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Abstract

Sensory dorsal root ganglia neurons are the first neurons of the sensory pathway: they
are able to sense and then transmit sensory stimuli to higher neuronal structures. They
represent a heterogeneous population of neurons that perceive different sensory
modalities: pain, temperature and mechanical stimuli. An important feature of these
neurons is their unique morphology. They possess a pseudo-unipolar morphology, where
only one axon (the stem axon) emerges from the cell body and bifurcates into a peripheral
and a central axon. Although these two axons are linked to the cell body through the stem
axon, they possess different functional features regarding the conduction of action
potentials, axon regeneration and axonal transport. Nevertheless, the structure and
mechanisms leading to the formation and maintenance of this asymmetry are unknown
and have been largely neglected in the field. In this context, the clarification of the
ultrastructure of the stem axon may have great impact on understanding how polarity of
dorsal root ganglia neurons is established and maintained. Here we critically review the
current knowledge on the factors that may underlie the functional asymmetry of the
peripheral and central dorsal root ganglia neuron axons. Ultimately, we suggest that a
more detailed knowledge on the axonal ultrastructure of dorsal root ganglia neurons will be
central to understand the mechanisms underlying the morphology, polarity and function of

these neurons.
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1. Introduction

In vertebrates, all sensory pathways (with the exception of those coming from the
head) begin with the activation of the peripheral receptors of dorsal root ganglia (DRG)
neurons. These peripheral neurons have a remarkably unique morphology: one axon
emerges from the cell body (stem axon) and bifurcates within the ganglion into a
peripheral and a central axon. This is known as a pseudo-unipolar morphology. The
peripheral axon extends to a peripheral target; whereas the central axon enters the spinal
cord via the dorsal roots and synapses in specific laminae of the spinal grey matter (Eide
et al. 1997) or in the brainstem (Giuffrida et al. 1992). Action potentials are generated at
the peripheral terminal and conducted along the peripheral axons of each DRG neuron
toward the central nervous system (CNS). Besides DRG neurons, other peripheral
neurons exist. Of particular importance the sympathetic ganglia neurons are responsive for
the autonomous functions of the body. In this review we will focus on the peripheral DRG
neurons.

DRG neurons have been extensively studied because of their key role in the
transmission of sensory signals. Their morphology is of utmost importance for their
function and alterations may lead to pathology. As so, new insights on the establishment of
this morphology may lead to the development of new therapeutic approaches. Here, we
provide an overview of the heterogeneous populations of DRG neurons. We also discuss
in a critical perspective the current knowledge on the functional differences between
central and peripheral axons. We present the proximal segment of DRG neurons as a
possible key region in the establishment of neuronal polarity and central-peripheral
asymmetry, as well as in the control of the passage of peripheral signaling. Finally, we
provide an overview of the ultrastructure of DRG neurons, highlighting the differences
between the central and peripheral axons that may justify their striking distinct functional

properties.

2. Embryonic development of DRG neurons. Different origin means

different function?

The peculiarities of DRG neurons initiate even during development. As the neural
tube is formed during embryonic development, it is then surrounded by neural crest cells.

Neural crest cells originate in the dorsal neural tube and then migrate laterally. This



sequence of events starts anteriorly and then progresses posteriorly (Pannese 1974). The
spinal cord and brain originate from the neural tube, while DRG neurons derive from the
neural crest cells. In fact, the neural crest cells originate all cells from the DRG including
neurons, Schwann and Satellite cells (Marmigere et al. 2007).

In the mouse, DRG neurons are originated between E10 and E13. The different
classes of DRG neurons originate in a timely manner. During this period both differentiated
neurons and progenitor cells co-exist, suggesting that cell differentiation and proliferation
co-exist in the same time window. The analysis of the trk receptor expression showed that
neurons expressing trkB and trkC are formed first and trkA expressing neurons are formed
latter. As such it was suggested that DRG neurons are formed in waves of neurogenesis
(Farinas et al. 2002). A third wave of neurogenesis was proposed. Boundary cap cells are
one of the last group of cells deriving from neural crest cells, and are initially in the
boundary of the neural tube. The tracing of these cells during embryonic development
showed that they are able to colonize nerve roots originating their glial cells. Furthermore,
they can migrate through the dorsal root to the DRG originating a subset of DRG neurons
(mainly trkA-positive) and satellite cells (Maro et al. 2004). Gliogenesis occurs during the
same period as neurogenesis, however its peak formation occurs in the latter period of
neurogenesis (E13) (Lawson et al. 1979). Initially during development, neuronal cells
outnumber Schawnn cells, but latter this relationship is reversed (Pannese 1981).

Both Schwann and Satellite cells are responsible for the support of DRG neurons.
While Schwann cells are present at both ganglia and nerves (being responsible for
myelination in the peripheral nervous system - PNS), Satellite cells are only present in the
ganglia. Satellite cells have been proposed to wrap the DRG neuron cell body. This
interaction varies from simple cell membrane coverage to multiple layers of compact
membrane producing a myelin like structure (Pannese 1981). The importance of this
insulation is unclear as the role of the DRG neuron cell body in the regulation of the
conduction velocity of action potentials is not completely understood. This topic will be
further discussed ahead.

Like in other nervous tissues, the glial cells of the DRG are responsible for the
mechanical and trophic support of neurons. Several data suggest however that neurons
may influence glial activity, particularly in the context of neuropathic pain following nerve
injury (Ohara et al. 2009, Donegan et al. 2013, Adaes et al. 2017).Nevertheless, the

mechanisms by which this cross-talk occurs remain largely unknown and the possible



contribution of the extracellular environment to the development of DRG neurons is not

established.

3. Pseudo-unipolarization of DRG neurons: cell body elongation or

fusion of the two opposing branches?

During their early embryonic development, DRG neurons are bipolar and undergo
a unigue morphological change, termed pseudo-unipolarization, to acquire their mature
shape. Pseudo-unipolarization was first mentioned by His (His 1886). The origin of the
stem axon has been proposed by two different mechanisms, the fusion of the two axons or
the elongation of the cell body towards the two pre-existing axons. This phenomenon was
examined in vivo using classical silver impregnation methods (His 1886, Ramén y Cajal
1890) and later confirmed using scanning electron microscopy (Matsuda et al. 1984,
Matsuda et al. 1996), transmission electron microscopy (Tennyson 1965), retrograde
tracing techniques (Barber et al. 1986), and immunohistochemistry for cytoskeletal
markers (Riederer et al. 1992). Ramén y Cajal summarized the sequence of events
leading to the formation of the two DRG branches in developing DRG neuroblasts (Ramon
y Cajal 1955). In early stages, most DRG neurons are spindle-shaped bipolar. As the cell
body bulges in a direction, the two processes approach each other forming an angle of
less than 90 degrees (bell-shaped bipolar conformation). The most recent evidence by
sequential analysis of DRG neurons morphology during development also support the
hypothesis of cell body elongation for pseudo-unipolarization (Fig. 1) (Takahashi et al.
1987, Matsuda et al. 2000). Nevertheless, it would be interesting to take advantage of
recent techniques such as live imaging of transduced DRG neurons as suggested by
(Delloye-Bourgeois et al. 2014) to confirm such suggestions.

It is possible that pseudo-unipolarization is not a cell-autonomous mechanism as it
may be regulated by supporting cells. In vitro, it was shown that the presence of Schwann
cells changes the morphology of DRG neurons from bipolar to unipolar (Mudge 1984).
Besides, the presence of Satellite cells was also shown to determine whether the neurites
would have a dendritic or axonal behavior, as DRG neuron cultured in the absence of
these cells present most processes positive for the dendritic marker MAP2 (De Koninck et
al. 1993).

The onset of pseudo-unipolarization may vary with species, but the process is

apparently only concluded in late embryonic development and early post-natal stages. In
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rats, at embryonic day (E) 14, only 7% of neurons are pseudo-unipolar, while at E19 this
percentage abruptly increases to 94% (Matsuda, Baluk et al. 1996). In mice, at E12, all
DRG neurons are bipolar whereas the bell-shaped bipolar and pseudo-unipolar neurons
are predominant at E15 (Barber and Vaughn 1986). On the other hand, in the chick
embryo, pseudo-unipolar neurons are detected after E6 and increase in number to 53% on
E14 and to 82% at 2 days after hatching (Matsuda, Baluk et al. 1996).

In summary, despite that the cellular and molecular mechanisms leading to
pseudo-unipolarization may enable us to understand how DRG neuron polarity is
established and maintained, these remain mostly unknown and have been largely
neglected in the field. It would be interesting to clarify the contribution of both cellular
contact and soluble factors of supporting glia during the process of pseudo-unipolarization.
This could be achieved by comparing in vitro systems allowing or not (trans-well system)

cell-cell contact.

C \ ™~ 2 d \

Spindle-shaped Bell-shaped Short stem Long stem
bipolar bipolar pseudo-unipolar pseudo-unipolar

Fig. 1. Morphological changes leading to a pseudo-unipolar morphology. Initially, most DRG
neurons are spindle-shaped bipolar. During its maturation, the two axons approach each other
forming an angle of less than 90 degrees (bell-shaped bipolar conformation). Then, the cell body
between the two axons elongate and constrict, forming the stem axon. At this stage, the stem axon
does not have its final length (short stem pseudo-unipolar). The elongation of the newly formed

stem axon completes neuronal morphology maturation (long stem pseudo-unipolar).



4. DRG neurons ultra-structure. Can structure determine function?

4.1. The DRG neuronal cell body: clusters, cell body projections and nests

In DRGs, clusters of neuron cell bodies are interspersed among nerve fascicles. In
cross sections, the neuronal clusters appear to assume different sizes and shapes.
Histologically, each cluster of neurons possesses cells of different size and there appears
to be no specific pattern in their arrangement (Khan et al. 2011). DRG neurons are
typically circular to oval and are of variable size ranging from 20 to 100um in diameter in
rats (Lee et al. 1986). The cell bodies of DRG neurons are completely wrapped by sheaths
comprised of several satellite cells. These perineural sheaths that may have one or
several layers of SGCs, are generally continuous and have the outer surface covered by
basal lamina (Pannese 2010). Importantly, each neuron and its surrounding SGC sheath
constitute a morphological unit that is separated from other units by connective tissue.
Occasionally, there are two or three neuron cell bodies, in most cases separated from
each other by a SGC sheath, sharing a common connective envelope (Pannese 2010).

Vertebrate DRG neurons have many slender projections arising from the cell body,
named perikaryal projections (Fig. 2A). These projections represent an extension of the
cell body membrane and are increased in areas of contact with SGC. They increase the
surface area available for exchange of metabolites and for this reason they are believed to
be important for neuronal metabolism, since they may increase the rate of metabolite
exchange with SGC (Pannese et al. 1998). Whether these projections have other functions
besides increasing surface area is not known. Could these structures represent important
sites for signal transduction? It would be interesting to determine their content, as it would
help understand its functions. An additional interesting feature of DRG neurons is the
classically denominated terminal Dogiel's nest, which was first described in the late
nineteenth century (Fig. 2B). Terminal Dogiel's nests are endings of unmyelinated
sympathetic fibers that either present the shape of a nest or a plexus enveloping the SGCs
sheath (Garcia-Poblete et al. 2003). These sympathetic fibers penetrate the area between
the SGCs sheath and the neuron cell body and form synaptic contacts (Kayahara et al.
1981) or, at least, synaptic varicosities in apposition with the cell body of DRG neurons
(Chung et al. 1997). In healthy animals, the number of terminal Dogiel’'s nests increases
with increasing phylogenetic complexity (Matsuda et al. 2005) and, in rats, their number
increases with increasing age (Ramer et al. 1998). These structures could be important in

the modulation of the excitability of DRG neurons. Although the cell body of DRG neurons



is able to elicit action potentials, its physiological roles are not understood. Sympathetic
contacts may contribute to cell body excitability, and their dysregulation may be important
in pathological conditions such as neuropathic pain where the sensory pathway is
abnormal. In fact, it is widely suggested that sympathetic sprouting in the DRG is an
important underlying mechanism for neuropathic pain after peripheral nerve injury
(McLachlan et al. 1993) or in the chronically compressed DRG (Chien et al. 2005).
Although all these suggestions exist, a direct link between neuropathic pain and cell body
excitability has not been established yet. In this respect, it would be interesting to
determine the electrophysiological properties of the cell body of DRG neurons under

normal and chronic pain situations like chronic constriction nerve.

Fig. 2. Scanning electron micrographs showing the three-dimensional cytoarchitecture of
DRG neurons. (A) Perikaryal projections of post-natal rabbit DRG neurons, seen after removal of
the satellite cell sheath. Scale bar, 10um. Image from (Matsuda et al. 1997). (B, C) Scanning
electron micrographs of the exposed surface of the rat DRG, showing an intricate meshwork of
sympathetic fibers forming a Dogiel's nest (B) and a highly convoluted stem axon forming an initial
glomerulus of Cajal (C), covering their respective parent neurons and satellite glial cell sheaths.

Scale bars, 50um. Images from (Matsuda, Kobayashi et al. 2005).

4.2. An axon originating two axons: the stem axon

The stem axon is the portion of the axon between the cell body and the bifurcation
into central and peripheral processes, and it can range from 100 to 600 um (Hoheisel et al.
1986). While the proximal region of the stem axon is always unmyelinated and ensheathed

by SGCs, its distal part is ensheathed by Schwann cells and can be myelinated (Spencer
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et al. 1973, Zenker et al. 1976). Studies using scanning electron microscopy showed that,
in some higher vertebrates (in rats and rabbits, but not in adult frogs or chicks), the
proximal portion of the stem axon may form the initial glomerulus of Cajal, which consists
of the stem axon, ensheathed by SGCs (Matsumoto et al. 1985), making a tortuous, coiled
path, and eventually spiraling around the SGCs sheath with a diameter typically superior to
lpm (Fig. 2C) (Matsuda et al. 1981, Matsuda, Kobayashi et al. 2005). Of note, the
glomerulus of Cajal is not present in all DRG neurons and neurons with a larger diameter
are more likely to have this structure (Matsuda and Uehara 1981). Regarding the surface
membrane, the proximal non-myelinated stem axon has many perikaryal projections,
whereas the membrane surface ensheathed by Schwann cells is smooth, as seen in the
axons (Zenker and Hdgl 1976). The first internodes of the stem axon are, in proportion to
the axon diameter, unusually short and thinly myelinated (Spencer, Raine et al. 1973).
Besides, the myelin sheath is surrounded by an outer coat of flattened SGCs processes
which is separated from the myelin sheath by a layer of connective tissue (Zenker and
Hogl 1976).

The characterization of the stem axon by electron microscopy has shown that it is
not uniform along its length as its proximal part contains strikingly larger numbers of
mitochondria (Spencer, Raine et al. 1973, Zenker and Hogl 1976), and ribosomes (Zelena
1972, Spencer, Raine et al. 1973, Zenker and Hogl 1976), and a higher density of
microtubules and endoplasmic reticulum (Zenker and Hdgl 1976) than that present more
distally. In fact, the numbers and densities of these organelles are higher in the non-
myelinated region than in the myelinated portion of the stem axon (Zenker and Hogl 1976).
Also, in the non-myelinated part of the stem axon, microtubules are closely packed in
fascicles and connected with lateral cross bridges (Fig. 3A) (Bird et al. 1976, Zenker and
Hogl 1976, Nakazawa et al. 1995). These ultrastructural differences between the non-
myelinated and the myelinated portions of the stem axon suggest the existence of an
intracellular filter for the transport of organelles between these two domains, such as the
axon initial segment (AlS) of multipolar neurons (Song et al. 2009). In fact, Zenker and
Hogl (1976) analyzed DRG neurons of adult rats by electron microscopy and observed a
thin layer of dense material undercoating the axolemma beginning in the most distal
unmyelinated region and ending abruptly at the first heminode (Fig. 3B) (Zenker and Hégl
1976). In a similar way, the AIS of multipolar neurons is characterized by fasciculated
microtubules and a thin lamina of electron dense material beneath the axolemma (Chan-

Palay 1972). At the bifurcation, neurofilaments and microtubules divide into two streams,

11



one to the peripheral process and the other to the central one. No neurofilaments or
microtubules traverse between both processes (Hongchien 1970). This suggests that two
different sets of microtubules pass separately down into each of the two axons, which may
allow the occurrence of cargo targeting to both peripheral and central axon before the
axonal bifurcation. Also, once the cargoes enter one of the axonal branches they may not
be redirected to the other axonal branch. In addition, the bifurcation has fasciculated
microtubules (Nakazawa and Ishikawa 1995) and a triangular area which is occupied by
clusters of mitochondria (Hongchien 1970). The bifurcation of myelinated fibers is
constricted and has a node of Ranvier, while unmyelinated fibers show a triangular

expansion at this region (Hongchien 1970).

Fig. 3. The ultrastructure of the stem axon. (A) Transversal section of the unmyelinated portion
of the stem axon proximal to the myelinated portion. Fasciculated microtubules are frequent, as
shown at a higher magnification in the inset. There is no layer of dense material undercoating the
axolemma. Image from (Nakazawa and Ishikawa 1995). (B) Longitudinal section through the
terminal part of the unmyelinated portion of the stem axon and through the first heminode. The
arrow indicates the axolemma, which in this region is undercoated by dense granular material,
according to Zenker and Hogl (1976). Neurofilaments, microtubules and mitochondria are axially
oriented. S, Schwann cell cytoplasm, sc, satellite cell leaflets, r, ribosome-like particles. X 18 800.
Image from (Zenker and Hogl 1976).

12



4.3. The axonal processes of DRG neurons: are there structural differences?

Both the peripheral and central axonal processes branch extensively at the
terminal fields but rarely in or near the ganglion (Devor et al. 1984). However, in the
developing rat DRG, axonal branches may present collaterals with axonal sproutings and
some axonal swellings resembling synaptic boutons, both in size and shape (Mirnics et al.
1997). Nevertheless, the molecular characterization of these structures has not been
performed. So caution should be made when considering these structures as potential
sites of neuronal modulation. It would be important first to confirm if these structures exist
in adult animals and to perform their molecular characterization to understand whether
they function as synapses. It would be more important to specifically determine between
which cells these synapses are established and what their functional consequences might
be.

Axonal diameter of DRG branches has been extensively studied by intracellular
labeling of DRG neurons (Hoheisel and Mense 1986, Lee, Chung et al. 1986) or electron
microscopy analysis of cross-sections of the dorsal root and peripheral nerve (Ochs et al.
1978, Suh et al. 1984, Fadic et al. 1985). In unmyelinated fibers, central processes have a
smaller diameter than the peripheral ones (Suh, Chung et al. 1984, Hoheisel and Mense
1986, Lee, Chung et al. 1986). However, in the case of myelinated fibers, there is not a
consensus as to whether there is a difference in diameter between central and peripheral
processes (Suh, Chung et al. 1984, Lee, Chung et al. 1986). In some reports central and
peripheral myelinated branches were shown to be equal in diameter (Ochs, Erdman et al.
1978, Fadic, Vergara et al. 1985) whereas in others the myelinated central process was
shown to have a smaller diameter than peripheral ones (Suh, Chung et al. 1984, Lee,
Chung et al. 1986). An increased diameter on both myelinated an unmyelinated axons is
consistent with the peripheral process conducting action potentials faster than the central
axon, for both myelinated and unmyelinated sensory neurons (Waddell et al. 1989).

At the region immediately distal to the bifurcation, the central and peripheral
processes share the same ultrastructural features, both possessing the characteristics of
an axon (Hongchien 1970). However, some structural differences have been reported
between the two processes more distally. In several species, the density of microtubules
was reported to be significantly higher in peripheral axons than in central axons of a similar
diameter, both in myelinated (Smith 1973, Zenker et al. 1975, Pannese et al. 1984, Fadic,
Vergara et al. 1985) and unmyelinated (Pannese, Ledda et al. 1984, Fadic, Vergara et al.

1985) fibers. However in a study using adult monkeys and cats, no significant differences
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in microtubule density were observed between the peripheral and central myelinated
axons (Ochs, Erdman et al. 1978). Recently, Wortman et al. (2014) suggested that closely
spaced parallel microtubules may enable a cargo to simultaneously engage motors on
more than one microtubule, thus dramatically enhancing motor activity and minimizing the
effects of any opposition to axonal transport (Wortman et al. 2014). Thus, differences in
the density of microtubules may justify the increased axonal transport observed in the
peripheral axon comparing to the central one (Mori et al. 1979, Wujek et al. 1983). On the
other hand, in each side of the DRG neuron, the density of microtubules decreases with an
increase of axon diameter (Ochs, Erdman et al. 1978, Pannese, Ledda et al. 1984, Fadic,
Vergara et al. 1985). Some microtubules are arranged in fascicles at nodes of Ranvier,
and the density of fasciculated microtubules is higher in axon portions more proximal to
the cell body (Nakazawa and Ishikawa 1995).

The axons of the DRG neuron also possess axially oriented neurofilaments. In
contrast to microtubules, the density of neurofilaments does not change as a function of
nerve fiber diameter (Smith 1973, Ochs, Erdman et al. 1978). Interestingly, myelinated
fibers have approximately the same density of these structures in both axons (Smith 1973,
Ochs, Erdman et al. 1978), whereas unmyelinated fibers have a smaller density of
neurofilaments in the peripheral process than in the central one (Ochs, Erdman et al.
1978).

So far, no Golgi or rough ER have been observed in axons, including the two
branches of DRG neurons. As so, axons have been argued to be devoid of such
organelles. Nevertheless, several findings show that axons possess a secretory
mechanism for locally synthesized proteins that is still not clear (reviewed in (Jung et al.
2012)). Ultrastructurally, smooth ER-like structures have been observed by electron
microscopy analysis in the axons of mixed nerves (Tsukita et al. 1976), and in the central
(Smith 1973, Berthold et al. 1993) or peripheral (Smith 1973, Pannese et al. 1991) axons
of DRG neurons. In the myelinated fibers of mixed nerves, the smooth ER forms a
continuous tridimensional network which was suggested to extend from the cell body to
the axon terminals (Tsukita and Ishikawa 1976). Additionally, the ER shows polarity, with
most tubules running parallel to the axon (Tsukita and Ishikawa 1976, Berthold, Fabricius
et al. 1993). In amphibian myelinated fibers, peripheral processes possess slightly more
ER than the myelinated central axons (Smith 1973). Accordingly, during the bell-shaped
bipolar stage of rabbit neuroblasts, the proximal region of the two processes differs: one

process contains a small amount of ER and therefore resembles an axon, while the other
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contains a considerable amount of granular ER typical of dendrites (Tennyson 1965).
However, in this study the authors were not able to determine which processes originate
the central and peripheral axons.

The presence of ribosomes has been observed in the axons of DRG neurons
(Zelend 1972, Pannese and Ledda 1991, Koenig et al. 2000). These organelles appear to
be organized into plaque-like structures near the axolemma (Zelena 1972, Pannese and
Ledda 1991, Koenig, Martin et al. 2000) and only exceptionally in close attachment to the
ER (Pannese and Ledda 1991). A systematic analysis of serial sections of myelinated
fibers of rabbits showed that ribosomes are only exceptionally located in dorsal root axons,
but are abundant in a few peripheral processes (Pannese and Ledda 1991). However,
differences in the incidence of ribosomes between the central and peripheral axons of the
DRG neuron should be further analyzed. The presence of ribosomes within the axons of
DRG neurons is particularly interesting in view of the axoplasmic protein synthesis. It has
been proposed that the ability of PNS axons to locally synthesize proteins is much higher
than CNS axons (Twiss et al. 2009). Of interest, exciting recent findings suggest that
ribosomes are transferred from adjacent Schwann cells in the mouse sciatic nerve after
peripheral nerve injury (Court et al. 2008). If this is the case, an asymmetric transference
of ribosomes from adjacent glial cells may contribute to the differences in the incidence of
ribosomes between the axons of DRG neurons. Such evidence also raises another
interesting question: the peripheral and central axons are functionally different. Do glial

cells from the two branches also have different functions?

5. The Proximal Segment

In vitro, cultured DRG neurons assemble a distinctive region termed the proximal
segment. The proximal segment is enriched in ankyrin G (ankG) (Zhang et al. 1998), BIV-
spectrin (Hedstrom et al. 2007, Yang et al. 2007), voltage-gated sodium (Nav) channels
(Dzhashiashvili et al. 2007) and neurofascin186 (Zhang and Bennett 1998, Dzhashiashvili,
Zhang et al. 2007). In DRG neuron cultures, the proximal segment, as defined by the
enrichment in at least one of above components, is located in the initial portion of some
neurites even in cells presenting a multipolar morphology (Dzhashiashvili, Zhang et al.
2007) and also apparently in the stem axon of pseudo-unipolar DRG neurons (Hedstrom,
Xu et al. 2007, Yang, Ogawa et al. 2007).
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In DRG neurons, the existence of the proximal segment in vivo, as defined by
enrichment in one of its components, was not yet shown. Nevertheless, there is a region of
the stem axon that has microtubule fascicles and an electron dense undercoating
observed beneath the membrane (Zenker and Hogl 1976), which are ultrastructural
features similar to those of the AIS (Palay et al. 1968). These ultrastructural features are

described ahead.

5.1. Possible functions of the proximal segment
The AIS is a specialized ~20-40-um-long structure located in the proximal axon of
multipolar neurons (Yang, Ogawa et al. 2007). Interestingly, the proximal segment has a
positioning and molecular composition similar to the AIS and nodes of Ranvier
(Dzhashiashvili, Zhang et al. 2007) thus suggesting that it may present functions similar to
those of this specialized structure. Although the AIS is assembled after axon specification
(Galiano et al. 2012), it contributes to the maintenance of neuronal polarity. Indeed, upon
AIS dismantlement, the axon loses its identity and acquires many of the molecular and
structural features of dendrites, both in vitro (Hedstrom et al. 2008) and in vivo (Sobotzik et
al. 2009). The AIS contains a membrane (Kobayashi et al. 1992, Winckler et al. 1999) and
cytosolic (Song, Wang et al. 2009) barrier that restricts the diffusion of molecules to
somatodendritic or axonal domains. In the case of the proximal segment, if it is located at
the stem axon it is not positioned to function as a barrier between the central and
peripheral processes, but rather between the cell body and both axons. As such, the
proximal segment may not contribute to the maintenance of polarity between the central
and peripheral axons. Whether the assembly of the proximal segment precedes or
succeeds pseudo-unipolarization is unknown. However, if the proximal segment
assembles prior to pseudo-unipolarization in one of the neurites of the DRG neuron in the
bipolar stage, it could then contribute to the establishment of the differences between the
central and peripheral axons. Moreover, has previously described, peripheral and central
microtubules are independent and do not communicate with each other. These
independent microtubule networks present an optimal place for the regulation of the
components that are targeted for each axonal branch. If this separation is made within the
proximal segment, the proximal segment could be responsible for the targeting of cargoes
to either the peripheral or central axon, contributing to their different identities.

The AIS is the region of multipolar neurons where action potentials are generated

(Kole et al. 2012). In contrast, in DRG neurons, action potentials are generated at the
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peripheral nerve ending. However, after inflammation (Weng et al. 2012), partial nerve
injury (Devor 2009) or direct compression of the DRG (Ma et al. 2007), a portion of the
axon and/or cell body of DRG neurons become sufficiently hyperexcitable to generate
ectopic action potentials. Ectopic firing alters the sensory information delivered to higher
order neurons in the somatic afferent pathway (Ma and LaMotte 2007). In fact, ectopic
discharges are considered to be a key driver of neuropathic pain (Djouhri et al. 2006).
However, little is known about where or how ectopic activity is generated in the sensory
neuron (Ma and LaMotte 2007). Ectopic activity is caused by an abnormal hyperexcitability
of the membrane, namely an enhancement of subthreshold oscillations (Liu et al. 2000).
This abnormal excitability results from alterations in the function, distribution and density of
molecules such as Nav channels, which have been widely implicated in inflammatory and
neuropathic pain (reviewed in (Levinson et al. 2012)). If the proximal segment contains a
high density of these molecules, it might be one key subcellular region of the DRG neuron
where site-specific changes lead to ectopic firing. In the sciatic-nerve axotomy model,
ectopic spikes may arise alternatively in the soma, the injured axon end (neuroma), and
the T-junction or the stem axon (Amir et al. 2005). In a chronically compressed rat DRG,
ectopic firing is generated at the cell body, and in the axon at a site within or close to the
DRG, which includes the hypothetic location of the proximal segment (Ma and LaMotte
2007).

Sensory transmission in DRG neurons is commonly conceptualized as an
uninterrupted conduction of action potentials along peripheral and central axons toward
the CNS. Nevertheless, it has been observed that high-frequency signals fail during their
passage through the T-junction, both in vitro (Stoney 1990, Luscher et al. 1994) and in
vivo in adult rat C-fiber neurons (Gemes et al. 2012). The morphology of the T-junction
provides an intrinsically low safety factor for action potential propagation by means of
impedance mismatch. However, it has been recently speculated that impedance mismatch
alone does not account for adequate low-pass filtering (Sundt et al. 2015). In small-
diameter unmyelinated DRG neurons, increased membrane conductance and
hyperpolarization of the somatic/perisomatic resting membrane potential have been
suggested to contribute to action potential failure at the T-junction (Du et al. 2014, Sundt,
Gamper et al. 2015). However, little is known about how changes in these parameters
affect peripheral sensory transmission. We hypothesize that these two parameters might

be regulated locally at the proximal segment as a way to control low-pass filtering.
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Therefore, one of the possible functions of the proximal segment may be to control the

selective elimination of high-frequency signals therefore “gating” peripheral signaling.

5.2. Mechanism of assembly of the proximal segment

In rats during development (E16), the immunostaining for AnkG revealed that this
protein is homogeneously distributed along the length of the axons of DRG neurons
(Lambert et al. 1997), and so at this stage the proximal segment has still not assembled as
defined by local enrichment in this molecule. Later, AnkG disappears from unmyelinated
processes whereas in myelinating axons, AnkG redistributes at clusters which later form
the nodes of Ranvier (Lambert, Davis et al. 1997). So far, there is no compelling evidence
that in vivo AnkG clusters in the proximal segment. Importantly, the proximal segment and
nodes of Ranvier are two types of axonal domains of DRG neurons that assemble by very
different mechanisms, at least in vitro (Dzhashiashvili, Zhang et al. 2007). In rats, the
formation of nodes of Ranvier depends on interactions with adjacent glia that lead to the
formation of clusters containing neurofascin along the length of the axon (Eshed et al.
2005). Neurofascin recruits AnkG which, in turn, is responsible for the subsequent
localization and assembly of the nodes of Ranvier (Dzhashiashvili, Zhang et al. 2007).
Interestingly, in the absence of AnkG, other proteins rescue nodal assembly (Ho et al.
2014). In contrast, the assembly of the proximal segment is thought to not require the
presence of glial cells and so to be intrinsically specified (Zhang and Bennett 1998). In
addition, neurofascin is not necessary for clustering of AnkG at the proximal segment of
cultured rat DRG neurons (Dzhashiashvili, Zzhang et al. 2007). Similarly, the AIS is
intrinsically assembled by multipolar neurons (Ogawa et al. 2008). Multiple AnkG-specific
domains may contribute to the restriction of AnkG to the proximal segment, suggesting
that distinct protein interactions may be involved (Zhang and Bennett 1998). However,
details are still missing in the molecular mechanisms that trigger AnkG accumulation at the
proximal segment (Dzhashiashvili, Zhang et al. 2007). More importantly, the confirmation
that AnkG clusters in the proximal segment in vivo, and the exact developmental period in

which it occurs would be of great help to understand its importance in DRG neuron

physiology.
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6. Functional Asymmetry of Central and Peripheral DRG Axons

The central and peripheral processes of DRG neurons present different functional
characteristics. An intriguing question is how two axons linked to the same cell body can
display such different properties, and whether possible ultrastructural differences may
contribute to the strikingly different functional properties of both branches. Although both
axons conduct action potentials, the peripheral process functions as dendrite-like, since
the action potential is generated at its peripheral terminal and then propagates towards the
bifurcation of the stem process; whereas the central process is axon-like, since it conducts
the signal from the bifurcation to the CNS (Du, Hao et al. 2014).

6.1. Nerve conduction velocity

DRG neurons have additional central-peripheral asymmetry regarding
electrophysiological properties. It has been shown in cats and rats that signal conduction
velocity is higher in the peripheral process than in the central process of the same cell,
both in myelinated (Loeb 1976, Lee, Chung et al. 1986, Waddell, S.N et al. 1989) and
unmyelinated sensory neurons (Waddell, S.N et al. 1989). An additional and interesting
difference is that conduction velocity of both branches decreases after chronic axotomy of
the peripheral process, whereas chronic section of the central process increases the

conduction velocity of only the peripheral process (Czéh et al. 1977).

6.2. Axonal regeneration, lessons from the peripheral nervous system to improve
central regeneration

One of the most strikingly differences between the two axonal branches is their
ability to regenerate. While the peripheral axon extensively regenerates when injured, the
central axon fails to do so (Huebner et al. 2009). Central and peripheral axons regenerate
through different environments: whereas peripheral axons are located entirely in the PNS,
the central axons are located in the PNS (in the dorsal root) and enter the CNS in the
dorsal root entry zone continuing then in the CNS. As so, environmental factors may also
account for the differences in regeneration of both DRG branches. The environment
created in the PNS by Schwann cells contributes to its successful regeneration, while in
the CNS there is the accumulation of inhibitory molecules that prevent axonal regrowth
(Gaudet et al. 2011). In fact, when peripheral nerve grafts are provided to injured central

processes of DRG neurons, their regrowth capacity is enhanced, supporting an important
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role of cell extrinsic factors in the regeneration outcome (Zelena et al. 1988). Nevertheless,
central axons within the PNS dorsal root fail to regenerate to the same extent as peripheral
axons (Seijffers et al. 2006). Also, the rate of axonal regeneration of peripheral axons is
much higher when compared to dorsal root axons. In contrast, the regeneration rate of
motor neurons within the ventral root is similar to their regeneration rate within the
peripheral nerve (Wujek and Lasek 1983). These observations suggest that the intrinsic
response of the DRG to injuries in its peripheral and central branch is different.

The rodent sciatic nerve has been extensively used as a model of peripheral
sensory branch injury allowing the identification of numerous injury signals that are
activated upon peripheral injury and transported to the cell body (Perlson et al. 2005). The
activation of injury signals is dependent on local protein synthesis (Perlson, Hanz et al.
2005) and such signals result in epigenetic alterations that allow extensive transcription
changes (Cho et al. 2013). It has also been proposed that a peripheral injury may repress
the presence of intrinsic inhibitory mechanisms (Abe et al. 2008). Such alterations
increase the intrinsic ability of DRG neurons to regenerate. Contrarily, when a dorsal root
or spinal cord injury occurs, DRG neurons are not able to mount a regenerative program,
at least not as strong as a peripheral injury (Ylera et al. 2009, Mar et al. 2016). It has been
suggested that the absence of response following a central injury may be related to both
deficits of injury signals and failure to repress inhibitory signals (Cho et al. 2015, Mar,
Simoes et al. 2016). However, the reasons underlying the ineffective response following a
central injury remain largely unanswered as most studies on injury signaling do not
compare signals differentially activated following peripheral and central injury. Instead, the
majority of the studies identify injury signals that are present following peripheral injury and
absent in normal nerves (Perlson, Hanz et al. 2005, Shin et al. 2012). Interestingly, the
alterations provoked by an injury to the peripheral branch of DRG neurons are also able to
increase regeneration of axons in the central branch. This phenomenon is known as
conditioning lesion effect (Filbin 1999, Neumann et al. 1999). This increase in the intrinsic
regeneration ability of DRG neurons after a peripheral conditioning injury results from a
robust transcription alteration that leads to the expression of numerous regeneration
enhancers. Initially, cCAMP was proposed as being the master regulator of the conditioning
effect that could mimic all of its effects (Neumann et al. 2002, Qiu et al. 2002). However,
recently it was shown that the transcription alterations triggered by a conditioning injury are
much broader than the ones elicited by cAMP (Blesch et al. 2012). So far, no single

molecule has been identified as being able to fulfill the conditioning effect. More
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interesting, the alterations produced by a peripheral conditioning injury occur even when it

is performed after a central injury (Ylera, Erturk et al. 2009).

6.3. Axonal transport underlies axonal regeneration

Upon lesion, axonal regrowth is dependent on the de novo assembly of the axonal
components. This process is dependent on the delivery of the building blocks to the axon
tip. Most of these components are synthesized in the neuronal cell body and then
transported through the axon. As such, axonal transport is extremely important for
successful axon regeneration (Liu et al. 2011). Classically, radiolabeling studies of newly
synthesized proteins were extensively used to study axonal transport. Such studies
revealed that the rate of axonal regeneration correlates with the rate of axonal transport
(Wujek and Lasek 1983). Interestingly, the rate and the amount of components being
transported in peripheral axons of DRG neurons is much higher than in central ones,
contributing to its higher regeneration capacity (Mori, Komiya et al. 1979, Wujek and Lasek
1983). Recently, the analysis of mitochondria transport in both the peripheral and central
branch of DRG neurons from transgenic mice expressing cyan fluorescent protein in
neuronal mitochondria revealed that while axonal transport in both branches was similar in
non-injured animals, it was dramatically increased following peripheral injury. Additionally,
whereas injury to the central DRG branch did not produce alterations in axonal transport,
injury to the peripheral DRG branch increased axonal transport in both branches (Mar et
al. 2014). Such observations support the idea that both axonal branches have different
identities and that they respond differently to injury. It is likely that changes in axonal
transport may be part of the conditioning effect. More interestingly, despite individual
axonal identities, it also shows that changes in one of the axons may have repercussion in
the other. Moreover, a selective transport in each axonal branch has been shown. This is
the case of the transport of transient receptor potential ion channels that are particularly
important for terminal sensory nociceptors. The regulation of their expression, transport,
localization and activity is of extreme importance, since alterations in any of these steps
may lead to altered nociception. Upon inflammation, the transport of TRPV1 receptors is
increased to the peripheral branch of DRG neurons, while their transport is not altered in
the central branch (Ji et al. 2002)
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7. How to study DRG neurons? In vitro and in vivo models.

The structural organization of the DRG makes it extremely difficult to analyze its cells,
particularly the neuronal cell body and initial parts of the stem axon. Also, DRG neurons
represent a highly heterogenic group of neurons in function, dimension and constituents.
Such evidence makes it difficult to understand whether some of the identified mechanisms
are common to all DRG neurons or feature in only some of its sub-groups. So,
experimental designs and model selections are particularly relevant to the study of this
neuron type.

DRG neurons can be cultured from both embryonic and adult animals, however in
both cases the morphology acquired in vitro does not resemble the in vivo one, as usually
several processes arise from the cell body and they may be highly branched. The
processes emerging from the cell body are called neurites. It would be interesting to
develop an in vitro model where DRG neurons present a pseudo-unipolar morphology.
Embryonic DRG neurons may have higher plasticity than post-natal neurons, to reproduce
the establishment of a pseudo-unipolar morphology. A good in vitro model would also be
suitable to establish the role of supporting cells in establishing such morphology, as well
as the composition of the different axonal segments (proximal segment and distal
segments).

In vivo, single DRG neurons with the corresponding proximal axon are hard to
image given their complex structure. The usage of transgenic mice expressing a
fluorescent marker in a sub-set of neurons may enable the identification of single axons. In
this respect, a number of different transgenic lines expressing fluorescent markers under
the neuronal promoter thyl exist (Feng et al. 2000). To study single neurons in vivo, a line
expressing the marker in a small number of neurons would best fit this purpose, as such,
lines GFP-M and -O and CFP-S could be excellent models. All these 3 lines have less
than 10% of their DRG neurons labeled (Feng, Mellor et al. 2000). The use of these
animals together with a technique that enables correlative light and electron microscopy
(Misgeld et al. 2007) would enable the identification followed by ultra-structural analysis of
the individual axons in different regions: naked proximal axon, myelin coated proximal
axon and the T-junction. However, this approach has some drawbacks. It is unknown
whether the labeled neurons belong to a unique sub-group of DRG neurons or neurons of
different groups are labeled. This would have major implications, since generalizations of

DRG neuron structure could be made when they exist only in a specific sub-group.
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Other transgenic models may be useful to study other features of DRG neurons.
Transgenic mice expressing a fluorescent mitochondria marker under a neuronal promoter
have been used to assess axonal transport in motor neurons in vivo (Misgeld,
Kerschensteiner et al. 2007). Also, tissues from these animals can also be evaluated in
explants. This has been performed for the analysis of the effects of axonal regeneration in
transport (Mar, Simoes et al. 2014) as well as aging (Milde et al. 2015). These animal
models could be further used to assess axonal transport in DRG neurons in other
situations like degenerative diseases. Although this model enables single axon imaging
both in vivo and ex vivo, the analysis of mixed nerves like the sciatic nerve poses an extra
challenge, as both sensory and motor neurons are labeled. Sensory or motor neurons
should be labeled prior to the analysis, accordingly to the aim of the study. Alternatively,
ventral or dorsal spinal root transection could be performed so that motor or sensory axons

are eliminated respectively.

8. Conclusion

Sensory DRG neurons present a uniqgue morphology with two axons linked to the
cell body through a common axon (stem axon). Although the two axons are linked, they
present different functional properties: different conduction velocity, axonal transport and
regeneration capacity. However, the reasons underlying this asymmetry remain largely
unknown. Some ultrastructural differences have been observed between the two axons of
DRG neurons, namely regarding axonal diameter, and the densities of microtubules and
ribosomes. In addition, the stem axon may possess a specialized region (the proximal
segment) that may work as a filter between the cell body and the two axons, and may
contribute to the establishment of the central-peripheral asymmetry during development in
the bipolar morphological stage. Microtubules arising from the stem axon are directed to
either peripheral or central axons. More interesting, microtubules from one axonal branch
do not communicate with the other axonal branch, suggesting that cargo selection for each
axon can be made within the stem axon. This selection may contribute to the maintenance
of axonal asymmetry. However, the mechanisms responsible for this possible differential
targeting are unknown. These observations and hypotheses further confirm the importance
of the ultrastructure analysis of the axons of DRG neurons, but this subject has been
neglected in recent years. Further characterization could bring improvements in our

understanding of DRG neuron biology and function.
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