have to be trimmed to a rela-
tively small block, losing a large portion of the material.
Even using large single slot grids for TEM, the size of
the slot is typically only 2 × 1 mm and the trimmed
pyramid block used for EM is commonly much
smaller.
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Fig. 11. Spatial analysis of three regions of cortical tissue from a patient of AD. Three regions of the neuropil have been analyzed from patient
P2: plaque-free region, plaque region with dystrophic neurites (Dn) and plaque region with dystrophic neurites and A� deposits (Dn/A�). The
G functions (green curves) and F functions (blue curves) have been estimated in each of these regions. The red curves represent the theoretical
G and F functions that would be obtained from a random homogeneous Poisson process with the same density of points that were found in
each region. Both theoretical functions are identical in these conditions so they are represented by a single curve in each region. Note that in
the plaque-free region the experimentally observed G and F curves closely resemble the theoretical curve that would be expected for a Poisson
process, indicating that synapses are distributed in a nearly random pattern. In Dn and Dn/A� regions of the plaque, however, G and F functions
suggest a clustered pattern since i) the observed G functions are steeper (nearest neighbors are closer) than would be expected in a random
pattern and ii) the observed F functions increase more slowly, since the distances between the grid points and the synapse centroids are larger
than expected. This is due to the presence of empty spaces that are devoid of synapses since they are occupied by A� deposits or dystrophic
neurites.

Dystrophic neurites

The ultrastructure of many of the dystrophic neu-
rites studied in the present study was similar to those
associated with A� plaques examined in animal mod-
els of AD and AD patients (e.g., [16, 25, 26]). We
found that serial reconstructions of the dystrophic
neurites revealed that many of them have an axonal
origin, which is in line with studies in animal mod-
els (e.g., [61]). Interestingly, the synapses formed by
these dystrophic axons could be with one or more
postsynaptic dendrites (shafts or dendritic spines) and
these postsynaptic dendrites also formed synapses with
normal-looking axons. Thus, convergence of synaptic
inputs from both abnormal and normal axons occurred
in the dendrites adjacent to plaques.

Dystrophic neurites show a variety of morpholo-
gies, with different sizes and with different cytoplasmic
inclusions and organelles (mitochondria, autophago-
somes, lysosomes).

Types of Aβ plaques

The existence of different types of plaques with
different degrees of alterations has prompted some
researchers to propose that they represent different
stages in the progression of the A� pathology. How-

ever, the morphologically heterogeneous pattern of A�
plaques in different brain regions ([56, 71]; see also
[72]) could also suggest that other region-specific fac-
tors contribute to this heterogeneity.

In this context, FIB/SEM can shed light on this
hypothesis as 3D reconstructions of different types of
plaques allow the examination in greater detail of all
the elements within and near the different types of
plaques. For example, as discussed above, thanks to
the serial FIB/SEM reconstructions of dystrophic neu-
rites, it was possible to discover that many dystrophic
neurites established synapses with dendritic elements
(see Figs. 7 and 8), indicating the axonal nature of these
structures. This is in line with the alternative explana-
tion for the existence of different types of plaques based
on the anatomical connectivity of the cortical region,
such that the location of neuritic plaques would depend
on whether or not these regions receive input from
axons of neurons bearing intracellular neurofibrillary
tangles [56, 73, 74].

Loss of synapses and Aβ plaques

In the counting bricks examined here for counting
the total number and types of synapses (illustrated
in Figs. 9 and 10), we observed that in the Dn and
Dn/A� regions there was a decrease of 77% and 83%,
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respectively, in the number of synapses compared to
the plaque-free region, whereas, the percentage of
asymmetric and symmetric synapses was similar in the
three regions (94% and 6% in the plaque-free region;
95% and 5% in the Dn region; and 91% and 9% in
the Dn/A� region). Since the decrease of synapses
affected both asymmetric and symmetric synapses and
the majority of synapses are of the asymmetric type, it
follows that a large part of this decrease was due to the
loss of asymmetric synapses. In turn, it is well estab-
lished that asymmetric synapses are formed mostly
with dendritic spines. This therefore suggests that there
would be a dendritic spine disconnection near the
plaques. However, the quantitative data obtained here
should be considered provisional, as more 3D recon-
structions would need to be analyzed from additional
plaques in different cortical layers and areas of differ-
ent patients in order to obtain more solid quantitative
data and conclusions.

Nevertheless, these findings fit very well with the
extensive literature showing that plaques induce local
alterations in the dendrites in contact with A� in both
animal models [75–82] and AD patients (Merino-
Serrais et al., unpublished data; Benavides-Piccione
et al., unpublished data). These alterations include loss
and morphological alterations of dendritic spines and
the thinning of dendritic shafts in contact or passing
through A� plaques. Therefore, it is most likely that the
large decrease of synapses within and in the periphery
of the plaques observed in the present study would cor-
relate with a loss of dendritic spines. Interestingly, in a
previous study we found that neurons in contact with
A� plaques appeared to be normal at the ultrastructural
level although the membrane of the neuronal somata
in contact with the A� plaque lacked GABAergic axo-
somatic synapses in both the PP/PS1 mouse and in AD
patients [83].

In addition, the portion of the soma of these neurons
that was not in contact with the A� plaques established
typical synapses, whereas synapses were absent from
the region in direct contact with the A� plaques. In the
present study, we have verified this observation by the
partial reconstruction of the cell body of a pyramidal
neuron (see Supplementary Video 2). Thus, direct
contact of the A� plaque with the cell body does
not induce perisomatic disconnection further away
from the contact domain. Based on these findings, we
propose that dendrites are more susceptible to the toxic
effect of A� than the cell body. Thus, it is possible
that the loss of dendritic spines is due to a toxic effect
of A� on dendritic spines and consequently the loss of
synapses. However, we cannot rule out the possibility

that A� induces loss of synaptic axon terminals
that form synapses with dendritic spines, with the
consequent disappearance of these non-synaptic
spines. Alternatively, both mechanisms may coexist.
In this respect, although the Dn/A� region showed
the lower density of synapses (44 × 106 mm3 versus
263 × 106 mm3 and 61 × 106 mm3, in the plaque-free
and Dn regions, respectively), the density of synapses
was relatively high in spite of the presence of a
large amount of A� forming a mesh-like structure in
the neuropil. Further studies would be necessary to
resolve this issue. Finally, it should be emphasized
that counting the number of synapses is a simplistic
way to try to correlate alterations of cortical circuits
in AD since some of the synapses are formed by
abnormal-looking axons that should also be taken into
account in terms of their percentage and distribution.

In conclusion, although the quantitative results pre-
sented in this article are provisional, we show that
FIB/SEM in combination with tools for the automated
segmentation and counting of synapses in large stacks
of EM images, such as the Espina software [48], rep-
resent new technologies that can be applied not only to
the study of the AD brain, but also to the human brain in
general. These developments allow huge advances in
obtaining large amounts of data on the synaptic den-
sities and distributions that otherwise would be very
difficult, if not impossible, to perform with other avail-
able techniques to examine the human brain.
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