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Abstract
Multivesicular bodies (MVBs) are membrane-bound organelles that belong to the endosomal pathway. They participate in
the transport, sorting, storage, recycling, degradation, and release of multiple substances. They interchange cargo with
other organelles and participate in their renovation and degradation. We have used focused ion beam milling and scanning
electron microscopy (FIB-SEM) to obtain stacks of serial sections from the neuropil of the somatosensory cortex of the
juvenile rat. Using dedicated software, we have 3D-reconstructed 1618 MVBs. The mean density of MVBs was 0.21 per cubic
micron. They were unequally distributed between dendrites (39.14%), axons (18.16%), and nonsynaptic cell processes
(42.70%). About one out of five MVBs (18.16%) were docked on mitochondria, representing the process by which the
endosomal pathway participates in mitochondrial maintenance. Other features of MVBs, such as the presence of tubular
protrusions (6.66%) or clathrin coats (19.74%) can also be interpreted in functional terms, since both are typical of early
endosomes. The sizes of MVBs follow a lognormal distribution, with differences across cortical layers and cellular
compartments. The mean volume of dendritic MVBs is more than twice as large as the volume of axonic MVBs. In layer I,
they are smaller, on average, than in the other layers.
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Introduction
Multivesicular bodies (MVBs) are membrane-bound organelles
that contain intraluminal vesicles. MVBs were originally
described in neurons (Palay and Palade 1955), but they are
present in most cell types and tissues (Hanson and Cashikar

2012). They are involved in the transport, storage, sorting,
recycling, and release of many substances (Von Bartheld and
Altick 2011). MVBs interchange cargo with other organelles such
as the Golgi complex, lysosomes, endoplasmic reticulum (Von
Bartheld and Altick 2011), and mitochondria (Sugiura et al. 2014;
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Das et al. 2016). They also participate in autophagy and therefore
in the degradation and repair of organelles, proteins, and RNA
(Fader and Colombo 2009).

MVBs participate in the endosomal pathway, which begins
with the formation of early endosomes by the fusion of
endocytic vesicles coming from the plasma membrane. When
endosomes accumulate intraluminal vesicles in their lumen,
they become MVBs, although the two terms (endosome and
MVB) are commonly used interchangeably (Huotari and Hele-
nius 2011). Molecules to be transported by MVBs (endocytosed
macromolecules and cell membrane proteins) are mostly
marked by monoubiquitination or by tetraspanins (Piper and
Katzmann 2007; MacDonald et al. 2015). The incorporation of
molecules into intraluminal vesicles is mediated by the ESCRT
complex (Hurley 2008; Wegner et al. 2011), and they are then
sorted toward three possible routes: recycling, exocytosis, or
degradation (Elkin et al. 2016) (Fig. 1).

Molecules to be recycled are located in tubular protrusions
of MVBs; from there, they are transported back to the cell mem-
brane or to the trans-Golgi network, where they are directed to
other destinations (Sachse et al. 2002; Von Bartheld and Altick
2011; Lu and Hong 2014). Another possible route is exocytosis.
In this pathway, MVBs fuse with the cell membrane, so intralu-
minal vesicles and their cargo are released to the extracellular
medium as exosomes. Exosomes may contain proteins (ubiq-
uitin, AMPA receptors), lipids, and miRNAs that participate in
cell-to-cell communication (Chivet et al. 2012, 2013). The third
possibility is the degradative pathway, involving the fusion of
MVBs with lysosomes. Alternatively, MVBs can also fuse with
autophagosomes, giving rise to hybrid organelles called amphi-
somes, which later fuse with lysosomes (Fader and Colombo
2009; Baixauli et al. 2014). The degradative pathway is par-
ticularly important for mitochondria, which generate oxidized
molecules derived from their metabolism. Oxidized cargo is
stored and transported in mitochondrial-derived vesicles that
fuse with MVBs before being degraded in lysosomes (Sugiura
et al. 2014).

Numerous studies have linked the endosomic pathway
and synaptic physiology (Hiester et al. 2018). This pathway
is involved in the trafficking of synaptic receptors between
extrasynaptic membranes and synapses (Kneussel and Hausrat
2016) and provides the membrane components required for the
growth and maintenance of dendritic spines (Park et al. 2006).
There is a recruitment of endosomes in dendritic spines during
long-term potentiation (Wang et al. 2008) and an increase in
the number of these organelles in the thorny excrescences of
hippocampal CA3 pyramidal cells after spatial memory training
(Stewart et al. 2005).

MVBs play an essential role in the clearance of some pro-
tein aggregates produced in neurodegenerative diseases (Fil-
imonenko et al. 2007). Furthermore, alterations of the endo-
cytic pathway are related to diseases characterized by the accu-
mulation of aberrant proteins including: Alzheimer’s disease
(Takahashi et al. 2002; Friedrich et al. 2010; Yamazaki et al.
2010; Funk et al. 2011; Vingtdeux et al. 2012; Goetzl et al. 2015;
Trousdale and Kim 2015; Yuyama et al. 2015; Janas et al. 2016),
Parkinson’s disease (Kurashige et al. 2013; Schreij et al. 2016), and
Huntington’s disease (Von Bartheld and Altick 2011).

In this work, we have used high-resolution three-dimensional
imaging acquired by focused ion beam (FIB) milling and
scanning electron microscopy (SEM). The FIB is used to remove
thin layers of material from the sample surface (20 nm of
thickness in the present work). Images are then acquired with
the SEM from the freshly exposed surface. The milling-imaging

cycle is automated, so long series of images are obtained
that represent three-dimensional samples of tissue. We have
reconstructed 1618 MVBs from stacks of images acquired from
the neuropil (i.e., the fine network of axons, dendrites and glial
processes that exist between cell bodies and blood vessels). We
have analyzed the density, volume, and spatial distribution of
MVBs across the cortical layers of the somatosensory cortex
(hindlimb representation), as well as their location within axons
or dendrites. This study was performed using Wistar rats on
postnatal day 14 (P14), as part of the Blue Brain Project, which
is focused on collecting and integrating anatomical, molecular,
and physiological data (Markram et al. 2015).

Material and Methods
Tissue Preparation and Three-Dimensional Electron
Microscopy

Three male Wistar rats were sacrificed on postnatal day 14.
Animals were given a lethal intraperitoneal injection of sodium
pentobarbital (40 mg/kg) and were intracardially perfused with
2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phos-
phate buffer. All animals were handled in accordance with the
guidelines for animal research set out in the European Commu-
nity Directive 2010/63/EU, and all procedures were approved by
the local ethics committee of the Consejo Superior de Investiga-
ciones Científicas (CSIC).

The brains were extracted from the skull and prepared for
electron microscopy as previously described (Merchán-Pérez
et al. 2009). Three-dimensional brain tissue samples of the
somatosensory cortex (hindlimb representation) were obtained
using combined focused ion beam milling and scanning
electron microscopy (FIB-SEM). We used a Neon40 EsB electron
microscope (Carl Zeiss NTS GmbH, Oberkochen, Germany)
equipped with a gallium FIB and a field emission SEM column.
Using the FIB, the sample surface is milled, such that a thin layer
of material (20-nm thick) is removed. After removing each layer,
the milling process is paused, and the freshly exposed surface is
imaged with the SEM, using the backscattered electron detector
at 1.8 kV acceleration potential. The milling and imaging cycles
are sequentially repeated through a fully automated procedure,
thus obtaining a stack of serial images representing a three
dimensional sample of the tissue (Merchán-Pérez et al. 2009).
Twenty-nine different samples (stacks of images) of the neuropil
of the six layers of the somatosensory cortex were obtained
(3 samples of layer I, 4 of layer II, 10 of layer III, 5 of layer
IV, 3 of layer V, and 4 of layer VI). These image stacks have
been used previously for the study of the spatial distribution
of synapses (Anton-Sanchez et al. 2014; Merchan-Perez et al.
2014) and the identification and quantification of the synaptic
targets on dendritic spines and shafts (Santuy et al. 2018a),
as well as in the study of the size and shape of synapses
(Santuy et al. 2018b), and the distribution of mitochondria in
the neuropil (Santuy et al. 2018c). Image resolution in the XY
plane ranged from 3.7 to 4.5 nm/pixel. Resolution in the Z-axis
(section thickness) was 20 nm, and image sizes were 2048 ×
1536 pixels. The number of sections per stack ranged from
189 to 363 (mean 254.66; total 7385 sections). The alignment
(registration) of serial micrographs was performed with Fiji, an
image processing package based on ImageJ software (Schindelin
et al. 2012; Rueden et al. 2017). All measurements were corrected
for tissue shrinkage that occurs during osmication and plastic
embedding of the vibratome sections containing the area of
interest (Merchán-Pérez et al. 2009). To estimate the shrinkage
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Figure 1. Schematic representation of the role of MVBs within the endosomal

pathway. Endosomes originate by endocytosis, and intraluminal vesicles accu-
mulate inside them as they mature. Cargo (red bars) transported by MVBs can
come from the plasma membrane or from organelles such as mitochondria, as
is the case in this example. The content of MVBs can be recycled, released to the

extracellular space as exosomes, or degraded by fusion with lysosomes.

in our samples, we photographed and measured the vibratome
sections with Stereo Investigator (MBF Bioscience), both before
and after they were processed for electron microscopy. The
values after processing were divided by the values before
processing to obtain the volume, area, and linear shrinkage
factors (Oorschot et al. 1991), yielding correction factors of 0.73,
0.81, and 0.90, respectively. The volumes of the stacks, after
correction for tissue shrinkage, ranged from 225.13 to 508.96 μm3

(mean 306.55 μm3; total 8889.82 μm3). To estimate the density of
MVBs in each stack, we counted the number of MVBs within an
unbiased three-dimensional counting frame of known volume
(Howard and Reed 2004). The volumes of the counting frames
ranged from 167.39 to 444.11 μm3 (mean 277.23 μm3, total
8039.65 μm3).

Visualization and Identification of MVBs and Their
Location

Single membrane organelles containing vesicles in their lumen
were identified as MVBs, according to the original description by
Palay and Palade (Palay and Palade 1955). MVBs were visualized
and reconstructed in 3D with Espina software (Morales et al.
2011) (Fig. 2).

We measured the volume of each reconstructed MVB. In
order to identify the subcellular compartment where they were
located (axon, dendrite, or nonsynaptic process), we used Espina
to navigate the stack of images in 3D (Santuy et al. 2018a,
2018b; Santuy et al. 2018a, 2018b). The subcellular compartments
were classified as dendrites when they were postsynaptic or as
axons when they were presynaptic with respect to at least one
synaptic junction. Axons were further classified as excitatory
or inhibitory when they established asymmetric or symmetric
synapses, respectively (Gray 1959; Colonnier 1968). Myelinated
fibers were classified as axons even if they did not establish
synapses within the stack of images (Santuy et al. 2018a, 2018b).
Any other cell processes that did not establish synapses were
classified as “nonsynaptic.” The latter category would include
glial processes but also some axonal or dendritic segments that
did not establish synapses within the stacks of images (see
Discussion). Given that the series of images were obtained from
the neuropil, our samples did not contain cell somata or blood
vessels.

The volume fraction occupied by MVBs in the neuropil of
the six cortical layers was estimated using unbiased stereology.
Briefly, a grid of 632 × 632 nm was superimposed on the images
obtained by FIB-SEM (associated area of 400 000 nm2 per grid

Figure 2. 3D view of MVBs in a stack of images. MVBs are colored either by their
size or by the compartment where they are located.

point). We then applied the Cavalieri’s principle, which states
that the ratio between grid points hitting the object of interest
and total points hitting the reference area is proportional to
the volume fraction occupied by the object (Gundersen et al.
1988; Tang et al. 1997). For this purpose, we used a stereology
toolbox from ImageJ (Mironov 2017). The estimations were made
in every 40th section of each stack (z = 800 nm). The proportion
of MVBs located in each compartment (axons, dendrites, and
nonsynaptic processes) was compared with the volume fraction
of those same compartments, estimated in a previous study on
the same tissue (Santuy et al. 2018c).

Spatial Distribution of MVBs

We used spatial statistics to analyze the distribution of MVBs
in three-dimensional space. We used the spatial coordinates of
the centers of gravity or centroids of MVBs to estimate the G, F,
and K functions (Baddeley et al. 1993; Gaetan and Guyon 2010;
O’Sullivan and Unwin 2014). We used the spatstat package of R
software to estimate the three functions (Baddeley and Turner
2005). For this study, we used 21 stacks that had more than 25
points per sample. We tested the observed functions against an
envelope generated by 100 simulations of the complete spatial
randomness (CSR) model, also known as homogeneous spatial
Poisson point process. The points of a given sample were con-
sidered to be distributed at random when all three functions
lay within the envelope of the simulated CSR model. A similar
approach has previously been used to study the spatial distri-
bution of synapses (Blazquez-Llorca et al. 2013; Anton-Sanchez
et al. 2014; Merchán-Pérez et al. 2014; Domínguez-Álvaro et al.
2018) and chandelier cells (Blazquez-Llorca et al. 2015).
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Figure 3. Examples of different types and locations of MVBs. A, B, C. Serial electron microscopy images showing a spheroidal MVB (arrows) that is isolated in the
cytoplasm. Numbers in the top right-hand corner indicate the position of each micrograph in the series. Arrowhead in C points to a membrane thickening possibly
representing a clathrin coat (see text for further explanation). D, E, F. Another series of images showing an MVB docked on a mitochondrion. The MVB (arrows) has
several tubular expansions (t). Arrowhead in E shows the contact point between the mitochondrion and the MVB. G. Three-dimensional reconstruction of the same

MVB and mitochondrion shown in D–F. H, I, J. MVBs located in a dendritic spine, an excitatory axon, and an inhibitory axon, respectively. Note that the postsynaptic
density (PSD) is thick in excitatory synapses shown in H and I, while it is thin in the inhibitory synapse shown in J. Scale bar shown in J is 520 nm in A to H; 300 nm in
I; 370 nm in J.

Figure 4. Density of MVBs in the neuropil. A Density of MVBs (MVBs/μm3) in the six cortical layers (mean + sem). B Scatterplot showing the lack of correlation between
the density of MVBs and the density of synapses in the six cortical layers (R2 = 0.1429).
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Figure 5. Distribution of MVBs across cortical layers and subcellular compart-
ments. A Percentage of MVBs located in dendrites, axons, and nonsynaptic fibers

across cortical layers. ∗In layer I, the proportions of dendritic and axonic MVBs
were lower and higher, respectively, than in any other layer (χ2, P < 0.05). B

Percentage of MVBs located in excitatory and inhibitory axons. C Ratio between
the percentage of MVBs in each compartment (nonsynaptic cell processes,

dendrites, excitatory, and inhibitory axons) and the volume fraction occupied
by each compartment. Values over 1 indicate that MVBs are relatively more
concentrated in that compartment, while values below 1 indicate that MVBs are
less concentrated.

Statistical Analysis

Since normality and homoscedasticity criteria were not met,
we performed nonparametric tests. We used the Mann–Whitney
test (MW) and the Kruskal–Wallis test (KW) with Dunn’s posthoc.

χ2 tests were used for contingency tables. Analyses were per-
formed with Graphpad Prism 5 (Graphpad Software, Inc.). Curve
fitting of probability density functions was performed with Easy-
fit Professional 5.5 (MathWave Technologies).

Results
MVBs were visualized in the serial sections as single-membrane
organelles containing vesicles in their lumen (Fig. 3). We iden-
tified and reconstructed 1618 complete MVBs in a total vol-
ume of 8039.65 μm3. Data were obtained from 29 stacks of
images from the six cortical layers. The density of MVBs was
calculated in each layer, and we determined the proportions of
MVBs that were located within axons, dendrites, or nonsynaptic
processes (Fig. 3H–J). The size and spatial distribution of MVBs
were analyzed, as were other features such as their relationship
with mitochondria, the presence of tubular protrusions, and the
presence of clathrin coats (Fig. 3C–G). We found no statistically
significant differences between animals regarding any of the
parameters measured.

Density of MVBs

The mean density of MVBs across layers was 0.21 ± 0.02
MVBs/μm3 (mean ± standard error of the mean [sem]). The
maximum density was found in layer IV (0.26 ± 0.05) and the
minimum in layer VI (0.15 ± 0.02) (Fig. 4A). Although the density
varied between layers, these differences were not statistically
significant (KW, P = 0.26). We compared the densities of MVBs
and the densities of synapses that were obtained in a previous
study from the same tissue samples (Santuy et al. 2018a) (Fig. 4B).
It is interesting to note that layer IV presented both the highest
densities of MVBs and synapses, while layer VI showed the
lowest densities of MVBs and synapses. However, when we
considered individual samples from all cortical layers, we did
not find any correlation between the densities of MVBs and
synapses (R2 = 0.14) (Fig. 4B).

Location of MVBs in Dendrites, Axons,
and NonSynaptic Cell Processes

We identified the cell processes containing MVBs by making use
of the fact that the stacks of images could be visualized and
navigated in 3D (see Material and Methods). Most MVBs (57.30%)
were located in cell processes that established synapses, so
they were classified as axonic or dendritic MVBs. The remaining
MVBs were located in processes that did not establish synaptic
connections, so they were tagged as nonsynaptic MVBs (42.70%)
(Table 1, Fig. 5A).

In all layers, the percentage of MVBs located in dendrites was
higher than the percentage of MVBs located in axons (Table 1,
Fig. 5A). On average, across layers, 39.14% of MVBs were located
in dendrites, while 18.15% were located in axons. In layers II to
VI, dendritic MVBs clearly outnumbered axonic MVBs (Table 1).
In layer I, the percentages of dendritic and axonic MVBs were
very similar (26.86% and 25.07%, respectively). In fact, the pro-
portion of dendritic MVBs in layer I was lower than in any
other layer, while the proportion of axonic MVBs was higher
than in any other layer (χ2, P < 0.05) (Table 1, Fig. 5A). Most
dendritic MVBs (81.86%) were located in dendritic segments that
presented at least one dendritic spine. The remaining dendritic
MVBs (18.14%) were located in segments that did not show any
spine in the volume of tissue analyzed.
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Figure 6. Distribution of MVBs docked on mitochondria and isolated in the cytoplasm. A. Distribution of MVBs docked on mitochondria in dendrites, axons, and
nonsynaptic cell processes. B. Percentage of docked and isolated MVBs in the six cortical layers. ∗The number of MVBs docked on mitochondria in layer II was lower
than in any other layer (χ2, P < 0.05). C, D, E. Proportions of MVBs docked on mitochondria and isolated in the cytoplasm within the three subcellular compartments.

Table 1 Percentages of MVBs located in dendrites, axons, and nonsynaptic fibers in the six layers of the cortex, and averaged for all layers (I–VI).
Data given as percentage ± sem

Location of MVBs in different compartments in the six cortical layers (percent of MVBs ± sem)

Layer Dendrites Excitatory axons Inhibitory axons Nonsynaptic cell processes

I 26.86 ± 2.86 22.50 ± 2.22 2.57 ± 0.33 48.07 ± 0.97
II 38.58 ± 4.73 15.78 ± 4.81 0.42 ± 0.42 45.22 ± 3.92
III 40.03 ± 2.63 13.98 ± 0.97 1.90 ± 0.65 44.09 ± 3.20
IV 50.04 ± 6.01 15.26 ± 3.86 4.22 ± 1.49 30.48 ± 3.10
V 43.71 ± 7.70 14.39 ± 4.54 1.90 ± 1.04 40.00 ± 4.06
VI 35.65 ± 5.91 13.31 ± 2.58 2.71 ± 1.07 48.33 ± 4.89
I–VI 39.14 ± 3.18 15.87 ± 1.37 2.29 ± 0.51 42.70 ± 2.74

We further classified axons containing MVBs as excitatory
or inhibitory, based on whether they established asymmetric
or symmetric synapses, respectively. We found that MVBs were
more frequently found in excitatory axons than in inhibitory
axons in all layers (average of 15.87% and 2.29%, respectively,
Table 1, Fig. 5B). The differences between different layers were
not statistically significant (χ2, P = 0.24). Regarding MVBs located
in nonsynaptic processes, the highest percentage was found in
layer VI (48.33%) and the lowest in layer IV (30.48%). Differences
between layer IV and the rest of the layers were statistically
significant (χ2, P < 0.05) (Table 1, Fig. 5A).

Differences in the proportions of MVBs located in dendrites,
axons, and nonsynaptic processes could simply be due to the
different volume fractions occupied by the three compartments.

Alternatively, MVBs may be relatively more concentrated in
some compartments and less concentrated in others. To explore
these possibilities, we calculated the ratio between the propor-
tion of MVBs within each compartment and the volume fraction
occupied by that particular compartment (Fig. 5C), and we also
performed a χ2 test comparing these proportions. The volume
fractions of dendrites (38.50%), axons (22.81%), and nonsynaptic
processes (38.69%) had been calculated previously for the same
samples (Santuy et al. 2018c).

Our analysis indicates that MVBs were not homogeneously
distributed between the three compartments (Fig. 5C). The most
salient differences were found in layer I, where MVBs were
relatively more concentrated in excitatory axons and nonsy-
naptic fibers, while they were less concentrated in dendrites
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Figure 7. Example of an MVB with tubular protrusions. A. Serial images of an MVB (lightly stained) that shows tubular protrusions. An invagination of its membrane
is also visible (arrows). The number in the top-right corner indicates the position of each micrograph in the series. Section thickness was 20 nm. Scale bar = 280 nm.
B. 3D reconstruction of the MVB shown in A, from three different points of view. The arrow indicates the invagination of the membrane.

and inhibitory axons (χ2, P < 0.001). Across layers, MVBs were
relatively more concentrated in nonsynaptic cell processes in
supragranular layers (χ2, P < 0.05) and less concentrated in layer
IV (χ2, P < 0.05). Dendritic MVBs were relatively scarce in layers I
and II, while they were concentrated in layer IV and infragranu-
lar layers (χ2, P < 0.05). Regarding excitatory axons, we found that
MVBs were more concentrated in layer I, while the other layers
had less MVBs than predicted based on the volume fraction
of excitatory axons (χ2, P < 0.05). Finally, MVBs located within
inhibitory axons showed the widest proportional variations, but

this was probably due to the small number of MVBs (n = 35 in all
layers) that were located in this type of axon (Fig. 5C).

MVBs and Mitochondria

Most MVBs (81.84%) appeared as isolated organelles in the cyto-
plasm. There was, however, a large percentage of MVBs (18.16%)
docked on mitochondria (Table 2, Fig. 6). Of the MVBs docked
on mitochondria, most were found in dendrites (53.93%), fol-
lowed by nonsynaptic cell processes (34.06%) and axons (12.01%)
(Fig. 6A).
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Figure 8. Distribution of spheroidal MVBs and MVBs with tubular protrusions. A. Distribution of MVBs with tubules in dendrites, axons, and nonsynaptic fibers.
B Percentage of MVBs with tubules and without tubules (spheroidal) in the six cortical layers. C, D, E. Proportion of MVBs with and without tubules (spheroidal) in

dendrites, axons, and nonsynaptic cell processes.

Table 2 Location of MVBs docked on mitochondria in dendrites,
axons, and nonsynaptic cell processes in the six layers of the cortex,
and averaged for all layers (I–VI). Data given as percentage ± sem

Location of MVBs docked on mitochondria in different subcellular
compartments (percent of docked MVBs ± sem)

Layer Dendrites Axons Nonsynaptic cell processes

I 42.62 ± 10.10 13.09 ± 7.24 44.29 ± 2.97
II 59.44 ± 10.20 9.19 ± 5.95 31.37 ± 12.06
III 54.38 ± 7.48 10.40 ± 3.83 35.22 ± 7.37
IV 56.39 ± 2.72 17.77 ± 4.76 25.84 ± 6.60
V 55.82 ± 3.44 14.81 ± 14.81 29.37 ± 12.05
VI 54.92 ± 10.00 6.82 ± 6.82 38.26 ± 7.88
I–VI 53.93 ± 2.37 12.01 ± 1.63 34.06 ± 2.71

The percentages of MVBs docked on mitochondria varied
between 23.69% in layer IV and 11.71% in layer II. The differences
between cortical layers were not statistically significant, with
the only exception being layer II (χ2, P < 0.05) (Fig. 6B).

Regarding the different subcellular compartments, we found
different proportions of MVBs docked on mitochondria com-
pared with those that were isolated in the cytoplasm. In den-
drites, 24.25% of MVBs were docked on mitochondria, while
the rest (75.75%) were isolated in the cytoplasm. In axons and
nonsynaptic cell processes, the percentages of MVBs docked on
mitochondria were found to be lower and similar (14.21% and
15.3%, respectively) (Fig. 6C,D,E).

Given that the amount of mitochondria varies across cortical
layers (Santuy et al. 2018c), we examined whether there was any
correlation between the numbers of MVBs and mitochondria

(measured as their respective volume fractions). We found no
correlation between the volume fractions of mitochondria and
MVBs, regardless of whether the MVBs were isolated or docked
(R2 < 0.2).

MVBs with Tubular Protrusions

Most MVBs (93.34%) showed an irregularly spheroidal shape, and
the remaining ones (6.66%) presented one or several tubular
protrusions. Both types frequently presented invaginations in
their membrane (Fig. 7). MVBs with tubules were found most
frequently in dendrites (64.57%), followed by nonsynaptic fibers
(25.93%) and axons (9.5%) (Fig. 8A; Supplementary Table S1).

MVBs with tubular protrusions were more frequently found
in layer I (9.04% of all MVBs in this layer) and decreased toward
layer VI (4.03%) (Fig. 8B). The differences between cortical layers
were not statistically significant (χ2, P = 0.29).

The proportions of MVBs with tubules and spheroidal MVBs
varied in different subcellular compartments (Fig. 8C,D,E). In
dendrites, MVBs with tubular protrusions accounted for 12.39%
of all dendritic MVBs, while they were found in lower and similar
percentages in axons and nonsynaptic cell processes (5.17% and
4.42%, respectively).

MVBs with Clathrin Coats

An electron-dense thickening was found in the membrane of
19.74% of MVBs (Fig. 3A, arrowhead). These thickenings have
been previously described as clathrin coats, involved in protein
sorting (Sachse et al. 2002; Klumperman and Raposo 2014). We
observed that MVBs with clathrin coats were most frequently

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhz211#supplementary-data
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Figure 9. Size of MVBs across cortical layers. A. Size of MVBs in the six cortical layers (mean and standard error of the mean). ∗The mean size of MVBs in layer I was
smaller than in the other cortical layers (KW, P < 0.0001). B. Size of the different morphological types of MVBs. ∗Differences in size were statistically significant (KW,
P < 0.05) except between the two groups of MVBs with tubules (docked on mitochondria and isolated). C. Frequency histogram of the size of MVBs and the corresponding

best-fit log-normal distribution (μ = −5.1375; σ = 0.9173). D. Frequency distribution of the size of MVBs in each cortical layer.

found in dendrites (58.77%) followed by nonsynaptic processes
(28.15%) and axons (13.08%) (Supplementary Table S2).

In dendrites, the percentage of clathrin-coated MVBs was the
highest (28.78%); it was lower in axons (16.88%) and lower still in
nonsynaptic fibers (13.82%). In layers I and III, there were less
clathrin-coated MVBs than in the other layers (χ2, P = 0.048).

The proportion of MVBs docked on mitochondria that had a
clathrin coating was similar to that of the general population of
MVBs (20.41% and 19.74%, respectively). However, in the case of
MVBs with tubules, 43.69% of them presented a clathrin coat.
The presence of a clathrin coat was unrelated to the volume of
MVBs.

The Size and Spatial Distribution of MVBs

We measured the size of MVBs reconstructed in 3D in all cortical
layers. When all layers were considered together, we found that
the mean volume of MVBs was 8.80 × 10−3 μm3, ranging from
5.57 × 10−3 μm3 in layer I to 9.77 × 10−3 μm3 in layer V (Table 3).
The mean volume of MVBs in layer I was smaller than in the

other cortical layers (KW, P < 0.0001), while differences between
layers II to VI were not statistically significant (Fig. 9A). Similarly,
we studied the size of the different morphological types of
MVBs. We observed that MVBs with tubular protrusions that
were docked on mitochondria had the largest mean volume
(19.93 ± 2.38 × 10−3 μm3), followed by isolated MVBs with tubules
(14.45 ± 1.21 × 10−3 μm3), spheroidal docked MVBs (11.03 ± 0.60
× 10−3 μm3), and finally, the smallest mean volume corre-
sponded to spheroidal isolated MVBs (7.35 ± 0.20 × 10−3 μm3).
These differences were statistically significant (KW, P < 0.05)
except between the two groups of MVBs with tubules (docked
on mitochondria and isolated) (Fig. 9B).

To estimate the probability density function of MVB sizes, we
plotted a frequency histogram and estimated the best fit curve
(Fig. 9C). We found that MVB volumes followed a log-normal
distribution with parameters μ = −5.1375 and σ = 0.9173. The
volume of MVBs also followed log-normal distributions in the
six cortical layers (Fig. 9D and Supplementary Fig. S1).

We compared the size of MVBs located in dendrites, axons,
and nonsynaptic fibers (Table 3). The mean volume of dendritic

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhz211#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhz211#supplementary-data
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Figure 10. Size of MVBs in different subcellular compartments and cortical layers. A. Size of MVBs in different compartments (dendrites, axons, and nonsynaptic cell
processes). ∗The mean size of dendritic MVBs was larger than axonic and nonsynaptic MVBs (KW, P < 0.0001). B. Frequency histograms of the sizes of MVBs in the

different compartments. C. Size of dendritic MVBs across cortical layers. ∗Dendritic MVBs were smaller in layer I than in other layers except layer IV (KW, P < 0.05).
D. Size of axonic MVBs across layers. ∗Axonic MVBs in layer VI were larger than MVBs in layers I, II, and IV (KW, P < 0.05). E. Size of MVBs in nonsynaptic cell processes
across the six cortical layers. Sizes are represented as mean volume (μm3) plus sem.

Table 3 Size of MVBs located in dendrites, axons, and nonsynaptic cell compartments in the six layers of the cortex and averaged for all layers
(I–VI). Data given as μm3 × 10−3 ± sem

Size of MVBs (μm3 × 10−3 ± sem) in different subcellular compartments

Layer All Dendrites Axons Nonsynaptic cell processes

I 5.57 ± 0.41 8.09 ± 1.10 4.79 ± 0.65 4.55 ± 0.40
II 7.80 ± 0.45 11.86 ± 0.82 4.98 ± 1.02 5.32 ± 0.39
III 9.67 ± 0.47 14.42 ± 0.90 5.61 ± 0.68 6.71 ± 0.49
IV 8.48 ± 0.48 11.40 ± 0.78 4.38 ± 0.47 6.72 ± 0.72
V 9.77 ± 0.64 14.01 ± 1.14 5.23 ± 0.44 7.40 ± 0.87
VI 9.51 ± 0.66 14.12 ± 1.45 6.97 ± 0.86 7.28 ± 0.73
I–VI 8.80 ± 0.23 12.24 ± 0.36 5.25 ± 0.29 6.29 ± 0.24

MVBs was larger (12.24 × 10−3 μm3) than axonic (5.25 ×
10−3 μm3) and nonsynaptic MVBs (6.29 × 10−3 μm3) (KW,
P < 0.0001) (Table 3, Fig. 10A,B). The mean volume of MVBs
located in excitatory axons (5.21 ± 0.31 × 10−3 μm3) was very
similar to the volume of MVBs located in inhibitory axons
(5.55 ± 0.81 × 10−3 μm3) (MW, P = 0.54).

We also explored the possible differences between cortical
layers, in terms of the sizes of MVBs in dendrites, axons, and
nonsynaptic cell processes. In dendrites, we only found statisti-

cally significant differences between the mean sizes of MVBs of
layer I, that were smaller than the MVBs of other cortical layers
except layer IV (KW, P < 0.05). In axons, MVBs of layer VI were,
on average, larger than those of layers I, II, and IV (KW, P < 0.05).
Finally, in nonsynaptic cell processes, there were no statistically
significant differences in the size of MVBs across layers (Table 3,
Fig. 10C,D,E).

When MVBs are reconstructed in 3D, Espina software records
the coordinates of their centers of mass or centroids. We have
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used three spatial statistical tools (G, F, and K functions, see
Material and Methods and Supplementary Fig. S2) to test the
positions of MVBs in 21 stacks of serial sections. We found that
in 12 of them, the MVBs were randomly distributed. The remain-
ing samples, 9 out of 21, showed a slight tendency to cluster.
Clustering was identified by the presence of empty spaces in the
cloud of points (detected by the F function) and/or the distances
to the nearest neighbor being shorter than would be expected
by chance (detected by the G function) and/or local densities of
points being higher than would be expected by chance (detected
by the K function) (Supplementary Fig. S2).

Discussion
One of the difficulties of studying MVBs is the lack of specific
markers (Von Bartheld and Altick 2011). For this reason, elec-
tron microscopy is one of the best options to unambiguously
identify and quantify MVBs accurately. Our method is based on
automated three-dimensional electron microscopy using FIB-
SEM, so relatively large volumes of tissue can be examined (more
than 8000 μm3 in the present study), providing a good statistical
sample to analyze the features and distribution of MVBs.

MVBs and Synapses

Our study was performed in the neuropil, where the vast major-
ity of cortical synapses are established (Alonso-Nanclares et al.
2008). We were therefore interested in the possible relationship
between the numbers of synapses and MVBs in the different
cortical layers. We observed that layers showing maximal and
minimal densities of synapses (layers IV and VI, respectively)
(Santuy et al. 2018a, 2018b) also, respectively, presented the high-
est and lowest densities of MVBs. However, when we considered
individual samples from all cortical layers, we found no corre-
lation between the number of synapses and MVBs. Therefore,
although we cannot rule out the possibility that a subpopulation
of MVBs is actually related to synapses, this relationship may
be obscured by the presence of MVBs linked to other cellular
functions. In fact, it has been described in hypoglossal neurons
that MVBs labeled with BDNF or GDNF were commonly found
close to synapses, while unlabeled MVBs and MVBs labeled with
cardiotrophin or tetanus toxin were rarely close to postsynaptic
densities (Rind et al. 2005). In addition, those MVBs that are
related to synapses serve multiple dendritic spines simultane-
ously in the hippocampus (Cooney et al. 2002). Thus, further
studies are necessary to determine the proportion of MVBs that
are actually involved in synaptic physiology.

Location in Subcellular Compartments

Previous studies have reported MVBs to be more abundant in
dendrites and cell bodies than in axons (Altick et al. 2009; Von
Bartheld and Altick 2011). In our samples, we found that MVBs
are more frequent in dendrites than in axons with a ratio of
slightly over 2:1. This is not only because dendrites occupy more
space than axons, since the proportion of neuropil occupied by
dendrites and axons is approximately 1.7:1 (Santuy et al. 2018a,
2018b). Therefore, we can conclude that dendrites are relatively
enriched in MVBs when compared with axons. Also, dendritic
MVBs are, on average, more than twice as large as axonic MVBs.
Most dendritic MVBs (81.86%) were located in spiny dendritic
segments, and the remaining 18.14% were found in dendritic
segments that did not show any spine in the volume of tissue

analyzed. This indicates that most dendritic MVBs would belong
to spiny excitatory neurons, while a much smaller population
would belong to aspiny inhibitory neurons. However, the exact
percentages of MVBs located in dendrites of excitatory and
inhibitory neurons cannot be accurately estimated from our
present study. It should be considered, for example, that aspiny
segments could belong to at least two different categories, in
unknown proportions. First, aspiny segments may belong to
truly aspiny inhibitory neurons. Second, some of these aspiny
segments may belong to dendrites that do in fact have spines
that are located outside the stacks of sections that we have ana-
lyzed. Therefore, the figure of 18.14% for MVBs located in aspiny
dendrites most probably overestimates the actual percentage of
MVBs in inhibitory dendrites.

Regarding excitatory and inhibitory axons, the proportion
of MVBs in excitatory and inhibitory axons is approximately
7:1, while the respective volume fractions of these fibers is
6:1 (Santuy et al. 2018c), indicating that excitatory axons are
relatively richer in MVBs than inhibitory axons. It is also impor-
tant to note that MVBs located in nonsynaptic cell processes
form the largest group (more than 40% on average). Many of
the nonsynaptic cell processes that contain MVBs are probably
glial processes. However, we cannot rule out the possibility that
some of the processes classified as “nonsynaptic” are in fact
axonal or dendritic segments that did not establish synapses
within our tissue samples. Therefore, the percentage of MVBs
in nonsynaptic cell processes should be considered as an upper
limit.

The analysis of the distribution of MVBs across the differ-
ent layers is much more complex. Layer I, for example, has
approximately equal numbers of dendritic and axonic MVBs,
while dendritic MVBs clearly predominate in every other layer.
Moreover, MVBs in layer I have the smallest mean size of all
layers. This could be explained by the distinctive composition
of the neuropil of this layer. Since neuronal somata are very
scarce, most dendrites will be distal, thinner dendrites originat-
ing from cell bodies located in deeper layers. It has been reported
that mature endosomes tend to accumulate in the soma and
proximal dendrites in cultures of neurons from rat and mouse
embryos (Kulkarni and Maday 2018; Yap et al. 2018). Also, MVB
size decreases with the distance to the cell nucleus in HeLa cells
(Collinet et al. 2010). If this is also the case in our neocortical
samples, this may explain the smaller proportion of MVBs in
layer I dendrites, as well as their smaller volume. Although layer
I shows the most marked differences, all the other layers also
present variations in the numbers of MVBs located in axons,
dendrites, and nonsynaptic cell processes. These differences
may also depend on the particular cell composition of each layer
and on the specific afferent and efferent projections. Another
source of variability may come from the fact that the neocortex
is not completely mature at this age (Jacobson 1963; Salami et al.
2003), so future studies would be required to determine possible
maturational changes.

Relation with Mitochondria

We have also found that MVBs are frequently in close contact
with mitochondria. It has been reported that MVBs are involved
in the transport and degradation of cargo to and from mito-
chondria (Sugiura et al. 2014; Das et al. 2016). On the one hand,
the transport function has been shown by the transient “kiss
and run” interaction between MVBs and mitochondria for the
transference of iron-bound transferrin observed in erythroid

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhz211#supplementary-data
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and epithelial cells. On the other hand, the degradative func-
tion is represented by the fusion of MVBs and mitochondrial
derived vesicles whose fate is degradation in the lysosome. It
has also been recently described that MVBs carry mRNA along
axons and associate with ribosomes, acting as local sites of
protein synthesis. They often pause on mitochondria, where
they act as platforms for the synthesis of proteins important for
mitochondrial integrity and axon survival (Cioni et al. 2019).
If the docking of MVBs to mitochondria is actually related to
the synthesis, transport, and degradation of mitochondrial com-
ponents, these activities would be intense in the neocortex,
since almost every fifth MVB (18%) is docked on mitochondria.
They are, however, unequally distributed among dendrites and
axons, since MVBs docked on mitochondria in dendrites were 1.7
times more frequent than in axons, which may indicate a higher
turnover of dendritic mitochondria.

MVBs with Tubular Protrusions

Another morphological trait that may be related to a specific
function of MVBs is the presence of tubular protrusions. MVBs
with tubular protrusions are considered early endosomes, with
activity related to sorting cargo, protein recycling, and transport
toward the plasma membrane or the trans-Golgi network (Jovic
et al. 2010; Huotari and Helenius 2011; Von Bartheld and Altick
2011). In our samples, approximately 7% of MVBs had tubu-
lar protrusions. Dendrites were again enriched in this kind of
MVB. These results are in line with previous studies performed
in cultures of dopaminergic and hippocampal neurons, which
reported that early endosomes are mostly located in the soma-
todendritic compartment (Parton et al. 1992; Rao et al. 2011).

MVBs with Clathrin Coats

MVBs sometimes present electron-dense regions of their mem-
brane that have been identified as clathrin coats (Klumperman
and Raposo 2014; Fermie et al. 2018). Clathrin coats are associ-
ated with the sorting and recruitment of cargo to be included
in intraluminal vesicles, and they are essential for the commu-
nication between endosomes and the trans-Golgi network. This
morphological feature is typical of the early and recycling endo-
somes (Sachse et al. 2002; Raiborg et al. 2006; Lu and Hong 2014).
We found that 20% of the MVBs had clathrin coats, and den-
dritic MVBs had the highest number of clathrin-coated MVBs.
Interestingly, approximately half of MVBs with tubules had a
clathrin coat in their membranes, and both features (tubules and
clathrin) are associated with early endosomes, with functions of
sorting and recycling cargo (Klumperman and Raposo 2014).

Size of MVBs

Our reconstructions in 3D provide valuable information about
the size of MVBs. It has been reported that the size of MVBs is
very variable (Altick et al. 2009; Von Bartheld and Altick 2011;
Hanson and Cashikar 2012). We show, however, that this variabil-
ity is constrained, since it consistently follows a log normal dis-
tribution. This distribution is characterized by a strongly skewed
shape with a long tail to the right and is very common in many
physiological and anatomical features (Buzsáki and Mizuseki
2014). Also, the size distribution of MVBs is continuous and no
clear-cut boundaries can be found between different types of
MVBs based on size alone. However, the mean size of MVBs does
vary among the different cell compartments and cortical layers.

Our results indicate that the mean volume of MVBs in dendrites
is more than twice the mean volume of axonic MVBs, while the
size of MVBs was similar in all cortical layers except in layer I
where they were smaller, as mentioned above.

Variations in size have been linked to functional aspects of
MVBs. For example, a previous study reported that in small, early
MVBs there was no acid phosphatase activity, which would later
appear with maturation (Altick et al. 2009). Different morpho-
logical types of MVBs have different mean sizes, although the
size distributions greatly overlap. Further research is needed to
ascertain whether these size differences can be attributed to
functional and maturational aspects.

Spatial Distribution

Finally, our analysis of the spatial distribution of MVBs reveals
that they are randomly distributed, with a slight tendency to
cluster in 43% of our samples. Although the possible significance
of this observation is not known, this tendency toward clustering
indicates that the distribution of MVBs in the neuropil is not
totally homogenous, as suggested by the fact that they are more
concentrated in the dendritic compartment.

Concluding Remarks

In summary, MVBs are ubiquitous in all components of the
neuropil of all cortical layers, indicating that house-keeping
functions of the endosomal pathway are distributed along all
kinds of neuronal and glial processes. We can also speculate that
some functions are especially salient, as suggested by certain
features of MVBs. For example, the frequent presence of clathrin
coats and/or tubular extensions in MVBs suggests that recycling
and sorting cargo are relatively important functions in the neu-
ropil. Also, docking of MVBs on mitochondria is so common that
mitochondrial maintenance seems to be a prominent activity.

However, care should be taken not to be too simplistic regard-
ing the possible interpretation of the functional roles of MVBs
based on morphological features. For example, clathrin coats,
tubular extensions, and docking on mitochondria are not mutu-
ally exclusive features, suggesting that an individual MVB may
have several functions whose complexity and dynamic changes
cannot be elucidated with electron microcopy alone. On the
contrary, other functions of the endosomal pathway, such as
synaptic maintenance, may be underestimated in the present
study simply because the MVBs responsible for such functions
do not show any specific morphological trait.

In spite of being ubiquitous, MVBs are not homogeneously
distributed across layers and cellular compartments. The fact
that their distribution is not homogeneous may be due to mul-
tiple factors, including differences of cellular composition and
inputs across cortical layers; differences in metabolic turnover
between dendrites, axons, and glial processes; and maturational
changes. These possibilities must be explored in the future
in identified cell types and projections of known origin. To
achieve this, the methodology that we have used here needs
to be combined with cell labeling techniques and tract tracing
methods. Other brain regions, ages, and species should also be
studied, in order to identify common and diverging patterns of
organization.

Supplementary Material
Supplementary material is available at Cerebral Cortex online.

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhz211#supplementary-data


MVBs in the Somatosensory Cortex Turegano-Lopez et al. 1899

Funding
The Spanish “Ministerio de Ciencia, Innovación y Universidades”
(grant PGC2018-094307-B-I00 and the Cajal Blue Brain Project
[C080020-09; the Spanish partner of the Blue Brain Project ini-
tiative from EPFL, Switzerland]; the European Union’s Horizon
2020 Research and Innovation Programme under grant agree-
ment No. 785907 (Human Brain Project, SGA2) and; Centro de
Investigacion en Red sobre Enfermedades Neurodegenerativas
(CIBERNED, CB06/05/0066, Spain).

Notes
The authors thank Carmen Alvarez, Miriam Marin, and Lorena
Valdes for their technical assistance. Conflict of Interest: None
declared.

References
Alonso-Nanclares L, Gonzalez-Soriano J, Rodriguez JR, DeFelipe J.

2008. Gender differences in human cortical synaptic density.
Proc Natl Acad Sci U S A. 105:14615–14619.

Altick AL, Baryshnikova LM, Vu TQ, von Bartheld CS. 2009.
Quantitative analysis of multivesicular bodies (MVBs) in the
hypoglossal nerve: evidence that neurotrophic factors do not
use MVBs for retrograde axonal transport. J Comp Neurol.
514:641–657.

Anton-Sanchez L, Bielza C, Merchán-Pérez A, Rodríguez J-R,
DeFelipe J, Larrañaga P. 2014. Three-dimensional distribution
of cortical synapses: a replicated point pattern-based analy-
sis. Front Neuroanat. 8:85.

Baddeley A, Turner R. 2005. Spatstat: an R package for analyzing
spatial point patterns. J Stat Softw. 12:1–42.

Baddeley AJ, Moyeed RA, Howard CV, Boyde A. 1993. Analysis of a
three-dimensional point pattern with replication. J R Stat Soc
Ser C Appl Stat. 42:641–668.

Baixauli F, López-Otín C, Mittelbrunn M. 2014. Exosomes and
autophagy: coordinated mechanisms for the maintenance of
cellular fitness. Front Immunol. 5:403.

Blazquez-Llorca L, Merchán-Pérez Á, Rodríguez J-R, Gascón
J, DeFelipe J. 2013. FIB/SEM technology and Alzheimer’s
disease: three-dimensional analysis of human cortical
synapses. J Alzheimers Dis. 34:995–1013.

Blazquez-Llorca L, Woodruff A, Inan M, Anderson SA, Yuste
R, DeFelipe J, Merchan-Perez A. 2015. Spatial distribution of
neurons innervated by chandelier cells. Brain Struct Funct.
220:2817–2834.

Buzsáki G, Mizuseki K. 2014. The log-dynamic brain: how skewed
distributions affect network operations. Nat Rev Neurosci.
15:264–278.

Chivet M, Hemming F, Pernet-Gallay K, Fraboulet S, Sadoul R.
2012. Emerging role of neuronal exosomes in the central
nervous system. Front Physiol. 3:145.

Chivet M, Javalet C, Hemming F, Pernet-Gallay K, Laulagnier K,
Fraboulet S, Sadoul R. 2013. Exosomes as a novel way of
interneuronal communication. Biochem Soc Trans. 41:241–244.

Cioni J-M, Lin JQ, Holtermann AV, Koppers M, Jakobs MAH, Azizi
A, Turner-Bridger B, Shigeoka T, Franze K, Harris WA et al.
2019. Late endosomes act as mRNA translation platforms and
sustain mitochondria in axons. Cell. 176:56–72.

Collinet C, Stöter M, Bradshaw CR, Samusik N, Rink JC, Kenski D,
Habermann B, Buchholz F, Henschel R, Mueller MS et al. 2010.

Systems survey of endocytosis by multiparametric image
analysis. Nature. 464:243–249.

Colonnier M. 1968. Synaptic patterns on different cell types in
the different laminae of the cat visual cortex. An electron
microscope study. Brain Res. 9:268–287.

Cooney JR, Hurlburt JL, Selig DK, Harris KM, Fiala JC. 2002. Endo-
somal compartments serve multiple hippocampal dendritic
spines from a widespread rather than a local store of recy-
cling membrane. J Neurosci Off J Soc Neurosci. 22:2215–2224.

Das A, Nag S, Mason AB, Barroso MM. 2016. Endosome–
mitochondria interactions are modulated by iron release
from transferrin. J Cell Biol. 214(7):831–845.

Domínguez-Álvaro M, Montero-Crespo M, Blazquez-Llorca L,
Insausti R, DeFelipe J, Alonso-Nanclares L. 2018. Three-
dimensional analysis of synapses in the transentorhinal cor-
tex of Alzheimer’s disease patients. Acta Neuropathol Commun.
6:20.

Elkin SR, Lakoduk AM, Schmid SL. 2016. Endocytic pathways
and endosomal trafficking: a primer. Wien Med Wochenschr.
166:196–204.

Fader CM, Colombo MI. 2009. Autophagy and multivesicular
bodies: two closely related partners. Cell Death Differ. 16:70–78.

Fermie J, Liv N, Ten Brink C, van Donselaar EG, Müller WH,
Schieber NL, Schwab Y, Gerritsen HC, Klumperman J. 2018.
Single organelle dynamics linked to 3D structure by correla-
tive live-cell imaging and 3D electron microscopy. Traffic Cph
Den. 19:354–369.

Filimonenko M, Stuffers S, Raiborg C, Yamamoto A, Malerød
L, Fisher EMC, Isaacs A, Brech A, Stenmark H, Simonsen
A. 2007. Functional multivesicular bodies are required for
autophagic clearance of protein aggregates associated with
neurodegenerative disease. J Cell Biol. 179:485–500.

Friedrich RP, Tepper K, Rönicke R, Soom M, Westermann M,
Reymann K, Kaether C, Fändrich M. 2010. Mechanism of
amyloid plaque formation suggests an intracellular basis of
Aβ pathogenicity. Proc Natl Acad Sci. 107:1942–1947.

Funk KE, Mrak RE, Kuret J. 2011. Granulovacuolar degeneration
(GVD) bodies of Alzheimer’s disease (AD) resemble late-stage
autophagic organelles. Neuropathol Appl Neurobiol. 37:295–306.

Gaetan C, Guyon X. 2010. Spatial Statistics and Modeling, Springer
Series in Statistics. New York: Springer-Verlag.

Goetzl EJ, Boxer A, Schwartz JB, Abner EL, Petersen RC, Miller BL,
Kapogiannis D. 2015. Altered lysosomal proteins in neural-
derived plasma exosomes in preclinical Alzheimer disease.
Neurology. 85:40–47.

Gray EG. 1959. Axo-somatic and axo-dendritic synapses of the
cerebral cortex. J Anat. 93:420–433.

Gundersen HJ, Bendtsen TF, Korbo L, Marcussen N, Møller A,
Nielsen K, Nyengaard JR, Pakkenberg B, Sørensen FB, Vesterby
A. 1988. Some new, simple and efficient stereological meth-
ods and their use in pathological research and diagnosis.
APMIS Acta Pathol Microbiol Immunol Scand. 96:379–394.

Hanson PI, Cashikar A. 2012. Multivesicular body morphogene-
sis. Annu Rev Cell Dev Biol. 28:337–362.

Hiester BG, Becker MI, Bowen AB, Schwartz SL, Kennedy MJ. 2018.
Mechanisms and role of dendritic membrane trafficking for
long-term potentiation. Front Cell Neurosci. 12:391.

Howard V, Reed M. 2004. Unbiased Stereology: Three-Dimensional
Measurement in Microscopy. New York: Garland Science.

Huotari J, Helenius A. 2011. Endosome maturation. EMBO J.
30:3481–3500.

Hurley JH. 2008. ESCRT complexes and the biogenesis of multi-
vesicular bodies. Curr Opin Cell Biol. 20:4–11.



1900 Cerebral Cortex, 2020, Vol. 30, No. 3

Jacobson S. 1963. Sequence of myelinization in the brain of the
albino rat. A. Cerebral cortex, thalamus and related struc-
tures. J Comp Neurol. 121:5–29.
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