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Electron microscopy (EM)-based synaptology is a fundamental discipline for achieving
a complex wiring diagram of the brain. A quantitative understanding of synaptic
ultrastructure also serves as a basis to estimate the relative magnitude of
synaptic transmission across individual circuits in the brain. Although conventional
light microscopic techniques have substantially contributed to our ever-increasing
understanding of the morphological characteristics of the putative synaptic junctions, EM
is the gold standard for systematic visualization of the synaptic morphology. Furthermore,
a complete three-dimensional reconstruction of an individual synaptic profile is required
for the precise quantitation of different parameters that shape synaptic transmission.
While volumetric imaging of synapses can be routinely obtained from the transmission
EM (TEM) imaging of ultrathin sections, it requires an unimaginable amount of effort
and time to reconstruct very long segments of dendrites and their spines from the
serial section TEM images. The challenges of low throughput EM imaging have been
addressed to an appreciable degree by the development of automated EM imaging
tools that allow imaging and reconstruction of dendritic segments in a realistic time
frame. Here, we review studies that have been instrumental in determining the three-
dimensional ultrastructure of synapses. With a particular focus on dendritic spine
synapses in the rodent brain, we discuss various key studies that have highlighted the
structural diversity of spines, the principles of their organization in the dendrites, their
presynaptic wiring patterns, and their activity-dependent structural remodeling.
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INTRODUCTION

Understanding the precise ultrastructure of synapses is essential to unravel the intricate neuronal
circuitry and physiological functions of the brain. In many regions of the brain, excitatory synaptic
contacts are formed on tiny dendritic protrusions known as dendritic spines (Harris andWeinberg,
2012; Frotscher et al., 2014; Parajuli et al., 2017; Parajuli, 2018). Owing to their role in mediating
neuronal excitability and biochemical signaling, dendritic spines have been intensely studied
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using multiple experimental approaches, including biochemical,
electrophysiological, molecular biological, and imaging
techniques. The peculiar bulbous morphology of individual
dendritic spines can be readily identified in light microscopy
(LM) preparations (Okabe, 2020). In recent years, super-
resolution microscopes that break the diffraction barrier of
conventional LM techniques are becoming increasingly popular
and powerful tools to image the surface geometry of dendritic
spines in live preparation (Chereau et al., 2015; Kashiwagi et al.,
2019). However, despite the technical developments in LM
imaging tools; volume electron microscopy (EM) techniques
are indispensable for the visualization of high-resolution three-
dimensional structures and the precise quantification of various
morphological parameters that govern synaptic transmission.
Here, we review the subcellular structure of excitatory synapses,
with a particular focus on dendritic spine structure obtained
from volume EM studies.

Much of our knowledge of the three-dimensional structure
of dendritic spines has been obtained from serial-section
transmission EM (TEM) studies, in which resin-embedded brain
sections are sliced into ribbons of serial ultrathin sections,
typically 40–80 nm thick (Wilson et al., 1983; Harris and Stevens,
1988, 1989; Harris et al., 1992; Ichikawa et al., 2002, 2016; Stewart
et al., 2005, 2010; Medvedev et al., 2010, 2014; Mishchenko et al.,
2010). Once serial images are acquired, they are aligned, and
the same neuronal profile is traced in each section to render
a three-dimensional shape. Serial section TEM studies can be
performed in any basic EM facility that is equipped with a regular
conventional TEM. Specialized, advanced equipment is not
necessary for three-dimensional studies using serial section TEM.

A principal advantage of serial ultrathin sections is that
once the sections are obtained, they can be safely stored in
a grid case for several years for later use and the same grid
(or even the same neuronal profile) can be reimaged multiple
times. In spite of this, the biggest bottleneck in the use of
serial section TEM is that a great deal of skilled labor is
required to cut ribbons of serial sections that can break, be
missed, or distorted during sectioning and sample collection
on the metal grids. Typically, reconstructions are performed
using 20–30 serial sections collected on a single grid (Nicholson
et al., 2006; Parajuli et al., 2010; Aziz et al., 2014). As a
result, the limited neuropil volume permits full reconstruction
of dendritic spines, but the imaged volume is not large enough
to reconstruct an appreciable length of a dendritic shaft. The
length of the reconstructed dendrites can be increased by
collecting 100–200 serial sections in multiple grids (Ostroff et al.,
2002; Harris et al., 2006; Kulik et al., 2019). However, this
is technically highly demanding and only a few laboratories
have this capacity on a routine basis. Heroic studies, such as
the complete reconstruction of 302 neurons in Caenorhabditis
elegans (White et al., 1986), reconstruction of a considerable
length of a dendritic segment in the thalamus (Hamos et al.,
1987) have been performed by extensive imaging of more
than a thousand serial sections. Unarguably, these studies are
tremendously labor-intensive, requiring several years of work.
The recent development of custom-built TEM camera array
(TEMCA) has greatly enhanced the image acquisition speed and

the large area can be imaged by this method. In combination
with in vivo physiology, TEMCA has been used to study the
anatomical features in neurons that share similar functional
attributes (Bock et al., 2011; Briggman et al., 2011; Lee et al.,
2016). Despite the significant development, TEM-based volume
imaging approaches are generally of limited use because of
the significant amount of human labor needed for sample
preparation, ultrathin sectioning, and image alignment after
image acquisition. Thus, in the last couple of decades, there has
been a pressing need for the development of EM technologies
that can acquire unprecedented neuronal volumes with minimal
human intervention. The addition of cutting-edge techniques,
such as focused ion beam scanning electron microscopy (FIB-
SEM; Knott et al., 2008), serial block-face scanning electron
microscopy (SBF-SEM; Denk and Horstmann, 2004) to the
EM toolkit highlights some of the recent advances in three-
dimensional ultrastructural studies (Figure 1). These technical
developments have greatly expanded our capacity to reconstruct
several dozen micrometers of a dendrite with an effort that is
simply incomparable to that needed for the manual sectioning
and imaging of serial sections using conventional TEMmethods.

Although each imaging tool has its own merits and
limitations, the primary difference between the TEM and
SEM methods is that the transmitted electrons are used for
image formation in the TEM method, and secondary and/or
backscattered electrons are used in the case of SEM. Thus, TEM
methods are only capable of imaging thin sections. However,
SEM can be applied both for thin sections and blocks. TEM
images have a higher spatial resolution in the x and y axes
compared with SEM methods. In contrast, a FIB-SEM has
higher resolution in the z-axis compared with other three-
dimensional EM techniques. Slices as thin as 7–10 nm can
be sequentially milled from a specimen block face using the
gallium ion beams in the FIB-SEM imaging method (Figure 2).
As such, FIB-SEM has the advantage over other techniques
to visualize fine subcellular structures, such as postsynaptic
density (PSD), synaptic vesicles, and intracellular organelles,
such as endoplasmic reticulum and mitochondria (Parajuli
et al., 2020a). However, array tomography and SBF-SEM
have a wider field of view and are more appropriate for
studying synaptic connectivity in local neuronal networks.
Thus, the choice of imaging method should be decided
based on the technical requirement of the research question
being asked.

THREE-DIMENSIONAL MORPHOLOGY
AND THE PRESYNAPTIC CONTACTS OF
DENDRITIC SPINES

A dendritic spine typically possesses a spherical head that
connects to the dendritic shaft via a narrow spine neck (Figure 3).
Although the gross anatomical features of spines in different
brain regions may appear generally similar, considerable
differences can be noticed among them when they are analyzed
at the ultrastructural level. We recently performed a quantitative
comparison of dendritic spines from the hippocampal CA1,
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FIGURE 1 | Basic workflow of three different SEM-based volume imaging methods. ATUM-SEM, automated tape collecting ultramicrotome scanning electron
microscopy; BFI, block-face imaging; FIB-SEM, focused ion beam scanning electron microscopy; SBF-SEM, serial block-face scanning electron microscopy.
Modified from Koike (2018) with permission. In our lab, we use FIB-SEM to typically image a cube of 10 µm × 10 µm × 10 µm for three-dimensional reconstruction
of dendritic shafts and spines.

the somatosensory cortex, striatum, and cerebellum. We found
significant differences in the dimensions of the spine head
and spine neck, and in the density of spines on dendrites
among the brain regions (Parajuli et al., 2020a; Figure 3).
Despite large differences in spine dimensions, the ratio of
the PSD area to neck length was not significantly different
between spines in the CA1 and cerebellum. In layered cortical
regions (i.e., in the hippocampus, cortex, and cerebellum),
dendritic spines were organized in a structured pattern along
the dendrite such that the PSD area density (expressed as
the PSD area per unit length of the dendrite) positively
scaled with dendrite diameter, suggesting that there may be a
common principle of spine placement along the dendrite in
different neurons.

Based on the relative dimensions of the spine head and spine
neck, dendritic spines are generally classified into thin, stubby,
and mushroom types (Bourne and Harris, 2008). However,
this classification is not exhaustive because there is no clear
demarcation in the structural features of spines between these
three categories (Kashiwagi et al., 2019). Moreover, there are
no well-accepted criteria or molecular markers that differentiate
spine head and spine neck. This type of spine classification
can also not be applied to brain regions where atypical spine
morphology exists. For example, thorny excrescence spines
in the CA3 region of the hippocampus are extremely large

(Wilke et al., 2013) with profuse branching of the spine heads.
The cytosol of these spines contains numerous mitochondria,
which is generally excluded from typical dendritic spines in
the brain (Parajuli et al., 2020a). Similarly, a recent volume
EM study in the inferior colliculus of the barn owl reported
doughnut-shaped spines with a hole in the center, without
any obvious head and neck like features (Sanculi et al., 2020).
Recently, by three-dimensional reconstruction of FIB-SEM
images, we revealed atypical U-shaped dendritic protrusions
from dendrites of neurons in the interpeduncular nucleus
(Parajuli et al., 2020b). Although in single section EM images,
some of these protrusions appear to have oval head-like
structures that bulge out from the narrow, constricted neck-like
structure (Lenn, 1976), clear head and neck like structures are
not apparent in the three-dimensional reconstructions. These
attributes of dendritic spines highlight a huge diversity in their
morphological architecture, which is perhaps necessitated by
their functional requirement to perform a vast repertoire of
neuronal computations.

Volume EM studies have also markedly enhanced our
understanding of the presynaptic connectivity pattern of spines.
Three-dimensional reconstruction of neuropil in the cerebellum,
cortex, CA1 proximal stratum radiatum, and CA1 stratum
laconosum moleculare of the hippocampus have shown that an
axon can make synaptic contacts with more than one spine

Frontiers in Neuroanatomy | www.frontiersin.org 3 May 2021 | Volume 15 | Article 627368

https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroanatomy#articles


Parajuli and Koike 3D Ultrastructure of Dendritic Spines

FIGURE 2 | Basic workflow of FIB-SEM. Modified from Koike (2018) with permission. A spine (s) can be clearly visualized with its postsynaptic density (PSD;
indicated by black arrow).

of the same neuron (Harris and Stevens, 1988; Bartol et al.,
2015; Kasthuri et al., 2015; Bloss et al., 2018; Parajuli et al.,
2020a). The findings in the cerebellum are particularly worth
highlighting because it challenges the conventional view that
a given parallel fiber forms one synaptic contact with a given
Purkinje cell. Serial section EM studies revealed that about
20–25% of the spines had a presynaptic partner that made
more than one synaptic contact with the given Purkinje cell
neuron (Harris and Stevens, 1988; Parajuli et al., 2020a). A
parallel fiber was seen to contact as many as four different
spines on a dendrite of a Purkinje cell (Parajuli et al., 2020a).
Since the reconstruction volume was limited in these studies, the
proportion of spines that share presynaptic axonal varicosities
is likely to be considerably higher than what was thought
previously. As both climbing fibers and parallel fibers contact
spines at multiple locations on the same dendrite, presynaptic
action potential invasion can yield robust excitation in Purkinje
cell neurons.

A spine generally receives a synaptic input from a single
presynaptic varicosity. However, in some brain regions, large
spines can receive more than one synaptic input. Approximately
10% of vesicular glutamate transporter 2-positive terminals in
the cortex receive an additional synaptic input from GABAergic
neurons (Kubota et al., 2007). Although the frequency of
GABAergic synaptic contacts varies depending on the cortical
layers, double innervated spines were observed in all the layers of
the cortex. Perhaps the recently described toric spine represents

a prominent example of multiple synaptic inputs that converge
onto a single spine. A single toric spine receives synaptic inputs
from as many as 11 different axons (Sanculi et al., 2020). This
connectivity design is different from that of mossy fiber inputs
onto CA3 thorny excrescence spines, where multiple synaptic
inputs (as many as 37 synaptic contacts) are made onto one
spine by a single presynaptic bouton (Chicurel and Harris,
1992). Thus, the connectivity design can vary depending on the
brain region.

DENDRITIC SPINE MORPHOLOGY UNDER
PATHOLOGICAL CONDITIONS AND AGING

Alteration of dendritic spine density in various neurological
conditions was realized quite early on from the panoply of LM
studies of Golgi-stained sections (Penzes et al., 2011). Although
spine protrusions can be realized fairly accurately in LM
preparations (Okabe, 2020), quantification of spine dimensions
is not reliable by LM because the head width and neck diameter
of small spines are often below the resolution threshold of
conventional LM techniques. Thus, fine-scale volume EM studies
have been undertaken to quantitatively explore morphological
changes in different neurological conditions. Three-dimensional
EM studies indicate that the development and maturity
of dendritic spines are compromised in disease conditions.
FIB-SEM studies show higher spine density and a higher
frequency of immature spines in autism spectrum disorder
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FIGURE 3 | Morphological diversity of dendritic spines in the brain (adapted
from Parajuli et al., 2020a). Presynaptic boutons (b), dendrites (d), and spines
(s) can be identified in FIB-SEM images from the cerebral cortex (A) and
cerebellum (B). PSDs (bordered by red vertical bars) are indicated by black
arrows and ER are indicated by blue arrowheads. Three-dimensional
reconstructions of dendrite (orange), spines (violet), and PSDs (red) from the
CA1 proximal stratum radiatum (oblique dendrite, C), CA1 proximal stratum
radiatum (large-caliber dendrite, D), CA1 stratum lacunosum moleculare (E),
cortex (F), striatum (G), and cerebellum (H). Scale bars: 500 nm (A,B). Scale
cubes: 0.5 µm on each side (C–H).

(Sato and Okabe, 2019), and in Parkinson’s disease (Parajuli
et al., 2020c). A similar observation was also made using
SBF-SEM in fragile X syndrome (Jawaid et al., 2018), and
in schizophrenia (Nakao et al., 2017). Together, these studies
indicate that in pathological conditions, an increase in the total
excitatory drive in the dendrites resulting from an increase
in the number of spines is compensated for by a decrease
in spine head volume. As a corollary to this, a TEM study
showed that homeostatic scaling may also be achieved by an
increase in the number of synaptic contact sites in response
to the decrease in spine density, as seen in mesial temporal
lobe epilepsy (Witcher et al., 2010). However, the homeostatic
scaling of synaptic strength that occurs to restore neuronal

excitation may not be a general feature for all neurological
diseases because either no change in spine density or size
(Dominguez-Alvaro et al., 2018), or only a slight decrease
in the frequency of spine synapses was revealed in FIB-SEM
studies performed in brain samples obtained from Alzheimer’s
disease patients (Dominguez-Alvaro et al., 2019). Similarly, a
TEM study showed that compared with controls, a decrease
in the number and volume of thorns was observed in thorny-
excrescence synapses in the Ts65Dn mouse model of Down’s
syndrome (Popov et al., 2011).

Homeostatic scaling of synaptic strength also occurs with
aging. Dense volume reconstruction of serial section FIB-SEM
images in layer 1 of the somatosensory cortex shows lower
spine density and higher synapse size in 24-month-old mice
compared to that in the 4-month-old mice (Cali et al., 2018).
Similarly, we recently used FIB-SEM to compare the spine
morphology of striatal neurons in control and A53T bacterial
artificial chromosome (BAC) human α-synuclein (A53T-BAC-
SNCA) transgenic Parkinson’s mice at 1, 3, 6, and 22 months of
age. We revealed that the average spine head volume increases
but the spine density gradually decreases with age in wild-type
mice (Parajuli et al., 2020c). However, this form of a negative
relationship between spine density and head volume was not seen
in the mutant mice, indicating altered synaptic homeostasis in
neurological conditions.

THREE-DIMENSIONAL DISTRIBUTION OF
MOLECULES IN DENDRITIC SPINES

Automated volume EM is a powerful technique that
simultaneously generates structural and molecular information.
The distribution pattern and the number and density of
molecules localized at synapses have a profound impact on
neuronal excitation and downstream signaling. Most volume
imaging studies of molecular localization in dendritic spines
have been limited to using ultrathin sections prepared by the
pre-embedding immunogold labeling method. The principal
advantage of this technique is that it is fairly sensitive for the
detection of molecules localized at non-synaptic sites (Parajuli
et al., 2010, 2012). However, pre-embedding EM is of limited
use in detecting molecules localized in the PSD because of poor
antibody penetration into the dense protein scaffolds in the
PSD (Masugi-Tokita and Shigemoto, 2007). This problem can
be circumvented with a post-embedding immunogold labeling
method where immunolabeling is performed on ultrathin
sections embedded in hydrophilic resins, such as LR white
and Lowicryl.

Volume EM techniques, such as FIB-SEM, have been
successfully used to reconstruct neuronal profiles that are labeled
by immunoperoxidase staining method (Bosch et al., 2015).
However, the diffusible nature of peroxidase does not allow the
quantitative analysis of the number and density of molecules in
different neuronal compartments. FIB-SEM still has a limited
use for the three-dimensional reconstruction of pre-embedding
immunogold-labeled specimens. This is mainly because it is
difficult to achieve deep antibody penetration into the tissue
while maintaining structural integrity. In the future, the use of
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ultrasmall gold particles (0.8 nm, Aurion) and nanobodies may
be useful to increase the labeling efficiency (Van de Plas and
Leunissen, 1993; Fang et al., 2018).

The reliability of molecular distribution data relies entirely
on the specificity of the antibody used for immunolabeling.
Thus, first and foremost, the specificity of the antibody should
be assessed using appropriate controls. A single protein band
on a Western blot and the absence of staining in sections
by the omission of the primary antibody are widely used to
document the specificity of an antibody. Ideally, no staining
in tissue sections prepared from a knock-out mouse of the
molecule under investigation should be confirmed. Moreover, in
the situation where a specific antibody against the endogenous
protein is not available, genetic engineering tools could be
used to insert molecular tags that can serve as epitopes for
antibody binding (Mikuni et al., 2016). Genetically encoded
EM probes, such as APEX2 (Ascorbate Peroxidase 2) and
miniSOG (mini Singlet Oxygen Generator) can also serve as
alternative tools to study subcellular localization (Shu et al.,
2011; Lam et al., 2015). However, compared with antibody-
based immunolabeling methods, where the particulate nature
of immunogold permits the quantification of the number and
density of molecules, a particular limitation of genetically
encoded EM probes is that the diffusible reaction product
that is generated to visualize the localization site of the
molecule precludes quantitative localization. Although, a gold
nanoparticle-based genetically-encoded tag has been recently
reported to determine the precise localization of molecules in the
mammalian cell lines (Jiang et al., 2020), further methodological
refinements may be necessary before it can be used in brain slices.

RETROSPECTIVE EM STUDIES
OF DENDRITIC SPINES

Retrospective EM is the gold standard method to examine
structural changes that accompany various physiological
processes in vivo. Pioneering studies from Svoboda lab have
elegantly combined two-photon in vivo imaging with the
serial section EM to answer fundamental questions about
synapse formation and elimination. In vivo imaging of mice
that express fluorescent proteins in a subset of neurons have
revealed that dendritic shafts are highly stable structures, but
the axonal boutons and dendritic spines are highly motile
and that a significant fraction has a lifetime of less than a
month (Trachtenberg et al., 2002; De Paola et al., 2006). Spine
morphology appears to be a reliable predictor of the spine
lifetime because transient spines have a smaller spine volume
than persistent spines (Holtmaat et al., 2005). Furthermore,
while the length of persistent spines remains relatively constant
throughout their existence, a high degree of fluctuation could
be observed in the length of transient spines. The newly formed
spines can rapidly integrate into functional circuits because
glutamate receptor currents can be detected in nascent spines
that grow either de novo in response to glutamate uncaging
stimulation or spontaneously in organotypic hippocampal
slice cultures (Zito et al., 2009; Kwon and Sabatini, 2011).
Post-hoc EM reconstruction of spines approximately 1.5 h

after their formation shows typical PSD hallmarks, indicating
that spontaneously grown spines can acquire both anatomical
and functional maturity within an hour or two after their
formation (Zito et al., 2009). In contrast to the spines that
grow spontaneously, nascent spines that form as a result of
high-frequency theta-burst stimulation in hippocampal slices
seem to acquire a PSD a day after their formation (Nagerl
et al., 2007). A retrospective EM study performed in spines
whose age was determined by in vivo two-photon imaging also
indicates that synapse formation is a protracted process and
that dendritic spines acquire synaptic contacts only several
days after their formation (Knott et al., 2006). Presumably, the
extent of delay between spinogenesis and the synaptogenesis
depends on the sample preparation and the stimulation protocol
used to generate new spines. It will be interesting to examine
if de novo spines formed by glutamate uncaging harbor a
PSD soon after spinogenesis. Although de novo spine growth
can be reliably induced in different preparations in response
to glutamate uncaging stimulus (Kwon and Sabatini, 2011;
Hamilton et al., 2012, 2017; Kozorovitskiy et al., 2012; Hill
and Zito, 2013), the ultrastructural features of these spines
remain unknown as no post hoc EM reconstructions have yet
been performed.

Retrospective EM has also opened a door for the examination
of the structure function relationship in a synapse, as
exemplified by correlated changes in the synaptic ultrastructure
in response to neuronal activity. Two-photon glutamate
uncaging stimulation, which mimics the spatio-temporal pattern
of neuronal activity in vivo, has shown that dendritic spines
increase their volume instantaneously upon receiving the
glutamate stimulus and that this structural change is long–lasting
and persistent (Matsuzaki et al., 2004; Oh et al., 2015). Excitatory
synaptic strength is proportional to the spine head volume;
therefore, the increase in head volume may be necessary to
support the enduring enhancement of synaptic transmission
during long–term potentiation (LTP). Concomitant with the
spine head remodeling, the PSD also changed its shape from
the macular type to the perforated and segmented types (Sun
et al., 2019). Furthermore, the PSD area also increased in
response to LTP stimulation (Sun et al., 2019) and this may
be necessary to recruit more AMPA-type receptors to the
synapses. However, for at least 30 min after LTP stimulation,
PSD size did not seem to increase proportionally with head
volume (Bosch et al., 2014; Sun et al., 2019). The increase in
PSD area was in fact less than expected based on the increase
in the head volume. The slower rate of PSD area increase
probably indicates that recruitment of the protein scaffolds in
the PSD is slower than the plasma membrane recruitment on the
spine surface.

Correlative light EM (CLEM) studies have been used to
study how synaptic weights vary along the dendritic arbor of a
neuron. The electrical properties of dendrites vary as a function
of the distance from the soma; therefore, obtaining a precise
morphological description of dendritic spines in reference to
their position in the dendritic tree is of particular importance.
Ideally, one would need to perform a complete reconstruction
of several neurons to reveal both the intra and inter-neuronal
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variability of spine morphology along the dendritic arbors.
However, because of limited imaging volume in the lateral plane,
it is only possible to perform a partial reconstruction of dendrites
with the SBF-SEM and FIB-SEM methods. Even when whole
neuron reconstruction is performed by expending several years
of work using ATUM-SEM (Kasthuri et al., 2015), the manual
segmentation and quantitative analysis of spine morphology
of thousands of spines from each neuron is not yet realistic.
Our current insight on the distribution of synaptic strength
along a dendrite is derived from the complete reconstruction
of a limited number of dendritic branches using serial section
TEM. By complete reconstruction of three different dendritic
branch segments of CA1 apical oblique dendrites (Katz et al.,
2009), it was shown that spine density decreases as one moves
from the branch origin to the branch ends. Our recent study
(Parajuli et al., 2020a), in which we used dendritic diameter as
a rough readout of the distance of a dendritic segment from its
branch point, also confirmed and extended the initial finding
by Katz and colleagues to the cortex and cerebellum. This type
of organized structural placement of dendritic spines may be
functionally relevant because a high number of synaptic inputs
are necessary to cause a significant depolarization in the large-
diameter dendrites near branch points.

To examine how the morphological properties of dendritic
spines vary with the distance from the soma in hippocampal
or cortical neurons, it is customary to image neuropil volume
at a couple of different distances from the pyramidal cell
layer. However, a given sampled neuropil volume contains
spines from the heterogeneous population of cells that can
differ in terms of physiological and morphological properties.
Although this problem can be largely overcome by retrospective
EM reconstruction of Golgi-impregnated gold-toned neurons
(Arellano et al., 2007), a study of this nature is limited in
the number of neurons that can be analyzed. Volume imaging
must be performed at multiple locations from each neuron;
therefore, it is extremely labor-demanding to perform this sort of
study in several dozen neurons. Nevertheless, a meticulous study
by Arellano et al. (2007) convincingly demonstrated that the
morphological features of dendritic spines, such as head volume,
spine volume, PSD area, neck length, and neck diameter, do not
vary with distance from the soma in layer 2/3 pyramidal cells of
the mouse visual cortex.

On a technical note, DAB (3,3’-diaminobenzidine)
immunoperoxidase staining is often performed to facilitate
post hoc EM identification of a dendritic segment of interest that
was imaged by two-photon microscopy. However, the diffusible
immunoperoxidase reaction end-product not only deteriorates
the ultrastructure but also obscures the identification of PSD and
the intracellular organelles of a dendritic spine. Thus, instead
of using an immunohistochemical method to label neurons of
interest, an alternative approach, such as near-infrared branding
(NIRB), can be applied for retrospective volume EM studies.
In this method, the laser fiducial marks generated around the
neurons of interest are visible to both two-photon microscopy
and EM, making it particularly useful for correlative light
EM studies (Bishop et al., 2011; Maco et al., 2013; Takahashi-
Nakazato et al., 2019).

TECHNICAL CONSIDERATIONS AND
LIMITATIONS OF VOLUME EM STUDIES

Although three-dimensional reconstruction is visually appealing
and provides a complete picture of neuronal morphology, it is
not completely free of technical limitations. First and foremost,
it is necessary to bear in mind that only postmortem tissue that
has been subjected to a fixation procedure can be visualized by
EM. Therefore, because of fixation artifacts, the EM technique
may not necessarily reveal the true structure of dendritic
spines in the living state. For example, cup-shaped spines are
frequently observed in live preparations (Roelandse et al., 2003;
Nagerl et al., 2008). However, very few cup-shaped spines
are observed in EM reconstructed images. The ultrastructure
of neurons also varies depending on the choice of fixative.
Compared with rapid cryofixation of tissue, aldehyde-based
chemical fixatives greatly reduce the space occupied by the
extracellular matrix and increase the spine neck width (Korogod
et al., 2015; Tamada et al., 2020). Therefore, great care should
be taken in interpreting EM data and special caution should
be applied when comparing data obtained from using different
fixation conditions.

EM techniques are still limited to the reconstruction of
local neuronal networks in a small volume. Although an
extensive neuropil volume can be imaged in the axial direction,
current EM techniques have a limited field of view in
the lateral direction. However, even in a limited volume,
a considerable effort is needed for the manual annotation
of data sets such that the effort needed for segmentation
far exceeds the effort for imaging. This becomes an issue
with connectomics studies (Mishchenko et al., 2010; Kasthuri
et al., 2015; Motta et al., 2019) where dense saturated
reconstructions of neuropil are necessary. Thus, there is a critical
limitation in the number of animals that can be examined
for volume EM studies. This raises a genuine concern about
inter-animal variability and, therefore, the reproducibility of
data sets. To surmount these limitations, several automated
segmentation tools have recently been developed that use
machine learning approaches (Arganda-Carreras et al., 2015;
Berger et al., 2018; Lee et al., 2019; Urakubo et al., 2019) and
the continuous refinement of segmentation tools aims to make
their accuracy similar to that of a human annotator. With
the future development of imaging and analysis tools, it will
be possible to substantially increase the throughput of three-
dimensional studies.

This review particularly focuses on the three-dimensional
structure of excitatory synapses. Inhibitory synapses are as
important as excitatory synapses for maintaining proper
excitation-inhibition balance in the neuronal network.
Compared with excitatory synapses, fewer volume EM
studies have studied inhibitory synapses (Merchan-Perez
et al., 2009; Santuy et al., 2018, 2020; Kwon et al., 2019).
Inhibitory synapses are mainly made on the dendritic shafts
and they do not have prominent postsynaptic thickenings.
As such, identification of symmetric, inhibitory synapses
is somewhat difficult compared with the identification
of asymmetric synapses of dendritic spines. Further
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technical refinement, such as devising appropriate sample
preparation protocols that permit distinct visualization
of symmetric inhibitory synapses, and improvements in
instrumentation and engineering to increase the resolution
limit of SEM methods, are necessary to undertake
large-scale three-dimensional ultrastructural studies of
inhibitory synapses.
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