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Unraveling the fine structure of the brain is important to provide a better understanding of
its normal and abnormal functioning. Application of high-resolution electron microscopic
techniques gives us an unprecedented opportunity to discern details of the brain
parenchyma at nanoscale resolution, although identifying different cell types and
their unique features in two-dimensional, or three-dimensional images, remains a
challenge even to experts in the field. This article provides insights into how to
identify the different cell types in the central nervous system, based on nuclear
and cytoplasmic features, amongst other unique characteristics. From the basic
distinction between neurons and their supporting cells, the glia, to differences in their
subcellular compartments, organelles and their interactions, ultrastructural analyses can
provide unique insights into the changes in brain function during aging and disease
conditions, such as stroke, neurodegeneration, infection and trauma. Brain parenchyma
is composed of a dense mixture of neuronal and glial cell bodies, together with
their intertwined processes. Intracellular components that vary between cells, and can
become altered with aging or disease, relate to the cytoplasmic and nucleoplasmic
density, nuclear heterochromatin pattern, mitochondria, endoplasmic reticulum and
Golgi complex, lysosomes, neurosecretory vesicles, and cytoskeletal elements (actin,
intermediate filaments, and microtubules). Applying immunolabeling techniques to
visualize membrane-bound or intracellular proteins in neurons and glial cells gives an
even better appreciation of the subtle differences unique to these cells across contexts
of health and disease. Together, our observations reveal how simple ultrastructural
features can be used to identify specific changes in cell types, their health status, and
functional relationships in the brain.
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INTRODUCTION

The first electron microscope was invented in 1931 by Max Knoll and Ernst Ruska (Savage et al.,
2018). An electron microscope is a microscope that uses a beam of accelerated electrons as a source
of illumination (Egerton, 2016). Because the wavelength of an electron can be up to 100,000 times
shorter than visible light photons, electron microscopy (EM) has a higher resolving power than

Abbreviations: BBB, blood-brain barrier; CCD, charge-coupled device; EM, electron microscopy; GFAP, glial fibrillary acidic
protein; IBA1, ionized calcium binding adaptor molecule 1; PSD, post-synaptic density; SEM, scanning electron microscopy;
TEM, transmission electron microscopy; 2D, two-dimensional; 3D, three-dimensional.
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light microscopy, and can reveal the structure of much smaller
objects. The original form of an electron microscope, the
transmission electron microscope (TEM) uses an electron beam
to create an image. A heated filament is used as a source of
electrons. The beam is accelerated at high voltage, focused by
electrostatic and electromagnetic lenses, and transmitted through
an ultrathin (∼60–70 nm) specimen. As it goes through the
specimen the beam carries information about its structure. The
spatial variation in that information is afterward magnified by the
objective lens system of the microscope which is then projected
on a phosphor screen and captured by film or recorded with a
charge-coupled device (CCD) camera (Knott and Genoud, 2013;
Winey et al., 2014; Egerton, 2016).

To study the brain, for example in rodents, samples are
normally fixed by transcardial perfusion of the animals with
buffered aldehydes and then sliced to a 50–100 µm thickness
using a vibratome. The vibratome sections are post-fixed with
buffered osmium tetroxide (1–2%) which stabilizes membranes
and enhances their contrast under the electron microscope. The
sections are afterward embedded in a plastic resin, cut at 50–
70 nm thickness with a diamond knife on an ultramicrotome,
and collected onto grids, as required for imaging by TEM.
Immunostaining with peroxidase, which produces an electron
dense precipitate visible with EM, or with immunogold, can
also be performed prior to embedding (Dykstra and Reuss,
2003; Skepper and Powell, 2008; Ligorio et al., 2009; Burry,
2010; Tremblay et al., 2010b; Savage et al., 2018). These
steps need to be performed meticulously from brain sample
fixation until plastic resin embedding to prevent ultrastructural
degradation which would compromise the integrity of cellular
membranes, organelles, and other subcellular elements (Dykstra
and Reuss, 2003; Tremblay et al., 2010b; Bisht et al., 2016a;
St-Pierre et al., 2019).

Over the last 60 years, ultrastructural examinations have
provided important insights into the functional roles of neurons,
synapses and glial cells under various conditions (Theodosis
et al., 2008; Tremblay et al., 2010a; Paolicelli et al., 2011;
Bourne and Harris, 2012; Schafer et al., 2012; Kettenmann
et al., 2013; Knott and Genoud, 2013; Chung et al., 2015;
Savage et al., 2018; Verkhratsky and Nedergaard, 2018). The
neuronal, microglial, astrocytic as well as oligodendrocytic
compartments can be identified using EM based on their different
shape, size, nuclear heterochromatin pattern, organelles and
cytoskeletal elements, as well as relationships with each other
among the brain parenchyma. Plasma membranes, basement
membranes, clefts in gap junctions, actin filaments, intermediate
filaments, microtubules, ribosomes, extracellular spaces, glycogen
granules, synaptic vesicles, dense-core vesicles, nuclear pores, and
lysosomes, are only or best resolved with EM, at the highest
resolution (reaching 1 nm) for a biological technique (Tremblay
et al., 2010b; Savage et al., 2018; SynapseWeb, 2021). Although
super-resolution microscopy, and more recently, expansion
microscopy, were developed to resolve small structures, notably
in correlation with EM (Carrier et al., 2020; Hoffman et al., 2020;
Parra-Damas and Saura, 2020; Soria et al., 2020), the capacity
of EM to reveal the ultrastructure of cells and their constituents
without selective staining (although staining can be used to

provide better visualization of membranes, cytoskeletal elements,
and ribosomes, for instance; Dykstra and Reuss, 2003; Svitkina,
2009) confers an important advantage (Tremblay et al., 2010b;
Savage et al., 2018).

Considering that only EM provides the resolution needed
to reconstruct neuronal circuits completely with single-synapse
information, EM with three-dimensional (3D) reconstruction is
the main tool for the connectomics research, which aims to
map the brain-wide circuits underlying behavior (Ohno et al.,
2015; Swanson and Lichtman, 2016; Kubota et al., 2018). Several
tools were developed in recent years to facilitate the acquisition,
registration and segmentation which is the tracing of the elements
of interest in all the pictures to generate 3D reconstructions
(Knott and Genoud, 2013; Miranda et al., 2015; Savage et al.,
2018; Carrier et al., 2020), allowing to identify and quantify
organelles as well as cell types in the brain using deep machine
learning analysis (Perez et al., 2014; García-Cabezas et al.,
2016; Abdollahzadeh et al., 2019; Calì et al., 2019; Gómez-de-
Mariscal et al., 2019; Santuy et al., 2020). Recent technological
advances in scanning electron microscopy (SEM) have facilitated
the automated acquisition of large tissue volumes in 3D at
nanometer-resolution. Cutting-edge techniques, such as serial-
block face and focused-ion beam SEM imaging (Knott and
Genoud, 2013; Miranda et al., 2015; Savage et al., 2018, 2020;
Carrier et al., 2020), combined with x-ray based modalities which
allow to detect and correlate EM findings with disease hallmarks
or neuroanatomical features in 3D, based on their electron
density (Pacureanu et al., 2019; Töpperwien et al., 2020), will
revolutionize the understanding of brain development, function,
and plasticity across stages of the lifespan, regions, and contexts
of health and disease.

This review article will summarize the series of identification
criteria that we have developed in our EM studies to identify brain
cells and their constituents, mainly within the cerebral cortex and
the hippocampus of rodent models. Ultrastructural observations
can provide thorough insights into the cellular and subcellular
mechanisms underlying brain function and dysfunction in an
unbiased manner, by revealing all cell types and their constituents
simultaneously, without the restrictive use of markers that only
show the elements of interest. Our goal with this review is
to provide well-established and accessible resources that will
help neuroscientists to identify biomarkers of aging and disease,
including stroke, neurodegeneration, infection and trauma, as
well as the outcome of various treatment strategies, with the
use of EM. Our descriptions are based on the criteria defined
by Peters et al. (Peters et al., 1990) and others (Skoff and
Hamburger, 1974; Deitch and Banker, 1993; Fiala et al., 1998;
SynapseWeb, 2021) that were refined over the years with the
investigation of neuronal, microglial and astrocytic response to
stress, aging, neurodegenerative disease pathology, and stroke,
notably (Tremblay et al., 2010a, 2012; Nahirney et al., 2016;
Henry et al., 2018; El Hajj et al., 2019; Savage et al., 2020).
Our observations build on and complement the identification
criteria that were historically established based on correlative
light and EM (Luse, 1956; Herndon, 1964; Mori and Leblond,
1969; Griffin et al., 1972; Murabe and Sano, 1982; Shapiro et al.,
2009). Emerging techniques that prevent aldehyde-fixation based
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artifacts, notably the reduction in extracellular space volume
(Syková and Nicholson, 2008), such as cryo-EM, are beyond the
scope of this review and covered elsewhere (Korogod et al., 2015;
Subramaniam, 2019). Best practices in sample preparation to
avoid hypoxia-induced artifacts are also discussed at length in
excellent resources (Kuwajima et al., 2013).

AN OVERVIEW OF THE
ULTRASTRUCTURAL IDENTIFICATION
CRITERIA WE USE

In the brain parenchyma, neurons can be dispersed or
organized into layers depending on the brain region, while

glial cells are generally dispersed, occupying satellite positions
around neuronal cell bodies or interacting structurally with
one another (Peters et al., 1990). Direct contacts between
glial cell bodies, often taking place at the vasculature
(Bardehle et al., 2013), can also suggest recent division
events (Tremblay et al., 2012). While glial cells generally
occupy non-overlapping territories (Bushong et al., 2002; Sousa
et al., 2017), this organization can be lost upon neurological
pathology, for instance epilepsy (Oberheim et al., 2008),
and depends on visualization method (Stratoulias et al.,
2019). Except where noted differently, the identification
criteria summarized in this section are from Peters et al.
(1990), SynapseWeb, and Fine Structure of the Aging Brain |
Boston University.

FIGURE 1 | Light micrographs of a toluidine blue-stained plastic section from the adult mouse somatosensory brain region seen at low (A) and high (B)
magnification. The cortex is arranged into layers that contain different types of neurons, with the largest neurons (pyramidal) in layers 4–6 which contain large
euchromatic nuclei with nucleoli. Pyramidal neurons have prominent dendrites that project toward the outer cortex. At the surface of the cortex is a thin pia mater
layer with underlying blood vessels (BV) that are present throughout the cortex. Deep to the cortex are myelinated axons of the white matter (WM). (B) At high
magnification, capillaries (Caps) are evenly distributed in the brain parenchyma amongst the neurons, along with glial cells, which are less obvious, and contain
smaller nuclei. Dispersed myelinated axons stain deeper blue and appear as wormlike structures in the parenchyma.
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Cell Bodies
Neurons can be identified in microscopic sections by their pale
cytoplasm, a large and round euchromatic nucleus, as well as the
presence of one or more electron dense nucleoli (Figures 1–3).
Depending on the type of neuron, cell bodies can range
dramatically in size. Typical pyramidal neurons in the deeper
layers of the cortex range in size from ∼15 to 30 µm in diameter
in rodents, and contain multiple cell processes including several
dendrites traveling mostly toward the cortical surface and a single
axon projecting deep toward the white matter. Small patches of
heterochromatin are present in the nucleus, typically peripheral
in location under the nuclear envelope which contains abundant
nuclear pores (Figure 2B). Their surrounding cytoplasm, or
perikaryon, contains an abundance of organelles that vary in
shape and volume with the neuronal activity (Antón-Fernández
et al., 2015; Tao-Cheng, 2018). A prominent Golgi complex(es)
(Figure 2B) is/are present near the nucleus along with long
flattened cisternae of rough endoplasmic reticulum (RER)
studded with ribosomes (Peters et al., 1990). Free ribosomes,
or groups of ribosomes (polyribosomes), occupy the interstitial
spaces between organelles. Round to ovoid mitochondria are
dispersed throughout the cytoplasm and occasional lysosomes
filled with electron dense material (lipofuscin) are also present.
Neurons contain an extensive array of neurofilaments and
microtubules that extend into large dendrites emanating from
the cell body. Multivesicular bodies, filled with small 40–80 nm
sized vesicles, are also present near the Golgi complex, likely to
be transported into the axon where they become concentrated at
axon terminals (Peters et al., 1990).

Astrocytes, the largest and most populous of glial cells
in the brain, are classified as either fibrous or protoplasmic.
Elaborate and branched cell processes emanate from the stellate-
shaped cell bodies into the neuropil. Protoplasmic astrocytes
are recognized by their triangular shaped protuberances, pale
nuclei with a thin rim of heterochromatin and pale irregular
cytoplasm (Figure 4A and Supplementary Figure 1), often
containing intermediate filaments (glial fibrillary acidic protein,
GFAP) ranging in diameter from 8 to 12 nm (Figure 4B)
(Peters et al., 1990). Astrocytes are distinguished by the relative
sparseness of electron dense material in the cytoplasm. In
addition, in our preparations with reduced osmium postfixation,
we could identify astrocytic cell bodies and processes based on
the fact that their mitochondrial membranes were less electron
dense (lighter) than those found in neighboring neuronal and
glial compartments (e.g., in neurons, dendrites, microglia, and
oligodendrocytes) or in the endothelium and pericytes (Nahirney
et al., 2016) (see Figure 4A and Supplementary Figure 1). This
suggests that the membranes of astrocytic mitochondria contain a
less dense concentration of lipids and/or proteins, which does not
appear to be affected by the state of health or disease including
stroke pathology (Nahirney et al., 2016). At the level of small
blood vessels of the brain, astrocytes are an integral component
of the blood-brain barrier (BBB) (Figures 5, 6). Expansions
of astrocytic processes embrace capillaries and form so-called
astrocytic (perivascular) end-feet. The BBB functions to protect
neurons and glial cells in the CNS from drugs, toxins, as well
as pro-inflammatory mediators and peripheral immune cells

that would perturb the homeostasis, and includes in addition to
astrocytes the microglia, which contribute to the glia limitans
(Bisht et al., 2016c; Joost et al., 2019). Astrocytes, microglia, the
endothelium and pericytes form together the neurovascular unit
that regulates vascular remodeling and blood flow according to
the needs of the neurons and glial cells (Andreone et al., 2015;
Liu et al., 2020).

Compared with astrocytes, oligodendrocytes have a darker,
electron-dense cytoplasm (Figure 7). They are mainly
distinguished from neurons and other glial cells by their
heterogeneous nuclear chromatin pattern, as well as squarish or
rectangular-shape cytoplasm. Oligodendrocytes have short and
wide endoplasmic reticulum cisternae organized in the vicinity
of their nucleus, ribosomes, and wider space between nuclear
membranes compared with microglia (Peters et al., 1990).
The oligodendrocytic precursor cells look very different and
sometimes occupy positions beside neurons (Figure 3). In many
respects they resemble astrocytes. However, their nucleus is
more irregular in shape. Their cytoplasm is pale, electron-lucent
but they do not contain intermediate filaments nor extend
processes making acute angles in the neuropil. Their stretches
of endoplasmic reticulum are short, and their mitochondria
are smaller than those of astrocytes. In addition, they do not
accumulate lipidic inclusions during aging and in disease, even
in old monkeys (Peters and Folger Sethares, 2020), contrary to
neurons and other glial cells in the CNS (Tremblay et al., 2012).

Similar to oligodendrocytes, microglia have a dark, electron-
dense cytoplasm. Microglial cell bodies are recognized by their
small size, frequent triangle shape, and the cheetah-pattern
clumps of peripheral chromatin beneath their nuclear envelope
and throughout their nucleoplasm (Tremblay et al., 2012;
Savage et al., 2018). Examples of perivascular and perineuronal
microglial cells are seen in Figures 8 and 9. The microglial
cytoplasm often contains long stretches of endoplasmic reticulum
cisternae and lipidic inclusions (i.e., lipofuscin, lipid bodies
or droplets, and lysosomes; to be described in the Organelles
section below) (Savage et al., 2018), which accumulate with aging.
Microglia are frequently associated with pockets of extracellular
space, contrary to other cell types in the mature healthy brain,
and interact with both the vasculature and synapses (Tremblay
et al., 2010a, 2012; Bisht et al., 2016c), as well as myelinated axons
(Lampron et al., 2015; Bordeleau et al., 2020).

Neuropil Elements
In the neuropil, which occupies most of the brain parenchyma
outside of cell body layers and white matter, the intertwined
neuronal and glial profiles can be identified according to criteria
well defined previously (Skoff and Hamburger, 1974; Peters et al.,
1990; Deitch and Banker, 1993; Harris and Weinberg, 2012), as
summarized in Tremblay et al. (2007; 2009; 2010a; 2012).

Dendritic branches are distinguished from unmyelinated
axons by their more irregular contours, fewer microtubules,
frequent protuberances (spines, filopodia, and small branches),
and usual synaptic contacts with axon terminals (Tremblay
et al., 2009). Dendritic spines display a characteristic “fluffy”
or “cotton candy” type content due to their actin cytoskeleton
(Papa et al., 1995). Spines (e.g., mushroom spines) may contain
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FIGURE 2 | Low (A) and high (B) magnification EM images of a pyramidal neuron in layer 4/5 of the somatosensory cortex. The neuron contains a large euchromatic
nucleus with two nucleoli (*) and a large primary dendrite emanates from the cell body. Surrounding the neuronal cell body is the neuropil consisting of a mixture of
glial and neuronal processes, including synapses. The nuclear envelope contains numerous nuclear pores (NPs) and the perinuclear cytoplasm has a rich collection
of organelles including mitochondria (Mito), RER, and Golgi complexes (GC) cisternae, vesicles, multivesicular bodies (MVBs), and lysosomes (Ly). Free ribosomes
and neurofilaments (NFs) are dispersed in between the organelles.

a spine apparatus, and receive frequent synaptic contacts from
axon terminals (Figure 10). Their post-synaptic density, where
receptors for neurotransmitters are located, is electron dense and

visible without any immunostaining. Dendritic filopodia, which
are considered to be immature spines (Berry and Nedivi, 2017),
identified when seen protruding from dendritic branches, are
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FIGURE 3 | A pyramidal neuron in layer 5 with a satellite cell that displays ultrastructural features of an oligodendrocyte precursor cell closely abutting its cell body.
The pyramidal neuron contains a large euchromatic nucleus with a centrally located nucleolus (*). Nuclear envelope invaginations (arrow) are occasionally seen in
highly active neurons (Wittmann et al., 2009). Some neurons have intimately associated satellite cells (microglia and oligodendrocyte precursor cells) with a smaller
ovoid nucleus. The surrounding neuropil contains synapses, axons (A) and glial cell processes.

distinguished from spines by their absence of a post-synaptic
density, thinner neck, greater length, and pointed, rather than
bulbous, head (Fiala et al., 1998). Unmyelinated axons are
positively identified when they are found within fascicles or
bundles of similar profiles. Axons becoming myelinated are also
observed, either wrapped by oligodendrocytic processes with
moderately dark cytoplasm or ensheathed by just a few turns
of compact myelin and loose outer sheets (Tremblay et al.,
2009). Axonal varicosities (also named “boutons”) correspond
to enlarged portions of axons containing aggregated synaptic
vesicles with neurotransmitters and frequently show “en passant”
synaptic specializations, while axon terminals similarly display
aggregated synaptic vesicles and synaptic specializations, but
only at axonal extremities (Mechawar et al., 2000; Parent and
Descarries, 2008; Tremblay et al., 2009).

In certain areas of the brain, such as the substantia nigra
(Figure 10), up to three types of axon terminals can be identified
by their vesicle diameter and shape (cholinergic, glutamatergic,
and GABAergic) (Umbriaco et al., 1995; Mechawar et al., 2000;
Ligorio et al., 2009). Synapses are identified by their synaptic
cleft, i.e., direct apposition with less than 20 nm extracellular
space between pre-synaptic axon terminals and post-synaptic
dendritic spines or dendritic shafts, as revealed by tilt tomography
(Supplementary Video 1) and more recently by focused

ion-beam SEM in 3D (Savage et al., 2020). Only synaptic
profiles presenting an unequivocal post-synaptic density are
considered as asymmetric or excitatory in ultrathin section
(Tremblay et al., 2007). Axonal growth cones are identified
as considerable enlargements of axons, presenting a dark
cytoplasm filled with large amounts of smooth endoplasmic
reticulum and pleomorphic vesicles (Skoff and Hamburger,
1974; Peters et al., 1990; Deitch and Banker, 1993). They
are distinguished from dendritic growth cones by their
more frequent filopodial extensions, which often contact
dendritic branches instead of axon terminals. Occasionally,
these profiles are seen in direct continuity with axon terminals.
Axonal filopodia are identified when extending from axonal
growth cones. Nevertheless, distinction between axonal and
dendritic growth cones or filopodia is not always obvious
(Tremblay et al., 2009).

In health conditions, processes from protoplasmic astrocytes
are recognized by their irregular and angular shapes, making
acute angles as they go in-between the other elements of neuropil
(Figure 4 and Supplementary Figure 1). In samples devoid of
aldehyde-fixation artifacts (cryo-EM), astrocytic processes are
more voluminous and make less acute angles around the other
elements of neuropil, notably synapses (Korogod et al., 2015). By
contrast, profiles from neurons and other types of glial cells (i.e.,
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FIGURE 4 | Protoplasmic astrocyte in the mouse cerebral cortex (A) and high magnification view of a fibrous astrocyte in the CA1 region of a rat hippocampus (B).
(A) In the cortex, astrocytes are branched and contain a relatively clear cytoplasm with a variety of organelles including mitochondria, RER, lysosomes, perinuclear
Golgi complexes. In rodent astrocytes, mitochondria (Mi) stain relatively lighter after postfixation with reduced osmium. De, dendrite; Sp, dendritic spine; *,
presynaptic terminal.

microglia and oligodendrocytic lineage cells) have a characteristic
rounded shape. The processes from protoplasmic astrocytes
frequently ensheath and can also phagocytose synapses, both

pre-synaptic axon terminals and post-synaptic dendritic spines,
within cellular inclusions during normal physiological conditions
(Witcher et al., 2007; Theodosis et al., 2008; Chung et al.,
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FIGURE 5 | Components of the blood-brain barrier (BBB) and neurovascular unit. (A) Transverse section through a mouse cortical capillary showing the highly
attenuated endothelium with small branches of pericytes sitting on their abluminal surface. (B) The BBB consists of the capillary endothelium with their tight
junctions, underlying pericytes, both surrounded by a prominent amorphous basement membrane (BM) and astrocytic end-feet. End-feet connect with neighboring
end-feet of other astrocytes via gap junctions. Ast, astrocyte; De, dendrite.

2015; Verkhratsky and Nedergaard, 2018; Lee et al., 2020).
Astrocytic processes have a clear, electron lucent cytoplasm, while
oligodendrocytic and microglial processes have a moderately

dense cytoplasm, and neurons have a cytoplasm showing
intermediate gray levels between astrocytes and the other two
glial cells (Peters et al., 1990). Oligodendrocytic processes display
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FIGURE 6 | A fortuitous section of a mouse cortical capillary showing an endothelial cell and a pericyte at the level of their nuclei. Notice how the crescent-shaped
heterochromatic nuclei take on the shape of the capillary. Tight junctions (TJs) link neighboring endothelial cells. The pericyte embraces the endothelium and resides
within the same basement membrane. The position and branching nature of its processes are strategically situated to change the capillary lumen diameter. The
relatively clear astrocyte end-feet (Ast) occupy the surrounding region around the capillary in the lower part of the image. Some electron dense glycogen granules are
visible within the astrocyte.

obtuse angles among the neuropil, similar to microglial processes,
and are positively identified when their membrane is in direct
continuity with myelinating or myelinated axons (Tremblay et al.,
2009). However, it should be noted that microglial processes also
interact with myelinated axons (Bordeleau et al., 2020).

Microglial processes display irregular contours with
obtuse angles, a dense cytoplasm, numerous large vesicles,
frequent endosomes and cellular inclusions (e.g., large
lipidic vesicles, profiles of cellular membranes, and profiles
of other structural elements including dendritic spines
and axon terminals), as well as distinctive long stretches
of endoplasmic reticulum (Tremblay et al., 2010a; El Hajj
et al., 2019). They are typically surrounded by pockets
of extracellular space that can vary in volume by two
orders of magnitude (Tremblay et al., 2010a). These
morphological characteristics of microglia were defined using
immunocytochemical TEM against the marker ionized calcium
binding adaptor molecule 1 (IBA1; Tremblay et al., 2010a)
and allowed the identification of microglial processes in non-
immunostained brain tissue, as confirmed using serial-section
TEM (Tremblay et al., 2010a).

AN OVERVIEW OF THE
ULTRASTRUCTURAL CHANGES
OBSERVED WITH STRESS, STROKE,
AGING AND DISEASE

Changes to Cell Bodies
With stress, aging and disease, darker cells are frequently
observed within the brain parenchyma. The condensation
state of the cytoplasm and nucleoplasm is associated
with cellular shrinkage, considered a marker of cellular
stress, and could explain this increased electron density
(Bisht et al., 2016b).

Dark neurons display ultrastructural features of neurons,
in terms of size, shape and organelles, as well as synaptic
contacts (Peters and Folger Sethares, 2020). They are defined
by their electron-dense cytoplasm and nucleoplasm, giving them
a dark appearance under EM examination. They often display
an accumulation of mitochondria and nuclear indentations
(Tremblay et al., 2012) associated with structural remodeling and
plasticity (Versaevel et al., 2014) or cellular stress, and various
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FIGURE 7 | Low (A) and medium (B) magnification images of a typical oligodendrocyte (Oligo) sectioned at the level of its small heterochromatic nucleus in layer 5 of
the mouse cortex. Several neurons are seen in the surrounding region for comparison of nuclear size and chromatin density. A neighboring capillary (Cap) and
numerous dendrites (De) are seen in the surrounding neuropil. (B) A collection of myelinated axons (A) juxtapose and appear partially embedded within the relatively
electron-dense cytoplasm of the oligodendrocyte. The dense cytoplasm contains a prominent perinuclear Golgi complex (GC), scattered mitochondria and small
segments of rough endoplasmic reticulum. A spine head (*) synapses on a presynaptic terminal in the lower right of the image.
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FIGURE 8 | Low (A) and high (B) magnification views of a perivascular microglial cell in the cerebral cortex of an aged mouse (18 mo old). The nuclei of microglia are
small and pleomorphic, and contain relatively more heterochromatin than neurons. Large, tertiary lysosomes with undigestible debris occupy the cytoplasm. Long
stretches of rough endoplasmic reticulum (RER) characterize microglia that are active, in terms of producing inflammatory cytokines and other mediators. A dendritic
spine (Sp) forms a synapse with a presynaptic terminal near the microglial cell, and an astrocytic branch (Ast) is in close proximity. Microglia are strategically situated
between neurons and capillaries (Cap), and function as the resident immune cell and phagocyte required for maintaining brain health throughout life.
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FIGURE 9 | Low (A) and high (B) magnification views of a perineuronal microglial cell closely abutting a pyramidal neuron in the aged mouse cortex. Microglia are
now believed to play an integral part in maintaining the synapse (aka quadpartite synapse, encircled) which includes the presynaptic terminal (*), dendritic spine (Sp),
astrocyte process (Ast), and microglia. A, axon; De, dendrite; Ly, lysosome.
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FIGURE 10 | Examples of synapses in the mouse substantia nigra (A) and dentate gyrus (B). (A) Three types of presynaptic terminals are evident in the substantia
nigra: Cholinergic (Ach) with large (50–70 nm) vesicles, glutamatergic (Glut) with medium sized (35–50 nm) vesicles, and GABAergic (inhibitory) with small ovoid
(20–35 nm) vesicles. (B) High magnification view of dendritic spines (Sp) emanating from dendrites (De) and synapsing with glutamatergic pre-synaptic terminals
(Pre). post-synaptic densities (PSD) characterize glutamatergic synapses. Astrocytic processes (Ast) occupy the intervening spaces between these structures.
Microtubules (MT) are seen running along the length of the dendrite. A, axon.

other markers of cellular stress (e.g., dilation of the endoplasmic
reticulum and Golgi complex) (Henry et al., 2018). Dark cells
were identified as putative oligodendrocytes by Dr. Alan Peters,

based on their very close proximity to myelin sheaths. These
cells contained autophagic vacuoles and small spherical bodies
(Peters and Folger Sethares, 2020).
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FIGURE 11 | Dystrophic neurites closely surrounded by glial cells in the hippocampal CA1 region of a 20 mo old APP-PS1 mouse, a model of Alzheimer disease
pathology (A). Magnified regions are shown in panels (B) and (C). An abnormally large astrocyte (Ast) contains distinctive intermediate filaments, while a dark
microglia (DM) is recognized by the condensation state of its cytoplasm and nucleoplasm, in addition to its microglial features (e.g., long stretches of endoplasmic
reticulum). (C) The dark microglia contains lipidic inclusions and extends a process (arrowheads) that contacts a synapse and encircles a dystrophic neurite (*). Cap,
capillary.

Dark microglia display ultrastructural features of microglia,
in terms of size, shape and organelles (e.g., long stretches of
endoplasmic reticulum, associated pockets of extracellular
space). They are, however, strikingly different from typical
microglia due to their electron-dense cytoplasm and
nucleoplasm, giving them a dark appearance in EM and
their various markers of cellular stress (e.g., dilation of the
endoplasmic reticulum and Golgi complex, alteration to

mitochondrial ultrastructure, and loss of the microglial nuclear
heterochromatin patterning). These cells frequently associate
with the vasculature (see Supplementary Video 2), generally
ensheathing the basement membrane while contributing to
the glia limitans of capillaries (Bisht et al., 2016c). Another
difference between the dark and typical microglia pertains to
their synaptic interactions. Typical microglia rarely display
processes directly protruding from their cell body in ultrathin
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FIGURE 12 | Normal (A) and 3 day post-stroke capillaries (B) in the peri-infarct zone of the mouse cortex. Astrocytes (shaded red) are pseudocolored to illustrate
the drastic increase in volume after ischemia. The endothelium (E) and pericytes (P) are also enlarged after stroke. Note the accumulation of glycogen granules in the
perivascular end-feet of the astrocytes. De, dendrite; Micro, microglial cell.

section (Tremblay et al., 2010a), while dark microglia display
several hyper-ramified processes, wrapping around instead
of making focal contacts with synapses, and making acute
angles in the neuropil (Bisht et al., 2016c; Hui et al., 2018a;
St-Pierre et al., 2020). The contacted synapses include
dystrophic neurites that are defined by their accumulation
of autophagic vacuoles (Nixon, 2007) in Alzheimer disease
pathology (Figure 11) (Bisht et al., 2016c). Dark microglia
frequently contain endosomes with cellular elements such
as axon terminals and dendritic spines which indicates a
high phagocytic capacity and is suggestive of their specific
involvement with the pathological remodeling of neuronal
circuits (Bisht et al., 2016c).

Perivascular dark cells were also described recently, but it still
remains undetermined whether these cells are dark microglia
transiting from the parenchyma, or peripheral cells coming from
the periphery (Bordeleau et al., 2020). These cells were identified
by their markers of cellular stress, similar to dark microglia
(Bisht et al., 2016c).

In addition, apoptotic cells, whether they are neuronal
or glial, appear dark in EM (Bordeleau et al., 2020). They
are recognized by their pyknotic nucleus, fragmentation
and blebbing of the nuclear membrane, and accumulation
of autophagosomes (see Organelles section for description)
(Zhang et al., 1999).

Changes to Cell Processes
Stroke is one of the main pathological conditions associated
with apoptotic cell death to neurons, but it also involves
swelling of glial cell processes in the brain parenchyma.
Astrocytes in the peri-infarct zone respond to stroke by swelling

and accumulating glycogen granules in their perivascular
end-feet (Figures 12, 13). Together with the other cellular
elements of the neurovascular unit (i.e., endothelium and
pericytes), astrocytes become drastically enlarged after stroke
(Nahirney et al., 2016) and this change is thought to be
associated with their uptake of water, notably mediated via
astrocytic aquaporin 4 channels, which was shown to modulate
edema formation, as well as reflect a beneficial mechanism
operating to minimize brain damage upon ischemia (Steiner
et al., 2012; Stokum et al., 2015; Xiang et al., 2016).
In addition, it was proposed that the astrocytic swelling
during stroke may represent a beneficial response to BBB
dysfunction, contributing to limiting the egress of plasma
constituents and blood (hemorrhage) into the brain (Xiang
et al., 2016). Our ultrastructural findings further revealed that
the mechanisms causing BBB disruption upon stroke involve
endothelial transport mediated via caveolae or vacuoles, instead
of tight junction loss, and are associated with an increased
thickness of the basement membrane (Nahirney et al., 2016).
These effects of stroke on the BBB were diminished with
normal aging (Nahirney et al., 2016), suggesting a reduced
capacity of astrocytes and other cells of the neurovascular unit
to cope with homeostatic challenges during aging. Biological
aging is associated with reduced immunity and an increased risk
of developing various disease conditions including the highly
prevalent Alzheimer disease and stroke (Montecino-Rodriguez
et al., 2013; Tay et al., 2017b).

In deeper regions of the peri-infarct region of an ischemic
stroke (i.e., closer to the necrotic core), more drastic changes
can be seen in astrocytic and neuronal processes including
mitochondrial disruption and rupturing of membranes
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FIGURE 13 | Low (A) and high (B) magnification views of changes to neurons and dendritic branches following ischemic stroke (3 days post-stroke) deep in the
peri-infarct zone of the mouse cortex. A portion of a degenerating neuron (Degen neuron) is seen in the upper left and contains swollen mitochondria. Dendrites in
the peri-infart zone swell and appear to absorb the spinous processes with evidence of the synapses apparent at the edges of the dendrite; note the post-synaptic
densities (PSD) at the presynaptic terminal (Pre) contacts in (A). Mitochondria in the swollen dendrite undergo dysplastic changes and exhibit dilated, loosely
arranged cristae. Note the increase in size of the pericyte surrounding the capillary and the swollen astrocyte (Ast). Compare to a normal capillary in Figure 6.

(Figure 13A). Axons and dendrites, and especially dendrites,
show significant swelling in the peri-necrotic zone where they
appear to lose their spinous processes (they get absorbed into the

dendrite as it swells) as post-synaptic densities are commonly
observed inside dendrites in contact with glutamatergic axon
terminals (Figure 13B).
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Changes to Intracellular Elements
In neurons and glial cells, several markers of cellular stress or
aging, as well as dystrophy, degeneration, and disease, can be
identified ultrastructurally. The most frequently investigated ones
are described below.

The best characterized marker of cellular stress is dilation
of the endoplasmic reticulum and/or Golgi complex, which
is associated with an accumulation of dysfunctional proteins.
This feature is noted when the swelling between endoplasmic
reticulum and/or Golgi cisternal membranes extends beyond
50 nm (Welch and Suhan, 1985; Schönthal, 2012; El Hajj
et al., 2019). Autophagosomes are involved in autophagy – the
removal of dysfunctional cellular components, and accumulate
with cellular stress and aging (Leidal et al., 2018). They are
observed in neurons and glial cells, and are identified by the
presence of digested elements within endosomes enclosed by
a double membrane (size ranging from 325 nm to 1.2 µm)
(Hui et al., 2018a). Mitochondrial elongation, which is associated
with mitochondrial stress, is noted in neurons and glial cells
when their length exceeds 1 µm (Henry et al., 2018; Hui et al.,
2018b; St-Pierre et al., 2019; Bordeleau et al., 2020). Lipofuscin
granules, which are considered a hallmark of cellular aging, are
identified in neurons and glial cells (except oligodendrocytic
precursor cells; Tremblay et al., 2012) by their oval or round
structure and finely granular composition endowed with a
unique fingerprint-like pattern associated with their amorphous
materials (Sohal and Wolfe, 1986; Henry et al., 2018). Lipid
bodies, associated as well with cellular aging in glial cells, are
further identified by their circular shape and homogenous core
ranging from a size of 160 nm to 2.2 µm (Fujimoto et al., 2013;
El Hajj et al., 2019).

In microglia, lysosomes – the organelles which fuse with
endosomes to degrade cellular cargo during phagocytosis –
are identified by their dense heterogeneous contents within a
single membrane (De Duve, 1963; Holtzman et al., 1967; El
Hajj et al., 2019). Primary lysosomes possess a homogenous
granular content and their diameter ranges from 0.3 to
0.5 µm. Secondary lysosomes are 1 to 2 µm across, and
their content is heterogeneous showing fusion with vacuoles.
They are differentiated from primary lysosomes by their
contacts with fusion endosomes. Tertiary lysosomes range
in diameter between 1.5 and 2.5 µm, and they are usually
fused to one or two vacuoles associated with lipofuscin
granules, as well as lipidic inclusions showing signs of
degradation (Figures 8, 9). Lipidic inclusions are identified
as the clustering of round organelles with an electron dense,
either opaque or limpid, cytoplasm enclosed by a single
membrane (El Hajj et al., 2019; Bordeleau et al., 2020).
A phagocytic index can be compiled by summing up the
endosomes containing cellular materials such as membranes,
axon terminals with 40 nm synaptic vesicles and dendritic
spines with a postsynaptic density, on a microglial cell body
or process basis (Milior et al., 2016; Lecours et al., 2020).
The proportion of “gitter” cells, which are microglia filled
with lipid bodies and cellular debris, can be determined by
counting microglial cell bodies with more than four lipid
bodies and at least one lipofuscin granule, or cells with at

least one large lipid body and multiple lipofuscin granules
(Tremblay et al., 2012).

Changes to Extracellular Elements and
Intercellular Relationships
In the vicinity of microglial cell bodies and processes, degradation
activities (e.g., degenerating myelin and extracellular digestion)
were found to be exacerbated with aging and disease. In
particular, extracellular space pockets containing debris, which
could result from “exophagy” (the degradation of cellular
constituents by lysosomal enzymes released extracellularly),
exocytosis (the process of expelling the contents of a membrane-
bound vesicle into the extracellular space, often lysosomal
and in preparation for phagocytosis (Haka et al., 2016), or
pinocytosis (also named bulk-phase endocytosis, by which
immune cells can take up extracellular contents in a non-
phagocytic manner; Kruth, 2011) become more prevalent with
Alzheimer disease pathology. These space pockets containing
debris are defined by the appearance of degraded materials
(including cellular membranes and organelles) or debris in
the extracellular space nearby microglia (El Hajj et al.,
2019). In contrast, degenerating myelin is recognized by
ballooning, swelling or distancing of myelin sheaths (Peters
et al., 1990; Bordeleau et al., 2020) and is more often
observed in aging (Peters and Folger Sethares, 2020) and
demyelinating diseases such as multiple sclerosis pathology
(Lampron et al., 2015). In addition, the prevalence of microglial
contacts with synaptic clefts, termed synaptic contacts, which
has been shown to be altered in disease states, such as
Huntington disease pathology, can be determined by counting
direct appositions between microglial plasma membrane and
synapses between pre-synaptic axon terminals (identified by
their synaptic vesicles) and post-synaptic dendritic spines (post-
synaptic density) (Savage et al., 2020). Microglia perform various
types of functional interventions at synapses, including synaptic
stripping, which is the physical separation of pre- and post-
synaptic elements by their intervening processes (Trapp et al.,
2007). Microglial active contribution as the fourth element
of the quadpartite synapse (Figure 9) is associated with
important roles in synapse formation, maturation, structural,
and functional plasticity, as well as elimination throughout
life (Tay et al., 2017a,b). Considering the recent findings
on dark microglia, which make extensive interactions with
synapses, even more than the typical microglia, an updated
version including these cells as the fifth element of synapses is
also proposed here.

CONCLUSION AND PERSPECTIVE

Overall, this review provides a survey analysis of distinctive
ultrastructural features that can inform on the state of
health, stress, dystrophy or degeneration of the neurons
and different types of glial cells (astrocytes, oligodendrocytes,
and microglia) in the brain parenchyma (see Table 1 for
summary). Comparing nanoscale information about cell
bodies, processes, organelles and cytoskeletal elements, without
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TABLE 1 | Main ultrastructural identification criteria and pathological features of the parenchymal brain cells discussed in this review.

Type Electron density Structures and their features Alterations

Cell bodies Processes

Nucleus Perikaryon

Neurons Intermediate gray
levels between
astrocytes /
oligodendrocyte
precursors &
mature
oligodendrocytes /
microglia

– Large and round
euchromatic nucleus

– Small patches of
heterochromatin under
the nuclear envelope

– One or more electron
dense nucleoli

– Abundant nuclear pores

– Golgi complex(es)
– Long flattened cisternae of rough ER
– Free ribosomes and polyribosomes
– Round to ovoid mitochondria
– Occasional lysosomes with lipofuscin
– Neurofilaments and microtubules
– Multivesicular bodies

– Dendrites: irregular contours, few microtubules,
frequent protrusions (spines, filopodia, small
branches)

– Spines: Bulbous head, fluffy’ or ’cotton candy’
content, axonal input, spine apparatus (ER),
post-synaptic density

– Filopodia: Absence of post-synaptic density, thin
neck, long length, pointed head

– Unmyelinated axons: Found within fascicles or
bundles of similar profiles

– Myelinated axons: Ensheathed by compact myelin
– Axonal varicosities (or ‘boutons’): axonal

enlargements with aggregated synaptic vesicles &
‘en passant’ synaptic specializations

– Axon terminals: axonal extremities with aggregated
synaptic vesicles and synaptic specializations

– Synapses: direct apposition between pre-synaptic
axon terminals and post-synaptic dendritic spines
or shafts

– Dark neurons: electron-dense
cytoplasm and nucleoplasm,
accumulation of mitochondria, nuclear
indentations, and other markers of
cellular stress (e.g., ER and Golgi
dilation)
Apoptotic neurons: electron-dense,
pyknotic nucleus, fragmentation and
blebbing of nuclear membrane,
accumulation of autophagosomes
Swollen dendrites: loss of dendritic
spines
Swollen axons

Astrocytes Pale – Thin rim of
heterochromatin

– Stellate-shaped
– Irregular contours
– Frequent intermediate filaments
– Sparseness of electron dense material
– Mitochondria with lighter membranes

than other cell types

– Irregular and angular shapes contrary to other glial
processes (except dark microglia)

– Frequently ensheath synapses, making direct
contacts with pre-synaptic axon terminals, synaptic
clefts, and post-synaptic elements (spines,
dendrites), and neuronal cell bodies

– Can contain phagocytosed synapses (both
pre-synaptic axon terminals and post-synaptic
dendritic spines) within endosomes

– Reactive astrocytes: abundant
intermediate filaments, swelling and
accumulation of glycogen granules in
perivascular end-feet, mitochondrial
disruption

Mature
oligodendrocytes

Dark – Heterogeneous
heterochromatin pattern

– Squarish or rectangular-shaped
– Short and wide ER cisternae
– Ribosomes
– Wider space between nuclear

membranes than for microglia

– Obtuse angles in the neuropil
– Positively identified when their plasma membrane is

in direct continuity with myelinated axons

– Dark oligo-dendrocytes: cellular stress
markers (ER and Golgi dilation),
autophagosomes, elongated
mitochondria, lipofuscin and other
lipidic inclusions

Oligodendrocyte
precursors

Pale – Thin rim of
heterochromatin

– Pale cytoplasm
– Devoid of intermediate filaments
– Short ER
– Small mitochondria
– Satellite positions

– Obtuse angles in the neuropil – Do not accumulate lipidic inclusions
during aging and in disease, contrary to
other cell types

(Continued)
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selective staining to visualize the elements of interest, all
at once and with the very best spatial resolution afforded
by a biological technique (1 nm), reveals differences in
their cellular function and dysfunction. The ultrastructural
analysis becomes especially enlightening when comparing
brain regions, stages of life, and contexts of health or disease,
as well as sexes and species. The recent developments in
the field of imaging have allowed to significantly increase
the speed and automation of EM imaging acquisition,
registration and segmentation, for both two-dimensional
(2D) and 3D visualization (Miranda et al., 2015; Savage et al.,
2018; Carrier et al., 2020), as well as organelle and cell type
identification in the brain (Perez et al., 2014; García-Cabezas
et al., 2016; Abdollahzadeh et al., 2019; Calì et al., 2019;
Gómez-de-Mariscal et al., 2019; Santuy et al., 2020; among
others). Recent breakthroughs further allowed researchers
to image biological samples at a subatomic resolution and
without any aldehyde fixation artifacts (e.g., cryo-EM;
Subramaniam, 2019, named method of the year in 2016
by Nature Methods). In addition, various strategies were
proposed for the efficient correlation of light and EM data,
including with X-ray modalities (Begemann and Galic, 2016;
Pacureanu et al., 2019; Töpperwien et al., 2020). Together,
these advancements are expected to tremendously enhance the
possibilities of identifying biomarkers and validating treatment
strategies with EM.
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