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Abstract \
Neuropathic pain (NP) remains an area of considerable unmet medical need. A persistent challenge in the management of NP is to

target the specific mechanisms leading to a change from normal to abnormal sensory perception while ensuring that the defensive
pain perception remains intact. Targeting VGF-derived neuropeptides may offer this opportunity. VGF was first identified in 1985
and is highly expressed after nerve injury and inflammation in neurons of both the peripheral and central nervous system.
Subsequent studies implicate the vgf gene and its products in pain pathways. This narrative review was supported by a systematic
search to identify, select, and critically appraise all relevant research investigating the role of VGF-derived neuropeptides in pain
pathways. It predominantly focuses on in vivo investigations of the role of VGF in the initiation and maintenance of NP. VGF
expression levels are very low under normal physiological conditions and nerve injury results in rapid and robust upregulation,
increasing mechanical and thermal hypersensitivity. The identification of the 2 complement receptors with which VGF
neuropeptides interact suggests a novel interplay of neuronal and immune signalling mediators. The understanding of the
molecular mechanisms and signalling events by which VGF-derived active neuropeptides exert their physiological actions is in its
infancy. Future work should aim to improve understanding of the downstream consequences of VGF neuropeptides thereby

providing novel insights into pain mechanisms potentially leading to the identification of novel therapeutic targets.
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1. Background

VGF (nonacronymic) is a granin-like neuropeptide precursor whose
expression is robustly regulated by neuronal lesions and growth
factors.®34%5 VGF-derived peptides have a functional role in several
disorders including obesity, dementia, depression, and pain. This
review focuses on the role of VGF in pain pathways. VGF was first
identified due to its rapid induction in PC12 cells after treatment with
nerve growth factor (NGF).22%*® Subsequent studies have
identified numerous neurotrophins that also upregulate VGF
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expression including brain-derived neurotrophic factor (BDNF) and
neurotrophin-3, in targets such as cortical or hippocampal neurons.
The vgf gene encodes a precursor protein of 615 (human) and 617
(rat and mice) amino acids.®®®" The VGF precursor protein
sequence is highly conserved among rats and mice, with only 21
out of 617 amino-acid substitutions, none of which occur at the C-
terminus. The precursor protein contains approximately a dozen
cleavage sites and cleaves different peptides with specific neuronal
bioactivities. Functional effects have been reported for several
proteolytic products contained within the C-terminal 62 amino acid
portion of VGF. Several of these VGF-derived peptides have been
identified and are named by the first 4 N-terminal amino acids and
their total length (eg, TLQP-62, TLQP-21, HHPD-41, AQEE-11, and
LQEQ-19, reviewed in Ref. 55) (Fig. 1). VGF has a tissue-specific
pattern of expression and is robustly regulated and synthesised in
immune cells, neuronal cells, and neuroendocrine cells of both the
central and peripheral nervous system.'# 151854798694 | 4he
peripheral nervous system, VGF is highly expressed in both neurons
of the sympathetic ganglia and dorsal root ganglia (DRG) of primary
sensory neurons.®® In the central nervous system (CNS), robust
expression of VGF mRNA has been detected in the adult rat spinal
cord and brain, 359394

After peripheral tissue damage, nerve injury, or inflammation,
changes to protein expression and functional properties of
sensory neurons leads to altered nociceptive processing in the
spinal cord."” %8110 Neuropathic pain (NP) is defined as “pain
caused by a lesion or disease of the somatosensory system”4°-°
and can result from various causes including disease, drugs,
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The vgf gene and its derived peptides. The VGF polypeptide is the
precursor of several biologically active peptides. The gene contains specific
amino acid sequences, as shown, of the pro VGF polypeptide and C-terminal
VGF-derived peptides, which are highly conserved between species.

spinal cord injury, and nerve trauma. The symptoms of NP are
characterised by pain produced in the absence of stimulation of
nociceptor and spontaneous pain. Neuropathic pain can occurin
the context of sensory loss (anaesthesia dolorosa) or sensory gain
hyperalgesia, hyperpathia, and allodynia, which are triggered and
maintained by a combination of peripheral and central mecha-
nisms.” Current animal models of injury-related or pathological
persistent pain only reflect the sensory gain component. The
occurrence of sensory abnormalities (gain and loss) varies
between and within pathophysiological conditions.®°%¢ Each
condition can be associated with multiple and various underlying
pain generating mechanisms, which are not fully understood.
Current therapies have limited efficacies and unwanted side
effects and therefore, there remains a large unmet medical need
to improve understanding and identify novel therapeutic
targets.30%8

In vivo evidence implicates the vgf gene and its products in pain
signalling pathways. Increased levels of VGF mRNA and protein
have been measured in the DRG and spinal cord in animal models
of pathological persistent pain.2*”"82:19 The DRG contain the
cell bodies of nociceptors and are the neurons that convey
nociceptive signals. Therefore, they have been the focus of many
gene expression studies in pain models because transcriptional
changes affect neuronal sensitivity. The VGF polypeptide is
sorted into secretory granules and stored in the sensory
terminals, processed into small peptides by endoproteolytic
cleavage, and released on depolarisation activation.%®%2 Admin-
istration of exogenous VGF-derived peptides is reported to result
in both mechanical and thermal hypersensitivity.2"” 82 Similarly,
several authors report that endogenous VGF-derived peptides
contribute to both inflammatory and nerve-injury—induced hy-
persensitivity.2' %2 Despite the regulation of VGF mRNA by pe-
ripheral nerve injury, the role of VGF in the initiation, development,
and maintenance of NP remains to be identified.

The most studied VGF-derived peptide is TLQP-21. It has been
identified as a ligand for 2 receptors: the complement 3a receptor
(C3aR1) and the globular head of the complement component
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C1q receptor (gC1gR). The C3aR1 is expressed on several
immune cells including microglia and has been implicated in
various immunomodulatory processes including CNS inflamma-
tion." It is hypothesised that TLQP-21 functions as an injury
signal and leads to microglial activation.®4° Increased expres-
sion of TLQP-21 after peripheral nerve injury or tissue damage
may contribute to neuroimmune modulation of spinal neuro-
plasticity. The gC1gR is expressed on both microglia and
macrophages.?' The subsequent release of bioactive molecules
may, in part, be responsible for the mechanisms of nerve-
injury-induced hypersensitivity.2!?® The relative contribution of
these 2 receptors to the physiological effects of TLQP-21 is not
yet known. However, greater understanding of the role of TLQP-
21, microglia, and macrophages in pain modulation will provide
novel insights into pain mechanisms and has the potential to lead
to the identification of novel therapeutic targets.

2. Objectives

The aim of this review was to identify, select, and critically
appraise all relevant research, and collect and analyse data from
studies investigating the role of VGF-derived peptides in pain
pathways. It aims to provide a less biased summary of research
findings than a conventional narrative review and allow assess-
ment of both the range of available evidence (external validity) and
the likelihood that drawn conclusions are at risk of being
confounded by bias (internal validity). It will also provide direction
for future research.

3. Methods
3.1. Literature search

Using the search tool within the CAMARADES-NC3Rs Preclinical
Systematic Review and Meta-Analysis Facility (SyRF) and the
search term “VGF,” publications were identified for screening.
The platform maintains a live search and adds relevant
publications as they are published. This was used to identify all
relevant publications for inclusion within the review. The initial
search was conducted on April 30, 2018. Subsequent updates
were conducted on August 29, 2018, and July 10, 2019.

3.2. Screening

Studies were screened based on title and abstract by one review
author (N.S.). Studies that described the role of VGF in pain were
selected. Full texts of the studies were obtained on the basis that
they may meet the prespecified inclusion criteria, and these
comprised the systematic review data set.

3.3. Data extraction
3.3.1. Methodological quality/risk of bias assessment

For each study detailing in vivo experimentation, quality was
assessed (N.S.) against a checklist of factors relevant to animal
models.®%"°" This comprised the following criteria:
(1) Random allocation to group
(2) Allocation concealment
(8) Blinded assessment of outcome
(4) Sample size calculation
(5) Reporting of animal exclusions

In addition, journals commonly require authors to provide
a statement of compliance with animal welfare regulations and
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declare possible conflict of interests; therefore, the reporting of
these parameters was extracted too.

4. Results

Four in vitro studies, 9 in vivo studies, and one ex vivo study were
selected for inclusion within this review (Fig. 2; Appendix A,
available at http://links.lww.com/PR9/A55). Excluded records
did not discuss the role of VGF in a pain context or were not
primary studies. The review focuses predominantly on the data
presented within the in vivo studies. Summary information and
study characteristics for the included studies are reported in
Tables 1-4. Spared nerve injury (SNI) is the most frequently used
model to determine expression levels of both VGF mRNA and
protein after nerve injury (6 studies). Six of the studies report the
pronociceptive effects of administered exogenous VGF-derived
peptides. TLQP-21 is the most commonly studied peptide; 5
studies assessed the effects of exogenous TLQP-21 on pain-
associated behaviours. The most commonly reported outcome
measure is tail-flick latency from the warm-water tail-immersion
assay (3 studies).

4.1. Study characteristics

Six studies investigated the effect of exogenous VGF-derived
peptides on pain-related behavioural outcomes (Table 1).
Between the 6 studies, 4 different nerve injury models were used
to assess changes in VGF expression; one study assessed
changes in a model of complete Freund’s adjuvant (CFA)-
induced inflammation (Table 2). Four studies used antagonism to
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verify the role of VGF-derived peptides in potentiating pain-
associated behaviours or to derive the signalling pathways
(Table 3). The most frequently used behavioural assessment
after administration of exogenous VGF-derived peptides was the
warm-water tail-immersion assay (3 studies). Table 4 details the
characteristics of the in vitro investigations in which VGF is
implicated in pain signalling. Finally, multiple authors make
comparisons between the different studies, and the results are
summarised in Table 5.

4.2. Internal validity/risk of bias

Internal validity of the 9 included studies that included animal
experimentation was assessed against the reporting of 5 criteria
considered relevant to animal models: blinded assessment of
outcome, randomisation, allocation concealment, sample size
calculation, and the reporting of animal exclusions. The mean
score for the selected publications was 1 out of 5. The overall
reporting of quality measures for the included publications is
presented in Table 6.

5. Discussion/literature review
5.1. Localisation and upregulation of VGF

Large-scale expression analyses have been used to study the
changes that occur under chronic pain conditions, leading to the
identification of genes that function in pain signalling, some of
which are yet to be fully characterised.?*°%1% The prospective
significance of VGF was first derived from proteomic differential
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Figure 2. Study flow diagram. Screening and identification of publications investigating role of VGF in pain pathways. Appendix A references included studies

(available at http://links.lww.com/PR9/A55).
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Table 1
Study Characteristics for in vivo experiments assessing the effects of exogenous VGF-derived peptides.
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Study characteristics measuring expression of VGF in animal nerve injury models.

Author Year Animal Sample Reported result
Species Strain Sex Age Model Sample  location
size
Moss etal.”" 2008 Rat Sprague- Unknown Adult Spared nerve injury n =8 L4/L5 DRG 3-fold upregulation of VGF mRNA
Dawley
n=3 L4/L5 DRG Significant increased expression of VGF
protein in all cell bodies
n=4 Spinal cord Increased expression of VGF protein in the
spinal cord
Riedl et al.®? 2009 Rat Sprague- Male Adult Spinal nerve ligation L4/L5 DRG Significant increase in the number of vgf
Dawley positive neurons in both injured L5 and
noninjured L4 DRG
Spinal nerve ligaton n = 4 Dorsal horn Significant increase in vgf protein within the
dorsal horn ipsilateral to SNL compared with
sham or naive animals
CFA inflammation L4/L5 DRG CFA inflammation resulted in a more modest,
yet still significant increase in vgf protein
expression in the L5 DRG
Maratou 2009 Rat Wistar Male Unknown  Spinal nerve n=3 DRG vgf is significantly upregulated in the DRG of
et al.f? transection all models
gp120 + ddc n=3
Vzv n=3
Dawes 2014 Rat Wistar Male Unknown UVB irradiation n==~6 L4/L5 DRG Significant upregulation of VGF
etal? FC = 2.7 (136.2/50.0) Number of reads (UVB
irradiation/control)
Doolezr; 2017 Mouse  ICR/CD1 Male 35d Spared nerve injury n = 14-16 Dorsal hon Upregulation of C3aR1
et al.
Skorput 2018 Mouse ICR Male Adult Spared nerve injury n =6 DRG Increased expression of VGF protein in the
et al.%? spinal cord

VGF was upregulated in animal models of peripheral nerve injury and inflammatory pain (sample size refers to the number of animals that contributed tissue samples).

CFA, complete Freund’s adjuvant; DRG, dorsal root ganglia; SNL, spinal nerve ligation.

share a common outcome of mechanical hypersensitivity.
Comparison of the 3 models identified 39 genes to be differentially
regulated in the same direction, suggesting that these genes may
be responsible for the common mechanical hypersensitivity
phenotype. When mechanical hypersensitivity was well estab-
lished, the vgf gene was found to be upregulated as were NpY
and Pap/Reg?2 and therefore are potentially important for this
phase of hypersensitivity. Similarly, Dawes et al.2” demonstrate
that vgf with REG38 and CCL2 are among the most upregulated
genes in the DRG in the ultraviolet B (UVB) inflammatory pain
model. Ried! et al.®? and Moss et al.”! do not report measuring
pain-associated behaviour before taking samples to measure
VGF expression; so, a correlation cannot be drawn. However,
despite the differences between the studies, the evidence is
compelling: VGF expression is induced and upregulated in
sensory neurons after nerve injury and inflammation. Further
investigation is required to identify candidate genes that are
responsible specifically for the initiation, development, and/or
maintenance of NP.

Conversely, Lind et al.”" investigated the effects of electrical
neuromodulation by spinal cord stimulation (SCS) on the
cerebrospinal fluid (CSF) proteome of 14 patients responsive to
SCS treatment and suggest that VGF upregulation may have an
analgesic role. Most of the patients were diagnosed with
radiculopathy but were a highly heterogeneous population in
terms of the location of their nerve lesion(s) and where they
perceive their pain. Two different proteomic mass spectrometry
protocols were used to analyse the CSF samples: one taken after
48 hours of the stimulator being turned off (SCSOFF) and the
second after normal use for 3 weeks (SCSON). Each patient
acted as their own control. The patients in the study reported pain

|.57

relief after SCS treatment, and most patients reported anincrease
in pain intensity scores when the device was turned off for 48
hours; neither the patients nor the investigators were blinded. In
addition, there were possible confounding factors; first, the
presence of paraesthesia and second, many of the patients had
had lower back surgery, which made sampling challenging.
Therefore, sampling may have triggered inflammation affecting
the proteome. The reported results indicate that 86 CSF proteins
were significantly altered in this cohort, of which VGF was in the
top 12 and was increased by 38% in the SCSON condition. They
report that the upregulated VGF-derived peptides were between
the amino acid positions 195 and 309 corresponding to the
NERP-1 chain (amino acid 281-306).° The authors have not
stated how they validated their findings but speculate that VGF
may have active fragments that moderate or counter the
biological response of their precursors, similar to that of
dynorphin, angiotensin, SP, and nociceptin,** and that during
SCSON, thereis anincrease of an analgesic VGF fragment, which
contributes to the long-term effects of SCS. Although NERP-1
does not overlap with the TLQP-62 peptide, from which the
pronociceptive effects have been observed, the role of NERP-1 in
pain pathways is unknown and changes in the expression of
NERP-1 may not be related to pain.

VGF is rapidly and robustly upregulated by NGF and BDNF,
which drive vgf gene transcription increasing VGF mRNA levels
up to 50-fold in PC12 cells.?>®® Nerve growth factor and BDNF
regulate the development and maintenance of specific functions
in different populations of peripheral and central neurons. Under
normal physiological conditions, NGF is synthesised by periph-
eral target tissues, whereas BDNF synthesis is highest within the
CNS. After peripheral nerve injury, the expression of both NGF
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Table 4
Characteristics of included in vitro studies.
Author Year VGF- derived neuropeptide studied Cell type Results
Kasuyama 2014 N/A N/A Clioguinol increases VGF mRNA levels, mediated by
c-Fos
Chakraborty 2015 TLQP-21 N/A Provides possible solution structure
Akhter 2017 TLQP-21 Human neuroblastoma SH-SYFY Identified HSPA8 as a cell-surface—binding protein
of TLQP-21
Molteni et al.”® 2017 TLQP-21 Chinese Hamster Ovary (CHO) TLQP-21 activation (1Ca2+) of a binding site on

CHO cells. Receptor belongs to the family of Gg-
coupled receptors.

mM TLQP-21 results in worsening pain-associated behaviours
(increased licking responses), thereby suggesting that TLQP-21
may have afunctional role in the inflammatory process induced by
formalin. In support of TLQ-21 having a functional role in the
inflammatory process, intraplantar injection of macrophages
stimulated with TLQP-21, likely mediated through the gCiq
receptor, evokes mechanical hypersensitivity in rats.?’

Conversely, intracerebroventricular (i.c.v) administration of 2
nM/1 pL/mouse TLQP-21 resulted in reduced licking response in
the second phase, which the authors describe to be an analgesic
effect®; however, the lower dose of 1 mM and the highest dose of
4 mM did not have an effect. The authors postulate that TLQP-21
modulation of inflammatory pain depends on the route of
administration and that the analgesic effect of central adminis-
tration could be a consequence of a modulatory role exerted on
the descending inhibitory pathway of which the glutamatergic,
adrenergic, and serotonergic systems could be the target of its
action.®® However, this analgesic phenomenon does not seem to
have been investigated further to provide confirmatory or
concomitant evidence.

Acute intrathecal administration of TLQP-62 (2.5 and 5 mM) to
naive rats was associated with both mechanical (von Frey
filaments) and cold (cutaneous acetone) behavioural hypersen-
sitivity.”" Similarly, intrathecal administration of both AQEE-30
and LQEQ-19%2 and TLQP-21%® to naive mice, dose-
dependently induced thermal hypersensitivity assessed in the
warm-water tail-immersion assay.

Authors have made comparisons about the magnitude and
duration of effect of the VGF-derived peptides with TLQP-21
being described as having the greatest magnitude and duration
of effect in the warm-water tail-immersion assay (Table 5).
However, the peptides were not assessed in the same

experiment and therefore a prospective experiment is required
to directly compare their actions and dose response to allow for
conclusions to be drawn about magnitude and duration of
effect.

Riedl et al.8? also evaluated several pharmacological agents
known to interfere with pathways involved in nociceptive
processing to determine whether they can inhibit the AQEE-30-
and LQEQ-19-induced thermal hypersensitivity. These included
inhibitors of nitric oxide synthase (7-NI, 10 nM; L-NAME, 100
nmol), NMDA receptor (MK801, 10 nmol), protein kinase C
(GF109203X, 1 and 10 nmol), protein kinase A (KT5720, 1.7
nmol), and mitogen-activated protein kinase (MAPK) (U0126, 2.5
nmol; SB202190 0.1, 1 and 2.5 nmol; SB600125, 2.5 nmol). It is
reported that only the p38 inhibitor SB202190, administered as
a pretreatment, dose-dependently reversed AQEE-30 (0.3 nmol)
and LQEQ-19 (1 nmol) evoked thermal hypersensitivity (data of
other inhibitors not shown), suggesting that the effects of VGF-
derived peptides are mediated by p38. In corroboration of these
findings, Fairbanks et al.*? demonstrated TLQP-21 evoked p-38
MAPK-dependent thermal hypersensitivity. The effects of in-
trathecal TLQP-21 were attenuated by treatment with either the
p38 inhibitor (SB202190), COX inhibitor (indomethacin), or the
lipooxygenase inhibitor (AA-861) assessed in the warm-water tail-
immersion assay.

The in vivo evidence suggests that VGF-derived peptides may
be involved in both nociception and inflammatory pain. VGF may
have a direct or indirect action that leads to the release of other
neuropeptides and neurotransmitters. It has been shown in
cultured DRG cells that VGF-derived peptides are colocalised
with SP.%® It is well established that SP has a role in
nociception®781% and in the pathophysiology of inflammatory
disease.”* VGF-derived peptides therefore may be part of the

Comparison of data from the tail-immersion assay.

Author Year Animal (species, Sample size (per Peptide Dose (nmol/5 Dose Peak hyperalgesia Magnitude (delta Duration (time,

strain) group) pL) (mM) (time, min) latency(s)) min)

Riedletal.’ 2009 Mouse, unknown n =6 IQFQ- 3 0.6 10 1.7 60
19

AQEE-  0.003 0.0006 30 0.28 90
30

0.03 0.006 30 1.11 90

0.3 0.06 30 1.66 90

3 0.6 30 1.28 90

Fairbanks 2014 Mouse, ICR/CD1 n=4 TLQP- 01 0.02 60 0.2 150
et al.®? 21

1 0.2 60 1.82 150

3 0.6 60 3.17 175

Doolen 2017 Mouse, ICR/CD1 n=4 TLQP- 1 0.2 60 2.62 120
etal?® 21

The tail-immersion assay was most frequently used to measure pain-associated behaviours after the administration of exogenous VGF-derived peptide.
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Methodological quality of studies evaluated.

Author Year Random allocation Allocation Blinded assessment Sample size Reporting of animal Quality  Ethics Conflict of
to group concealment of outcome calculation exclusions score statement interest
Rizzi 2008 — = = = = 0 aF =
etal®
Moss 2008 — - + - - 1 + +
gtal.”
Ried! 2009 — = = = = 0 + =
etal®?
Maratou 2009 — — + — + 2 + -
et al.®?
Chen 2013 + = e = = 2 e =
gtal®
Fairbanks 2014 + — + - - 2 + +
et al. %
Doolen 2017 — = 4F = = 1 4F =
etal?
Dawes 2014 — — - - - 0 + +
etal?’
Skorput 2018 — = + - - 1 + +
et al.%?

To reduce selection bias, only 2 publications reported randomisation. Conversely, no publications reported allocation concealment or reported conducting a sample size calculation. Minimising the impact of performance and
detection bias, blinding was reported as being conducted in 5 publications. To reduce the impact of attrition bias, the reporting of animal exclusions was less prevalent and reported in only one publication. By contrast, all
publications reported compliance with animal welfare regulations. and statement of potential conflicts of interest are more frequently reported.

mixture of molecules produced by the DRG neurons, which are
secreted in response to nociceptive stimuli together with the
release of SP,C hence their proposed role in the inflammatory
process. TLQP-21 stimulates COX activity®® leading to the
synthesis of prostaglandins, important mediators of inflammation
and pain. Prostaglandins increase levels of cyclic AMP and
enhance nociceptor sensitisation by reducing the activation
threshold of sodium channels®' as well as sensitising primary
afferent neurons to bradykinin and other mediators.”®

5.3. Identification of receptors, their expression, and their
role in pronociceptive signalling

Despite the large volume of data on physiological effects of VGF-
derived peptides, very little is known about the receptors with
which VGF-derived peptides interact, their downstream signalling
pathways, and mechanisms of action. It has been hypothesised
that VGF-derived peptides may lead to the sensitisation of
sensory neurons by direct (autocrine) or indirect (paracrine)
action. The complement component 3a receptor (C3aR)**"° and
globular head of the complement component C1qg receptor
(@C19R)?" have been identified as receptors for TLQP-21; the
receptors for the other VGF-derived peptides have not been
identified. It is unanimously reported that TLQP-21 treatment
leads to increased intracellular Ca®" release. Ca?* is a highly
versatile second messenger involved in a variety of intracellular
signalling pathways, including gene regulation, cell proliferation,
and death.

5.3.1. The globular head of the complement component C1q
receptor (gC1qR)

Chen et al.2" report that gC1gR is expressed on both macro-

phages and microglia and the peripheral pronociceptive actions
of TLQP-21 involve the activation of gC1gR on macrophages. In
vitro, they demonstrated that TLQP-21 treatment (not TLQP-62
or LQEQ-19) is associated with an increase in intracellular Ca®*

levels in cultured rat bone-marrow—-derived primary macro-
phages and brain-derived primary microglia. However, TLQP-21
did not induce changes in intracellular Ca®* levels in cultured
DRG neurons, suggesting that TLQP-21 does not directly
hypersensitise sensory neurons (authors’ did not publish the
data), supporting the hypothesis that TLQP-21 effect is mediated
by receptors expressed on macrophages and microglia.?’ They
also demonstrate that this increase in intracellular Ca®* levels in
macrophages is gC1gR dependent. Silencing of gC1gR with
siRNA in macrophages significantly reduced the gC1gR protein
expression, and fewer macrophages responded to TLQP-21
treatment. Similar results were observed after preincubation of
macrophages with neutralising gC1gR monoclonal antibodies
resulting in significant reduction in response to TLPQ-21.2"

Chen et al.?" also examined the role of gC19R in pain pathways
in vivo: first, intraplantar injection of TLQP-21-stimulated macro-
phages resulted in mechanical hypersensitivity in rats. Second,
the gC1gR antibody (Mab1) was applied to the site of nerve
ligation in the partial sciatic nerve ligation model rats. Application
of the gC1gR antibody delayed the onset of mechanical
hypersensitivity associated with partial sciatic nerve ligation,
whereas control IgG-treated rats demonstrated a reduction of
punctate mechanical threshold. Therefore, macrophages stimu-
lated by TLQP-21 through gC1gR may be responsible for the
hypersensitivity of sensory neurons, characteristic of the me-
chanical hypersensitivity observed.

5.3.2. The complement component 3a receptor (C3aR1)

Hannedouche et al.*® first described the identification of C3aR1
as a target for TLQP-21 in rodents. Doolen et al.?® provide
functional and anatomical evidence that the spinal pronociceptive
actions of TLQP-21 involve the activation of C3aR1 of microglia in
the dorsal horn. They demonstrate extensive C3aR1 colocalisa-
tion with Iba-ir microglia in the dorsal horn (lbal; a marker for
macrophages and microglia). Their colocalisation analysis of
CBaR1, GFAP, and NeuN labelling did not yield evidence for
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C3aR1 expression in astrocytes or neurons; therefore, TLQP-21
directly targets C3aR1 to activate spinal microglia rather than
neurons. They also demonstrate that in lba1-eGFP mice, TLQP-
21 elicits Ca®* signalling in microglia with over 95% of eGFP-
positive profiles responding to TLQP-21, suggesting that the
Ca?" release in response to TLQP-21 is a result of microglial
activation. In addition, in C3aR1 knockout mice and wild-type
cultures exposed to R21A (an inactive peptide at C3aR1; a single
amino-acid substitution in the C-terminus of TLQP-21),2°
treatment with TLQP-21 did not lead to an increase in intracellular
Ca?* signalling, further reinforcing the evidence that TLQP-21
signalling is C3aR1 mediated.?®

Doolen et al.?® also confirm in vivo the molecular and structural
findings that TLQP-21 directly activates C3aR1.'%4® Peripheral
nerve injury (SNI) increased both microglial C3aR1 expression
and TLQP-21-evoked C3aR1-mediated Ca®* signalling in the
dorsal horn of the spinal cord. Spared nerve injury also increased
both the number of microglia with increased intracellular Ca®*
signalling and the peak amplitude, indicating that nerve injury
results in increased TLQP-21 signalling. Pharmacological in-
hibition of the C3aR1 with the antagonist SB290157 attenuated
the hypersensitivity associated with SNI. In microglial cell culture,
the increased Ca®" signalling after treatment with TLQP-21 was
also attenuated. Together, these results provide the evidence that
microglial C3aR1 signalling is required for nerve-injury—induced
hypersensitivity.2®

Despite the identification of 2 receptors, the signalling
mechanisms of VGF-derived peptides are completely uncharac-
terised. Findings to date describe a receptor within the CNS
(C3aR1) that is activated by both a peptide (TLQP-21) and an
immune mediator (C3a), which is mirrored in the periphery with
gC1gR and C1aq. Interestingly, gC1gR and C3aR1 are receptors
for the complement proteins C1q and C3a, respectively. They
form part of the complement system that consists of enzymes,
regulatory proteins, and receptors that regulate both innate and
adaptive immune responses. It is possible that TLQP-21 interacts
with both receptors. Because the TLQP-21 precursor VGF is
upregulated in sensory neurons within 24 hours of nerve injury,®?
it is probable that TLQP-21 released from injured sensory
neurons functions as a warning or protective signal that
contributes to spinal neuroinflammation through activation of
CBaR1 and peripheral neuroinflammation through gC1gR. It has
not yet been investigated whether the gC1gR expressed on
microglia in the CNS and whether C3aR1 expressed on macro-
phages in the periphery also play a role in TLQP-21/VGF-derived
peptide signalling; however, the identification of these 2 receptors
suggests a novel interplay of neuronal and immune signalling
mediators in both peripheral and CNS diseases (Fig. 3).

5.3.3. Pronociceptive signalling

Our understanding of pain signalling traditionally has focused on
the neuronal system; however, this is neurobiologically incom-
plete, and immune cells have an important role as pain
modulators.53889 Macrophages play key roles in the comple-
ment effector functions, and the involvement of macrophages in
NP pathogenesis has been well reviewed.""'® Maratou et al.®?
identified Pap/Reg2, a macrophage chemoattractant, as another
molecule commonly upregulated in the 3 models of NP. Resident
macrophages in the DRG proliferate after nerve injury,”® and
circulating monocytes are recruited to the site of injury. Depletion
of macrophages reduces mechanical hypersensitivity after nerve
injury and, in an animal model of diabetic neuropathy, delays the
onset and progression of pain-associated behaviours.%®¢”
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Macrophages and monocytes express a variety of receptors,
including both gC1gR and C3aR1, and activation of these
receptors leads to the modulation of cytokine production and
inflamsnmatory responses.

There is evidence to suggest that spinal microglia participate in
the development of inflammatory and nerve-injury—induced hy-
persensitivity, perhaps in part through the activation of p38 MAPK.
Mitogen-activated protein kinases are a family of evolutionally
conserved molecules that play a critical role in cell signalling.
Together, they transduce a broad range of extracellular stimuli into
diverse intracellular responses by both transcriptional and non-
transcriptional regulation.®%751% They are activated by upstream
kinases through phosphorylation.®'#° Ried| et al.%2 demonstrated
that the VGF-derived peptides AQEE-30 and LQEQ-19 activate
p38 MAPK in mouse microglia. Immunohistochemical analysis of
p38 MAPK activation in spinal cords obtained at the time of peak
hypersensitivity from mice injected intrathecally with LQEQ-19
measured a near 3-fold increase in phosphorylated p38 MAPK.
The role of p38 MAPK has also been assessed in vivo. TLQP-21-
induced thermal hypersensitivity was inhibited dose-dependently
by the potent and selective p38 MAPK inhibitor SB202190.% After
nerve injury or inflammation, the combination of VGF upregulation
and increased excitability of sensory neurons is likely to potentiate
the release of VGF-derived peptides within the dorsal horn, in
which they would be able to activate microglial p38 MAPK.

In addition, C3aR1 activation of monocytes induces release of
ATP and cytokines.® Astrocytes in the spinal cord also have the
capacity to release ATP,°” and microglial purinergic receptors
are heavily implicated in NP mechanisms.™ It is therefore
plausible that stimulation of macrophages and/or microglia with
TLQP-21 may lead to production and secretion of proinflamma-
tory cytokines through a gC1gR- or C3aR1-MAPK-dependent
pathway.?34382 |n turn, these cytokines may be responsible for
the hypersensitisation of the sensory neurons.

Both Chen et al.?’ and Doolen et al.?® demonstrated
attenuation of mechanical hypersensitivity in nerve injury models
after inhibition of gC1gR or C3aR1, respectively. It is not clear
what the specific roles of the receptors are and whether both are
responsible and/or have a role to play in both the peripheral and
central systems. However, together, these findings suggest that
macrophages and/or microglia stimulated by TLQP-21 through
either gC1gR and/or C3aR1 may have a role to play in the
initiation, development, and maintenance of NP and that
disrupting TLQP-21 receptor interaction or its downstream
signalling pathway may be a viable strategy for pain management.

5.4. Technical limitations

5.4.1. Animal models of neuropathic pain (predictive value)
and behavioural outcomes

Animal experimentation has contributed extensively to our
understanding of mechanisms of disease and development of
novel therapeutics; however, their predictive value of treatment
effectiveness in humans remains controversial. Despite prom-
ising preclinical evidence, the lack of success in the clinic
suggests that there are limitations in their translatability.”” Pain
is a subjective, multifaceted symptom that can only be
measured by self-reporting,'°? and the presence or absence
of pain in animal models cannot be directly measured and can
only be inferred from the observation of surrogate behaviours.*°
In the assessment of VGF-derived peptide expression, SNlis the
most commonly used model (5 studies). Neuropathic pain is
highly heterogeneous, both within and across underlying
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Figure 3. The role of VGF-derived neuropeptides in (A) central and (B) peripheral sensitisation and (C) neuropathic pain. (A) Microglia in the spinal dorsal horn are
activated by VGF-derived neuropeptides after nerve injury through their interaction with either or potentially both the C3a1 or gC1q receptors. In turn, these
activated microglia release several proinflammatory cytokines, chemokines, and other agents, which interact with neurons associated with pain transmission and
increase the excitability of the neurons contributing to NP. Proinflammatory mediators released, eg, TNFa, IL-1B, IL-6, nitric oxide (NO), ATP, and prostaglandins
(PGs), initiate a self-propagating mechanism of enhanced cytokine expression by microglial cells. This leads to an increase in intracellular calcium, and activation of
the p38 and MAPK pathway. (B) Damaged and spared fibres are pictured together. After peripheral nerve injury, nonneuronal cells including macrophages
accumulate around the damaged cells. The upregulation and release of VGF-derived neuropeptides activate the macrophages through their interaction with either
or potentially both the C3a1 or gC1gR receptors. The macrophages secrete factors (such as TNFq, IL-1, IL-6, chemokine [C-C motif] ligand 2 [CCL2], PGs, and
nerve growth factor [NGF]), which elicit peripheral sensitisation and cause chronic neuroinflammation, which maintains sensory abnormalities. (A and B) were
created with Biorender.com. (C) The graph abstract highlights the potential role of vgf and VGF-derived peptides in the initiation, development, and maintenance of
neuropathic pain. MAPK, mitogen-activated protein kinase; NP, neuropathic pain.

39,42,46

conditions, and the predominance of traumatic nerve injury  varicella-zoster virus infection and HIV-associated pe-

models does not match the clinical situation.®” A more rational
approach is to select models that more closely reflect the
pathophysiological condition of humans. Hence, disease-
specific models have been developed including models of

ripheral neuropathy.'1%* To add, reflex withdrawal assess-
ments do not necessarily measure global pain and therefore can
be misleading, if not just a measure of nociception. Predictive
validity may also be improved by measuring changes in
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behaviours that are ethologically relevant to rodents and may be
affected by pain, eg, rearing,®* feeding,®® and burrowing.?

5.4.2. Internal validity

Characteristic of the field, the lack of reporting of methods
undertaken to reduce the risk of bias suggests that the in vivo data
reported in the studies within this review may be susceptible to
bias. Experimental bias is often unintentional and can be because
of low internal validity leading the scientist to incorrectly attribute
an observed effect to a treatment or intervention.*’ Internal
validity ensures that changes observed in outcomes are due to an
induced change in the independent variable rather than
confounding factors. The internal validity may be compromised
by a range of biases: selection, performance, detection, and
attrition bias. There are several mitigations that will reduce the risk
of these biases; randomisation, allocation concealment, sample
size calculation, blinded assessment of outcome, and a prede-
termined animal eligibility criterion. Several systematic reviews
and meta-analyses have provided empirical evidence highlighting
that inadequate experimental approaches are associated with
bias in several preclinical fields.2%48:84 Of concern is the fact that
low prevalence of reporting of measures to reduce the risk of bias
tend to give higher estimates of treatment effects.?®*® The
introduction of the ARRIVE reporting guidelines in 2010525365
and the development of National Centre for the Replacement,
Refinement and Reduction of Animals in Research Experimental
Design Assistant gives preclinical researchers clear guidance on
how to conduct animal experiments with appropriate rigour.2®

In addition, as is often the case, the publications included in the
review may be susceptible to publication bias. TLQP-21 is the
most frequently researched VGF-derived peptide, particularly in
recent years. It was not possible to estimate publication bias due
to the low number of studies. However, publication bias deprives
researchers of accurate data that are needed to generate new
hypotheses and prevent a waste of resources in the case that
a direction of research is chosen that has already been fully
exploited but not published due to neutral or negative data. Thus,
there is a critical and ethical need for transparency of reporting all
experimental details to complete the story.®°

6. Conclusion and recommendations for
future research

A persistent challenge in the management of NP is to target the
specific mechanisms leading to a change from normal to
abnormal sensory perception while ensuring that the defensive
pain perception remains intact. Targeting VGF-derived peptides
may offer this opportunity. Peripheral tissue injury is associated
with changes in protein expression in sensory neurons that may
contribute to abnormal nociceptive processing. The publications
within this review have focused on exploring the role of VGF-
derived peptides in vivo but the expression of VGF in NP patients
has not been characterised. The presumed abundant and
selective expression of the VGF-derived peptides in blood and
CSF suggest a possibility that they could be used as biomarkers
of NP. The understanding of the molecular mechanisms and
signalling events by which VGF-derived active peptides exert their
many physiological actions is in its infancy. Future work should
aim to have a better understanding of the downstream
consequences of cell treatment with TLQP-21, which should
uncover proteomic changes in TLQP-21-treated cells and
intracellular mechanisms of TLQP-21 actions, and subsequent
understanding may offer therapeutic strategies for NP. The
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identification of the 2 complement receptors with natural ligands,
of which little is understood, suggests the possibility of a dual-
ligand mechanism of action. There are both central and peripheral
mechanisms to VGF-derived peptide activity; yet, it is not clear
whether the mechanisms are distinct and/or have different roles
in the initiation, development, and maintenance of NP. Given that
VGF expression levels are very low under normal physiological
conditions suggests that it does not play a role in nociception but
its rapid upregulation in sensory neurons after nerve injury and
inflammation along with the activation of microglia and macro-
phages may in part be responsible for the onset, development,
and maintenance of neuropathic and inflammatory pain.
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