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Abstract

Mitochondria play a key role in energy production and calcium buffering, among many other functions. They provide most
of the energy required by neurons, and they are transported along axons and dendrites to the regions of higher energy
demands. We have used focused ion beam milling and scanning electron microscopy (FIB/SEM) to obtain stacks of serial
sections from the somatosensory cortex of the juvenile rat. We have estimated the volume fraction occupied by
mitochondria and their distribution between dendritic, axonal, and nonsynaptic processes. The volume fraction of
mitochondria increased from layer I (4.59%) to reach its maximum in layer IV (7.74%) and decreased to its minimum in layer
VI (4.03%). On average, 44% of mitochondrial volume was located in dendrites, 15% in axons and 41% in nonsynaptic
elements. Given that dendrites, axons, and nonsynaptic elements occupied 38%, 23%, and 39% of the neuropil, respectively,
it can be concluded that dendrites are proportionally richer in mitochondria with respect to axons, supporting the notion
that most energy consumption takes place at the postsynaptic side. We also found a positive correlation between the
volume fraction of mitochondria located in neuronal processes and the density of synapses.
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Introduction

The role mitochondria play in cells is vital for maintaining the
function of the nervous system. They are involved in many cell
processes including energy production, calcium buffering, cell
differentiation, cell cycle and growth, as well as aging and
death (Rizzuto et al. 2012; Tao et al. 2014; Todorova and
Blokland 2017). As energy factories, they generate most of the

energy required by neurons, which is mainly used in synaptic
transmission (Attwell and Laughlin 2001; Harris et al. 2012).
Mitochondria are dynamic organelles that constantly undergo
fission and fusion (Sakata and Jones 2003; Chen and Chan 2005;
Dubinsky 2009) and they are transported up and down the
axons and dendrites to those regions of the cell that require
energy supply (Chang et al. 2006; Cai and Sheng 2009; MacAskill

© The Author(s) 2018. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited.
For commercial re-use, please contact journals.permissions@oup.com


http://www.oxfordjournals.org
http://orcid.org/0000-0002-7228-5821
http://orcid.org/0000-0002-7228-5821
http://orcid.org/0000-0002-7228-5821
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
mailto: journals.permissions@oup.com

3674 | Cerebral Cortex, 2018, Vol. 28, No. 10

and Kittler 2010; Obashi and Okabe 2013; Schwarz 2013;
Takihara et al. 2015; Devine and Kittler 2018).

Mitochondria are found closely associated with synapses
and it has been shown that they can be tethered to vesicle
release sites (Rowland et al. 2000), where they not only provide
ATP but also act as calcium buffers (Attwell and Laughlin 2001;
Li et al. 2004; MacAskill et al. 2010). Synaptic overactivity seems
to recruit mitochondria to synapses, whereas prolonged synap-
tic silence releases mitochondria from these sites (Li et al. 2004;
Obashi and Okabe 2013). In the cerebral cortex, most cortical
synapses (90-98%) are established in the neuropil, which is
composed of axons, dendrites, and glial processes (Alonso-
Nanclares et al. 2008). Based on morphological criteria, 2 main
types of synapses can be identified by electron microscopy—
asymmetric and symmetric synapses (Gray 1959; Colonnier
1968; Peters and Palay 1996). Asymmetric synapses (AS) have a
thickened postsynaptic density (PSD) and are in general excit-
atory (glutamatergic), while symmetric synapses (SS) have a
thin PSD and are inhibitory (GABAergic) (Houser et al. 1984;
Ascoli et al. 2008).

Previous studies on the distribution of mitochondria have
been performed with techniques such as fluorescence micros-
copy (Chang et al. 2006; Takihara et al. 2015) and transmission
electron microscopy, including the study of serial sections
(Revishchin and Garey 1996; Sakata and Jones 2003; Roberts
et al. 2008, 2015). An important advantage of electron micros-
copy is that other structures such as synapses can be identified
and quantified together with mitochondria, so the possible
reciprocal relationships can be established. However, obtaining
long series of ultrathin sections is extremely time-consuming
and difficult, often making it impossible to reconstruct large
volumes of tissue. Therefore, these studies are limited by the
sample size. Here we use a dual-beam electron microscope that
combines a focused ion beam (FIB) and a scanning electron
microscope (SEM). Using the FIB, the surface of the tissue sam-
ple is milled to a predefined depth (20nm in our case). Then,
the SEM is used to acquire an image from the freshly exposed
surface. Combining both beams sequentially, we obtain long
series of images automatically. These series of images, after
having been piled up and aligned, represent 3D samples of tis-
sue that can be visualized and analyzed with dedicated soft-
ware. Moreover, stereological techniques can also be applied to
a large number of images, thus obtaining highly reliable results.
Since synapses can also be identified within these stacks, their
densities and locations can also be quantified (Merchén-Pérez
et al. 2014; Santuy et al. 2018Db).

In previous studies on the juvenile rat somatosensory cortex
we provided information on the spatial distribution of synapses
in the neuropil (Anton-Sanchez et al. 2014; Merchan-Pérez et al.
2014); on the density of synapses across cortical layers and
their location in dendritic shafts and spines (Santuy et al.
2018b); and on the size and shape of synaptic junctions (Santuy
et al. 2018a). Given that we found significant differences in the
density of synapses between cortical layers, the main goals of
the present study are 1) to describe the distribution of mito-
chondria in the neuropil of the 6 layers of the juvenile rat
somatosensory cortex; 2) to identify their location within den-
drites, axons (excitatory and inhibitory) and nonsynaptic ele-
ments; and 3) to study the possible relation between the
distribution of mitochondria and other tissue components such
as cell somata, blood vessels and synapses. We selected this
experimental animal and age to integrate these data with other
anatomical, molecular, and physiological data that have
already been collected from the same cortical region. The final

goal is to obtain accurate quantitative data to help understand
cortical structure and to create detailed, biologically accurate
models of circuitry of the primary somatosensory cortex,
within the framework of the Blue Brain Project (Markram et al.
2015).

Materials and Methods
Tissue Preparation

Eleven Wistar rats were used for this study. They were sacri-
ficed on postnatal day 14, by a lethal intraperitoneal injection
of sodium pentobarbital (40 mg/kg) prior to intracardial perfu-
sion of fixative. Animals to be studied by light microscopy (n = 8)
were perfused with 4% paraformaldehyde in 0.1M phosphate
buffer. Animals to be examined by electron microscopy (n = 3)
were perfused with 2% paraformaldehyde and 2.5% glutaralde-
hyde in 0.1M phosphate buffer. The brain was extracted from
the skull and processed for light or electron microscopy follow-
ing the protocols described below.

All animals were handled in accordance with the guidelines
for animal research set out in the European Community
Directive 2010/63/EU, and all procedures were approved by the
local ethics committee of the Spanish National Research
Council (CSIC).

Estimation of the Volume Fraction of Neuropil, Cell
Somata and Blood Vessels at the Light Microscopic
Level

Eight of the animals (P14-2 to P14-9) were used for this pur-
pose. After postfixation in 4% paraformaldehyde in 0.1 M phos-
phate buffer, for 24h at 4 °C, vibratome sections (100 pm thick)
were obtained from the brain. Sections containing the primary
somatosensory cortex (hindlimb representation) were selected
with the help of an atlas (Paxinos and Watson 2007) and flat
embedded in Araldite as previously described (DeFelipe and
Fairen 1993). The sections embedded in Araldite were glued on
blank Araldite blocks and trimmed. Semithin sections (2pm
thick) were obtained and stained with 1% toluidine blue in 1%
borax.

Six semithin sections per animal were examined and ana-
lyzed using the Stereo Investigator integrated stereological
package (Version 8.0, MicroBrightField Inc., VT, USA), attached
to an Olympus BX51 light microscope (Olympus, Bellerup,
Denmark), as previously described (Alonso-Nanclares et al.
2008). Four to six estimations per cortical layer were performed
for each animal. Briefly, a grid of 4 x 4 m? was overlaid on the
images of the semithin sections at x40 magnification. The vol-
ume fraction occupied by the neuropil, cell somata and blood
vessels was estimated by applying the Cavalieri’s principle,
which states that the ratio between grid points hitting the
object of interest and points hitting the reference area is pro-
portional to the volume fraction occupied by the object
(Gundersen et al. 1988; Tang et al. 1997). Therefore, points hit-
ting the neuropil, cell somata and blood vessels were indepen-
dently counted in the same reference area (Fig. 1A). The
volume fraction occupied by cell somata was further subdi-
vided into neuronal and glial cell somata. Neuronal somata
showed a large, lightly stained nucleus and a prominent nucle-
olus. Smaller neuronal somata were distinguished from astro-
cytes because neuronal somata show a band of clear cytoplasm
around the nucleus, while astrocytes have an irregularly
shaped nucleus and no apparent cytoplasm. Other glial cells
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Figure 1. Stereological grids used for the estimation of the volume fraction of
different compartments at the light (A) and electron microscopic (B) levels,
using the Cavalieri method. (A) Example of the estimation of the volume frac-
tion of neuropil, cell somata, and blood vessels at the light microscopic level.
Points hitting cell somata, blood vessel lumen, and blood vessel endothelium
have been highlighted in yellow, orange, and green, respectively. The remain-
ing points hit the neuropil, although they have not been highlighted for the
sake of clarity. (B) Example of one stereological grid used for the estimation of
the volume fraction of mitochondria at the electron microscopic level. Points
hitting mitochondria have been highlighted in red. The ratio of grid points hit-
ting any compartment to points hitting the reference area is proportional to the
volume fraction occupied by that compartment (see Materials and Methods for
details). The thickness of grid lines and the size of marked points have been
exaggerated for clarity. Grid size is 4 x 4 pm? in (A) and 500 x 500 nm? in (B).

(microglia and oligodendrocytes) have darkly stained nuclei
(Garcia-Cabezas et al. 2016). The volume fraction of blood ves-
sels was also subdivided into the volume fraction of endothelial
cells and vessel lumen. The volume fraction occupied by all
these compartments was estimated in layers I-VI.

Estimation of the Volume Fraction of Axons, Dendrites,
Nonsynaptic Elements and Mitochondria at the Electron
Microscopic Level

Three animals (w31, w33, and w35) were processed for focused
ion beam milling and scanning electron microscopy (FIB/SEM),
according to a previously described protocol (Merchan-Pérez
et al. 2009; Santuy et al. 2018a, 2018b). Animals were adminis-
tered an intraperitoneal injection of sodium pentobarbital

(40 mg/kg) and were intracardially perfused with 2% parafor-
maldehyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer
(PB). The brains were extracted from the skull and postfixed at
4°C overnight in the same solution. Vibratome sections were
obtained (150pm thick) and they were osmicated for 1h at
room temperature in PB with 1% OsO4, 7% glucose, and 0.02M
CaCl,. After washing in PB, the sections were stained en bloc
for 30 min with 1% uranyl acetate in 50% ethanol at 37°C, and
were then flat-embedded in Araldite.

A Crossbeam® Neon40 EsB electron microscope was used
(Carl Zeiss NTS GmbH, Oberkochen, Germany). This instrument
combines a gallium FIB and a high-resolution field emission
SEM column. The gallium FIB was used to mill the sample sur-
face, removing thin layers of material (20nm thick) in each
cycle. After removing each layer, the milling process was
paused, and the freshly exposed surface was imaged at 1.8kV
acceleration potential using the in-column backscattered elec-
tron detector. The milling and imaging processes were sequen-
tially repeated, and long series of images were acquired
through a fully automated procedure, thus obtaining a stack of
images that represented a 3D sample of the tissue (Merchan-
Pérez et al. 2009). In total, 29 different stacks of the neuropil
were obtained from the 6 layers of the somatosensory cortex
(3 samples from layer I, 4 from layer II, 10 from layer III, 5 from
layer 1V, 3 from layer V, and 4 from layer VI). Image resolution
in the xy plane ranged from 3.7 to 4.5nm/pixel (equivalent
magnification of x15000 and x12 410, respectively). Resolution
in the z axis (equivalent to section thickness) was 20 nm. We
obtained images of 2048 x 1536 pixels, so the field of view was
7.56 x 5.68pum? at 3.7 nm/pixel. Line averaging was used for
noise reduction, and the acquisition time per image was
approximately 4min. Although better resolutions can be
obtained with FIB/SEM, we chose these parameters as a com-
promise solution to obtain a large enough field, in a period of
time that allowed us to acquire between 189 and 363 serial sec-
tions per stack (mean: 254.66; total: 7385 sections).

For the estimation of the volume fraction of dendrites,
axons, and nonsynaptic elements that compose the neuropil,
we used the Image ] Stereology Toolset (Mironov 2017) to ana-
lyze 13 of the stacks of images described above (Fig. 1B). A grid
with an area per point of 400000 nm? was used. The estima-
tions were made in every 40th section of each stack (z =
800 nm). A total of 64 sections were analyzed (11 from layer I, 8
from layer II, 15 from layer III, 9 from layer IV, 10 from layer V,
and 11 from layer VI). To identify the different components of
the neuropil, the stack of images was navigated in 3D with the
help of EspINA software (Morales et al. 2011). The cell processes
that were hit by a point of the stereological grid were followed
through the stack until it was determined whether they estab-
lished synapses or not. Grid points hitting fibers that were post-
synaptic with respect to at least one synaptic junction were
classified as “dendritic,” and when they were presynaptic to at
least one synaptic junction, they were classified as “axonic”.
Axons were further classified as excitatory axons if they estab-
lished AS, or as inhibitory axons if the synapses that they
established were SS. Points hitting myelinated fibers were clas-
sified as “myelinated axons.” Other cell processes not showing
any synaptic contact within the stack were tagged as “nonsy-
naptic.” These nonsynaptic elements include glial processes, as
well as axons and dendrites that do not establish synapses
within the volume of the stack of images. The volume fraction
of mitochondria was estimated in the 29 stacks of images using
the same Image ] Stereology Toolset described above (Mironov
2017). The area per point selected for the grid was 250 000 nm?,
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and counting was carried out in every 10th section of each
stack (z = 200nm). A total of 752 sections were analyzed (79
from layer I, 94 from layer II, 253 from layer III, 122 from layer
1V, 92 from layer V, and 112 from layer VI). Identification of the
cellular compartment where mitochondria were located (“den-
dritic,” “axonic,” or “nonsynaptic”) was carried out using the
same criteria described above. In all stereological studies, the
parameters used for the Cavalieri method (grid size and num-
ber of sections) were chosen based on pilot studies for each of
the analyses that have been performed (Broskey et al. 2013).
Coefficients of error and variation were calculated to ensure
the reliability of the measurements (Howard and Reed 2005)
(Supplementary Tables S1-S3).

To select the exact location of the samples, we first obtained
plastic semithin sections (2pm thick) from the block surface
and stained them with toluidine blue to identify cortical layers.
These sections were then photographed with a light micro-
scope. The last of these light microscope images (corresponding
to the section immediately adjacent to the block face) was then
collated with SEM photographs of the surface of the block. In
this way, it was possible to accurately identify the regions of
the neuropil to be studied (Fig. 2, Supplementary Video 1).
These samples have previously been used to study the distribu-
tion and size of synapses (Anton-Sanchez et al. 2014; Merchéan-
Pérez et al. 2014; Santuy et al. 2018a, 2018b). Synaptic junctions
within these volumes were visualized, automatically seg-
mented, and reconstructed in 3D with EspINA software
(Morales et al. 2011). Synapses were identified according to
well-established criteria (Peters et al. 1991; Peters and Palay
1996), when the following elements were clearly recognized:
synaptic vesicles in the presynaptic side and electron-dense

thickenings on the cytoplasmic faces of the pre and postsynap-
tic membranes. Synaptic junctions with either a prominent or
thin PSD were classified as asymmetric or symmetric synaptic
junctions, respectively (Merchén-Pérez et al. 2009).

Statistics

Normality and homoscedasticity were analyzed with the
Shapiro-Wilk and Levene tests, respectively. When the data
were parametric (normality and homoscedasticity criteria were
met), we performed ANOVA test, followed by Bonferroni test
for pair-wise comparisons. When the necessary assumptions
for ANOVA were not satisfied, we used the Kruskal-Wallis test
(KW), followed by the Mann-Whitney test (MW) for pair-wise
comparisons. Chi-square tests were used for contingency
tables, and linear regression was used to find correlations.
Analyses were performed with SPSS software (IBM Corp.
Released 2013. IBM SPSS Statistics for Windows, Version 22.0.
Armonk, NY: IBM Corp) and GraphPad (GraphPad Prism version
5.00 for Windows, GraphPad Software, San Diego, CA, USA).

Results

Volume Fraction of Neuropil, Cell Somata, and Blood
Vessels

The volume fraction of cortex occupied by neuropil, cell
somata, and blood vessels was estimated in the 6 layers of the
cortex (Table 1 and Fig. 3). The neuropil was the major compo-
nent of the cortex, especially in layer I, where it reached a
mean value of 93.23%, clearly larger than any of the other
layers (MW test, P < 0.0001). The mean volume fraction of

Figure 2. An example of the use of a semithin section to locate the region of interest. (A) Semithin section of the somatosensory cortex stained with toluidine blue
and photographed with an optical microscope. This section is immediately adjacent to the block face that was later photographed with the SEM. Cortical layers (I-VI)
and white matter (WM) can be identified. Blood vessel profiles can be used as reference points to locate the region of interest. In this particular example, a vascular
profile (arrow) is located approximately in the boundary between layers I and II. (B) Low power electron micrograph acquired with the SEM from the block surface.
The same vascular profile that was previously identified in the semithin section is also visible on the block face (arrow). (C) The same block after a series of images
has been acquired with the FIB/SEM. The reference blood vessel (arrow) was used to locate layer I. First, a large trench (asterisk) was excavated with the FIB in order
to have visual access to the tissue below the block surface. Then, a smaller trench (arrow head) was sequentially milled with the FIB and photographed with the SEM
at intervals of 20 nm, thus obtaining a series of images. A similar procedure was used to locate the regions of interest in all other cortical layers. Scale bar = 300, 150,

and 80 pm in (A), (B), and (C), respectively. See also Supplementary Video 1.
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Table 1 Volume fraction (percentage + standard error of the mean [sem]) of neuropil, cell somata, and blood vessels, in the 6 layers of the cor-
tex, and averaged for all layers (I-VI). The volume fraction of cell somata has been subdivided into the volume fraction of neuronal and glial
somata. The volume fraction of blood vessels has also been subdivided into the volume fraction of the lumen and endothelium

Volume fraction of neuropil, cell somata, and blood vessels (% + sem)

Layer Neuropil Neuronal somata Glial somata Blood vessel lumen Endothelium
I 93.23 +2.34 2.23+1.57 1.30 + 0.61 2.33+091 0.91+0.70
II 77.39 + 3.84 16.10 + 2.86 238 +1.01 2.66 +0.83 1.48 +0.56
III 80.12 + 2.72 13.06 + 2.02 1.83 +0.36 3.89 +1.78 1.10 + 0.68
v 78.10 + 3.15 15.99 + 2.25 2.36 +0.86 2.61+1.15 0.95 +0.49
\Y% 80.52 + 1.60 13.55+1.49 245 +0.54 2.68 +1.52 0.80 + 0.15
VI 79.10 + 3.18 15.68 + 2.97 2.01+0.83 2.53+0.92 0.68 + 0.37
I-VI 81.28 + 541 12.88 + 4.87 2.11+4.59 2.77 £0.52 0.96 + 2.64
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Figure 3. Volume fraction of neuropil, cell somata, and blood vessels in the 6
layers of the cortex. Volume fraction of neuropil (blue), neuronal somata (pur-
ple), glial somata (green), blood vessels (lumen and endothelium, orange) in the
6 layers of the cortex.

neuropil was similar in layers II-VI, ranging from 77.39% in
layer II to 80.86% in layer VI, with no statistically significant dif-
ferences (KW test, P = 0.34) (Table 1 and Fig. 3). The volume
fraction of cell somata, comprising neuronal and glial somata,
was the smallest in layer I (3.53%, Table 1) and this difference
was statistically significant when compared with any of the
other layers (MW tests P < 0.0001), where it ranged from 15.42%
in layer III to 18.48% in layer II. If we consider the volume frac-
tion of neuronal somata alone, the difference between layer I
(2.23%) and any of the remaining layers (13.06-16.10%) was also
statistically significant (MW tests, P < 0.0001), while differences
between layers II and VI were not. The volume fraction of neu-
ronal somata was larger than the volume fraction of glial
somata in all layers except layer I (MW tests, P = 0.16 in layer I,
P < 0.0001 in layers II-VI). Finally the smallest volume fraction
was occupied by blood vessels in all layers, ranging from 3.33%
in layer V to 4.99% in layer III, with no statistically significant
differences between layers (ANOVA P = 0.061).

Volume Fraction of Dendrites, Axons, and Nonsynaptic
Elements in the Neuropil

To further analyze the composition of the neuropil, we esti-
mated the volume fraction of dendrites, axons, and nonsynap-
tic elements at the electron microscopic level (Table 2 and
Fig. 4, Supplementary Video 1).

The volume fraction of neuropil occupied by dendrites
decreased from layer I (46.31%) to layer VI (26.03%), although no
statistical differences between layers were found (KW, P = 0.07)
(Fig. 5 and Table 2). The volume fraction of axons was lower

than the volume fraction of dendrites in all layers, ranging
from 19.75% in layer I to 26.19 in layer II (Fig. 5 and Table 2).
Excitatory axons (those establishing AS, see Materials and
Methods) were clearly predominant over inhibitory axons
(those establishing SS). The mean volume fractions of excit-
atory and inhibitory axons were 18.78% and 3.01%, respectively
(t test, P < 0.0001) (Fig. 6 and Table 2). The volume fraction of
excitatory axons was maximal in layer II (22.64%) and minimal
in layer VI (14.98%). The volume fraction of inhibitory axons
varied between 3.55% in layers II and IV and 1.84% in layer VI.
Differences between layers were not statistically significant for
excitatory or inhibitory axons (KW tests, P = 0.23 and P = 0.82,
respectively). Myelinated axons were only found in layers IV-
VI, with volume fractions that rose from 0.38% in layer IV to
4.63% in layer VI (Fig. 6 and Table 2). Finally, the volume frac-
tion of nonsynaptic elements was similar in layers I-IV, ranging
from 31.09% to 37.78%, and it showed a tendency to increase in
layers V (39.51%) and VI (52.52%), although the differences
between layers were not statistically significant (KW, P = 0.20)
(Fig. 5 and Table 2).

Volume Fraction of Mitochondria in the Neuropil

We studied the volume fraction of neuropil occupied by mito-
chondria, as well as the proportions of mitochondria that were
located in different subcellular compartments (dendrites,
axons, and nonsynaptic elements). The volume fraction of
mitochondria increased from layer I (4.59%) to reach its maxi-
mum in layer IV (7.74%) and decreased to its minimum in layer
VI (4.03%) (Table 3 and Fig. 7). Statistically significant differ-
ences were found between layer IV and all the other layers, and
between layer III and all other layers except layer V. (MW, P <
0.036).

Once we had estimated the volume fraction of mitochondria
in the neuropil, we estimated the proportion of mitochondrial
volume located in axons, dendrites, and nonsynaptic elements
(Table 3 and Fig. 7). Most of the mitochondrial volume (58.58%
on average) was located in dendrites and axons, while 41.42%
was located in nonsynaptic elements. Considering only mito-
chondria located in axons or dendrites, we found that mito-
chondria located in dendrites (74.38%) clearly predominated
over mitochondria located in axons (25.62%) (Table 3 and
Fig. 7). In layer I, the predominancy of dendritic mitochondria
versus axonic mitochondria was the highest (79.43% vs.
20.57%), and this difference was statistically significant when
compared with the other layers (;* test, P = 0.025).

Considering only the axonal compartment, the volume frac-
tion of mitochondria located in excitatory axons was, on aver-
age, 74.57% of all mitochondria located in axons, followed by
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Table 2 Volume fraction of dendrites, axons, and nonsynaptic elements in the neuropil. Volume fractions are indicated in percentage of neu-

ropil occupied by dendrites, axons, and nonsynaptic elements + sem

Volume fraction of dendrites, axons, and nonsynaptic elements in the neuropil (% of neuropil + sem)

Layer Dendrites Excitatory axons Inhibitory axons Myelinated axons Nonsynaptic elements
I 46.31+2.53 16.56 + 0.34 3.20+0.16 0.00 + 0.00 33.93 +2.03
1I 42.72 +0.02 22.64 +1.83 3.55+0.69 0.00 + 0.00 31.09 + 2.54
111 39.35+0.19 19.72 + 0.55 3.15+0.20 0.00 + 0.00 3778 +1.14
v 38.45 +2.36 20.33 £ 0.47 3.55+0.49 0.38 +0.24 37.29 +2.62
\Y% 38.16 + 2.61 18.42 + 0.27 2.79 £ 0.56 1.13 +0.92 39.50 + 2.71
VI 26.03 +243 14.98 + 0.64 1.84 +0.77 4.63 £0.65 52.52 +3.20
I-VI 38.50 + 2.80 18.78 + 0.91 3.01+1.12 1.02 +0.74 38.69 + 0.26

Figure 4. Electron micrographs of the neocortical neuropil obtained by FIB/SEM.
These examples belong to 2 series of images that were acquired from layer III
(A) and layer VI (B). Mitochondria of different sizes and shapes are scattered
throughout the field of view. Synapses are also visible; some of them have been
pointed by arrow heads. A myelinated axon (ma) appears in the image corre-
sponding to layer VI. In this particular example, the myelinated axonal segment
does not contain any mitochondria. Scale bar = 1um. See also Supplementary
Video 1.

mitochondria located in inhibitory axons (22.73%) and mito-
chondria located in myelinated axons (2.70%). Although there
seemed to be a tendency for the proportion of mitochondria
located in inhibitory axons to increase towards infragranular
layers, the differences across layers were not statistically sig-
nificant (KW, P = 0.061). Mitochondria in myelinated axons
were only found in layers V and VI (Table 3 and Fig. 8).
Mitochondria were not detected in the very few myelinated
axons of layer IV observed in our samples. The volume fraction
of these axons in this layer was very low (0.38%, Table 2). Thus,

[ Axons [l Dendrites [OJ Non-synaptic

A - 100 1
s F 80 -
L -
5 20 -
>
0 -
| 1l n v v Vi
Layer
B 100 ~
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£ 60
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| 1l n v " Vi
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Figure 5. Volume fraction of axons, dendrites, and nonsynaptic elements in the
neuropil. (A) Volume fraction of axons (orange), dendrites (blue), and nonsynap-
tic elements (gray) in the neuropil of the 6 layers of the cortex. (B) Ratio between
the axonal (orange) and dendritic (blue) compartments in the neuropil.

the volume fraction of mitochondria located in myelinated
axon segments of layer IV must be even lower.

As we have seen, the volume fraction of dendritic mitochon-
dria was higher than the volume fraction of axonic mitochon-
dria. This could simply be due to the fact that the volume
fraction of dendrites is larger than the volume fraction of
axons, but there is also the possibility that mitochondria pre-
ferentialy accumulate in dendrites over axons. In order to ana-
lyze whether mitochondria were preferentially located in any
of the subcellular compartments of the neuropil, we calculated
the ratio between the volume fraction of mitochondria located
in the 3 compartments of the neuropil (dendritic, axonal, or
nonsynaptic) and the volume fraction of these compartments,
respectively. These ratios were calculated from Tables 2 and 3
and would be equal to 1.00 if mitochondria were not preferen-
tially located in any of the compartments (Fig. 9). The ratio for
dendritic mitochondria was 1.15 on average, indicating that
mitochondria are proportionally more abundant in dendrites,
with the exception of layer I, where the ratio was close to 1.00
(0.94). The ratio for mitochondria located in nonsynaptic ele-
ments was 1.08 on average, although it varied between 0.88
and 1.34 in different layers. For mitochondria located in
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excitatory axons, the ratio was below 1.00 in all layers, with an
average of 0.59, suggesting that mitochondria are proportion-
ally less abundant in excitatory axons than in dendrites. In the
case of inhibitory axons the ratio was 1.13 on average.
Inhibitory axons showed the widest variations; the ratio
increased from 0.33 in layer I to much higher values in infragra-
nular layers (up to 1.95 in layer V) (Fig. 9).

Correlation Between Volume Fraction of Mitochondria
and the Density of Synapses

The density of excitatory and inhibitory synapses in the hin-
dlimb representation of the somatosensory cortex of the P14
rat has been previously described (Santuy et al. 2018b). That
study was performed on the same stacks of serial images used
here, so we can correlate the density of synapses in these
stacks with their mitochondrial volume fraction. We found a
positive correlation (R* = 0.49) between synaptic density and
mitochondrial volume fraction (Fig. 10). It is interesting to note
that a similar correlation was found between synaptic density
and dendritic mitochondria (R? = 0.46). However, the correlation
with synaptic density was lower with axonic mitochondria (R
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Figure 6. Volume fraction of excitatory and inhibitory axons. (A) Volume frac-
tion of excitatory (green), inhibitory (red), and myelinated axons (yellow) in the
neuropil of the 6 cortical layers. (B) Ratio between the volumes of excitatory,
inhibitory, and myelinated axons in the neuropil of the 6 cortical layers.

= 0.30) and lacking with mitochondria located in nonsynaptic
elements (R? = 0.03).

We found no correlations between the volume fraction of
mitochondria and the volume fraction of neuropil (R? = 0.15),
cell somata (R? = 0.12), or blood vessels (R? = 0.15).

Discussion

The present study provided 3 main findings. First, the volume
fraction of mitochondria increased from layer I to reach its
maximum in layer IV and decreased to its minimum in layer
VI. Second, our results indicate that dendrites are proportion-
ally richer in mitochondria with respect to axons. Third, we
found a positive correlation between mitochondria located in
neuronal processes and the density of synapses, while there
was no correlation with mitochondria located in nonsynaptic
elements.

Volume Fraction of Neuropil, Cell Somata, and Blood
Vessels

Neuropil is the main component of all layers of the somatosen-
sory cortex, followed by neuronal somata, blood vessel lumen,
glial somata and endothelium. The proportions of all these cor-
tical components are very similar in layers II-VI. Layer I shows
a clearly different pattern of organization when compared with
the other cortical layers, since it has the lowest density of neu-
ronal somata, glial somata, and blood vessels, and has the
highest volume fraction of neuropil. The scarce population of
cells in layer I is mainly composed by GABAergic interneurons
(Muralidhar et al. 2014), while excitatory neurons are almost
absent (Anderson et al. 1992). Layer I differs in other para-
meters such as the spatial distribution of synapses, since the
distance of synapses to their nearest neighbors tends to be
larger than in the other layers (Anton-Sanchez et al. 2014). In
addition, the proportion of perforated and horseshoe-shaped
synapses in layer I is larger than in any of the other layers
(Santuy et al. 2018a). Layer I also differs in terms of the volume
fraction of mitochondria (see below).

Volume Fraction of Mitochondria

Mitochondria constantly undergo fission and fusion and their
sizes are very variable (Shaw and Nunnari 2002; Brocard et al.
2003; Chen and Chan 2005; Dubinsky 2009). Therefore, for a
quantitative estimation of mitochondria, counting individual
mitochondrial profiles should be complemented with areal
measurements of these profiles, or with stereological methods
(Carroll and Wong-Riley 1984; Sumpter et al. 1986; Wong-Riley

Table 3. Volume fraction of mitochondria in the cortical neuropil. Volume fractions of mitochondria (leftmost column) are given in percent-
age + sem for the 6 cortical layers. The percentage of mitochondrial volume located in dendrites, axons, and nonsynaptic elements is also

given for the 6 layers

Layer Volume fraction of Percentage of mitochondrial volume located in different subcellular compartments (% + sem)

itochondria (9 . . . - .
mitochondria (% + sem) Dendrites Excitatory axons Inhibitory axons Myelinated axons Nonsynaptic elements

I 4.59 + 0.04 43.44 + 3.01 10.21+2.11 1.04 £ 0.57 0.00 + 0.00 4531 +5.42

I 522 +0.31 46.50 + 3.79 12.92 + 1.67 2.36 £0.72 0.00 + 0.00 38.22 +3.15

I 6.40 + 0.22 48.70 + 2.71 1435+ 1.13 3.89 +0.59 0.00 + 0.00 33.06 + 3.04

v 7.74 £ 0.39 43.92 + 2.56 13.53 £ 0.76 4.59 + 0.67 0.00 + 0.00 37.96 + 2.40

\Y% 5.75+0.49 42.67 + 3.20 10.04 + 2.76 543+171 0.81 +0.54 41.05 +5.40

VI 4.03 +£0.32 36.21 + 0.94 6.11 +0.94 3.16 £ 0.58 1.62 +0.19 5291+ 251

I-VI 562 +0.54 4357 +1.73 1119+ 1.25 3.41 +0.65 0.40 + 0.28 41.42 +2.82
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Figure 8. Volume fraction of mitochondria located in axons. (A) Volume fraction
of mitochondria located in excitatory (green), inhibitory (red), and myelinated
(yellow) axons in the 6 cortical layers. (B) Ratio between the volumes of mito-
chondria located in excitatory, inhibitory and myelinated axons in the neuropil
of the 6 cortical layers. See also Table 3.

1989). The use of serial sections further improves the quantifi-
cation of mitochondria, and their relationship with other sub-
cellular structures—particularly synapses—can be better
established (Roberts et al. 2008, 2015; Rodriguez-Moreno et al.
2017). In the present study, we have used 29 series of sections
(on average, 254.66 sections per stack, 20 nm thick) that repre-
sent 3D samples of neuropil from the 6 cortical layers. Taking
advantage of this, we have performed the stereological
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Figure 9. Ratios between the proportion of mitochondria located in different
subcellular compartments, and the proportions of these compartments in the
neuropil. Ratios have been calculated for the 6 cortical layers from data shown
in Tables 2 and 3. A value of 1.00 would indicate that the proportion of mito-
chondria located in this compartment corresponds to the proportion of this
compartment in the neuropil. Values over or under 1.00 indicate that mitochon-
dria are relatively more or less abundant in that compartment, respectively.

estimation of the volume fraction of mitochondria at several
locations within each stack, so sampling errors are minimized.
Since these stacks of images can be visualized and navigated in
3D, the cell processes containing mitochondria can be followed
and identified as dendrites, axons, or nonsynaptic elements,
based on the presence of synapses. In addition, since synapses
have also been identified and classified in these same stacks
(Santuy et al. 2018a, 2018b), the possible relationship between
mitochondria and synaptic density can also be established.

Mitochondria in Axons, Dendrites, and Nonsynaptic
Elements

Neurons consume most of the energy in the brain, and most of
that energy is related to synaptic transmission. Therefore, a
higher energetic supply to axon terminals and dendrites would
be expected (Overly et al. 1996; Attwell and Laughlin 2001;
Harris et al. 2012). Mitochondria are found closely associated
with synapses and it has been shown that they can be tethered
to vesicle release sites on the presynaptic site (Rowland et al.
2000), where they not only provide ATP but also act as calcium
buffers. Synaptic overactivity seems to recruit mitochondria to
synapses, whereas prolonged synaptic silence releases mito-
chondria from these sites. This recruitment occurs through var-
iations in the ADP/ATP ratio and alterations of the attachment
of mitochondria by changes in the concentration of Ca®" (Li
et al. 2004; Harris et al. 2012; Obashi and Okabe 2013).

The highest volume fraction of mitochondria was found in
layer IV, while the lowest volume fractions were found in layers
I and VI. This distribution resembles synapse density, for which
the highest density was found in layer IV and the lowest den-
sity in layer VI (Anton-Sanchez et al. 2014; Santuy et al. 2018b).
However, the distribution of mitochondria most probably
depends not only on the presence of synapses, but also on the
activity of these synapses. For example, layer IV of the somato-
sensory cortex receives thalamic afferences that relay informa-
tion in a very reliable manner, and these fibers have high firing
rates to ensure the efficacy of the transmission. To maintain
such activity, they require a high density of mitochondria,
which are associated with synaptic vesicle pools (Rodriguez-
Moreno et al. 2017).
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Figure 10. Correlation between the density of synapses and the volume fraction of mitochondria located in different subcellular compartments. Correlation between
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In the present study, the majority of the mitochondria were
found to be located in dendrites, in line with previous reports
(Wong-Riley and Carroll 1984; Wong-Riley 1989). In our sam-
ples, the ratio between the volumes of dendritic mitochondria
to axonic mitochondria is about 75:25, while the ratio between
the volume occupied by dendrites and axons is about 60:40.
Therefore, we can conclude that mitochondria are more abun-
dant in dendrites than in axons. We have also found that the
correlation between mitochondria and synaptic density is
stronger for dendritic than for axonic mitochondria. This may
be related to what has been described in previous studies
regarding energy consumption. Most energy is expended
pumping sodium ions out of cells (Attwell and Laughlin 2001);
since the postsynaptic side has higher signaling-related sodium
influx, the amount of energy required is larger than in the pre-
synaptic side (Attwell and Laughlin 2001; Howarth et al. 2012).
In inhibitory synapses, the energy consumption at the postsyn-
aptic side is thought to be lower than in excitatory synapses,
since the reversing potential of the chloride is closer to the rest-
ing potential (Attwell and Laughlin 2001; Howarth et al. 2010,
2012; Harris et al. 2012; Kann et al. 2014).

It is important to note that despite the fact that mitochon-
dria are abundant in dendrites, the presence of these organelles
inside dendritic spines is rather rare in the neocortex. Indeed,
in a previous 3D electron microscopy study, we found no mito-
chondria inside any of the more than 4500 dendritic spines
analyzed (Santuy et al. 2018b). The present study confirms that
result from a different perspective, since here we have specifi-
cally targeted the location of mitochondria in different subcel-
lular compartments and, again, we have never found
mitochondria inside dendritic spines. This is in line with what
has been reported in the somatosensory cortex of the young
mouse using 3D reconstructions (Kasthuri et al. 2015). In that
study, mitochondria were found inside spines in only 3 out of
1425 cases. Earlier studies have also reported the occasional
presence of mitochondria in spines of the visual cortex of the
squirrel monkey and macaque (Carroll and Wong-Riley 1984;

Wong-Riley et al. 1989), and in the somatosensory cortex of the
cat (Jones and Powell 1969), but we lack quantitative informa-
tion in these cases. The presence of mitochondria in dendritic
spines seems to be more common in the hippocampus than in
the neocortex. For example, in CAl the mean percentage of
spines containing mitochondria has been reported to be around
5% (Li et al. 2004). An even higher percentage has been reported
in branched dendritic spines of CA3, where 13% of the complete
spine heads examined through serial sections contained mito-
chondria (Chicurel and Harris 1992). This proportion is inverted
in granule cells of the olfactory bulb, where 87% of their spines
contain mitochondria (Cameron et al. 1991). Therefore, the
absence or scarcity of mitochondria within dendritic spines
seems to be a unique feature of the neocortex and suggests
that the relationship between mitochondria and synapses is
regulated by different mechanisms in different regions of the
brain. The reasons and implications of this heterogeneous dis-
tribution of mitochondria in spines remain unknown and need
further research.

In the presynaptic side, mitochondria provide energy to the
synaptic release machinery and to different kinds of transpor-
ters, and they also participate in the synthesis of neurotrans-
mitters and the buffering of Ca* (Brodin et al. 1999). We found
that mitochondria were more common in excitatory axons
than in inhibitory axons, with a ratio of about 80:20. In this
case, the ratio between the volume occupied by excitatory ver-
sus inhibitory axons is about 85:15, so inhibitory axons are
richer in mitochondria than excitatory axons. This may be
related to studies that point to a higher metabolic cost of inhib-
itory neurons versus excitatory neurons (Wong-Riley and
Carroll 1984; Wong-Riley 1989; McCasland and Hibbard 1997,
Howarth et al. 2012). Inhibitory neurons are also functionally
heterogeneous (Ascoli et al. 2008; Markram et al. 2015; Kubota
et al. 2016; Tremblay et al. 2016; Feldmeyer et al. 2018), so their
energy consumption would also depend on their electrical
activity (Kann et al. 2014). We also found that the proportion of
mitochondria located in inhibitory axons tends to increase
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towards infragranular layers, while the volume fraction of
inhibitory axons and the density of inhibitory synapses
decrease (Santuy et al. 2018b). This could be related to the mor-
phological and functional heterogeneity of inhibitory cells in
the cortex, as commented above. For example, basket cells,
which are fast spiking interneurons, are particularly abundant
in layer VI in the hindlimb representation of the somatosen-
sory cortex of P14 rat and other inhibitory cell types also show
a heterogeneous distribution across layers (Markram et al.
2015).

Myelinated axons were scarce in our samples, and they
were only present in layers IV-VI, probably because the animals
are not completely mature at this age (Jacobson 1963; Salami
et al. 2003). The volume fraction of mitochondria located in
myelinated axons was correspondingly low, and even unde-
tectable in layer IV. It is well established that the vast majority
of myelinated axons in the cerebral cortex—particularly in
layers IV-VI—originate from excitatory neurons (mostly pyra-
midal cells and thalamocortical neurons). However, some
GABAergic interneurons, especially basket cells (Somogyi et al.
1983; DeFelipe et al. 1986; Micheva et al. 2016) have a myelin-
ated axon. In the series of electron micrographs, we could not
establish whether these myelinated axons established AS or SS
and, therefore, we could not determine whether they were
excitatory or inhibitory axons.

Finally, about 41% of the total volume of mitochondria cor-
responds to nonsynaptic elements—a percentage that is similar
to the volume of the neuropil occupied by nonsynaptic ele-
ments (39%). We cannot rule out the possibility that some of
the cell processes that we have included in this category may
be axonic and dendritic segments that do not establish synap-
ses within the stacks analyzed. Therefore, the volume fraction
of nonsynaptic elements should be considered as an upper
limit, since some of these processes may in fact establish syn-
apses outside the tissue volume studied. Although this uncer-
tainty may affect the absolute values of axons, dendrites, and
nonsynaptic elements that we have estimated, it would mini-
mally affect the relative ratio between axons and dendrites,
and their corresponding mitochondria, that have been unam-
biguously identified.

Our present data show that the volume fraction of mito-
chondria in nonsynaptic elements is not correlated with synap-
tic density, unlike dendritic and axonic mitochondria. This
could be due to the fact that many nonsynaptic elements are
probably glial processes. If this were the case, then our results
would indicate that there is no correlation between the density
of synapses and the presence of mitochondria within glial pro-
cesses. However, astrocytes are indirectly related to synaptic
activity since they participate in the regulation of cerebral
blood flow in response to changes in neural activity, and may
also provide lactate for the use of neurons, among many other
functions (Jackson and Robinson 2017; Nortley and Attwell
2017). Indeed, other studies have reported that mitochondria
localize in astrocytic processes near synapses in response to
neural activity in cultured hippocampal slices (Jackson et al.
2014; Stephen et al. 2015). This apparent discrepancy can be
explained by differences in mitochondrial mobility between
astrocytes and neurons. In fact, the mobility of mitochondria in
astrocytic processes is less pronounced than in dendrites, it is
also lower in vivo than in vitro and varies between brain
regions (reviewed in Jackson and Robinson (2017)), so there
would be only a subtle accumulation of mitochondria in certain
astrocytic processes that would go unnoticed with our
methods.

Concluding Remarks

In this work, we have estimated the volume fraction of neuro-
pil, cell bodies, and blood vessels in the 6 layers of the somato-
sensory cortex of the young rat with the aim of providing
detailed microanatomical data which would lead to a better
understanding of neocortical structure in mammals. This set of
data will also be useful for the building and refining of realistic
models of the cortex that require quantitative information
about the relationship between the different tissue compo-
nents (Markram et al. 2015). We have estimated the percentage
of tissue occupied by mitochondria in the neuropil of different
cortical layers and within different tissue compartments such
as dendrites, axons, and nonsynaptic elements. The presence
of mitochondria provides an indirect indicator of energy con-
sumption at different locations. In this respect, we have found
a positive relationship between the volume fraction of mito-
chondria and the density of synapses. In addition, we have
found that there are more dendritic mitochondria than axonal
mitochondria, not only because the volume of dendrites is
larger than the volume of axons, but also because—compared
with axons—dendrites are proportionaly richer in mitochon-
dria. The mitochondrial content of excitatory axons is homoge-
neous across layers, while the mitochondrial content of
inhibitory axons increases from superficial to deep layers.
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