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Abstract

Dorsal root ganglia (DRG) contains thousands of sensory neurons that transmit information about our external and internal
environment to the central nervous system. This includes signals related to proprioception, temperature, and nociception.
Our understanding of DRG has increased tremendously over the last 50 years and has established the DRG as an active par-
ticipant in peripheral processes. This includes interactions between neurons and non-neuronal cells such as satellite glia cells
and macrophages that contribute to an increasingly complex cellular environment that modulates neuronal function. Early
ultrastructural investigations of the DRG have described subtypes of sensory neurons based on differences in the arrange-
ment of organelles such as the Golgi apparatus and the endoplasmic reticulum. The neuron-satellite cell complex and the
composition of the axon hillock in DRG have also been investigated, but, apart from basic descriptions of Schwann cells,
ultrastructural investigations of other cell types in DRG are limited. Furthermore, detailed descriptions of key components
of DRG, such as blood vessels and the capsule that sits at the intersection of the meninges and the connective tissue covering
the peripheral nervous system, are lacking to date. With rising interest in DRG as potential therapeutic targets for aberrant
signalling associated with chronic pain conditions, gaining further insights into DRG ultrastructure will be fundamental to
understanding cell—cell interactions that modulate DRG function. In this review, we aim to provide a synopsis of the current
state of knowledge on the ultrastructure of the DRG and its components, as well as to identify areas of interest for future studies.
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Introduction of tissues and cells. Ernst Ruska at the University of Berlin
along with Max Knoll built the first transmission electron
microscope (TEM) in 1931 that surpassed the optical limita-

tions of light microscopy earning Ruska the Nobel Prize for

The structure and ultrastructure of the dorsal root ganglia
(DRG) have been investigated and described from the advent

of histological and electron microscopical studies. The father
of modern neuroscience, Ramon y Cajal, using two of the
most powerful microscopes available at the time, prepared
breakthrough drawings of DRG and defined the morpho-
logical characteristics of individual DRG neurons from his
observations at the end of the nineteenth century (Garcia-
Poblete et al. 2003).

Histology and the concomitant developments in micros-
copy with the use of precision engineering techniques and
mass manufacture led to increasingly precise descriptions
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Physics in 1986. With this technology, the inner structure of
cell organelles, including the cytoskeleton and membranes,
became accessible for detailed morphological investigations.
Consequently, the ultrastructure of DRG was studied using
electron microscopy soon after methods for TEM investiga-
tions were fully established and accessible to researchers
(Beams et al. 1952; Hess 1955).

The fine structure of DRG neurons was first published
in the early 1950s, but unfortunately, the images lacked the
required resolution for researchers to draw clear and compre-
hensive conclusions about the structure of organelles present
in neurons (Beams et al. 1952; Hossack 1954). A few years
later, after the technical challenges of electron microscopy
were solved, Palay and Palade (1955) and Cervos-Navarro
(1959) demonstrated the lipid bilayer in the nuclear mem-
brane, mitochondria, smooth and rough endoplasmic reticu-
lum, ribosomes, and neurofilaments in rat DRG neurons.
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These features have been described as characteristic of sen-
sory neurons. Those early findings and descriptions were
the foundation for a broader understanding of the functions
of organelles present in neurons. This was the time that the
structure of DNA had just recently been proposed, and the
Nissl substance was observed in neurons. The latter has been
identified as rough endoplasmic reticulum and cytoplasmic
polyribosomes but was then thought to be an artefact of fixa-
tion. However, Andres (1961a) reviewed the ultrastructure
of DRGs and associated neurons in 1961 and expanded the
existing knowledge with new data that described the cap-
sule, endoneurium, and satellite cells and provided the first
description of different types of DRG neurons at the ultras-
tructural level. Subsequently, generations of researchers have
investigated the ultrastructure of animal and human DRGs
and their resident cells using techniques ranging from con-
ventional TEM and scanning electron microscopy (SEM) to
newer methods, such as cryo-electron tomography. They pro-
vided three-dimensional visualisation of DRG components
at nanometre resolution with minimal processing-associated
distortion (Shahmoradian et al. 2014). Scanning EM inves-
tigations have shown the developmental transformation of
DRG neurons from bipolar into pseudo-unipolar cells, their
use of phagocytosis to ingest and eliminate particles, the
morphology of neuronal processes, axonal glomeruli, and
neuron-satellite cell clusters within DRG (Bowen et al. 2007;
Connolly et al. 1985; Haider et al. 1983; Matsuda et al. 1996,
2005; Matsuda and Uehara 1981).

The focus of this review is on the ultrastructure of the
cellular components of DRGs, starting with sensory neu-
rons and their organelles and expanding to other cell types,
followed by a description of the connective tissues of the
capsule and blood vessels.

Structure of DRG neurons

A DRG contains an accumulation of cell bodies of thou-
sands of sensory neurons, which form a swelling in the dor-
sal root of a spinal nerve. The number of neurons per DRG
has been shown to vary across spinal segments, correlat-
ing with DRG size, and vary across species, and has been
shown to range from 70,000 neurons in young human to
15,000 in rats (Nagashima and Oota 1974; Tandrup 2004;
West et al. 2012). The cell bodies of DRG neurons, at least
in humans, rats, mice, and frogs, are predominantly located
in the outer marginal area of the ganglion, near the capsule,
while the centre is occupied by bundles of nerve fibres and
scattered individual neurons (Andres 1961a; Haberberger
et al. 2019; Matsumoto and Rosenbluth 1985). The neu-
ronal cell bodies represent pseudo-unipolar primary affer-
ent neurons, containing a stem axon that divides into two
branches. One branch innervates peripheral targets, and the
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other terminates in the dorsal horn of the spinal cord. Human
adult DRG neuron somata are large, ranging between 20 and
120 pm in diameter, with a smaller average size in infants
(Nagashima and Oota 1974).

The easy accessibility via dissection and the relatively large
size of the cells made DRG interesting for early microscopi-
cal investigations, and by 1955, the ultrastructure of DRG
neurons had been investigated and reviewed (Dawson et al.
1955; Hess 1955; Palay and Palade 1955). Andres (1961a, b)
further expanded the ultrastructural investigations from sen-
sory neurons to many key cells and components of rat DRG
(Andres 1961a). Scanning electron microscopy investigations
of human DRG yielded high-resolution three-dimensional
information (Matsuda and Uehara 1981; Siew 1979), and
they confirmed the presence of neuronal somata with unipo-
lar processes at the margins of the ganglion, while nerve fibre
bundles were primarily located in the centre (Siew 1979). The
spatial location of the somata and the general architecture
of DRG appear to be the same at different vertebral levels.
Where ultrastructural differences do exist within individual
ganglia, they are primarily observed in soma size and the
organisation of subcellular structures, which manifest the
differences in organelle density, and render the appearance
of the structures as light or dark.

Organelles in DRG neurons

Sensory DRG neurons possess large cell bodies that contain
the key organelles such as the nucleus and Golgi apparatus
embedded in the cytoplasm and surrounded by a plasma
membrane with a thickness of about 10—13 nm (Andres
1961a). Interestingly, even though the cell bodies of DRG
neurons are large, the majority of the cytoplasm together
with mitochondria and endoplasmic reticulum are present
in the long axonal processes of these neurons (Devor 1999).

Nucleus/nucleolus

The cell nucleus contains the DNA, multiple forms of RNA,
and a plethora of proteins that are involved in transcription,
forming of the chromatin structure, or the transport of pro-
teins and RNAs in and out of the organelle (Figs. 2 and 3).
In DRG neurons, nuclei are situated paracentral but at least
5-7 pm away from the neuronal process or plasma membrane
(Andres 1961a; Bunge et al. 1967). The size of the nucleus
usually reflects the size of a cell. The nuclei of DRG neurons
in rats are usually between 12 and 22 pm in diameter with an
electron-lucent nucleoplasm. Rat, bovine, and dog nuclei are
similar in size (Andres 1961a; Fadda et al. 2016; McCracken
and Dow 1973; Mitro et al. 1983; Tongtako et al. 2017).
Large and small neurons have nuclei that are often elliptical
and round in shape, respectively (Andres 1961a). The nuclei
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are enclosed by a nuclear membrane that contains nuclear
pores to enable transport into and out of the nucleus. The
diameter of the pores ranges from 30 to 100 nm, with nuclear
pores in the outer membrane wider (70—100 nm) than those
in the inner membrane (30-50 nm) (Andres 1961a; Bunge
et al. 1967; McCracken and Dow 1973) (Table 2). A space
of 10-25 nm (in dogs 17—45 nm) in width separates the inner
and outer nuclear membrane and forms the perinuclear space
(Mitro et al. 1983) which is also referred to as “the circum-
nuclear cistern of Watson” (Andres 1961a; Cervos-Navarro
1959; Palay and Palade 1955). The nuclei of all investigated
species including humans (Berciano et al. 2007) usually pos-
sess a single eccentrically located nucleolus. In dogs, some-
times two nucleoli have been observed in small-sized sensory
neurons (Andres 1961a; Mitro et al. 1983). The size of nucle-
oli varies, and their matrix contains plates of densely packed
chromatin and fibrillary and chromatin-associated structures
in the light areas (karyosomes) (Fig. 3). A distinct component
present in nuclei was first described by Cajal in 1903 and
named Cajal bodies. These structures are usually 0.5-2.4 pm
in size and involved in the production of small nuclear and
nucleolar RNAs (snRNAs, snoRNAs) (Berciano et al. 2007;
Neugebauer 2017). The number of nuclear Cajal bodies in
most non-neuronal cell types has been described as 1-4 per
cell, while neurons of the human DRG were shown to contain
up to 20 per cell (Table 2) (Berciano et al. 2007). Ultrastruc-
ture investigations of the Cajal bodies have demonstrated a
granular appearance, and immunogold-electronmicroscopy
has indicated the presence of the proteins coilin, fibrillarin,
and SMN protein (Berciano et al. 2007).

Endoplasmic reticulum (ER)

The cytoplasm of DRG neurons is filled with reticular
arrangements of smooth tubules and cisterns, the smooth
endoplasmic reticulum (ER) (Palay and Palade 1955), ribo-
some-rich rough ER, and free ribosomes (Nissl substance,
tigroid) (Andres 1961a; Dawson et al. 1955; Johnson and
Sears 2013; McCracken and Dow 1973; Palay and Palade
1955; Philippe and Droz 1988). The ER is the largest orga-
nelle and is found to be a prominent structure throughout
the cell body. It consists of tubular membranous struc-
tures with a membrane thickness of 6—7 nm and a lumen
of 30-250 nm in diameter (Table 2). They are often found
to be oriented parallel and separated at intervals of 80
and 200 nm (Anderson and Van Breemen 1958; Cervos-
Navarro 1959; Palay and Palade 1955). The ER is continuous
with the nuclear membrane and in larger sensory neurons,
almost spans the area between nucleus and plasma mem-
brane (Cervos-Navarro 1959). Sensory DRG neurons have
a high protein turnover due to the length of their process
and related homeostatic processes, such as maintenance of
cell membrane structure and the regulation of membranous

receptor proteins. Thus, the cytoplasm of DRG neurons is
rich in ER networks. Different DRG neuron subtypes show
variations in the abundance and the arrangement of the ER
in the cytoplasm. In larger DRG neurons the ER occasion-
ally forms a ring-like structure surrounding the nucleus
(Bunge et al. 1967). Furthermore, spaces between accumu-
lations of rough ER that contain collections of mitochondria
are referred to as “cytoplasm streets” (Table 1). Ribosomes
(earlier described as Palade granules) have been described
as rod-like particles, 25-30 nm in diameter (Palay and
Palade 1955), located either on the cytoplasmic side of the
ER or in the cytoplasm as polyribosome rosettes (Table 2)
(Andres 1961a; Bunge et al. 1967; Cervos-Navarro 1959;
McCracken and Dow 1973; Palay and Palade 1955). Smooth
ER has been identified in studies of rat and bullfrog DRG
and was described as having a similar appearance to the
rough ER, but tighter packing, narrow cisterns, and absence
of ribosomes (Lindsey et al. 1981; Palay and Palade 1955;
Palay and Wissig 1953; Rambourg et al. 1983).

Golgi-apparatus, multivesicular bodies
and lysosomes

The Golgi-apparatus, first described by Camillo Golgi
in 1898, is an organelle involved in protein modification,
endocytosis, and targeted delivery. It was first named appa-
rato reticolare interno and in ultrastructural investigations
of DRG neurons appeared as large numbers of separated
areas containing stacks of Golgi saccules (Cervos-Navarro
1959; McCracken and Dow 1973; Palay and Palade 1955).
Saccules, tubules, and vesicles have sizes between 30 and
100 nm (Table 2). In rat DRG neurons, individual Golgi
complexes reached a size of up to 2 pm (Figs. 2 and 3) (Koga
and Ushiki 2006). The polarity of the Golgi apparatus is
demonstrated by the cis, middle, and trans-sides. Scanning
electron microscopy (EM) of rat DRG neurons showed
30-nm-wide fenestrations on the cis side, while the trans side
demonstrated 100 nm fenestrations, tubular structures, and
the close proximity to the rough ER (Koga ang Ushiki 2006).
The Golgi apparatus in large light neurons spans from the
nucleus to the plasma membrane whereas in small, dark cells
is located near the nucleus (Andres 1961a). Smaller dark
neurons can be identified in rodents as nociceptive neurons
by labelling with isolectin B4. The enzymes galactosyl-
transferase (1,3GT) and isoglobotriaosylceramide synthase
(iGb3S) are associated with the Golgi apparatus and form
the binding partner for isolectin B4 (Fullmer et al. 2007).
Multivesicular bodies belong to the endosomal system
and are involved in a variety of processes, such as inter-
nalisation, recycling, and degradation of membrane recep-
tors and generation and release of extracellular vesicles
(exosomes) (Piper and Katzmann 2007). Irregular-shaped
multivesicular bodies are found in DRG neurons near Golgi
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Table 2 Presence and size of organelles in DRG neurons and satellite cells

Organelle DRG neuron Satellite cell
Cell membrane 10-15 nm 7-12 nm
Nuclei Ovoid 12-22 pm Round-oval 4-8 pm
Nucleolus Usually 1, size varies Present
Nuclear membrane Inner membrane thicker compared to outer membrane, space in between 15 Present

and 30 nm
Nuclear pores 30-105 nm but different in size between inner and outer membrane Present
Vesicles 25-60 nm 35-70 nm
Mitochondria Round 0.5%2 pm or thick threads 4-5-pm long and 0.15-0.25-pm thick Small, compact
Ribosomes 25-30 nm Present

Neurofibrils/neurofibrillary tangles
Golgi apparatus
Endoplasmic reticulum

Pigment granules (lipofuscin)

Cajal bodies

6-10 nm/25 nm
Complexes 0.5-1.5 pm with 30-100 nm vesicles

Membrane thickness 6-7 nm
Lumen diameter 30-250 nm

Present, 0.2—-1.5 pm,
Membrane 10 nm

Number can vary, 0.5-2.4 nm

Infrequent present
Present
Present

Present

stacks (Bunge et al. 1967; Palay and Palade 1955). The mul-
tivesicular bodies can contain different amounts of vesicles,
patches of dense structures, and discs. Lysosomes, in early
studies, were described as dense bodies and are predomi-
nantly found in the perinuclear cytoplasm (Bunge et al.
1967) (Figs. 2 and 3). They contain electron-dense mole-
cules often in association with lipofuscin (Meier et al. 2020).

Mitochondria

Dorsal root ganglion neurons have long processes and there-
fore a high protein turnover which is required for molecules
to be produced and transported in sufficient quantities
over long distances. Consequently, the energy consump-
tion in DRG neurons is high, and they are dependent on
mitochondrial glucose metabolism and fatty acids for ATP
synthesis (Russell et al. 2002). Mitochondria are distinc-
tive organelles that possess a double membrane and func-
tionally specialized compartments. Studies on rabbit DRG
neurons found mitochondria throughout the cell body and
processes (Martinelli et al. 2006) (Figs. 2 and 3). The pro-
portion of mitochondria increased with cell size during
development but subsequently decreased with age (Ledda
et al. 2001; Martinelli et al. 2006). Mitochondria in rat DRG
neurons seemed to be present in two types: The “filament”
type had the usual elongated shape, cristae mitochondriales
and a matrix that is encapsulated by a smooth membrane.
The other type was either rounded or irregularly shaped and
had numerous invaginations and a low number of cristae
(Andres 1961a; Cervos-Navarro 1959). In the slow loris,
two forms of mitochondria, vacuolated and filamentous,
were present in DRG neurons, with the vacuolated mito-
chondria predominantly present in small dark cells (Ahmed

and Kanagasuntheram 1976). Mitochondria can change
size and morphology according to the energy demand; thus,
whether the above-described two forms represent two func-
tional states of one type is not certain. The location of mito-
chondria is different in different types of neurons. They are
evenly distributed in large light DRG neurons while located
predominantly close to the nucleus of small dark neurons
(Table 1) (Andres 1961a; Berthold 1966; Ledda et al. 2001).

Microtubules and neurofilaments

Cell morphology and shape are modulated and maintained
through the cytoskeleton. Well-defined cytoskeletal ele-
ments, such as microtubules and neurofilaments, are present
in DRG neurons (van den Bosch de Aguilar and Goemaere-
Vanneste 1984). Lighter areas of the cytoplasm contain par-
allel or irregularly arranged bundles of neurofibrils consist-
ing of 6- to 10-nm-diameter neurofilaments. The bundles
are usually dispersed between the Golgi saccules and the
ER without a specific orientation (Andres 1961a; Cervos-
Navarro 1959; Palay and Palade 1955). Neurofibrillary tan-
gles in somata of rat sensory neurons have been described as
paired helical filaments, and they change with increasing age
(van den Bosch de Aguilar and Goemaere-Vanneste 1984).
These helical structures can be up to 25 nm in diameter, with
a single filament about 9 nm in diameter (van den Bosch de
Aguilar and Goemaere-Vanneste 1984).

Glycogen, pigments, and lipofuscin
Glycogen, an easily accessible source of energy, has been

observed as aggregates of 19-35 nm in diameter in the
cytoplasm of cultured embryonic DRG neurons near the
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plasma membrane (Bunge et al. 1967). Similar aggregates,
20-40 nm in diameter and occasionally surrounded by
membranes, have been identified in the marginal areas and
axon hillock of small sensory neurons of frogs (Berthold
1966). Studies in the 1950s identified membrane bound
small vesicles of 20-50 nm in size. They were similar to
vesicles found in synaptic endings (Cervos-Navarro 1959;
Palay and Palade 1955), as well as pigment granules of
200-1500 nm in size, which were irregularly shaped with
lighter areas or pigment granules that were round to elliptic
in shape (Cervos-Navarro 1959). Lipofuscin is a component
observed in the cell bodies of DRG neurons of all investi-
gated species, including humans (Andres 1961b; Cervos-
Navarro 1959; McCracken and Dow 1973; Schmidt et al.
1997). It is a pigment that contains cross-linked lipids,
sugars, and proteins and has been described as osmiophilic
lipofuscin granules (Andres 1961a). Cells cannot degrade
lipofuscin; thus, it accumulates in neurons, including DRG
neurons, over time (Moreno-Garcia et al. 2018; Schmidt
et al. 1997). Lipofuscin-like granules are present in DRG
neurons of all species investigated. Individual granules
are surrounded by a membrane with a thickness of 10 nm
and often contain dense material and a vacuole. Lamellar
lipofuscin-like granules have been found in granules in
small dark neurons in rats (Andres 1961a).

Ultrastructure of axonal processes
of DRG neurons

Sensory DRG neurons possess a pseudo-unipolar process,
an axon that branches to form of a T-junction with a cen-
tral process synapsing in the spinal cord dorsal horn and a
peripheral process that ends in the target tissue (Nascimento
et al. 2018). The axon begins with a specialized structure,
the axon hillock, which is followed by the initial segment of
the axon (Leterrier 2018). In most neurons, the axon hill-
ock is key not only to the summation of synaptic inputs and
the generation of action potentials, but also to the control
of protein trafficking between the cell body and the axon
(Leterrier 2018). The pseudo-unipolar neurons do not pos-
sess synapses in DRG, and hence action potentials are not
generated. This represents a unique feature whose functions
are not yet clearly understood. Recent studies on DRG of
zebra fish showed that the arrangement of microtubules in
both branches of the T-junction is arranged in a way that
is characteristic for axons but not dendrites (Shorey et al.
2021). Axon hillock and T-junction of DRG neurons deter-
mine the passage of action potentials to the central terminals
of sensory neurons (Sundt et al. 2015). The axon hillock
contains neurofilaments, a large number of mitochondria,
and occasionally vesicles with a diameter of 25-60 nm
(Andres 1961a). Larger neurons appear to possess larger
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mitochondria in the axon hillock. Investigations using
freeze-fracture and scanning electron microscopy of DRG
neurons from frogs have shown that the axon hillock con-
tains numerous mitochondria, microtubules, and neurofila-
ments, a high number of particles in the plasma membrane,
but almost no ER (Matsumoto and Rosenbluth 1985).

The axon hillock together with initial glomerulum, the
initial complex, and the first part of the axon have been
described as initial complex (Murayama et al. 1991). The ini-
tial complex of the human DRG, here in particular of larger
neurons, is occasionally surrounded by onion-like arrange-
ment of layers of satellite cells (Murayama et al. 1991).

The glomerulum, axons of sensory neurons that coil as
they emerge from the axon hillock, the initial glomerulum,
was first described from Cajal in 1907. Comparative stud-
ies have shown that axonal glomeruli are present in rabbits
and rats but no in frogs or chicks (Matsuda et al. 2005). In
humans, the glomerulum has been identified as part of the
initial complex (Murayama et al. 1991).

The axon initial segment is in most neurons the site of
action potential generation. Sensory DRG neurons however
generate, like many sensory neurons, the action potential at
the peripheral ending. Nevertheless, spontaneous generation
of action potentials at the initial segment of sensory neurons
has been shown to be the underlying mechanism of spontane-
ous pain, a hallmark of neuropathic pain in mice (Nascimento
et al. 2022, 2018). It has been described in mouse, rat, and
human DRG neurons (Hedstrom et al. 2007; Murayama et al.
1991; Nascimento et al. 2022, 2018; Schmidt et al. 1997).

In rats, the axon has similar content to the axon hillock
and at its myelin-free origin has a thickness of 2—10 pm
(Andres 1961a). Ultrastructural analysis of neurites extend-
ing from DRG explants in response to exposure to noto-
chordal and chondrocyte-like cells showed the presence of
neurofilaments, microtubules, and vesicles in the cytosol.
Neurites were in close contact with Schwann cells and had
a diameter of approximately 500 nm (Larsson et al. 2012).

Extrinsic neuronal processes in DRG

Sensory neurons in DRG do not possess dendrites and are
believed to have no synaptic contacts with other neurons.
However, the DRG can contain endings from neurons with
origin outside the DRG. Scanning electron microscopy has
shown the three-dimensional arrangement of extrinsic neu-
rites and demonstrated the presence of pericellular nerve
fibre baskets that had been first described by Dogiel and
Ramon y Cajal in 1896 and 1907. These structures were
named pericellular baskets (Matsuda et al. 2005; Matsuda
and Uehara 1981). The pericellular baskets are present in rat
and rabbit DRG but could not be found in bullfrog or chick
DRG. These baskets have been associated with pathological
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states including models of nerve injury but are also found
in DRG of healthy animals, though in very low numbers
(Matsuda et al. 2005; Matsuda and Uehara 1981; Michael
et al. 1999). Numbers of baskets increase in response to
nerve damage. Pericellular baskets have been shown to con-
sist of sympathetic and sensory fibres that sprout in response
to nerve damage (Chung et al. 1997; Kim et al. 2001; Li and
Zhou 2001). Recent findings have shown that activation of
alpha2 adrenoreceptors via the release of norepinephrine
from pericellular sympathetic fibres modulates the excit-
ability of large rat DRG neurons (Ji et al. 2022). Sympathetic
fibres in DRG are not restricted to baskets. Quantitative
ultrastructural analysis of postganglionic sympathetic fibres
in guinea pig DRG showed that a small proportion of fibres
were associated with intraganglionic blood vessels and some
with epithelial cells of the capsule (Kummer 1994). Further-
more, unlike sympathetic nerve fibres that release transmit-
ters en passant and act on sensory neurons via volume trans-
mission, motoneurons have been shown to directly synapse
on sensory DRG neurons. Studies in cat cervical DRG dem-
onstrated that axon collaterals from a small subpopulation of
motoneurons synapse on sensory neurons (Kayahara 1986).
Sensory neurons and motoneurons projected to the same
target tissue, the neck muscles. The exclusively axo-somatic
synapses were present predominantly on large neurons and
contained round and dense-cored vesicles, neurofilaments,
and mitochondria. The synapses were asymmetrical with
thicker postsynaptic membranes and presynaptic membranes
that were associated with electrodense material (Kayahara
1986; Kayahara et al. 1981).

Classification of DRG neurons based
on their ultrastructure

Sensory neurons of DRG and trigeminal ganglia can be sub-
divided into different subtypes based on functional, immuno-
histochemical characteristics or unique mRNA expression pat-
terns (Avraham et al. 2021; Klein et al. 2021; Mapps et al. 2022;
North et al. 2019; Ray et al. 2018). The diversity of sensory
neurons can be extended into their ultrastructural characteristics.

Early light-microscopic investigations observed that nerve
cells in the ganglia did not appear to represent a homogene-
ous population. Consequently, they were divided into “small
dark” and “larger light” neurons (Koneft 1887), which were
named type A (light) and type B (dark) cells respectively
(Hossack 1954). Based on electron microscopic investiga-
tions (Dawson et al. 1955; Hess 1955), Andres confirmed
the presence of more than one type of sensory neurons in rat
DRGs (Andres 1961a). He further subdivided each light (type
A) and dark (type B) cell type into three subtypes, A, ; and
B, 3, based on morphological and ultrastructural differences,
such as size and the structure of the nucleus and cytoplasm,

myelination of neurites, and the distribution of the rough ER
(Table 1) (Andres 1961a). Subsequent ultrastructural inves-
tigations identified a third small cell type, “type-C cells” in
rat DRG and expanded the cell subtypes into seven. In those
studies, similar to the initial investigations by Andres, differ-
ences among cell types A, B, and C were based on variations
in the location, amount, and structure of organelles such as
the Golgi apparatus and ER, ribosomes, and neurofilaments
in the cytoplasm (Table 1) (Duce and Keen 1977). These
studies not only confirmed ultrastructurally the presence of
different types of sensory neurons, but also their random
distribution across the margins of the DRG. Specific types
of neurons were not confined to specific regions within a
ganglion. In addition, the concept that subtypes of each cell
type represented different functional states of a parent cell
type was tested by electrically activating DRGs and ultra-
structurally investigating the cells. Findings indicated that
cell subtypes did not represent different functional states of
parent cells (Duce and Keen 1977), which further confirmed
the presence of different sensory neuron types. Improvements
in fixation techniques led to the re-evaluation of sensory neu-
ron subtypes in DRG based on the location and morphology
of cell organelles, as before. According to these findings,
Rambourg et al. (Malchiodi et al. 1986; Rambourg et al.
1983) subdivided rat DRG sensory neurons into three
categories with a total of six subtypes, A;_;, By,, and C
(Figs. 1, 2 and Table 1). This basic subdivision into three
categories was later confirmed in laboratory animals and
recently in human DRG by methods such as multiple label-
ling immunohistochemistry and spatial transcriptomics
(Cavanaugh et al. 2011; Klein et al. 2021; Ray et al. 2018).
Transcriptomics and single-cell sequencing further sub-
grouped neurons and defined up to 12 different neuron sub-
types (Mapps et al. 2022; North et al. 2019; Ray et al. 2018).

Neuron subtypes mentioned above were identified in rat
DRG, but ultrastructurally diverse neuron subtypes have
been identified in several other species. In mice, seven
subtypes of neurons, Aa—y, Ba—y, and C, were identi-
fied using ultrastructural characteristics in combination
with histochemical detection of carbonic anhydrase and
acid phosphatase as well as the determination of [3H]L-
glutamine uptake and peptide content (Sommer et al.
1985) (Table 1). In the opossum, the traditional two types
of neurons, small dark and light were distinguished. In the
cytoplasm of the small dark neurons, mitochondria and
neurofilaments were dispersed throughout the cell, while
the Golgi apparatus and ER were perinuclear and at the
periphery of the cell, respectively. Light neurons showed
a more homogenous distribution of organelles across the
cytoplasm with more prominent bundles of neurofilaments
(Soares et al. 2012). In cats, light microscopically DRG
cells could not be clearly separated into large light and
small dark cells, but ultrastructurally larger somata showed
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Fig. 1 Illustration from Rambourg et al. (1983), outlining the charac-
teristics of six types of dorsal root ganglion neurons (A1-3, B 1 and
2, C) based on ultrastructural features (see Table 1). The structure and
localisation of the rough endoplasmic reticulum and Golgi apparatus
were mainly used for differentiation between subtypes

more organised rER compared to the smaller cells (Johnson
and Sears 2013). Chicken DRG neurons were classified
into large light A-type and smaller dark B-type neurons
and further subclassified into four subtypes A, , and B, _,
(Philippe and Droz 1988) (Table 1). Frog neurons were
also classified as large light A-type cells and dark B-type
cells (Berthold 1966). Dorsal root ganglion cells of Italian
wall lizard Podarcis sicula were ultrastructurally differenti-
ated into four types of neurons, one small dark B-type cell
and three subtypes of larger light A-type cells (Geuna et al.
1998). The data indicate that the ultrastructure of DRG
neurons varies within ganglia but also between species.
The structural data are supported by recent functional data,
highlighting difference in the expression of voltage-gated
ion channels between rat and human DRG neurons (North
et al. 2019; Zhang et al. 2017).

Immuno-electronmicroscopical findings
on DRG neurons

Immuno-electron microscopy (immuno-EM) has
been employed in the classification of sensory neu-
ron subtypes using their neurochemical characteris-
tics. Larger rat type-A neurons showed localisation of

@ Springer

anti-alpha2-adrenoreceptor antibodies on intra-cytoplas-
matic membranes as well as the plasma membrane sug-
gesting interaction with adrenoreceptor ligands such as
noradrenaline (Shinder et al. 1999). Immuno-EM investi-
gation of chick DRGs has revealed the presence of pros-
taglandin synthase D in chick B ; type sensory neurons
(Philippe and Droz 1988; Vesin and Droz 1995). The dis-
covery of the gaseous neurotransmitter, nitric oxide (NO),
led researchers to identify the cells that produced the gas
with the NADPH-diaphorase reaction product as a marker
for the identification of cells containing nitric oxide syn-
thases (NOS). The ultrastructure of guinea-pig DRG
neurons was examined using immuno-EM to investigate
whether NADPH-diaphorase and NOS shared the same
location in cells. In this work, the presence of the reac-
tion product in neurons was compared with the presence
of NOS protein using immuno-EM. Findings indicated
that the NADPH-diaphorase product was associated with
membranes of many organelles, while the NOS immuno-
precipitate was predominantly present in the cytoplasm,
thus not allowing clear-cut conclusions. Furthermore, this
study did not investigate the presence of NOS or NADPH-
diaphorase activity in A- or B-type cells (Zhou et al. 1998).
Subsequently, Henrich et al. demonstrated that both the
NADPH-diaphorase reaction product and the endothelial
NOS isoform at the cisterns of the smooth endoplasmic
reticulum adjacent to mitochondria in all DRG neurons
(Henrich et al. 2002). The study also showed the presence
of neuronal NOS at juxtamitochondrial junctions as well
outside of junctions in neuronal NOS positive neurons.
Immuno-EM also revealed the presence of receptors for
nerve growth factor not only in the cytosol of DRG neu-
rons but also satellite cells (Pannese and Procacci 2002). A
recent investigation of human DRG demonstrated connec-
tions containing connexins 37, 43, and 45 between devel-
oping human sensory neurons, indicating the presence of
gap junctions between neurons (Juric et al. 2020).

Structure of satellite cells

The dorsal root ganglia contain two main types of glial
cells, Schwann cells and satellite cells. Satellite cells are
closely associated with the cell bodies of neurons. The
name “satellite cells” for cells that envelope sensory neu-
rons was chosen by Cajal in 1909, and this was accepted
in publications that described the ultrastructure of satel-
lite cells using electron microscopy in the 1950s—1960s
(Anderson and Van Breemen 1958; Cervos-Navarro
1959; Hess 1955; Pannese 1960). During this period, it
was unclear whether satellite cells were interconnected, if
they completely sheath neuronal somata, or if pores that
bypassed the satellite layer allowed direct communication
between neuron and interstitial space. Several subsequent
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Fig.2 Electron micrographs

of osmium-stained thin sec-
tions of rat DRG (Rambourg

et al. 1983). a Two subtypes of
DRG neurons, B1 and A3 (see
Table 1). The neuronal profile
indicated with B1 presents
Golgi apparatus (G) that
localises as a perinuclear ring
with the rER (NI) that is present
in outer part of the soma. The
soma indicated with A3 shows
that the rER and Golgi appara-
tus are interspersed throughout
the profile (nf, nerve fibre;

be, blood capillary; s, satellite
cell, magnification x 3000). b
Cytoplasm of the B1 subtype in
higher magnification with paral-
lel arrangement of the ER (NI)
whereas the Golgi apparatus (G)
and a proportion of mitochon-
dria (M) are found perinuclear.
Also present are lysosomes (L)
and part of the nucleus (N) with
a dark stained nuclear mem-
brane (magnification x 9500)

investigations have shown that individual DRG neurons of
different species were normally completely surrounded by
satellite cells (Cervos-Navarro 1959; Pannese 1960; Rigon
et al. 2013; Ruiz-Soto et al. 2020). Scanning EM analy-
sis showed that the neuron-satellite complexes in frogs
and chickens have diameters of about 25 pm respectively
(Matsuda et al. 2005). However, there are species-specific
exceptions. In mice, electron microscopy showed that 70%
of DRG neurons are surrounded by individual sheaths of
satellite glia, whereas in 30% of cases, groups of 2—6 neu-
rons are covered by one satellite glia cell sheath (Blum

et al. 2014). This covering of several neurons by one
sheath was seen both in situ and in cultured DRG explants
(Bunge et al. 1967). In rats and cows, there can be more
than one layer of satellite cells surrounding a neuron, and
two neurons can share one satellite cell capsule (Andres
1961a; McCracken and Dow 1973).

Sometimes the satellite cell layer is very thin (150 nm).
The external surface of satellite cells is covered with a
10-20-nm-thick basal lamina that separates satellite cells
and cells outside of the neuron-satellite complex (Andres
1961a; Cervos-Navarro 1959) (Fig. 3) that continues
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Fig.3 a Transmission electron
microscopy image of an
osmium-stained thin frog DRG
section. It shows the neuronal
profile of an unclassified DRG
neuron. The ER is present in
the outer margin of the soma,
whereas the Golgi apparatus,
lysosomes, and mitochondria
seem to be localised around a
nucleus (N) with a prominent
nucleolus. The satellite cell
surrounds the soma (magnifica-
tion X 6000). Inset a’ demon-
strates the close relationship
between cisterns (arrows) which
might be part of the rER and
the plasma membrane and the
neuronal plasma membrane and
satellite cells. A basal lamina
(BL) covers the satellite cell
only at the external side (magni-
fication X 90,000). Images used
with permission from Matsu-
moto and Rosenbluth (1985).

b Pseudo-coloured scanning
electron microscopy image of
an osmium-macerated rat DRG
(Koga and Ushiki 2006). DRG
neuron with Golgi apparatus
indicated in green. The Golgi
stacks are dispersed throughout
the cytoplasm. Bar 6 mm. Inset
b’ indicates the close relation-
ship between Golgi stacks
(green) and abundant surround-
ing rER and mitochondria. Bar
1 mm. Inset b”’ shows a Golgi
stack in high magnification with
Cis- (C) and Trans- (T) Golgi
which are indicated. The five
present cisterns are indicated.
Bar 500 nm.

alongside Schwann cells (Andres 1961a; van den Bosch
de Aguilar and Vanneste 1983). Usually, the basal lamina
is separated from the satellite cell by a 20-nm-wide space
(Table 2). Connections between satellite cells contain tight
junctions (van den Bosch de Aguilar and Vanneste 1983)
and gap junctions (Blum et al. 2014), which have been con-
firmed in developing human DRGs by the presence of con-
nexins 37, 43, and 45 (Juric et al. 2020). There is no basal
lamina between a satellite cell and a neuron. Transmission
EM studies have shown that the thickness of the plasma
membrane of satellite cells was 7-12 nm in rats and frogs
and had many folds and borders. In addition, the neuronal
cell body is separated from the satellite cells by a 10-12 nm
wide intercellular space (Andres 1961a; Rigon et al. 2013).
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The processes of satellite cells overlap and interdigitate
with neurons. The zone between satellite cells and neurons is
characterized by interdigitating membrane extensions from
both cells, although the neuronal surface seems to be more
ruffled compared to the adjacent satellite cell plasma mem-
brane (Bunge et al. 1967). However, there are no gap junc-
tions between a satellite cell and a neuron (Blum et al. 2014).
Interestingly, in dogs, interdigitations between satellite cells
and neurons have been shown to be connected by desmosomes
(Tongtako et al. 2017). The interdigitations might present
areas of interaction between satellite cells and neurons which
is supported by immune-EM and the demonstration of the
enzyme phosphatidylinositol 4-phosphate 5-kinase (PIP5K)
in opposing membranes of satellite cells and neurons, which
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indicates presence of areas enriched in channels and other
membrane proteins (Chomphoo et al. 2021).

In addition to interdigitations, there seem to be also
gaps in the layer as early described by Cervos-Navarro and
Andres (Andres 1961a; Blum et al. 2014; Cervos-Navarro
1959; Li et al. 2011; McCracken and Dow 1973). Rarely,
small areas of a neuron not covered from satellite cells
and in direct contact with the basal lamina were described
(Cervos-Navarro 1959).

Organelles in satellite cells
Nucleus/nucleolus

Satellite cells in DRG of mice have round-ovoid nuclei with
a diameter of 4-7 pm, a double layer nuclear membrane,
and a homogenous nucleoplasm with a peripheral enrich-
ment of heterochromatin (Table 2) (Ruiz-Soto et al. 2020).
The chromatin of the satellite cell nucleus appears to be
denser compared to neuronal chromatin. Nucleoli are present
(Bunge et al. 1967).

Endoplasmic reticulum

The appearance and amount of the ER seems to be vari-
able. Some authors have described the presence of “well-
oriented” cisternae, whereas others identified wider areas
in satellite cells that contained ER but did not observe the
layered appearance of ER usually observed in nerve cells.
Furthermore, it possessed fewer ribosomes (Bunge et al.
1967; Cervos-Navarro 1959; Pannese 1960).

Golgi complexes, multivesicular bodies,
and lysosomes

Satellite cells contain an abundance of organelles, includ-
ing Golgi complexes, multivesicular bodies, lysosomes,
coated vesicles, and other structures such as centrioles and
filaments (Bunge et al. 1967; McCracken and Dow 1973;
Ruiz-Soto et al. 2020). Vesicles appear to be larger and
wider in vitro compared to in situ measurements, but simi-
lar to the in vivo situation, vesicles have been described as
abundant at the satellite cell-neuron interface (Bunge et al.
1967). They usually have a diameter of 35-70 nm (Andres
1961a; Pannese 1960).

Mitochondria

Satellite cells commonly possess small mitochondria that
lack well-defined cristae. However, the type of mitochondria

in satellite cells associated with certain types of neurons
may vary. This does not indicate that the neuron types could
be identified based on the ultrastructural appearance of the
mitochondria in satellite cells (Andres 1961a).

Microtubules and neurofilaments

Bovine satellite cells only infrequently showed microtu-
bules and microfilaments (McCracken and Dow 1973).
Interestingly, the inner layer of satellite cells adjacent to
the neuronal surface possesses high amounts of filamen-
tous actin, F-actin, which extends into satellite cell pro-
cesses. Those projections were invaginated into neuronal
folds (Li et al. 2011). The outer layer of satellite cells is
bordered by a basal lamina and connective tissues (Blum
et al. 2014).

Lipofuscin

Lipofuscin appears to be not present in satellite cells. Ultra-
structural changes that are related to aging, such as lipofus-
cin granule accumulations in neuronal somata, have been
reported in rats as early as 6 months, but have not been
observed in satellite cells until 24 months of age (van den
Bosch de Aguilar and Vanneste 1983).

Structure and organelles of Schwann cells

Both Schwann cells and satellite cells originate from the
neural crest. But in contrast to satellite cells, Schwann cells
surround the sensory neurons processes within the DRG.
The number of unmyelinated neurons ensheathed by an
individual non-myelinating Schwann cell varies across the
DRG with a higher number of axons associated with one
Schwann cell located in the distal part of a DRG (Harty
and Monk 2017; Murinson and Griffin 2004). In contrast,
in areas with a higher density of neuronal profiles, these
Remak bundles contain lower numbers of processes. The
cytoplasm of Schwann cells between axons is very thin
with a thickness of about 50 nm; thus, there is not much
space between adjacent axons (Murinson and Griffin 2004).
Although Schwann cells surround neuronal processes, the
cells are never in contact with the body of the neuronal cell.
Organelles such as mitochondria and the ER have structures
similar to that of satellite cells. Nuclei of Schwann cells
have irregular shapes with homogenous nucleoplasm and
a small dense nucleolus (Cervos-Navarro 1959). Satellite
cells and Schwann cells are found in close proximity in the
initial segment of the axon (Nascimento et al. 2018; Zenker
and Hogl 1976).
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A new type of gliain DRG

A new type of glia has been identified in rat DRG, and the
ultrastructure and array tomography of the glia have been
described using transmission electron microscopy (TEM)
and SEM respectively (Koike et al. 2019). These glial cells
exhibit immunoreactivity to some markers of satellite glia,
but unlike other satellite cells, they were immunoreactive for
the p75 neurotrophin receptor (p75N %) (Obata et al. 2006).
This type of p75~TR positive glia is located adjacent to mye-
linating Schwann cells, at the point when the cover of the
neuronal process transitions from satellite glia to Schwann
cells (Koike et al. 2019). A basal lamina surrounds the
p75NR positive glia, which discriminates the cell from mes-
enchymal cells lacking basal laminas. The nucleus shows
large areas of heterochromatin. The cytoplasm is darker,
similar to other glial cells of DRGs and contains the usual
organelles such as mitochondria and ER (Koike et al. 2019).

Structure of connective tissue cells in DRG

In addition to neurons, satellite cells and Schwann cells,
DRGs consist of a variety of other cell types such as mac-
rophages, fibroblasts, and pericytes (Avraham et al. 2022;
Mapps et al. 2022). Ultrastructural data are absent for almost
all of the cell types which consequently associate with a
lack of understanding of their integration and of the type of
contacts between the diverse cell types.

Macrophages

Relatively high numbers of macrophages are present in
normal DRG. In rats, 4000 macrophages have been esti-
mated to reside in a DRG, many adjacent to satellite cells
(Lu and Richardson 1993). Recent investigations using
single-cell and spatial transcriptomics of different cell
types in DRG including macrophages have revealed the
presence different subgroups of macrophages in DRG
(Avraham et al. 2021; Mapps et al. 2022). Macrophages
in DRG are one of the key cells that can modulate pain
signalling (Raoof et al. 2021; Ton et al. 2013), but infor-
mation on DRG macrophage ultrastructure are lacking (Yu
et al. 2020). A rare image of the ultrastructure of mac-
rophages in rat DRG has been shown in relation to the
uptake of the tracer horseradish peroxidase (HRP). The
substance was immediately removed from extravascular
spaces in DRG upon extravasation from intraganglionic
blood vessels. Unfortunately, no further analysis of mac-
rophage ultrastructure was included in the report (Jacobs
et al. 1976).
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Mast cells

Early studies on bovine DRGs identified mast cells, whereas
neither macrophages nor leucocytes could be observed
(McCracken and Dow 1973). In the opossum DRG, cells
with mast cell morphological characteristics were named
but not shown or further described (Soares et al. 2012).
However, contrary to these findings, recent transcriptomic
profiling studies of cell types in human, rat, and mouse DRG
did not describe cells with the characteristics of mast cells
(Avraham et al. 2022; Mapps et al. 2022).

Pericytes

Pericytes showed ultrastructural similarities to endothelial
cells with lower numbers of vesicles. A basal lamina separated
endothelial cells and pericytes (Andres 1961a; McCracken
and Dow 1973). The pericytes contained pinocytotic vesicles
on their interstitial side (McCracken and Dow 1973).

Interstitial cells/endoneural cells

Interstitial DRG cells (in early studies named fibrocytary
endoneural cells (Andres 1961a)) have been described
next to satellite cells in early publications (Cervos-Navarro
1959). Interstitial cell numbers are low compared to sat-
ellite and Schwann cells (Andres 1961a; Cervos-Navarro
1959). These cells do not have contact with nerve cells or
their processes. Their nuclei are irregular in shape and have
homogeneous fine granular nucleoplasms. The rough ER is
well developed and dispersed throughout the cell. Polyribo-
somes are less frequent compared to neurons, and the plasma
membrane is irregular but lacks folds. Long processes of
interstitial cells are loosely connected to Schwann cells. No
basal lamina separates interstitial cells from the interstitial
space (Andres 1961a; Cervos-Navarro 1959). The absence
of the basal lamina is also a characteristic feature of intersti-
tial fibroblasts (McCracken and Dow 1973) which suggests
interstitial cells are likely to be fibroblasts which have been
identified in transcriptomic studies and might be involved
in the infiltration of immune cells into DRG in response
to nerve damage (Avraham et al. 2022; Mapps et al. 2022;
Singhmar et al. 2020).

Structure of blood vessels and capsule of DRG
Blood vessels
The recent COVID-19 pandemic is a multisystem disease

partially due to vascular endothelium injury, and the per-
sistence of symptoms in long COVID patients includes
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chronic pain and sensory abnormalities that are likely to
propel new investigative paths to therapeutic opportuni-
ties targeting the DRG vasculature. Sensory neurons have
long processes and need substantial energy to maintain
bidirectional transport of cytoplasmic and membranous
contents. This high energy demand requires an adequate
blood supply; thus, DRGs are highly vascularised. The
three-dimensional arrangement of the vasculature in rat
DRG was visualised using corrosion cast technique in
combination with SEM (Kobayashi et al. 2010). The larg-
est intraganglionic blood vessels in human DRG are arte-
rioles and small veins (unpublished observation, Fig. 4).
Arterioles penetrate the ganglionic capsule and transform
into a subcapsular capillary network that surrounds the
neurons. Those arterioles showed constricted areas, sug-
gesting the presence of vascular sphincters. The capillar-
ies were 3—5 pm in diameter and became venules with
increasing size to presumably become sinusoidal veins
(Kobayashi et al. 2010).

Dorsal root ganglia are situated outside of the blood—brain
barrier. Capillaries in DRG allow free perfusion of DRGs
with blood for efficient exchange of nutrients, gases, and
metabolites (Jacobs et al. 1976). The endothelial cell layer
has been shown to possess fenestrations with and without
a visible diaphragm (Jacobs et al. 1976). This contrasts
early investigations, where the capillary endothelium was
described as containing no “pores” (Andres 1961a). How-
ever, analysis of the distribution of a tracer (HRP) at the
ultrastructural level in rats showed capillary fenestrations
and fast leakage of tracer into extravascular spaces, before
being taken up by macrophages (Jacobs et al. 1976). The cap-
illary network has been shown to surround neuron-satellite

Fig.4 Semithin section of a
human DRG. The largest blood
vessels in human DRG are
small arterioles and venules as
shown in the semithin section.
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complexes. The processes of capillary endothelial cells
overlapped and were connected via junctional complexes.
The cells were in contact with a 50-nm-thick basal lamina
(Andres 1961a).

Capsule and endoneurium

Dorsal root ganglia are located at the intersection between
the central nervous system (CNS) and peripheral nervous
system (PNS). Therefore, cell types and structures that differ
between the CNS and the PNS, such as the meninges, must
change along DRG. Consequently, early studies focused on
investigating the relationship between the meninges and the
capsule of DRG (Brierley 1950). Brierley summarized early
experiments that started in the 1870s (Quincke 1872, Key
and Retzius 1875), and based on experiments in rabbits, con-
cluded that the dura and arachnoid layers converge with the
capsule of ganglia and create a cul-de-sac at the narrowing of
the proximal DRG (Brierley 1950). The subdural space then
continues along the ganglion accompanied by the transition
of the dural layers of the CNS into the epi- and perineural
structures associated with DRGs (McCabe and Low 1969).
The capsule of the rat, bovine, and opossum DRGs has been
described in early electron-microscopical investigations as
consisting of small, flattened cells and layers of collagen
fibres (Beams et al. 1952; McCracken and Dow 1973). These
cells are covered from derivates of the dura mater or, as
described in the epineurium, continue as dura mater (McCabe
and Low 1969). The fibrous capsule contains a space covered
by “endothelial” cells (Andres 1961a). The perineurium fol-
lows as layers of perineural epithelial cells that have elongated
nuclei and a rough ER that is less developed compared to

- 7 1
N 4
© ¢ /
J Y
" s D
& g' > 2 ' ’ ’ a4
e = 5
= ~ CJ
z & »~ .. n
- <Q .A A
= L4 'y ~

@ Springer



32

Cell and Tissue Research (2023) 393:17-36

fibroblasts (McCracken and Dow 1973). Glycogen granules
and pinocytic vesicles are frequently present (McCracken and
Dow 1973). It is separated from the collagen- and fibroblast-
rich epineurium and endoneurium by basal laminas (McCabe
and Low 1969; McCracken and Dow 1973). The layers of flat-
tened epithelial cells and spaces filled with connective tissue
surround the subarachnoid space (McCabe and Low 1969;
Soares et al. 2012).

The endoneurium contains collagen fibril aggregations that
extend from the fibrous capsule. Fibrocyte-like cells are pre-
sent, but low in numbers compared to satellite cells (Andres
1961a; Cervos-Navarro 1959). They possess a rough ER that
contains pores (Andres 1961a). Interestingly, fibrocyte-like
cells are not separated from other endoneural cells by a basal
lamina. The endoneural cells contain lipid droplets and large
cytosomes, which are lysosome-related organelles.

Summary

The identity and relevance of the dorsal root ganglia have
evolved from being seen as rudimentary structures housing
cell bodies of sensory neurons to highly organised signal
relay and modulation complexes that are essential for the
transmission of sensory information related to our internal
and external environment. The unique pseudounipolar struc-
ture of each DRG neuron has one axon that bifurcates into
two separate branches resulting in a proximal process and a
distal process which can be some of the longest cell exten-
sions in the body. Another unique property of DRGs is that
they lie outside the blood—brain barrier but inside the verte-
bral column covered in part by meninges (Haberberger et al.
2019). The DRG has significant clinical relevance in nerve
injury, inflammation, and chronic pain development. Our
understanding of the complexity of the cellular environment
within the DRG has expanded over the last five decades, and
the DRG is increasingly investigated as a key component in
the development of chronic pain conditions and a potential
target for new therapies. Therefore, comprehensive knowl-
edge about the ultrastructure of the DRG and its components
at the cellular level is essential to gain a better understanding
of structure—function relationships. This knowledge will be
vital for many of these new emerging therapies to reach their
projected potential. The ultrastructural data generated to date
is largely focused on investigating sensory neurons situated
within the DRG. More recent studies have pivoted towards
understanding functionally important interactions involv-
ing the non-neuronal cells within DRG that possess the
capacity to modulate DRG neuron function. The described
heterogeneity in ultrastructure between sensory DRG
neurons (Andres 1961a; Duce and Keen 1977; Matsuda
and Uehara 1981; Rambourg et al. 1983) has recently be
confirmed by using gene-deficient mouse models and RNA
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sequencing (North et al. 2019; Wangzhou et al. 2020). Nev-
ertheless, currently available evidence exposes the exist-
ence of a major deficiency between the understanding of
the pathophysiology of illnesses such as chronic pain gained
by animal research and existing human research data. This
is clearly highlighted by the low animal-to-human clinical
translation rates and has been reflected to date in the disap-
pointing inadequacy of pharmacological treatment develop-
ment for most chronic pain conditions, while direct targeting
of DRG has recently been demonstrated to overcome some
of the limitations of systemic approaches. Neurostimulation
of the DRG to relieve chronic neuropathic pain is an example
of beneficial effects of current progressive research (Deer
et al. 2017). Understanding of similarities and differences
between animal and human DRGs at an ultrastructural level
is imperative in the translation of animal research for direct
therapeutic approaches involving the human DRG. There-
fore, it is essential to focus not only on DRG neurons, but
also on other cells such as macrophages and satellite cells,
that appear to play important roles in the modulation of pain
perceptions. What impact may this have on DRG therapies
targeting pain? Ultrastructural investigations in this area
should focus on integrating structural investigations with
functional relationships of macrophages with satellite cells
and the presence and cell—cell interactions of other immune
cells such as T and B immune cells. In resolving some of the
issues with therapeutic targeting of DRG, it is also important
to gain a better understanding of the blood supply of DRG
and associated structures. Dorsal root ganglia are highly
vascularised structures; however, the knowledge about the
DRG blood supply and migration and presence of immune-
competent cells as well as the presence of lymphatic vessels
within ganglia has been the subject of very few investiga-
tions or has not been investigated at all.

A deeper understanding of the ultrastructure of the DRG
should provide the critical information necessary to address
important clinical challenges related to the function of the
DRG. Virus infections such as varicella zoster virus and
SARS-cov-2 all impact DRG functions, and understanding
the mechanisms of pathogenesis electron microscopy and
related techniques (e.g. immuno-EM, histochemistry) are
vital. These investigations may, in turn, provide valuable
insights into potential new therapies. Gene therapy uses viral
vectors to gain access to target cells (Wagner et al. 2021).
It is crucial to understand cells, their connections, and their
interactions with a virus at the ultrastructural level. Further-
more, intercellular communication via exosomes between
macrophages and DRG neurons has also been shown to reg-
ulate pain signalling (Simeoli et al. 2017). Exosome therapy
is being developed as a highly targeted, flexible treatment for
conditions involving the DRG, including osteoarthritis and
chronic pain (Miao et al. 2021; Shiue et al. 2019). In addi-
tion, insights into cell—cell interactions may reveal DRG cell
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type—specific targets to alleviate chronic pain resulting from
pathological conditions. Therefore, in-depth knowledge of
the ultrastructure of DRG, particularly in humans, will
help to “see through” the framework of cell-to-cell func-
tional relationships in these principal structures of the PNS.
These in turn may help to identify one of the crucial keys
that could unlock the underlying mechanisms that regulate
the primary stages of sensory signalling in both healthy and
diseased states.

Funding Open Access funding enabled and organized by CAUL and
its Member Institutions.

Declarations

Conflict of interest On behalf of all authors, the corresponding author
states that there is no conflict of interest. The review manuscript has
no direct research involved and therefore “Research involving Human
Participants and/or Animals” is not applicable. The corresponding au-
thor received from all authors consent to publication of the data pre-
sented in the review.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Ahmed MM, Kanagasuntheram R (1976) Mitochondrial variations in
the spinal ganglion cells of the slow loris: an electron micro-
scopic study. J Anat 121:223-230

Anderson E, Van Breemen VL (1958) Electron microscopic observa-
tions on spinal ganglion cells of Rana pipiens after injection of
malononitrile. J Biophys Biochem Cytol 4:83-86

Andres KH (1961a) Research on the fine-structure of spinal ganglia. Z
Zellforsch Mikrosk Anat 55:1-48

Andres KH (1961b) Research on the morphological changes in spinal
ganglia during retrograde degeneration. Z Zellforsch Mikrosk
Anat 55:49-79

Avraham O, Chamessian A, Feng R, Yang L, Halevi AE, Moore AM,
Gereau RWt, Cavalli V (2022) Profiling the molecular signature
of satellite glial cells at the single cell level reveals high similari-
ties between rodents and humans. Pain 163:2348-2364

Avraham O, Feng R, Ewan EE, Rustenhoven J, Zhao G, Cavalli V
(2021) Profiling sensory neuron microenvironment after periph-
eral and central axon injury reveals key pathways for neural
repair. Elife 10

Beams HW, Van Breemen VL, Newfang DM, Evans TC (1952) A
correlated study on spinal ganglion cells and associated nerve
fibers with the light and electron microscopes. J] Comp Neurol
96:249-281

Berciano MT, Novell M, Villagra NT, Casafont I, Bengoechea R, Val-
Bernal JF, Lafarga M (2007) Cajal body number and nucleolar
size correlate with the cell body mass in human sensory ganglia
neurons. J Struct Biol 158:410-420

Berthold C (1966) Ultrastructural appearance of glycogen in the B-neurons
of the lumbar spinal ganglia of the frog. J Ultrastruct Res 14:254-267

Blum E, Procacci P, Conte V, Hanani M (2014) Systemic inflammation
alters satellite glial cell function and structure. A Possible Contr
to Pain Neurosci 274:209-217

Bowen S, Ateh DD, Deinhardt K, Bird MM, Price KM, Baker CS,
Robson JC, Swash M, Shamsuddin W, Kawar S, El-Tawil T, Roos
J, Hoyle A, Nickols CD, Knowles CH, Pullen AH, Luthert PJ,
Weller RO, Hafezparast M, Franklin RJ, Revesz T, King RH,
Berninghausen O, Fisher EM, Schiavo G, Martin JE (2007) The
phagocytic capacity of neurones. Eur J Neurosci 25:2947-2955

Brierley JB (1950) The penetration of particulate matter from the cer-
ebrospinal fluid into the spinal ganglia, peripheral nerves, and
perivascular spaces of the central nervous system. J Neurol Neu-
rosurg Psychiatry 13:203-215

Bunge MB, Bunge RP, Peterson ER, Murray MR (1967) A light and
electron microscope study of long-term organized cultures of rat
dorsal root ganglia. J Cell Biol 32:439-466

Cavanaugh DJ, Chesler AT, Braz JM, Shah NM, Julius D, Basbaum
Al (2011) Restriction of transient receptor potential vanilloid-1
to the peptidergic subset of primary afferent neurons follows its
developmental downregulation in nonpeptidergic neurons. ] Neu-
rosci 31:10119-10127

Cervos-Navarro J (1959) Electron microscopic studies on the spinal
ganglis. Arch Psychiatr Nervenkr Z Gesamte Neurol Psychiatr
199:643-662

Chomphoo S, Sakagami H, Kondo H, Hipkaeco W (2021) Localiza-
tion of PIP5SKgamma selectively in proprioceptive peripheral
fields and also in sensory ganglionic satellite cells as well as
neuronal cell membranes and their central terminals. J Anat
239:1196-1206

Chung K, Yoon YW, Chung JM (1997) Sprouting sympathetic fibers
form synaptic varicosities in the dorsal root ganglion of the rat
with neuropathic injury. Brain Res 751:275-280

Connolly JL, Seeley PJ, Greene LA (1985) Regulation of growth cone
morphology by nerve growth factor: a comparative study by
scanning electron microscopy. J Neurosci Res 13:183-198

Dawson IM, Hossack J, Wyburn GM (1955) Observations on the Nissl’s
substance, cytoplasmic filaments and the nuclear membrane of
spinal ganglion cells. Proc R Soc Lond B Biol Sci 144:132-142

Deer TR, Levy RM, Kramer J, Poree L, Amirdelfan K, Grigsby E,
Staats P, Burton AW, Burgher AH, Obray J, Scowcroft J, Golovac
S, Kapural L, Paicius R, Kim C, Pope J, Yearwood T, Samuel S,
McRoberts WP, Cassim H, Netherton M, Miller N, Schaufele M,
Tavel E, Davis T, Davis K, Johnson L, Mekhail N (2017) Dorsal
root ganglion stimulation yielded higher treatment success rate
for complex regional pain syndrome and causalgia at 3 and 12
months: a randomized comparative trial. Pain 158:669-681

Devor M (1999) Unexplained peculiarities of the dorsal root ganglion.
Pain Suppl 6:S27-S35

Duce IR, Keen P (1977) An ultrastructural classification of the neu-
ronal cell bodies of the rat dorsal root ganglion using zinc iodide-
osmium impregnation. Cell Tissue Res 185:263-277

Fadda A, Bartschi M, Hemphill A, Widmer HR, Zurbriggen A, Perona
P, Vidondo B, Oevermann A (2016) Primary Postnatal Dorsal
Root Ganglion Culture from Conventionally Slaughtered Calves.
PLoS One 11:e0168228

Fullmer JM, Riedl M, Williams FG, Sandrin M, Elde R (2007)
Enzymes that synthesize the IB4 epitope are not sufficient to
impart IB4 binding in dorsal root ganglia of rat. ] Comp Neurol
501:70-82

@ Springer


http://creativecommons.org/licenses/by/4.0/

34

Cell and Tissue Research (2023) 393:17-36

Garcia-Poblete E, Fernandez-Garcia H, Moro-Rodriguez E, Catala-
Rodriguez M, Rico-Morales ML, Garcia-Gomez-de-las-Heras
S, Palomar-Gallego MA (2003) Sympathetic sprouting in dorsal
root ganglia (DRG): a recent histological finding? Histol Histo-
pathol 18:575-586

Geuna S, Borrione P, Corvetti G, Poncino A, Giacobini-Robecchi MG
(1998) Types and sub-types of neurons in dorsal root ganglia of
the lizard Podarcis sicula: a light and electron microscope study.
Eur J Morphol 36:37-47

Haberberger RV, Barry C, Dominguez N, Matusica D (2019) Human
Dorsal Root Ganglia. Front Cell Neurosci 13:271

Haider SG, Bijok U, Dimpfel W, Pierau FK (1983) Morphological and
electrophysiological aspects of dissociated cultures of rat CNS.
Arch Toxicol 54:343-352

Harty BL, Monk KR (2017) Unwrapping the unappreciated: recent
progress in Remak Schwann cell biology. Curr Opin Neurobiol
47:131-137

Hedstrom KL, Xu X, Ogawa Y, Frischknecht R, Seidenbecher CI,
Shrager P, Rasband MN (2007) Neurofascin assembles a spe-
cialized extracellular matrix at the axon initial segment. J Cell
Biol 178:875-886

Henrich M, Hoffmann K, Konig P, Gruss M, Fischbach T, Godecke A,
Hempelmann G, Kummer W (2002) Sensory neurons respond to
hypoxia with NO production associated with mitochondria. Mol
Cell Neurosci 20:307-322

Hess A (1955) The fine structure of young and old spinal ganglia. Anat
Rec 123:399-423

Hossack JW, G.M. (1954) Electron microscopic studies of spinal gan-
glion cells. Proc Roy Soc Edinb Sect 65:239-250

Jacobs JM, Macfarlane RM, Cavanagh JB (1976) Vascular leakage
in the dorsal root ganglia of the rat, studied with horseradish
peroxidase. J Neurol Sci 29:95-107

JiY, Shi W, Yang J, Ma B, Jin T, Cao B, Liu X, Ma K (2022) Effect of
sympathetic sprouting on the excitability of dorsal root ganglion
neurons and afferents in a rat model of neuropathic pain. Bio-
chem Biophys Res Commun 587:49-57

Johnson IP, Sears TA (2013) Target-dependence of sensory neurons:
an ultrastructural comparison of axotomised dorsal root ganglion
neurons with allowed or denied reinnervation of peripheral tar-
gets. Neuroscience 228:163-178

Juric M, Zeitler J, Vukojevic K, Bocina I, Grobe M, Kretzschmar G,
Saraga-Babic M, Filipovic N (2020) Expression of Connexins
37, 43 and 45 in Developing Human Spinal Cord and Ganglia.
Int J Mol Sci 21

Kayahara T (1986) Synaptic connections between spinal motoneurons
and dorsal root ganglion cells in the cat. Brain Res 376:299-309

Kayahara T, Takimoto T, Sakashita S (1981) Synaptic junctions in the
cat spinal ganglion. Brain Res 216:277-290

Kim HJ, Na HS, Back SK, Hong SK (2001) Sympathetic sprouting
in sensory ganglia depends on the number of injured neurons.
NeuroReport 12:3529-3532

Klein A, Solinski HJ, Malewicz NM, Ieong HF, Sypek EI, Shimada
SG, Hartke TV, Wooten M, Wu G, Dong X, Hoon MA, LaMotte
RH, Ringkamp M (2021) Pruriception and neuronal coding in
nociceptor subtypes in human and nonhuman primates. Elife 10

Kobayashi S, Mwaka ES, Baba H, Takeno K, Miyazaki T, Matsuo H,
Uchida K, Meir A (2010) Microvascular system of the lumbar
dorsal root ganglia in rats. Part I: a 3D analysis with scanning
electron microscopy of vascular corrosion casts. J Neurosurg
Spine 12:197-202

Koga D, Ushiki T (2006) Three-dimensional ultrastructure of the Golgi
apparatus in different cells: high-resolution scanning electron micros-
copy of osmium-macerated tissues. Arch Histol Cytol 69:357-374

Koike T, Tanaka S, Hirahara Y, Oe S, Kurokawa K, Maeda M, Suga
M, Kataoka Y, Yamada H (2019) Morphological characteris-
tics of p75 neurotrophin receptor-positive cells define a new

@ Springer

type of glial cell in the rat dorsal root ganglia. ] Comp Neurol
527:2047-2060

Koneff H (1887) Beitraege zur Kenntnis der Nervenzellen der periph-
eren Ganglien. Mitt Naturforsch Ges Bern 13-44

Kummer W (1994) Sensory ganglia as a target of autonomic and sen-
sory nerve fibres in the guinea-pig. Neuroscience 59:739-754

Larsson K, Brisby H, Johansson BR, Runesson E, Rydevik B (2012)
Electron microscopy analysis of neurites extending from dorsal
root ganglia in vitro following exposure to intervertebral disc
cells. Cells Tissues Organs 196:82-89

Ledda M, Martinelli C, Pannese E (2001) Quantitative changes in
mitochondria of spinal ganglion neurons in aged rabbits. Brain
Res Bull 54:455-459

Leterrier C (2018) The axon initial segment: an updated viewpoint.
J Neurosci 38:2135-2145

Li L, Zhou XF (2001) Pericellular Griffonia simplicifolia I isolectin
B4-binding ring structures in the dorsal root ganglia following
peripheral nerve injury in rats. J] Comp Neurol 439:259-274

Li YC, Sun LK, Zhou L, Zhang HN (2011) Clarification of the
peripherally located F-actin network around the primary affer-
ent neurons. Brain Res 1392:54-61

Lindsey JD, Hammerschlag R, Ellisman MH (1981) An increase in
smooth endoplasmic reticulum and a decrease in Golgi appa-
ratus occur with ionic conditions that block initiation of fast
axonal transport. Brain Res 205:275-287

Lu X, Richardson PM (1993) Responses of macrophages in rat dorsal
root ganglia following peripheral nerve injury. J Neurocytol
22:334-341

Malchiodi F, Rambourg A, Clermont Y, Caroff A (1986) Ultrastruc-
tural localization of concanavalin A-binding sites in the Golgi
apparatus of various types of neurons in rat dorsal root ganglia:
functional implications. Am J Anat 177:81-95

Mapps AA, Thomsen MB, Boehm E, Zhao H, Hattar S, Kuruvilla R
(2022) Diversity of satellite glia in sympathetic and sensory
ganglia. Cell Rep 38:110328

Martinelli C, Sartori P, Ledda M, Pannese E (2006) A study of mitochon-
dria in spinal ganglion neurons during life: quantitative changes
from youth to extremely advanced age. Tissue Cell 38:93-98

Matsuda S, Baluk P, Shimizu D, Fujiwara T (1996) Dorsal root
ganglion neuron development in chick and rat. Anat Embryol
(berl) 193:475-480

Matsuda S, Kobayashi N, Terashita T, Shimokawa T, Shigemoto
K, Mominoki K, Wakisaka H, Saito S, Miyawaki K, Saito
K, Kushihata F, Chen J, Gao SY, Li CY, Wang M, Fujiwara
T (2005) Phylogenetic investigation of Dogiel’s pericellular
nests and Cajal’s initial glomeruli in the dorsal root ganglion.
J Comp Neurol 491:234-245

Matsuda S, Uehara Y (1981) Cytoarchitecture of the rat dorsal root
ganglia as revealed by scanning electron microscopy. J Elec-
tron Microsc (tokyo) 30:136-140

Matsumoto E, Rosenbluth J (1985) Plasma membrane structure at
the axon hillock, initial segment and cell body of frog dorsal
root ganglion cells. J Neurocytol 14:731-747

McCabe JS, Low FN (1969) The subarachnoid angle: an area of
transition in peripheral nerve. Anat Rec 164:15-33

McCracken RM, Dow C (1973) An electron microscopic study of
normal bovine spinal ganglia and nerves. Acta Neuropathol
25:127-137

Meier WA, Linn MJ, Davis WP, Sutherland JE, Sharma AK (2020)
Incidental ultrastructural findings in the sural nerve and dor-
sal root ganglion of aged control Sprague Dawley Rats in a
nonclinical carcinogenicity study. Toxicol Pathol 48:132-143

Miao C, Zhou W, Wang X, Fang J (2021) The research progress of
exosomes in osteoarthritis, with particular emphasis on the
mediating roles of miRNAs and IncRNAs. Front Pharmacol
12:685623



Cell and Tissue Research (2023) 393:17-36

35

Michael GJ, Averill S, Shortland PJ, Yan Q, Priestley JV (1999) Axot-
omy results in major changes in BDNF expression by dorsal root
ganglion cells: BDNF expression in large trkB and trkC cells, in
pericellular baskets, and in projections to deep dorsal horn and
dorsal column nuclei. Eur J Neurosci 11:3539-3551

Mitro A, Daxnerova Z, Smetana K, Marossy A, Jalc P, Marsala J (1983)
Nucleus ultrastructure of dog dorsal root ganglia cells after par-
tial ischemia. J Hirnforsch 24:273-280

Moreno-Garcia A, Kun A, Calero O, Medina M, Calero M (2018) An
overview of the role of lipofuscin in age-related neurodegenera-
tion. Front Neurosci 12:464

Murayama S, Bouldin TW, Suzuki K (1991) Onion bulb formation in
the initial complex of neurons in human dorsal root ganglion:
their significance and alterations in amyotrophic lateral sclerosis.
Acta Neuropathol 82:462—470

Murinson BB, Griffin JW (2004) C-fiber structure varies with location
in peripheral nerve. J Neuropathol Exp Neurol 63:246-254

Nagashima K, Oota K (1974) A histopathological study of the human
spinal ganglia. 1. Normal variations in aging. Acta Pathol Jpn
24:333-344

Nascimento Al, Da Silva TF, Fernandes EC, Luz LL, Mar FM,
Safronov BV, Sousa MM (2022) Sensory neurons have an axon
initial segment that initiates spontaneous activity in neuropathic
pain. Brain 145:1632-1640

Nascimento Al, Mar FM, Sousa MM (2018) The intriguing nature of
dorsal root ganglion neurons: linking structure with polarity and
function. Prog Neurobiol 168:86-103

Neugebauer KM (2017) Special focus on the Cajal Body. RNA Biol
14:669-670

North RY, Li Y, Ray P, Rhines LD, Tatsui CE, Rao G, Johansson CA,
Zhang H, Kim YH, Zhang B, Dussor G, Kim TH, Price TJ,
Dougherty PM (2019) Electrophysiological and transcriptomic
correlates of neuropathic pain in human dorsal root ganglion
neurons. Brain 142:1215-1226

Obata K, Katsura H, Sakurai J, Kobayashi K, Yamanaka H, Dai Y,
Fukuoka T, Noguchi K (2006) Suppression of the p75 neurotro-
phin receptor in uninjured sensory neurons reduces neuropathic
pain after nerve injury. J Neurosci 26:11974-11986

Palay SL, Palade GE (1955) The fine structure of neurons. J Biophys
Biochem Cytol 1:69-88

Palay SL, Wissig SL (1953) Secretory granules and Nissl substance in
fresh supraoptic neurones of the rabbit. Anat Rec 116:301-313

Pannese E (1960) Observations on the morphology, submicroscopic
structure and biological properties of satellite cells (s.c.) in
sensory ganglia of mammals. Z Zellforsch Mikrosk Anat
52:567-597

Pannese E, Procacci P (2002) Ultrastructural localization of NGF
receptors in satellite cells of the rat spinal ganglia. J Neurocytol
31:755-763

Philippe E, Droz B (1988) Calbindin D-28 k-immunoreactive neurons
in chick dorsal root ganglion: ontogenesis and cytological char-
acteristics of the immunoreactive sensory neurons. Neuroscience
26:215-224

Piper RC, Katzmann DJ (2007) Biogenesis and function of multive-
sicular bodies. Annu Rev Cell Dev Biol 23:519-547

Rambourg A, Clermont Y, Beaudet A (1983) Ultrastructural features
of six types of neurons in rat dorsal root ganglia. J Neurocytol
12:47-66

Raoof R, Martin Gil C, Lafeber F, de Visser H, Prado J, Versteeg S,
Pascha MN, Heinemans ALP, Adolfs Y, Pasterkamp J, Wood JN,
Mastbergen SC, Eijkelkamp N (2021) Dorsal root ganglia mac-
rophages maintain osteoarthritis pain. J Neurosci 41:8249-8261

Ray P, Torck A, Quigley L, Wangzhou A, Neiman M, Rao C, Lam T,
Kim JY, Kim TH, Zhang MQ, Dussor G, Price TJ (2018) Com-
parative transcriptome profiling of the human and mouse dorsal

root ganglia: an RNA-seq-based resource for pain and sensory
neuroscience research. Pain 159:1325-1345

Rigon F, Rossato D, Auler VB, Dal Bosco L, Faccioni-Heuser MC,
Partata WA (2013) Effects of sciatic nerve transection on ultra-
structure, NADPH-diaphorase reaction and serotonin-, tyrosine
hydroxylase-, c-Fos-, glucose transporter 1- and 3-like immu-
noreactivities in frog dorsal root ganglion. Braz ] Med Biol Res
46:513-520

Ruiz-Soto M, Riancho J, Tapia O, Lafarga M, Berciano MT (2020) Sat-
ellite glial cells of the dorsal root ganglion: a new “guest/physi-
opathological target” in ALS. Front Aging Neurosci 12:595751

Russell JW, Golovoy D, Vincent AM, Mahendru P, Olzmann JA,
Mentzer A, Feldman EL (2002) High glucose-induced oxida-
tive stress and mitochondrial dysfunction in neurons. FASEB J
16:1738-1748

Schmidt RE, Dorsey D, Parvin CA, Beaudet LN, Plurad SB, Roth KA
(1997) Dystrophic axonal swellings develop as a function of age
and diabetes in human dorsal root ganglia. ] Neuropathol Exp
Neurol 56:1028-1043

Shahmoradian SH, Galiano MR, Wu C, Chen S, Rasband MN, Mobley
WC, Chiu W (2014) Preparation of primary neurons for visu-
alizing neurites in a frozen-hydrated state using cryo-electron
tomography. J Vis Exp e50783

Shinder V, Govrin-Lippmann R, Cohen S, Belenky M, Ilin P, Fried K,
Wilkinson HA, Devor M (1999) Structural basis of sympathetic-
sensory coupling in rat and human dorsal root ganglia following
peripheral nerve injury. J Neurocytol 28:743-761

Shiue SJ, Rau RH, Shiue HS, Hung YW, Li ZX, Yang KD, Cheng JK
(2019) Mesenchymal stem cell exosomes as a cell-free therapy
for nerve injury-induced pain in rats. Pain 160:210-223

Shorey M, Rao K, Stone MC, Mattie FJ, Sagasti A, Rolls MM (2021)
Microtubule organization of vertebrate sensory neurons in vivo.
Dev Biol 478:1-12

Siew S (1979) Scanning electron microscopy of the human spinal cord
and dorsal root ganglia. Scan Electron Microsc 421429

Simeoli R, Montague K, Jones HR, Castaldi L, Chambers D, Kelleher
JH, Vacca V, Pitcher T, Grist J, Al-Ahdal H, Wong LF, Perretti
M, Lai J, Mouritzen P, Heppenstall P, Malcangio M (2017) Exo-
somal cargo including microRNA regulates sensory neuron to
macrophage communication after nerve trauma. Nat Commun
8:1778

Singhmar P, Trinh RTP, Ma J, Huo X, Peng B, Heijnen CJ, Kavelaars A
(2020) The fibroblast-derived protein PI116 controls neuropathic
pain. Proc Natl Acad Sci U S A 117:5463-5471

Soares JC, Francia-Farje LA, Horta-Junior JA, Matheus SM (2012)
Morphological and morphometric study of the opossum’s dorsal
root ganglia neurons. Somatosens Mot Res 29:45-51

Sommer EW, Kazimierczak J, Droz B (1985) Neuronal subpopula-
tions in the dorsal root ganglion of the mouse as characterized by
combination of ultrastructural and cytochemical features. Brain
Res 346:310-326

Sundt D, Gamper N, Jaffe DB (2015) Spike propagation through the
dorsal root ganglia in an unmyelinated sensory neuron: a mod-
eling study. J Neurophysiol 114:3140-3153

Tandrup T (2004) Unbiased estimates of number and size of rat dorsal
root ganglion cells in studies of structure and cell survival. J
Neurocytol 33:173-192

Ton BH, Chen Q, Gaina G, Tucureanu C, Georgescu A, Strungaru C,
Flonta ML, Sah D, Ristoiu V (2013) Activation profile of dorsal
root ganglia Iba-1 (+) macrophages varies with the type of lesion
in rats. Acta Histochem 115:840-850

Tongtako W, Lehmbecker A, Wang Y, Hahn K, Baumgartner W, Gerhauser
1(2017) Canine dorsal root ganglia satellite glial cells represent an
exceptional cell population with astrocytic and oligodendrocytic
properties. Sci Rep 7:13915

@ Springer



36

Cell and Tissue Research (2023) 393:17-36

van den Bosch de Aguilar P, Goemaere-Vanneste J, (1984) Paired heli-
cal filaments in spinal ganglion neurons of elderly rats. Virchows
Arch B Cell Pathol Incl Mol Pathol 47:217-222

van den Bosch de Aguilar P, Vanneste J, (1983) The microenviron-
ment of the spinal ganglion neuron in the rat during aging. Exp
Neurol 81:294-307

Vesin MF, Droz B (1995) Immunodetection of prostaglandin D syn-
thase: conditions of localization in a defined subclass of primary
sensory neurons. J] Histochem Cytochem 43:681-687

Wagner HJ, Weber W, Fussenegger M (2021) Synthetic biology:
emerging concepts to design and advance adeno-associated viral
vectors for gene therapy. Adv Sci (weinh) 8:2004018

Wangzhou A, Mcllvried LA, Paige C, Barragan-Iglesias P, Shiers S,
Ahmad A, Guzman CA, Dussor G, Ray PR, Gereau RWt, Price
TJ, (2020) Pharmacological target-focused transcriptomic analy-
sis of native vs cultured human and mouse dorsal root ganglia.
Pain 161:1497-1517

West CA, McKay Hart A, Terenghi G, Wiberg M (2012) Sensory
neurons of the human brachial plexus: a quantitative study

@ Springer

employing optical fractionation and in vivo volumetric magnetic
resonance imaging. Neurosurgery 70:1183-1194

Yu X, Liu H, Hamel KA, Morvan MG, Yu S, Leff J, Guan Z, Braz JM,
Basbaum AI (2020) Dorsal root ganglion macrophages contribute
to both the initiation and persistence of neuropathic pain. Nat
Commun 11:264

Zenker W, Hogl E (1976) The prebifurcation section of the axon of the
rat spinal ganglion cell. Cell Tissue Res 165:345-363

Zhang X, Priest BT, Belfer I, Gold MS (2017) Voltage-gated Na(+)
currents in human dorsal root ganglion neurons. Elife 6

Zhou Y, Mack PO, Ling EA (1998) Localization of nicotinamide
adenine dinucleotide phosphate-diaphorase reactivity and nitric
oxide synthase immunoreactivity in the lumbosacral dorsal root
ganglia in guinea pigs. J Hirnforsch 39:119-127

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Ultrastructure of dorsal root ganglia
	Abstract
	Introduction
	Structure of DRG neurons
	Organelles in DRG neurons
	Nucleusnucleolus
	Endoplasmic reticulum (ER)
	Golgi-apparatus, multivesicular bodies and lysosomes
	Mitochondria
	Microtubules and neurofilaments
	Glycogen, pigments, and lipofuscin

	Ultrastructure of axonal processes of DRG neurons
	Extrinsic neuronal processes in DRG
	Classification of DRG neurons based on their ultrastructure
	Immuno-electronmicroscopical findings on DRG neurons
	Structure of satellite cells
	Organelles in satellite cells
	Nucleusnucleolus
	Endoplasmic reticulum
	Golgi complexes, multivesicular bodies, and lysosomes
	Mitochondria
	Microtubules and neurofilaments
	Lipofuscin

	Structure and organelles of Schwann cells
	A new type of glia in DRG
	Structure of connective tissue cells in DRG
	Macrophages
	Mast cells
	Pericytes
	Interstitial cellsendoneural cells

	Structure of blood vessels and capsule of DRG
	Blood vessels
	Capsule and endoneurium

	Summary
	References


