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Abstract
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Subsequent to a peripheral nerve injury, there are changes in gene expression within the dorsal root
ganglia in response to the damage. This review selects factors which are well-known to be vital for inflammation, cell death and nociception, and highlights how alterations in their gene expression within the
dorsal root ganglia can affect functional recovery. The majority of studies used polymerase chain reaction
within animal models to analyse the dynamic changes following peripheral nerve injuries. This review
aims to highlight the factors at the gene expression level that impede functional recovery and are hence are
potential targets for therapeutic approaches. Where possible the experimental model, specific time-points
and cellular location of expression levels are reported.
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Introduction

Overview of peripheral nerve injury
Unlike the central nervous system, the peripheral nervous
system has the intrinsic ability for regeneration of neurons
following damage (Huebner and Strittmatter, 2009). This is
important as the peripheral nervous system lacks the same
degree of protection of the central nervous system, and
transmits vital information which allows for movement,
touch perception and the autonomic control of the activity
of organs. However, various factors can cause an imperfect
recovery, such as high levels of inflammation and cell death,
along with persistent pain (Scheib and Höke, 2013). Therefore, surgical intervention is sometimes required to help
improve neuronal regeneration and regain functionality.
The mammalian peripheral nervous system consists of a
vast network of sensory and motor neurons which communicate with the central nervous system. The sensory neurons
project from the periphery to the dorsal horn of the spinal
cord and provide information about the environment. In
general, the sensory neurons consist of a bifurcated axon
and consist of a peripheral and a central axon extension
(Figure 1). The cell bodies of the sensory neurons are located in the dorsal root ganglia (DRG) which are located distal
to the spinal cord. In contrast, the motor neurons project
from the spinal ventral horn and receive inputs from the
sensory neurons or the central nervous system.
The peripheral nervous system is susceptible to damage
due to its limited protection and thus requires the ability
to regenerate after damage. However, the mechanism is
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slow and the results are often unsatisfactory (Scheib and
Höke, 2013). The impact of a peripheral nerve injury (PNI)
can be detrimental to numerous body functions due to the
vast network and different types of nerves that exist in the
peripheral nervous system. Injuries to the motor neurons
cause muscle weakness (Campbell, 2008), muscle atrophy
(Kraft, 1990) and reduced coordination of the muscle,
whilst sensory neuronal injuries can lead to the inability to
sense touch or increased neuropathic pain (Seltzer et al.,
1990; Kim and Chung, 1992), and autonomic nerve damage can lead to organ function abnormalities (Kandel et al.,
2000). The development of chronic pain, hypoesthesia and
increased pain sensitivity is well known to occur following
a PNI, and the mechanisms of nociception following PNI
have been recently reviewed (Attal and Bouhassira, 1999;
Osborne et al., 2018). A PNI can be caused by overstretching, compression or in some cases, completely or partially
severing of the axon (Goubier and Teboul, 2015). Prime
examples of causes are dislocations or broken bones following sport- or vehicle-related accidents. The Seddon classification of peripheral nerve injuries divides the damage in
to three classes: neuropraxia, azonotmesis and neurotmesis
(Seddon, 1942). The Seddon classification has also been
expanded by Sunderland in to five degrees of PNI (Mydlarz
and Boahene, 2013).
The degree of recovery of sensory neurons following PNI
can be determined by the level of cell death within the DRG
(Hart et al., 2008). In vivo research using adult rats stated
that by two months, up to 35–40% of DRG neurons undergo
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apoptosis after peripheral injury; and with higher levels of
cell death comes reduced functional recovery (McKay Hart
et al., 2002). In addition to the high level of cell death, the
damage to the nerve results in an increase in inflammation
factors. These factors are both beneficial and detrimental to
the recovery and hence need to be carefully balanced.
This review will focus on the process that occurs following
a PNI and how the altered gene expression within the DRG
following a PNI contributes to the inflammation, cellular
changes, cell death and subsequent nociception caused by
the damage.
The articles reviewed in this manuscript were retrieved by
electronic search on the Medline database for literature focused on the gene expression changes in the dorsal root ganglia following peripheral nerve injuries. The following terms
were searched: “peripheral nerve injury” AND “dorsal root
ganglia” AND “gene expression”. Additionally, the following
keywords were used to retrieve further literature: “cell death”,
“inflammation” and “nociception”. All the searches results
were manually screened for relevance by reading the titles
and abstracts. Finally, further searches were performed for
specific genes and gene families (e.g., nuclear factor κB (NFκB), tumor necrosis factor α (TNF-α), caspases, interleukins,
neuropeptides).
Pathophysiology of peripheral nerve injury
Processes following peripheral nerve injury
Following PNI, the distal section of the axon undergoes
Wallerian degeneration, a process of axon beading, demyelination and fragmentation, finally resulting in the clearance
of the debris by macrophages and Schwann cells (SCs) (Hilliard, 2009). The Wallerian degeneration is triggered by the
increase in axoplasmic calcium following the axonal damage
(George et al., 1995). This process produces an environment
which supports the regeneration of the proximal section
of the nerve and hence is beneficial for functional recovery
(Rotshenker, 2011). Animal models that prevent or delay
the process of Wallerian degeneration, such as the C57BL/
Ola mice which carry a mutant form of the gene required
for Wallerian degeneration (Lyon et al., 1993), have shown
impaired neuronal regeneration (Bisby and Chen, 1990).
Whilst the distal section of the neuron degrades, the proximal section begins the process of axonal regeneration via the
formation of a growth cone (Dahlin and Brandt, 2004).
The primary action following damage to the axon is retrograde signalling whereby a signal is sent from the injury site
to the cell body within the DRG (Scheib and Höke, 2013).
This process is required to initiate transcriptional changes
in the nucleus to increase the production of growth and survival factors to aid neuron regeneration (Abe and Cavalli,
2008). However, the retrograde signalling also contributes
to the altered gene expression of factors that contribute to
inflammation, cell death and nociception (Li et al., 2015a;
Chandran et al., 2016).
The dorsal root ganglia
The DRG consists of the cell bodies of the peripheral sensory
940

neurons; including the large myelinated Aα (Ia and Ib) and
Aβ fibres, and small Aδ and C fibres which have little or no
myelination respectively (Kandel et al., 2000). Surrounding the neurons there are satellite glial cells (SGCs) which
provide trophic support to for the neurons and have been
extensively studied (Hanani, 2010), plus a lower abundance
of SCs and immune cells such as macrophages (Nascimento
et al., 2008; Verkhratsky and Butt, 2013) (Figure 1). It is
recognised that both neurones and glial cells can have different contributions to the processes elicited following nerve
injury, this review will focus on overall changes in the whole
ganglia, rather than on specific cell types.
Glial cells within the dorsal root ganglia
The glial cells within the DRG which surround the neurons
are essential for neuronal survival due to their metabolic and
structural support (Nascimento et al., 2008). Additional to
the changes seen in the damaged neurons, the surrounding
cells within the DRG also undergo altered gene expression
which leads to phenotypic changes of the cells. The alterations are driven by the novel neuron-glia communication
produced by the damaged neurons, and thus are deemed to
be a consequence to the changes observed in the neurons
(Ohara et al., 2009).
SGCs provide vital support to the neurons under normal
conditions and are involved in homeostasis and the immune
response (Nascimento et al., 2008). The SGCs are known
to proliferate after PNI (Lu and Richardson, 1991) and can
be stimulated to change their phenotype and proliferate in
vitro by the chemicals released from the damaged neurons
such as adenosine triphosphate, TNF-α and nitrous oxide
(Verkhratsky and Butt, 2013; Hanstein et al., 2016). Along
with an increase in numbers, the SGCs are triggered to
increase their production of inflammatory cytokines and
neurotrophic factors. Therefore, the SGCs are central to
the inflammatory process, and hence, are also involved in
the development of nociception and increased cell death
(Verkhratsky and Butt, 2013).
In addition to the SGC’s, the SCs are also located in the
DRG. The primary role of the SCs is to myelinate the axons
to improve conduction velocities of the action potentials.
The SCs can be triggered by a PNI to change to a regenerative morphology, increase the production of growth factors
(Cheng and Zochodne, 2002) and are important for the
regulation of the gene expression within sensory neurons
following injury (Poplawski et al., 2018). The knockout of
SCs in mice has been shown to induce an increase in the
expression of factors required for nerve regeneration both
pre- and post-sciatic nerve compression. However, the regeneration in SC lacking mice showed abnormal morphology and the development of neuropathic pain, and highlights
the complex role of the SCs in nerve injuries. In addition, as
the SCs are primarily located outside of the DRG as axonal
sheaths, there are few reports of the specific changes that occur post-injury in the SCs that are located in the DRG.
The macrophages located in the DRG are activated following a PNI. A rat model of sciatic nerve injury reported a
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10-fold increase in the DRG after a one week survival which
persisted 28 days after the injury (Kwon et al., 2013). The
gene expression of neuroprotective and inflammatory cytokines are closely correlated with macrophage activation and
will be discussed in further detail within this review.
Therefore, the success of the neuronal regeneration and
functional recovery is heavily dependent on the support network of glial cells within the DRG. Hence, to better understand the changes in the gene expression within the cells of
the DRG may enable the development of novel therapeutic
targets to enhance the recovery process.

Gene Expression Changes in the Dorsal Root
Ganglia Following PNI

The gene expression within the DRG is dynamic, and can
respond to a damage, be it a sudden injury or a chronic
compression. The cells need to be able to alter the gene ex-

A

pression, and subsequently alter the level of protein production of certain factors to respond to the damage. In addition
to the pro-survival and regeneration factors, the altered gene
expression also contributes to inflammation, cell death and
nociception. This section will highlight the studies which have
investigated the gene expression of the main contributors of
these detrimental processes within the DRG (Figure 2).
How altered gene expression within the dorsal root
ganglia contributes to inflammation
Firstly, it is important to state that inflammation is a complex and vast topic, with both beneficial and detrimental
properties following a PNI. A detailed review of the role of
inflammation following PNI can be found by Fregnan et al.
(2012). Whilst acute inflammation is required to clear the
cellular debris and improve the environment for regeneration, the development of chronic inflammation results in

B

Figure 1 Schematic diagram of dorsal root ganglion (DRG) structure and cell types composition.
(A) A diagram of a DRG. The sensory neurons cell body is located within the DRG, with central and peripheral axon extensions. The motor
neurons project out from the ventral horn of the spinal cord and combine with the peripheral sensory neurons to form the sciatic nerve. (B) An
illustration of the prominent cells within the DRG. The satellite glial cells (SGCs) surround the neuronal cell bodies, whilst the Schwann cells (SCs)
ensheath and myelinate single or multiple axon fibres, and finally the macrophages are present for the immune response.

Figure 2 Summary diagram of the gene expression changes within the dorsal root ganglia (DRG) which occur post-injury to the peripheral
nerve.
The factors have been separated by effect, and up- (A) or down-regulation (B). IL-1β: Interleukin-1β; NF-κB: necrosis factor κB; TNF-α: tumour
necrosis factor α; p55: TNF-α receptor; IL-6: interleukin-6; i/nNOS: inducible/neuronal nitric oxide synthase; Bax: Bcl-2-associated X protein;
COX-2: cyclooxygenase 2; BDNF: brain derived neurotrophic factor; NPY: neuropeptide Y; CCK: cholecytokinin; VIP: vasoactive intestinal peptide; MCP: monocyte chemoattractant protein; CCR2: C-C chemokine receptor type 2; Bcl-2: B-cell lymphoma 2; IL-4: interleukin-4.
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cellular death and nociception, and hence is detrimental to
recovery (Rock, 2009). The presence of chronic inflammation has shown to cause a down-regulation of the growth
associated phosphoprotein 43 within DRG neurons (Kato
et al., 2003). The role of the inflammatory regulators are not
restricted to inflammation and TNF-α is associated with
other pathways including necrosis (Bradley, 2008), and
inducing increased excitability of DRG neurons associated
with nociceptive pain (Zhang et al., 2007). Also, the increase
in pro-inflammatory mediators can lead to altered signalling
within the spinal cord including synaptic reorganisation and
sensitisation which can produce a heightened sensation of
pain (Latremoliere and Woolf, 2009). Therefore, an understanding of the regulation of inflammatory mediators may
help to reduce cell death and prevent neuropathic pain following a PNI.
Here we will outline the changes in the gene expression of
inflammatory cytokines. The inflammatory response within
the DRG following PNIs is mediated by SGCs, SCs, macrophages and lymphocytes, with unique temporal and spatial
characteristic for each cell type. The prominent regulators of
the pro-inflammatory response are NF-κB, TNF-α, interleukin (IL)-1β and IL-6.
Nuclear factor κB
NF-κB is a protein complex that activates signalling pathways which result in the production of cytokines, cell survival and the regulation of transcription (Lawrence, 2009).
Within unstimulated cells, NF-κB is found in an inactive
form bound to the inhibitor IκB, therefore, it is ubiquitously present in cells and upregulated if the normal level is
not sufficient for the response (Chen et al., 1999). The NFκB pathway triggers the production of cytokines including
IL-1β and TNF-α (Lawrence, 2009); which increases the
immune cell response and can increase the transcription of
NF-κB itself.
Tumor necrosis factor α
TNF-α is central to the pro-inflammatory response following a PNI and is produced by the glial cells, SGCs and
SCs, and immune cells such as macrophages. The increase
in TNF-α has a causal effect to increase the activation of
pro-inflammatory pathways including NF-κB and inducible
nitric oxide synthase.
An investigation of a sciatic nerve crush injury in mice
used immunohistochemistry to conclude that both TNF-α
and its receptor (p55) were increased in the SGCs within the
DRG. In contrast, the receptor p55 was only present in the
DRG neurons after injury (Ohtori et al., 2004).
An inflammation model using systematic challenge with
lipopolysaccharide investigated the altered expression of
TNF-α in the DRG (Schäfers et al., 2002). Whilst the study
did not use a nerve injury model, the study highlights the
altered expression level of TNF-α within an inflammatory
environment. Real-time PCR and immunohistochemistry
concluded that 1 hour post lipopolysaccharide treatment,
TNF-α increased within the non-neuronal cells and not
942

within the neuronal cells of the DRG. The TNF-α receptors
were also studied using western blotting and real-time PCR
and results showed that TNF-α receptor 1 expression increased 2.5-fold and peaked at 6 hours after lipopolysaccharide challenge, whilst TNF-α receptor 2 peaked at a 2.7-fold
increase at 3 hours and reduced to control levels by 6 hours
(Schäfers et al., 2002).
The time-point of the upregulation of TNF-α was investigated by Sacerdote et al. (2008) and Üçeyler et al. (2007) in
a mouse model of a chronic constriction injury. Both studies analysed the changes in the gene expression within the
DRG via real-time quantitative PCR. The study by Üçeyler
et al. (2007) studied the gene expression changes within the
DRG at six time-points within 24 hours. They reported a
downregulation of TNF-α mRNA within the ipsilateral and
contralateral DRG at 1 hour post injury, and a subsequent
1.8-fold increase at the 24-hour time-point. Furthermore,
Sacerdote et al. (2008) investigated a wider time window and
reported that TNF-α mRNA expression increased 2.5-fold
on days one and three after surgery, and that the expression
level reduced by days seven and fourteen and was equivalent
to the sham-surgery group.
In addition, a study by Abe et al. (2003), reported an increase in TNF-α in the ipsilateral DRG following a sciatic
tourniquet. The upregulation peaked at 1 hour post application of the tourniquet, and gradually decreased at the 2-hour
and 4-hour time points (Abe et al., 2003).
Furthermore, Dubový et al. (2006) also investigated the
increase in TNF-α and the receptor (p55) proteins following
a unilateral sciatic nerve ligation or transection. The ipsilateral and contralateral DRG was investigated by immunofluorescence. They discovered that the neurons and glial cells
respond differently to the two types of injury of the sciatic
nerve; either ligation or transection. Firstly, the ligation
of the sciatic nerve resulted in the increased abundance of
TNF-α within the contralateral DRG neurons for up to 2
weeks, whilst the SGCs displayed a bilateral increase. They
also reported an increase in the infiltration of TNF-α positive macrophages surrounding the DRG neuron cell bodies.
The ligation also caused a bilateral increase of the TNF-α
receptor, p55, in the DRG neurons and SGCs, with a higher
abundance at 2 weeks than 1 week. In comparison, following
nerve transection, the DRG neurons and SGC both showed
bilateral increase in TNF-α (Dubový et al., 2006).
Interleukin family
The presence of IL-1β is found within macrophages, large
and medium sensory neurons, yet only sporadically in
small-diameter sensory neurons (Copray et al., 2001). The
expression of IL-1β mRNA is found in approximately 70%
of DRG neurons, with the production of the IL-1β protein
being found in 80% of these neurons. The IL-1β receptor
is located in DRG neurons and glial cells (presumed to be
SGCs) (Copray et al., 2001).
The expression of IL-1β was investigated in a mouse model using a chronic constriction injury of the sciatic nerve
(Uçeyler et al., 2007). Real-time PCR was used and reported
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a phasic change in the expression of IL-1β mRNA within the
ipsilateral DRG during a 24-hour time window. Following
an initial decrease in expression at 1 hour post injury, the
expression of IL-1β increased at both 6- and 12-hour timepoints. The contralateral DRG also showed the increase at
6 and 12 hour time-points, however, in contrast, there was
also an increase in expression at the 1 hour time-point.
The study by Üçeyler et al. (2007) also investigated the anti-inflammatory cytokines IL-4 and IL-10. The IL-4 mRNA
expression was shown to reduce at 3 hours post injury only
within the ipsilateral DRG. In contrast, IL-10 showed a significant increase in the expression, yet this was only at the
24-hour time-point. This would indicate a strong initial increase in inflammation within the DRG due to the reduced
levels of the anti-inflammatory interleukins following the
PNI.
Furthermore, the expression level of IL-6, an interleukin
involved in both pro- and anti-inflammation, was also reported by Murphy et al. (1995) to increase following a sciatic
nerve injury in rats. As a control, real-time PCR was carried
out on the contralateral (to injury) and un-operated rats
DRG, and reported no detectable IL-6 mRNA. However,
post-injury, the ipsilateral DRG reported an increase from
one day (first measurement post-injury). The increased level
of IL-6 mRNA was seen to peak at two and four days, and
measurements on day eight and fourteen reported no detectable IL-6 mRNA (Murphy et al., 1995). A more recent study
by Vega-Avelaira et al. (2009), measured IL-6 expression
with real-time PCR at seven days post-sciatic nerve injury
and also measured an increased expression within the DRG.
The results were seen in young and old rats in comparison
to sham-operated rats.
Nitric oxide synthase
A prominent marker for the presence of macrophages is
inducible nitric oxide synthase and thus an upregulation of
gene expression is correlated with the infiltration of macrophages and an increase in the inflammatory response. A
study which applied real-time PCR to investigate the gene
expression of inducible nitric oxide synthase and neuronal
nitric oxide synthase within a rat DRG following a peripheral tourniquet, demonstrated that the mRNA and protein
levels of inducible nitric oxide synthase and neuronal nitric
oxide synthase increase in the ipsilateral DRG, yet not within the contralateral or control DRGs (Abe et al., 2003). The
high degree of inducible nitric oxide synthase within the
DRG provides further evidence of an increased inflammatory response which subsequently could induce apoptosis of
the surrounding cells.
How altered gene expression within the dorsal root
ganglia contributes to cell death
Transection of the sciatic nerve induces the death of DRG
neurons which is detrimental to functional recovery; with
rodent studies reporting 6–35% loss depending on the length
of survival after injury (Groves et al., 1997; Vestergaard et
al., 1997; Shi et al., 2001). A study by Whiteside (1998) con-

cluded that cell death within the DRG was predominantly
neuronal up to 3 days after PNI, whilst subsequent cell death
primarily occurs in the glial cells. This is likely to be due to
the glial cells dependence on the neurons for their survival.
Equally, the surrounding glial cells within the DRG are vital
for functional recovery of the axons and their death is thus
detrimental to the recovery of the nerve (Vigneswara et al.,
2013).
Caspase family
The caspase family is well established to play a central role
in apoptosis following damage to cells. The PNI causes an
altered expression of caspase enzymes within the DRG, and
increases the abundance of pro-apoptotic factors (Momeni
et al., 2013; Vigneswara et al., 2013).
Firstly, caspase-2 was shown to be increased at thirty days
after a sciatic nerve transection in DRG neurons and SGCs
in rats (Vigneswara et al., 2013). The increase was measured
by immunohistochemistry and in comparison to contralateral control DRGs. In contrast they reported that the expression of caspase-3 was shown to reduce in DRG neurons and
SGCs (Vigneswara et al., 2013). Interestingly, the silencing
of caspase-2 via small interfering RNA-mediated knockdown of the caspase-2 gene protected the neurons from
apoptosis after serum withdrawal. In comparison, the silencing of caspase-3 did not result in a reduction in apoptosis
and implies that caspase-2 has a larger role in the apoptotic
process (Vigneswara et al., 2013).
However, an opposite conclusion was drawn by Vega-Avelaira et al. (2009) and Wiberg et al. (2018) such that
quantitative real-time PCR showed an increase in caspase-3
within the DRG. Vega-Avelaira et al. (2009) demonstrated
that there the increase occurred at 7 days post sciatic nerve
injury and was seen in both young and old rats. Furthermore, Wiberg et al. (2018) also reported an increase in
caspase-3 at 7-, 14- and 28-day post nerve transection.
The difference in the time of measurement, plus differing
measurement techniques between studies could explain the
difference seen in Vigneswara et al. (2013), Wiberg et al.
(2018), and Vega-Avelaira et al. (2009).
The expression of caspase-8, caspase-7 and caspase-12
were also reported to be upregulated at 7, 14, and 28 days
following a peripheral nerve transection (Wiberg et al.,
2018). The upregulation of caspase-8 and caspase-7 peaked
at day 14, whilst caspase-12 peaked at 7 days post injury and
was associated with the upregulation of its activator Calpain
(Wiberg et al., 2018). They concluded that the increased expression of these factors induced the endoplasmic reticulum
stress mediated apoptosis pathway which is common within
a subtype of DRG neurons, and may explain the high degree
of neuronal cell death within the DRG post PNI.
Tumor necrosis factor α
TNF-α has previously been mentioned in regards to its role
in inflammation, however, it is not its only role and is also
involved in cell death following PNI. TNF-α is more abundant following PNI, which subsequently induces an increase
943
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in the cell-death signalling cascade. For instance, the upregulation of TNF-α increases the activation of the pro-apoptosis factor, caspase-8 (Micheau and Tschopp, 2003).
B-cell lymphoma 2 gene family
The B-cell lymphoma 2 (Bcl-2) family of apoptosis regulators
have also been investigated in their contribution to cell death
within the DRG after PNI. Additional to the upregulation of
the pro-apoptotic factors, there is also the reduced expression
of the anti-apoptotic factors. A study by Gillardon et al. (1996)
used PCR to measure the expression of the anti-apoptosis
factor Bcl-2 in the DRG of young and adult rats after 5 days
after a unilateral transection of the sciatic nerve. In both age
groups the expression of Bcl-2 mRNA was down-regulated.
They also reported that the young rats had a significantly
greater reduction in Bcl-2 expression within the DRG compared to the adult rats. Further measurements taken at 20
days highlighted a partial recovery within both groups.
In contrast, the pro-apoptotic factor Bax, did not show a
significant difference up to twenty days post-sciatic nerve
injury, nor any difference was noted between young and old
rats (Gillardon et al., 1996). The reduction in the protective
Bcl-2 gene following PNI and the ubiquitously high expression of the pro-apoptosis factor Bax, hence results in an
increased Bax/Bcl-2 ratio. Thus, this change in ratio explains
the increase in apoptosis within the DRG following a PNI.
To the best of our knowledge, there are no reports of the
Bcl-2 gene family cell death promotor factors Bid, Bak and
Bad. Nevertheless, they are part of the pro-apoptotic signalling pathway and therefore, it is likely that these factors also
increase in expression. Furthermore, there are no studies reporting the expression changes of the caspase-independent
apoptotic pathway via the apoptosis inducing factor.
How altered gene expression within the dorsal root
ganglia contributes to nociceptive transmission
The development of pain sensitivity and chronic pain is
common after a PNI. The initial protective role of pain to
prevent further damage can progress to become an unwanted chronic pain due to the persistent upregulation of specific
channels, receptors and signalling molecules. The increase of
inflammation and cell death can also increase the risk of the
development of neuropathic pain. This section will highlight
prominent genes that result in the altered pain signalling
and unwanted neuropathic pain.
Tumor necrosis factor α
As previously mentioned, TNF-α and its receptor increases
in the DRG following PNI (Ohtori et al., 2004). The increased level of TNF-α signalling increases the excitability
of the DRG neurons, lowering the threshold required for
activation of the nociceptive neurons and thus contributes
to the persistent pain experienced after injury (Vogel et al.,
2006). The study by Sacerdote et al. (2008) previously discussed in relation to TNF-α’s role in inflammation used a
neuropathic pain model by chronically constricting the sciatic nerve. They reported increased TNF-α mRNA levels in
944

the DRG maintained from day one to day three post-surgery
(Sacerdote et al., 2008). Alongside the increased cytokine
levels, the injured mice displayed mechanical allodynia and
hyperalgesia from six hours after surgery, with mechanical
allodynia persisting until day 14. However, it is important
to note that the sham-operated mice also displayed an initial increase of TNF-α at 6 hours after surgery, nevertheless
unlike the injured group the rise in TNF-α was not maintained. This suggests that the maintained increase in TNF-α
signalling results in the sensitization and an increase of pain
transmission (Sacerdote et al., 2008).
The specific location of the changes in TNF-α expression
which contributes to heightened nociceptive transmission
has been investigated by Schäfers et al. (2003). The ipsilateral DRGs were removed four days after ligation to the sciatic
nerve. The expression of TNF-α after chronic constriction
injury was higher, specifically in the medium-sized neurons
and were co-localised with tropomyosin receptor kinase B
and neurofilament (Schäfers et al., 2003). The changes in the
level of TNF-α signalling have been considered to contribute
to an altered phenotype of the low-threshold primary afferents which lowers their threshold for activation. In addition,
the study also highlighted that the uninjured DRG neurons
adjacent to injured neurons also showed an increased abundance of TNF-α. This is regarded to be due to the exposure
to the hostile environment caused by the increased cytokines
and growth factors.
Neuropeptides
The damage to the DRG neurons triggers a change in the
expression of neuropeptides which are involved in the communication between cells and the signalling of pain. Numerous neuropeptides are upregulated and are linked with the
increase in neuropathic pain; however, their role is not restricted to nociception and some also have roles in survival
and regeneration. For example, Substance P and calcitonin
gene-related peptide are neuropeptides that show a transient upregulation in the DRG after a sciatic nerve injury
and can potentially be used for evaluating the early stages of
injury (Fu et al., 2013). The increase in expression was measured using immunohistochemical techniques and peaked
at day seven, and showed a reduction at fourteen days and
the return to baseline by 28 days post-sciatic nerve injury.
The main roles of Substance P and calcitonin gene-related
peptide is in pain transmission, however, downstream targets associate them with promoting neuronal regeneration,
highlighting that they have both beneficial and detrimental
outcomes (Fu et al., 2013).
The neuropeptide Y, galanin and cholecystokinin are associated with allodynia following PNI in rats (Shi et al., 1999)
and are shown to increase ten-fold at 2, 7, 14, and 28 days
post-PNI (Xiao et al., 2002). However, there are beneficial
outcome in regeneration following an increase in neuropeptide Y (Terenghi, 1999), galanin (Xu et al., 2016) and cholecystokinin (Zhang et al, 1993), and hence theses neuropeptides would not make them likely to be good targets to treat
PNI induced pain.
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Brain-derived neurotrophic factor
The neurotrophic factor brain-derived neurotrophic factor
(BDNF) also has dual roles and along with promoting regeneration, it has been shown to contribute to the increased
nociceptive transmission subsequent to inflammation (Obata
and Noguchi, 2006). BDNF has been shown to increase in
expression within the DRG neurons (Ha et al., 2001). The increase in BDNF expression occurs within the small, medium
and large neurons and has shown to be injury dependent.
The chronic constriction of the sciatic nerve resulted in an
increase in BDNF within all neuron sizes at seven and fourteen days post-surgery (Ha et al., 2001). On the other hand,
seven days after the ligation of the sciatic nerve resulted in
an increased BDNF expression only within the medium and
large neurons of the DRG.
Uchida et al. (2013) have investigated the role of BDNF
as a therapeutic target to decrease neuropathic pain following a PNI. In a compelling study they used a sciatic nerve
injury mice model and reported that the administering of
an anti-BDNF antibody inhibited thermal hyperalgesia and
mechanical allodynia (Uchida et al., 2013).
Chemokines and chemokine receptors
There are numerous molecules that are involved in the regulation of pain including chemokines and their receptors. For
example, monocyte chemoattractant protein 1 (also known
as chemokine C-C ligand) and its receptor C-C chemokine
receptor type 2 are upregulated in the DRG after a variety of
injury animal models including chronic constriction, sciatic
nerve ligation and sciatic nerve transection (Tanaka et al.,
2004; Jeon et al., 2009). The chemokine is involved in the
immune response by increasing monocytes in the affected
area. However, monocyte chemoattractant protein 1 has
been linked to the development of enhanced excitement of
nociceptive DRG neurons which lowers the threshold for
activation and hence, increased pain transmission (Abbadie,
2005; White et al., 2007). The administration of monocyte
chemoattractant protein 1 to small, medium and large DRG
neurons causes depolarisation and action potentials within
animal models of chronic compression of the DRG (Sun et
al., 2006).
The C-C chemokine receptor type 2 receptors are not located in naïve DRG neurons and investigations have shown
that chronic constriction of the DRG results in an increase in
their abundance. Furthermore, a transgenic mice model, overexpressing monocyte chemoattractant protein 1 within glial
cells, presented with higher nociceptive responses than controls (Menetski et al., 2007). Hence, monocyte chemoattractant protein 1 and C-C chemokine receptor type 2 are deemed
to contribute to nociceptive pain transmission and highlights
the central role of glial cells in nociception transmission.
Adrenergic transmission
Adrenergic receptors (ARs) have been implicated in the
development of neuropathic pain as they are activated by
catecholinergic molecules, such as noradrenaline, which
is involved in the pain response (Pertovaara, 2006). The

administration of α-adrenergic receptor antagonists have
shown to have an anti-nociceptive effect (Stone et al., 1999).
The expression of different ARs within the DRG is altered
following a PNI (Drummond, 2014).
A study using RNase protection assay and in situ hybridisation used a PNI rat model to investigate the expression
of the α1-AR subtypes; α1a-AR, α1b-AR, and α1d-AR (Xie
et al., 2001). Firstly, in controls DRGs, there is a moderate
abundance of α1a-AR, and a low abundance of α1b-AR and
α1d-AR. The RNase protection assay measured the mRNA
level at seven days post-PNI, and showed a 21% reduction in
α1a-AR, a 39% increase in α1b-AR and no difference in the
α1d-AR. Further in situ hybridisation analysis of the α1bAR showed that expression increased from 7.9% of neurons,
to 20.4% after PNI (Xie et al., 2001).
In addition, the α2-A-adrenoceptors have been shown to
increase 5-fold in the DRG neurons following sciatic nerve
transection; with the highest degree of change seen in the
medium neurons with low threshold mechanoreceptors
(Birder and Perl, 1999). Petersen et al. (1996) demonstrated
that a higher ratio of DRG neurons responded to noradrenaline eleven to twenty five days after nerve injury, and hence
increased nociceptive transmission, which supports the evidence of up-regulation of the adrenergic receptors contributing to pain.
Cyclooxygenase 2
The enzyme cyclooxygenase 2 is pivotal in the expression of
Substance P, a peptide involved in nociceptive transmission.
A study by Li et al. (2015b) demonstrated how a chronic
constriction injury within rats induced the upregulation of
β-catenin, the activator of cyclooxygenase 2, within the ipsilateral DRG. The increase in gene expression was correlated
with the upregulation of Substance P gene expression and
protein release. The importance of cyclooxygenase 2 in the
production of Substance P was highlighted by the successful
reduction in Substance P by inhibiting the cyclooxygenase 2
induction (Li et al., 2015b).

Conclusion

In conclusion, this review has highlighted how the expression of a variety of molecules within the DRG is dynamic
and injury-dependent which leads to the hostile environment post PNI. We have also highlighted how the different
cell types act differently to one another and contribute to
inflammation and nociceptive transmission, in addition to
the locations of where cell death occurs post-injury. The
multitude of changes at the expression level within each cell
type, and the injury-type specific responses that we have
highlighted in this review, emphasise the complexity of the
response to injury. Further research will hopefully progress
to a therapeutic treatment to enhance the regeneration and
survival of the neurons, in addition to preventing the development of abnormal nociceptive pain transmission.
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