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Transient receptor potential vanilloid type 1 (TRPV1), classically associated with transduction of high-
temperature and low-pH pain, underlies pain hypersensitivity in neuropathic pain. The molecular regulation of
TRPV1 channel activity is not yet fully understood. Therefore, we investigated factors regulating sensitisation
of this receptor during development of neuropathic pain in a rat model of chronic construction injury (CCI) in
the dorsal root ganglia (DRG).

In the rat CCI model, elevated levels of pro-inflammatory cytokines (TNFe, IL-13 and IL-6) in DRG corresponded
to development of neuropathic pain. We assessed the expression of known kinases influencing TRPV1 sensitisa-
tion at the mRNA and/or protein level. Protein kinase C € (PKCe) showed the strongest upregulation at the mRNA
and protein levels among all tested kinases. Co-expression of PKCe and TRPV1 in L5 DRG of CCI animals was high
during the development of neuropathic pain. The number of neurons expressing PKCe increased throughout the
experiment.

We provide complex data on the expression of a variety of factors involved in TRPV1 sensitisation in a CCl model
of neuropathic pain. Our study supports evidence for involvement of TRPV1 in the development of neuropathic
pain, by showing increased expression of interleukins and kinases responsible for the channel sensitisation.
TNFa and NGF seem to play a role in the transition from acute to neuropathic pain, while PKCe in its maintenance.

Further studies might confirm their significance as novel targets for the treatment of neuropathic pain.

© 2015 Elsevier Inc. All rights reserved.

1. Background

The increasing knowledge on the molecular biology of transient
receptor potential vanilloid type 1 (TRPV1), a non-selective cation chan-
nel, highlights its important role as a noxious signal integrator. It is
expressed in both the peripheral and the central nervous system
(CNS) and is involved in pain transduction, transmission, perception
and modulation (Caterina et al., 2000). Dorsal root ganglia (DRG)
contain TRPV1-expressing neurons (Hwang et al., 2005) that convey
sensory information to the CNS. Activation of TRPV1, by external stimuli
or endogenous agonists like anandamide (AEA), produces inward cation
current, which may be involved in the sensitisation of nociceptive DRG
neurons that causes hyperalgesia (Jara-Oseguera et al., 2008; Starowicz
et al., 2008). Under pathological conditions, TRPV1 expression in noci-
ceptive DRG neurons is altered in various models of peripheral neurop-
athy (Biggs et al., 2007; Hudson et al., 2001; Kim et al., 2008; Rashid
et al., 2003). The association of TRPV1 expression level with pain per-
ception remains unclear, so the importance of channel sensitisation,
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manifested by the reduced activation threshold was postulated
(reviewed in Palazzo et al., 2012).

A number of modulators regulate TRPV1 activity and promote
inflammatory or painful responses (Fig. 1). TRPV1 sensitisation is associ-
ated with phosphorylation controlled by at least four serine/threonine ki-
nases, including protein kinase A (PKA), protein kinase C (PKC), Ca®™/
calmodulin-dependent kinase 2 (CaMK 2), and cyclin-dependent kinase
5 (Cdk5) (reviewed in Suh and Oh, 2005). Among these, PKA- and PKC-
mediated phosphorylation has been widely investigated in various pain
models (reviewed in Palazzo et al, 2012). Ahern and Premkumar
(2002) reported that activation of PKC strongly sensitises the nociceptive
response, which can be attenuated by both PKC inhibitors and mutations
in TRPV1 phosphorylation sites. Particularly, PKCe modulation of TRPV1
activity plays a critical role in pain perception (Pan et al., 2010; Vellani
etal., 2010; Ferrari et al., 2014). In contrast, the neuronal phosphatase cal-
cineurin plays a major role in dephosphorylation of TRPV1 and is primar-
ily responsible for the decrease in channel activity (Por et al., 2010).
Moreover, as demonstrated by Ji et al. (2002), p38 mitogen-activated pro-
tein kinase (P38-MAPK) activation, initiated by retrograde transport of
nerve growth factor (NGF), acts to increase translocation of TRPV1 to
the nociceptor membrane, thereby contributing to the maintenance of
hypersensitivity. Indeed, the contribution of P38-MAPK to the progres-
sion of neuropathic pain has been demonstrated in preclinical models
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Fig. 1. Sensitization and activation of TRPV1 receptor. Under physiological conditions TRPV1 is activated by high temperature, low pH and endogenous AEA, leading to cation influx. During
inflammation TRPV1 undergoes sensitization by numerous kinases, which may contribute to neuropathic pain development. Moreover inflammation lowers temperature threshold of
TRPV1 activation. Underlined elements of TRPV1 sensitization pathways were investigated in present studies. AEA — anandamide; B2R — bradykinin receptor 2; BK — bradykinin;
CaMK2 — Ca2 +/calmodulin dependent kinase 2; CN — calcyneurin; NGF — nerve growth factor; p38-MAPK — p38 mitogen-activated protein kinases; PKA — protein kinase A; PKC —
protein kinase C; Rac — subfamily of the Rho family of GTPases; Ros — reactive oxygen species; cCAMP — cyclic adenosine monophosphate; TrkA — high affinity nerve growth factor recep-

tor; TRPV1 — transient receptor potential vanilloid type 1.

(Jinetal., 2003; Schafers et al., 2003b). TRPV1-evoked reactions are mark-
edly enhanced by pro-inflammatory mediators, such as TNFe, IL-1[3, IL-6
and bradykinin, all of which produce hypersensitivity to heat in vivo.

Additionally,
Sory neurons

some of those factors activate PKA and PKC in primary sen-
(review in Ren and Dubner, 2010) and increase the efficacy
of AEA to produce TRPV1-mediated excitation (Singh Tahim et al., 2005).
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Fig. 2. Development of mechanical (A) and thermal (B) allodynia after sciatic nerve injury. Expression of Tnf-ce (C), II-13 (D) and II-6 (E) mRNA in the L4-L6 dorsal root ganglia 3, 7 and
14 days after CCI. Behavioural studies were performed before (— 1, 0) and after CCI procedure (1-14). Mechanical allodynia (A) was measured as withdrawal latency in grammes and
thermal allodynia (B) as thermal withdrawal latency in seconds. mRNA samples were collected 3, 7 and 14 days after CCI procedure (marked as B on behavioural graphs). Results
were presented as fold change normalized to expression of reference gene Hprt1 and were calculated by intact — on graphs presented as a line. Data are presented as mean 4 SEM
and represent normalized averages derived from 1012 animals for behavioural studies and 6-8 samples per each group for mRNA analysis. Statistical analysis of changes was performed
using one-way ANOVA followed by Bonferroni post-hoc-test, values with p < 0.05 were considered significant. * denotes significant differences vs. intact, * vs. contralateral side, * vs. pre-
operative values and ® vs. indicated bar.
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Although the role of TRPV1 in neuropathic pain is well established,
regulation of channel activity during neuropathic pain development
remains unclear. Here we investigated factors regulating TRPV1 sensiti-
sation in the rat model of chronic construction injury (CCI). We correlat-
ed changes in expression of TNFa, IL-1f3, and IL-6 with the development
of allodynia. Furthermore, we measured the expression of kinases
influencing TRPV1 sensitisation at the mRNA and protein levels. Finally,
we examined the co-localisation of PKCe and TRPV1 in nociceptive DRG
neurons.

2. Results

2.1. Development of pain phenotype is accompanied with enhanced
transcription of interleukins in DRG of rats who undergo CCI procedure

Pre-surgery thresholds reached the cut-off values for both mechan-
ical and cold allodynia. Neuropathic animals showed significantly lower
mechanical withdrawal latency starting at day 3 after the CCI procedure
(Fig. 2A). Cold allodynia had developed at day 1 after sciatic nerve injury
and progressed with time (Fig. 2B). Cut-off values were reached for in-
tact animals at all tested time points (data not shown; for details see
Malek et al., 2014). Behavioural changes were accompanied by elevated
mRNA expression of Tnfe, II-13 and II-6. Tnfoe showed significantly
increased expression 3 and 7 days after CCI (approx. 2-fold change,
Fig. 2C), exclusively ipsilateral. II-13 transcript was upregulated
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ipsilateral to the injury at all tested time points (approx. 20-fold change,
Fig. 2D). The level of II-13 transcript on the contralateral side did not
significantly change during the development of neuropathic pain. Il-6
transcript increased only at day 7 after sciatic nerve injury (approx.
2.5 and 2-fold change ipsilateral and contralateral to the injury,
respectively, Fig. 2E).

2.2. Upregulation of kinases involved in TRPV1 sensitisation as a
consequence of neuropathic pain development

P38-mapk, Camk2, Pka and Pkc transcripts were detected in DRG
dissected both from intact and CCI animals. At day 3 after CCl, signif-
icant upregulation of P38-mapk was observed ipsilateral to the injury
(1.94 4 0.12). Increased P38-mapk transcript persisted at day 7 on
both the ipsilateral (5.01 + 0.01) and contralateral sides (3.33 +
0.30), but lateralisation was maintained (Fig. 3A). At day 14 after
CCI, P38-mapk expression returned to that of intact animals. Camk2
transcript was significantly elevated at days 3 and 7 after sciatic
nerve injury (3.20 4 0.32 and 3.34 + 0.08, respectively) ipsilateral
to the injury, as was Camk2 contralateral to the injury on day 7
(2.56 + 0.18) (Fig. 3B). Pka and Pkc expression was significantly up-
regulated 7 days after induction of neuropathic pain, but only for Pkc
lateralisation was observed (1.63 4 0.07 and 1.69 + 0.11 for Pka and
6.70 4 0.17 and 3.27 £ 0.41 for Pkc, ipsilateral and contralateral,
respectively, Fig. 3C-D).

B Bl ipsilateral
3 contralateral
54
$
a4 $$
fd dkkk
34 *ke
-
24
14
0-
3 7 | 14
Time after CCI [days]
101
$5$$ $$$8$
8 #unH
Fekkk
6 $$$$
$$$%
44 Kkkk
I
24
| i I
o [ | [ |
3 | 7 | 14

Time after CCI [days]

Fig. 3. Results of qPCR analysis of Mapk14 (A), Camk2d (B), Prkaca (C) and Prkc (D) gene expression levels in the L4-L6 dorsal root ganglia during the development of neuropathic pain in
CCl rats. Samples were collected 3, 7 and 14 days after CCI procedure. Data are presented as mean 4 SEM and represent normalized averages derived from 6 to 8 samples per each group.
Results are presented as fold change normalized to expression of reference gene Hprt1 and were calculated by intact — on graphs presented as a line. Statistical analysis of changes was
performed using one-way ANOVA followed by Bonferroni post-hoc-test, values with p < 0.05 were considered significant. * denotes significant differences vs. intact, * vs. contralateral side

and ® vs. indicated bar.
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Fig. 4. Results of Western blot analysis of p38 (A), CaMKII (B), PKA (C), PKCapy (D) and PKCe (E) in L4-L6 dorsal root ganglia during the development of neuropathic pain in CCI rats.
Samples were collected 3, 7 and 14 days after CCI procedure. Data are presented as mean 4 SEM and represent normalized averages derived from 4 to 6 samples per each group. Results
are presented as fold change normalized to expression of reference protein GAPDH and were calculated by intact — on graphs presented as a line. Each graph is accompanied by picture of
membrane with group representative. Statistical analysis of changes was performed using one-way ANOVA followed by Bonferroni post-hoc-test, values with p < 0.05 were considered
significant. * denotes significant differences vs. intact, * vs. contralateral side and ® vs. indicated bar.

2.3. Isoforms of PKC show strongest upregulation in DRG after sciatic nerve
injury at protein level

Western blot analysis showed significantly elevated P38-MAPK both
ipsilaterally and contralaterally 14 days after CCI (1.77 4+ 0.17 and
1.55 + 0.18, respectively, Fig. 4A). CaMK2 and PKA showed no signifi-
cant alterations in L4-L5 DRG of rats in the model of neuropathic pain
(Fig. 4B-C). PKCapy showed significant upregulation without
lateralisation on day 7 (1.68 4 0.12, 1.89 + 0.18 ipsi- and contralateral,
respectively) and day 14 (1.95 & 0.22, 1.73 + 0.15 ipsi- and contralat-
eral, respectively) after sciatic nerve injury (Fig. 4D). The same pattern
of expression was observed for the ¢ isoform of PKC (Fig. 4E).

2.4. No changes in co-localisation of TRPV1 and PKCe in rat L5 DRG after
CCl, although the population of TRPV1~/PKCe™ neurons increases after
sciatic nerve injury

Immunohistochemical localisation of TRPV1 and PKCe in rat L5 DRG
was determined by immunofluorescence 3, 7 and 14 days after CCI sur-
gery (Figs. 5 and 6). Only NeuN-positive cells that exhibited expression
of at least one protein of interest (TRPV1 or/and PKCe) were analysed
(Fig. 5A1-D1). In accordance with the results obtained by single stain-
ing, we identified a large number of TRPV1-positive (Fig. 5B1-B2) and
PKCe-positive cells (Fig. 5C1-C2) in the DRG at all examined time points
regardless of the presence of sciatic nerve injury. The staining profile of
DRG on the contralateral side was similar (data not shown). By double
immunofluorescence, we found that TRPV1 receptor and PKCe were
co-localised in a high percentage (approx. 80%) of analysed cells,

irrespective of the side, at all examined time points (Fig. 6A). TRPV1t/
PKCe™ neurons reached 15% of examined DRG neurons, although signif-
icant elevation of TRPV11/PKCe™ cell number was observed ipsilateral
to the injury at day 3 after CCl in comparison to day 7 and day 14 after
sciatic nerve injury (Fig. 6B). The population of TRPV1~/PKCe™ neurons
was significantly increased at day 3 and day 14 after CCl ipsilateral and
contralateral to the injury and at day 7 only ipsilateral, in comparison to
the DRG of intact animals (Fig. 6C).

3. Discussion

TRPV1 is an important contributor to pain, although its role in the
development of neuropathic pain is more complex than initially
thought, as even TRPV1 knock-out mice develop the behavioural signs
of hypersensitivity to noxious stimuli (Caterina et al., 2000; Davis
et al., 2000). TRPV1 functions as an integrator of pain signals in nocicep-
tive primary afferents, which in the presence of nerve injury display en-
hanced excitation. It is believed to be the major cause of neuropathic
pain (Sukhotinsky et al., 2004). In these studies we identified factors
responsible for TRPV1 sensitisation during development of pain in a
model of sciatic nerve injury. Our studies performed at 3, 7 and
14 days after CCI procedure are illustrating gradual development of
neuropathic pain. As molecular changes at day 3 might be still affected
by performed procedure itself, we rather focus on days 7 and 14 as
representatives of developed neuropathic pain.

TRPV1 expression in nociceptive DRG neurons has been widely stud-
ied and displays altered expression under pathological conditions in
some animal models of inflammatory or neuropathic pain. Depending
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Fig. 5. Photomicrographs of L5 DRG immunolabelled for NeuN (A;-D;), TRPV1 receptor (A,-D,) and PKCe (As-Ds) in the rat model of neuropathic pain. Samples were collected 3, 7 and
14 days after CCI. Micrographs represents control (A;-A4) and neuropathic rat L5 DRG section at 3 (B;-By), 7 (C;-C4) and 14 (D;-D,) days after CCI. Last panel (A4~D,4) shows merged
images for TRPV1 (green) and PKCe (red) immunoreactivity. Scale bar = 100 pm, applies to all photos. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

on the model and strain of animal used, TRPV1 expression in nocicep-
tive DRG neurons was upregulated at the mRNA or protein level when
its total expression level was measured (Ji et al., 2002; Wu et al.,
2013), or it tends to decrease (Rasband et al., 2001; Schdfers et al.,
2003a). Even the genotype of the animal strain affects the regulation
of TRPV1 (Persson et al., 2009). Wistar rats, which show no alteration

in TRPV1 expression in pulled samples of L4-L6 DRG in the CCI model
of neuropathic pain (Malek et al., 2014), were chosen for the present
study. In this model we additionally performed immunofluorescence
staining for TRPV1 protein in L5 DRG. We observed a time-dependent
decrease in the number of TRPV1-expressing neurons after injury of
the sciatic nerve (Supplementary Fig. A). This result is consistent with
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Fig. 6. Immunohistochemical localization of TRPV1 and PKCe in rat L5 DRGs neurons at different time points after CCI. Samples were collected 3, 7 and 14 days after CCI procedure. Data are
presented as mean 4 SEM. Results are presented as % of analysed cells. Expression in intact is presented as a line on graphs. Each column represents average of 8-12 areas counted by 2
observers blinded to the study. Statistical analysis was performed using one-way ANOVA followed by Bonferroni post-hoc-test, values with p < 0.05 were considered significant. * denotes

significant differences vs. intact, * vs. contralateral side and  vs. indicated bar.
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reports showing that an increase in TRPV1 protein level in undamaged
DRG is accompanied by a decrease in DRG effected by nerve injury
(Fukuoka et al., 2002; Hudson et al., 2001). In addition, downregulation
of TRPV1 mRNA has previously been reported in the L5 ganglion in
axotomy model of neuropathic pain (Michael and Priestley, 1999).

Regardless of increased or decreased TRPV1 expression in nocicep-
tive DRG neurons, behavioural signs of developing neuropathic pain
have been present in all studies, so upregulated function and sensitisa-
tion of TRPV1 is believed to mediate the development of both inflamma-
tory and neuropathic pain (Patapoutian et al., 2009). In the present
study we evaluated pain behaviour in the Von Frey's test and the cold
plate test, which measure development of mechanical and thermal
allodynia (Fig. 2A, B), common symptoms of neuropathic pain
(reviewed in Starowicz et al., 2013b). At the same time, we determined
that mechanical and thermal allodynia in neuropathic animals is accom-
panied by elevated mRNA expression of the proinflammatory cytokines
TNF-a, IL-1p and IL-6 (Fig. 2C-E), confirming ongoing inflammation in
the DRG after CCI. Nerve injury is almost always associated with a strong
immune response, although the literature focuses on the consequences
of neuronal damage. The association of mechanical and thermal hyper-
sensitivity with an upregulation of proinflammatory cytokines in DRG
neurons is consistent with studies on different models of pain (Cunha
et al,, 2000; Samad et al., 2001).

IL-1(3 showed elevated expression at all tested time points, which
might suggest its involvement in the development and maintenance
of neuropathic pain (Fig. 2). IL-13 is involved in TRPV1 receptor sensiti-
sation (Obreja et al., 2002; Piper et al., 1999), so its elevated expression
may be involved in the transition from acute to chronic pain and main-
taining the pain through a peripheral mechanism in the model of CCI.
Unlike IL-1p, TNFa transcript was elevated only at the beginning of neu-
ropathic pain development (Fig. 2). Upregulation of TNFa transcription
in DRG neurons is in the line with studies by Jancalek et al. (2010) in
experimental models of peripheral neuropathy. Furthermore, TRPV1
receptor sensitivity to endogenous and exogenous ligands may be mod-
ulated by TNFo pretreatment, resulting in increased nociceptive signal
transmission (Khan et al., 2008; Spicarova and Palecek, 2009). There-
fore, TNFoo might be one of the factors responsible for enhanced
TRPV1 sensibility during the transition from acute to neuropathic pain,
although additional experiments are needed to explain the specific
mechanisms involved. Expression of IL-6 mRNA was elevated only
after the development of the pain phenotype, which might be a
consequence of TRPV1 action, as TRPV1 mediates the increase in IL-6
production, not vice versa (Geppetti et al., 2008; Lin et al., 2007;
Terenzi et al.,, 2013). The underlying mechanisms of this process need
further study. Additionally, the ongoing inflammation can reduce the
pH of the extracellular environment, which activates and sensitises
TRPV1 (Jones et al., 2004; Tominaga et al., 1998), and the threshold
temperature is lowered when receptor is phosphorylated (Sugiura
et al,, 2002; Vellani et al., 2001).

Sensitisation of TRPV1 receptor by proinflammatory agents involves
PKA- and PKC-dependent phosphorylation (reviewed in Palazzo et al.,
2012; Suh and Oh, 2005). Our data show that mRNA expression of
both kinases was significantly elevated on day 7 after CCI (Fig. 3C,D),
but only PKC showed upregulation at the protein level 7 and 14 days
after CCI (Fig. 4D,E). These data suggest greater involvement of PKC-
mediated phosphorylation, especially in maintaining of neuropathic
pain in CCI model, rather than a transition from an acute to a chronic
pain state. Supportive of this hypothesis are studies showing that PKC
is particularly involved in later-stage inflammation rather than early
(Bonnington and McNaughton, 2003). Other studies have shown
reduced neuropathic pain symptoms in mice lacking one of the PKC
isoforms (y or €), supporting a role for PKC in sustaining chronic pain
(Khasar et al., 1999; Malmberg et al., 1997). Although we showed up-
regulation of different isoforms of PKC (a3y and €), we focused on the
¢ isoform based on previous reports showing co-localisation of this
form with TRPV1 receptor in DRG during inflammation (Zhou et al.,

2003). Additionally, while PKCe-mediated activation of TRPV1 is in-
volved in pain development (Pan et al., 2010; Vellani et al., 2010), it
was never studied in a model of peripheral neuropathy. Our immuno-
fluorescence data show similar results for a neuropathic pain model,
where high co-localisation of PKCe and TRPV1 was present (Figs. 5
and 6). Moreover, we confirmed an elevated number of neurons ex-
pressing PKCe in DRG at all tested time points, which further supports
the hypothesis of its involvement in neuropathic pain maintenance.
Additionally, as PKCe is responsible for bradykinin-induced TRPV1 sen-
sitisation to heat (Numazaki et al., 2002; Spicarova and Palecek, 2009),
we analysed bradykinin B1 (BDKRB1) and B2 (BDKRB2) receptors at
the mRNA level in DRG neurons and observed elevated transcription
of BDKRB2, but not BDKRB1 (Supplementary Fig. B). Because activation
of bradykinin BDKRB2 receptor promotes the formation of lipoxygenase
metabolites (Petcu et al., 2008), which act as agonists of TRPV1
(Starowicz et al., 2013a), we believe that the above result might imply
a contribution of bradykinin to development of pain in this CCI model
of neuropathy.

In addition to PKA and PKC, other kinases modulate TRPV1 channel
activity (reviewed in Palazzo et al., 2012). Among them, CaMK?2 alters
TRPV1 function (Jung et al., 2004; Rosenbaum et al., 2004). Although
upregulation of CaMK2 mRNA occurred as early as day 3 after CCI
(Fig. 3B), there was no alteration at the protein level (Fig. 4B). Therefore,
we concluded that the action of this particular kinase might not be
involved in the development of hyperalgesia in the CCI model of neuro-
pathic pain. Similarly, no changes were observed in the mRNA levels of
CdKk5 and calcineurin, so we excluded these kinases from further analy-
sis (Supplementary Fig. C). Phosphorylation not only sensitises TRPV1
but also promotes translocation of the receptor to the plasma mem-
brane. PKC- (Morenilla-Palao et al., 2004) and p38-MAPK-mediated
mechanisms are responsible for this effect (Ji et al., 2002). We showed
delayed activation of p38-MAPK transcription (Fig. 3A) and protein ex-
pression (Fig. 4A) in DRG neurons after CCl, so it is likely that p38-MAPK
expression is influenced by nerve inflammation and degeneration rath-
er than injury itself. Moreover, NGF mRNA was significantly upregulated
at day 3 after CCI (Supplementary Fig. B), which is consistent with
previous data (Herzberg et al., 1997) and also indicates the involvement
of this molecule in the transition from acute to chronic pain. Our data
show the complexity of networks involved in TRPV1 expression,
sensitisation and activation during neuropathic pain development.
Although changes in mRNA and protein expression levels in pulled
DRG might provide valuable information on the functions of genes of
interest, studies on various subpopulations of DRG neurons would
provide additional data.

4. Conclusions

We provide complex data on the expression of a variety of factors
involved in TRPV1 sensitisation in a CCI model of neuropathic pain.
Although the number of TRPV1-expressing neurons decreases with
time, the expression of TRPV1 sensitisation factors is elevated, allowing
for development of pain behaviour. We showed that maintenance of
TRPV1 sensitisation in this CCI model of neuropathic pain is mainly
due to PKCe-mediated phosphorylation. Moreover, in a time course
study, we identified factors (TNFa and NGF) that might be responsible
for the acute-to-chronic transition and that might be responsible for
maintenance of pain, thus suggesting new targets for the therapy of
neuropathic pain.

5. Methods
5.1. Animals
Male Wistar rats (Charles River, Hamburg, Germany), initially

weighing 225-250 g, were used for all experiments. Animals were
housed five per cage under a standard 12 h/12 h light/dark cycle (lights
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on at 06:00 h) with food and water available ad libitum. All experiments
followed the recommendations of the International Association of
Studies on Pain (Zimmermann, 1983) and were approved by the Local
Bioethics Committee of the Institute of Pharmacology (Cracow,
Poland). Results obtained in our research group (Osikowicz et al.,
2008) as well as those reported by others (Paszcuk et al,, 2011) showed
no significant differences between sham operated group and intact
animals in allodynia and hyperalgesia thresholds in development of
neuropathic pain. Moreover Paszcuk et al. reported no significant differ-
ences in expression of EC system components in sham vs. intact animals.
Therefore, respecting 3R policy in laboratory animal use, we decided to
compare only intact and neuropathic pain groups in our behavioural
and biochemical experiments.

5.2. Sciatic nerve surgery

Peripheral neuropathy was induced by chronic constriction injury
(CCI) as described (Bennett and Xie, 1988). The sciatic nerve injury
was performed under sodium pentobarbital anaesthesia (60 mg/kg,
intraperitoneal). The biceps femoris and the gluteus superficialis were
separated, and the right sciatic nerve was exposed. Proximal to the
sciatic trifurcation, approximately 7 mm of nerve was freed from the ad-
hering tissue, and the injury was produced by tying four loose ligatures
(4/0 silk, 1 mm spacing) around the sciatic nerve. The twitch of muscles
was a sign of proper tightness and prevented too strong ligation of the
nerve. The total length of nerve affected was 5-6 mm. No procedure
was conducted on the control animals.

5.3. Nociceptive behaviour

All experiments were conducted 3, 7 and 14 days after the sciatic
nerve injury to determine thermal and mechanical withdrawal thresh-
olds during the development of neuropathic pain. The cold allodynia
was assessed using the cold plate test (Cold/Hot Plate Analgesia Meter
No. 05044 Columbus Instruments, USA). The temperature of the cold
plate was kept at 5 °C, and the cut-off latency was 30 s. The rats were
placed on the cold plate, and the time when the hind paw was lifted
was read. The injured paw exhibited a lower reaction latency. For the as-
sessment of mechanical allodynia, rats were tested for their foot with-
drawal threshold in response to an automatic von Frey apparatus
(Dynamic Plantar Aesthesiometer Cat. N0.37400, Ugo Basile Italy).
Rats were placed in plastic cages with a wire net floor 5 min before
the experiment. The von Frey filament was applied to the midplantar
surface of the ipsilateral hind paw, and the measurements of applied
mechanical force were taken automatically. The strength of the von
Frey stimuli in our experiments ranged from 0.5 to 26 g.

5.4. RNA preparation and quantitative real-time PCR

Animals were sacrificed 3, 7 or 14 days after the CCI procedure. A
group of naive animals was used as a reference. The L4-L6 DRG were col-
lected both ipsilateral and contralateral with respect to the side of injury.
DRG L4-L6 were pooled, placed in tubes with the tissue storage reagent
RNAlater (Qiagen Inc., Valencia, CA, USA), frozen and stored at —80 °C
until RNA isolation. Samples were thawed at room temperature (RT)
and homogenised in Trizol Reagent (Invitrogen, Carlsbad, CA, USA). RNA
was isolated according to Chomczynski's method (Chomczynski and

Table 1
Threshold cycle of Hprt1 expression in different experimental groups.

Sacchi, 1987). The total RNA concentration was measured using a
NanoDrop ND-1000 Spectrometer (Nano-Drop Technologies, Wilming-
ton, DE, USA). Reverse transcription of total RNA (1 ug per sample) was
performed using Omniscript reverse transcriptase (Qiagen Inc., Valencia,
CA, USA) at 37 °C for 60 min. The reaction was carried out in the presence
of the RNase inhibitor rRNAsin (Promega, Madison, WI, USA), and an
oligo(dT,) primer (Qiagen) was used to selectively amplify mRNA. For
quantitative PCR, 45 ng of cDNA was used as a template. Reactions were
performed using Assay-On-Demand TagMan probes and TagMan Univer-
sal PCR Master Mix (Applied Biosystems, Foster, CA, USA) according to
the manufacturer's protocol. The following assays were used:
Rn01527840_m1 (Hprt1), Rn00578842_m1 (Mapk14), Rn01432300_g1
(Prkaca), Rn00440861_m1 (Prkcg), Rn04219635_m1 (Cdk5),
Rn00711106_m1 (Chp2), Rn00560913_m1 (Camk2d), Rn00580432_m1
(II1b), Rn00561420_m1 (116), Rn01533872 (Ngf), Rn02064589 (Bdkrb1),
Rn04338900 (Bdkrb2), and Rn01525859 (Tnf). Reactions were run on a
Real-Time PCR iCycler 1Q (Bio-Rad, Hercules, CA, USA) with the 3.0 soft-
ware version. Cycle threshold values (Ct) were calculated automatically.
Expression of the Hprtl (hypoxanthine phosphoribosyltransferase
1) transcript, with stable levels between the control and CCI
groups (Table 1), was quantified to control for variation in cDNA

amounts. The abundance of RNA was calculated as 2~ (nermalized
threshold cycle)

5.5. Western blot

Animals were sacrificed 3, 7 or 14 days after CCI. A group of naive an-
imals was used as a reference. The L4-L6 dorsal root ganglia (DRG) were
collected both ipsilateral and contralateral with respect to the side of
injury. DRG were pooled, placed in individual tubes, frozen on dry ice
and stored at —80 °C until protein isolation. Tissue samples were
homogenised in RIPA buffer with protease and phospatase inhibitors
(Sigma-Aldrich, Irvine, UK) and cleared by centrifugation (10,000 xg,
4 °C, 30 min). The protein concentration in the supernatant was deter-
mined using the BCA Protein Assay Kit (Sigma-Aldrich, Irvine, UK). Sam-
ples containing 30 mg of protein were heated for 5 min at 96 °C in
loading buffer (50 mM Tris-HCl, 2% SDS, 2% B-mercaptoethanol, 8%
glycerol and 0.1% bromophenol blue) and resolved by SDS-PAGE on
10% or 12% polyacrylamide gels. After gel electrophoresis, proteins
were electrophoretically transferred to PVDF membranes (Trans-Blot
Turbo; Bio-Rad, Hercules, CA, USA). The blots were blocked using 5%
blocking buffer (5% non-fat dry milk in Tris-buffered saline with 0.1%
Tween 20) for 1 h. Blots were incubated overnight at 4 °C with primary
antibodies (Table 2) and then incubated at RT with a peroxidase-
conjugated secondary antibody (Table 2) for 1 h. Immunocomplexes
were detected using a Immuno-Star HPR kit (BioRad, Hercules, CA,
USA) and visualised using a Fujifilm LAS-1000 System (Fuji Film,
Tokyo, Japan). The blots were stripped and reprobed with a mouse
polyclonal anti-GAPDH antibody as a loading control. Relative levels of
immunoreactivity were quantified using the Fujifilm Image Gauge
software (Fuji Film, Tokyo, Japan).

5.6. Immunofluorescence microscopy
The animals were deeply anaesthetised with pentobarbital

(pentobarbital, 60 mg/kg i.p.) and perfused transcardially with
saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer

Experimental  Spinal cord Spinal cord CClday 3  Spinal cord CClday 7  Spinal cord CClday  DRG control DRG CClday3 DRGCCiday7 DRG CClday 14
group control 14
Ct 22.08 +0.10 22.03 4+ 0.08 22.25 4+ 0.05 22.314+0.10 22114014 2197 4+0.20 2217 +£0.11 22.14 4+ 0.06
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Table 2
List of antibodies used during experiments.

Used concentration

Primary antibody

Anti-PKC(af>y), Clone M110, Millipore, Cat# 05-983 1:1000
Anti-PKCg, Millipore, Cat#06-991 1:2000
Anti-CaM Kinase II, Millipore, Cat#07-1496 1:1000
Anti-p38-MAPK, Sigma-Aldrich, Cat#M0800 1:5000
PKA C-q, Cell Signaling, Cat#4782 1:1000
Anti-GAPDH, Millipore, Cat#MAB374 1:1000
Secondary antibody

Goat anti-rabbit IgG HRP, Bio-Rad, Cat#166-2408EDU 1:1000
Goat anti-mouse IgG HRP, Bio-Rad, Cat#170-6516 1:1000

(PB), pH 7.4. DRG were dissected, postfixed for 2 h, then washed
and soaked for cryoprotection in sucrose solutions of increasing concen-
tration (10-30%) at 4 °C until immersion. Samples were frozen and
stored at — 80 °C until sections were cut at 12 pum thick and collected
onto gelatin-coated slides (Menzel GmbH, Braunschweig, Germany).
For immunofluorescence labelling, serial sections of DRG were hydrated
in PB buffer (pH = 7.4) for 15 min, then cell membranes were
permeabilised in PB containing 0.1% Triton X-100 and afterwards incu-
bated for 1 h in 10% normal goat serum (NGS, Jackson ImmunoResearch
Laboratories, West Grove, USA) in PB containing 0.4% Triton X-100
(blocking solution). Subsequently, the sections were incubated for
48 h at4 °Cin a humid chamber with the respective primary antibodies
(all diluted in blocking solution; Table 3). After three washes in PB, tri-
ple immunofluorescence was revealed by incubation at 4 °C in for
24 h in the dark with the appropriate fluorochrome-conjugated second-
ary antibody (Table 3). Thereafter, sections were washed 3 times for
15 min with PB and coverslipped with Aquatex mounting medium
(Merck, Darmstadt, Germany). Controls for immunostaining included
omission of either the primary antisera or the secondary antibodies.
These control experiments did not show notable staining. The sections
processed for immunofluorescence were studied with a fluorescence
microscope (DM RXA2) with confocal scanner (TCS SL) (Leica
Microsystems GmbH, Manheim, Germany) equipped with the following
lasers: Ar 488, He-Ne 543, He-Ne 633. Images were acquired at depth
(thickness) intervals of 4 um, and 8 cross-sections were scanned in
steps of 0,5 um using the image acquisition software Leica Microsystem
Software Ver. 2.5 (Leica Microsystems GmbH, Manheim, Germany).
Digital images were stacked with average fluorescence intensity and

Table 3
List of antibodies used for immunofluorescence experiment.
Used
concentration
Primary antibody
Guinea pig polyclonal anti-TRPV1, Cat.# GP14100, Neuromics, 1:200
Edina, USA
Rabbit polyclonal anti-PKCe, Cat.# 06-991, Millipore, 1:200
Massachusetts, USA
Mouse monoclonal anti-NeuN, clone A60, Cat.# MAB377, 1:100

Millipore, Massachusetts, USA

Secondary antibody
Goat anti-guinea pig conjugated with Alexa 488, Cat.# A11073, 1:400
Invitrogen, Carlsbad, USA

Goat anti-rabbit conjugated with Alexa 555, Cat.# A21428, 1:400
Invitrogen, Carlsbad, USA
Goat anti-mouse conjugated with Alexa 633, Cat.# A21050, 1:200

Invitrogen, Carlsbad, USA

processed in the image analysis program Image] (NIH, Maryland, USA)
with brightness and contrast being the only adjustments made.

5.7. Statistical analyses

All data are presented as the mean + S.E.M. The results of qPCR and
Western blot were evaluated by the analysis of variance (ANOVA)
followed by Bonferroni's post-hoc test. Groups of 4-6 animals were
used for molecular experiments. A value of p < 0.05 was considered sta-
tistically significant. The mean percentage of the number of neurons la-
belled with TRPV1 and PKCe was quantified by 2 independent observers
blinded to the experimental protocols. All neurons (NeuN™ cells) in the
field of view were identified, but only cells that exhibited expression of
at least one protein of interest (TRPV1 or/and PKCe) were taken under
consideration and analysed in a total of 8-12 randomly selected sections
per group (4-6 sections per animal, 2 animals per group). The results
were evaluated by ANOVA followed by Bonferroni's post-hoc test. A
value of p < 0.05 was considered statistically significant.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.mcn.2015.02.001.

List of abbreviations

AEA anandamide

BDKRB1 bradykinin receptor 1

BDKRB2 bradykinin receptor 2

CaMK2 Ca?*/calmodulin-dependent protein kinase
cal chronic constriction injury

Cdk5 cyclin-dependent kinase 5

DRG dorsal root ganglia

GAPDH glyceraldehyde 3-phosphate dehydrogenase

HPRT1  hypoxanthine-guanine phosphoribosyltransferase 1
IL-1B interleukin 1P

IL-6 interleukin 6

NGF nerve growth factor

P38-MAPK p38 mitogen-activated protein kinase
PKA protein kinase A
PKC protein kinase C (isoform o3y and €)

TNFo tumour necrosis factor o
TRPV1 transient receptor potential vanilloid 1
Competing interests

The authors declare that they have no competing interests.

Authors' contributions

NM: experimental design, acquisition of mRNA data, analysis and
interpretation of data, writing of the manuscript. AP: acquisition of
immunohistochemical data, analysis and interpretation of data, writing
of the manuscript. NK: acquisition of Western blot data, analysis and
interpretation of data. MK: analysis and interpretation of data. KS:
study conception, experimental design, analysis and interpretation of
data, writing of manuscript. All authors read and approved the final
manuscript.

Acknowledgements

This work was supported by grant LIDER/29/60/L-2/10/NCBiR/2011
and statutory funds. Natalia Malek is a recipient of a scholarship from
KNOW sponsored by the Ministry of Science and Higher Education,
Republic of Poland. The authors acknowledge Wioletta Makuch for
technical assistance and Magdalena Kostrzewa for assistance with the
analysis and interpretation of data.


http://dx.doi.org/10.1016/j.mcn.2015.02.001
http://dx.doi.org/10.1016/j.mcn.2015.02.001

N. Malek et al. / Molecular and Cellular Neuroscience 65 (2015) 1-10 9

References

Ahern, G.P., Premkumar, LS., 2002. Voltage-dependent priming of rat vanilloid receptor:
effects of agonist and protein kinase C activation. J. Physiol. 545 (Pt 2), 441-451.
http://dx.doi.org/10.1113/jphysiol.2002.029561.

Bennett, GJ., Xie, Y.K., 1988. A peripheral mononeuropathy in rat that produces disorders
of pain sensation like those seen in man. Pain 33 (1), 87-107.

Biggs, J.E., Yates, .M., Loescher, AR, Clayton, N.M., Boissonade, F.M., Robinson, P.P., 2007.
Changes in vanilloid receptor 1 (TRPV1) expression following lingual nerve injury.
Eur. ]. Pain http://dx.doi.org/10.1016/j.ejpain.2006.02.004.

Bonnington, J.K.,, McNaughton, P.A., 2003. Signalling pathways involved in the sensitisa-
tion of mouse nociceptive neurones by nerve growth factor. J. Physiol. 551,
433-446. http://dx.doi.org/10.1113/jphysiol.2003.039990.

Caterina, M.J., Leffler, A., Malmberg, A.B., Martin, W.]., Trafton, ]., Petersen-Zeitz, KR.,
Koltzenburg, M., Basbaum, A.L, Julius, D., 2000. Impaired nociception and pain sensa-
tion in mice lacking the capsaicin receptor. Science 288 (5464), 306-313.

Chomczynski, P., Sacchi, N., 1987. Single-step method of RNA isolation by acid
guanidinium thiocyanate-phenol-chloroform extraction. Anal. Biochem. 162,
156-159. http://dx.doi.org/10.1006/abio.1987.9999.

Cunha, .M., Cunha, F.Q., Poole, S., Ferreira, S.H., 2000. Cytokine-mediated inflammatory
hyperalgesia limited by interleukin-1 receptor antagonist. Br. J. Pharmacol. 130,
1418-1424. http://dx.doi.org/10.1038/sj.bjp.0703434.

Davis, ].B., Gray, J., Gunthorpe, M.J., Hatcher, ].P., Davey, P.T., Overend, P., Harries, M.H.,
Latcham, J., Clapham, C., Atkinson, K., Hughes, S.A., Rance, K., Grau, E., Harper, AJ.,
Pugh, P.L., Rogers, D.C.,, Bingham, S., Randall, A., Sheardown, S.A., 2000. Vanilloid
receptor-1 is essential for inflammatory thermal hyperalgesia. Nature http://dx.doi.
0rg/10.1038/35012076.

Ferrari, L.F., Bogen, O., Levine, ].D., 2014. Second messengers mediating the expression of
neuroplasticity in a model of chronic pain in the rat. J. Pain 15, 312-320. http://dx.doi.
org/10.1016/j.jpain.2013.12.005.

Fukuoka, T., Tokunaga, A., Tachibana, T., Dai, Y., Yamanaka, H., Noguchi, K., 2002. VR1, but
not P2X(3), increases in the spared L4 DRG in rats with L5 spinal nerve ligation. Pain
99, 111-120.

Geppetti, P., Nassini, R., Materazzi, S., Benemei, S., 2008. The concept of neurogenic in-
flammation. BJ. Int. 101, 2-6. http://dx.doi.org/10.1111/j.1464-410X.2008.07493.x
(Suppl.).

Herzberg, U., Eliav, E., Dorsey, ].M., Gracely, R.H., Kopin, 1],, 1997. NGF involvement in pain
induced by chronic constriction injury of the rat sciatic nerve. Neuroreport 8,
1613-1618.

Hudson, LJ., Bevan, S., Wotherspoon, G., Gentry, C., Fox, A,, Winter, ]., 2001. VR1 protein
expression increases in undamaged DRG neurons after partial nerve injury. Eur.
J. Neurosci. 13 (11), 2105-2114.

Hwang, SJ., Oh, .M., Valtschanoff, ].G., 2005. Expression of the vanilloid receptor TRPV1 in
rat dorsal root ganglion neurons supports different roles of the receptor in visceral
and cutaneous afferents. Brain Res. 1047, 261-266. http://dx.doi.org/10.1016/j.
brainres.2005.04.036.

Jancalek, R., Dubovy, P., Svizenska, 1., Klusakova, 1., 2010. Bilateral changes of TNF-alpha
and IL-10 protein in the lumbar and cervical dorsal root ganglia following a unilateral
chronic constriction injury of the sciatic nerve. J. Neuroinflammation 7, 11. http://dx.
doi.org/10.1186/1742-2094-7-11.

Jara-Oseguera, A., Simon, S.A., Rosenbaum, T., 2008. TRPV1: on the road to pain relief.
Curr. Mol. Pharmacol. 1, 255-269.

Ji, R-R,, Samad, T.A,, Jin, S.-X., Schmoll, R., Woolf, CJ., 2002. p38 MAPK activation by NGF
in primary sensory neurons after inflammation increases TRPV1 levels and maintains
heat hyperalgesia. Neuron 36, 57-68.

Jin, S-X., Zhuang, Z.-Y., Woolf, CJ., Ji, R-R., 2003. P38 mitogen-activated protein kinase is
activated after a spinal nerve ligation in spinal cord microglia and dorsal root gangli-
on neurons and contributes to the generation of neuropathic pain. J. Neurosci. 23,
4017-4022.

Jones, N.G., Slater, R., Cadiou, H., McNaughton, P., McMahon, S.B., 2004. Acid-induced pain
and its modulation in humans. J. Neurosci. 24, 10974-10979. http://dx.doi.org/10.
1523/JNEUROSCL 2619-04.2004.

Jung, J., Shin, J.S., Lee, S.-Y., Hwang, S.W., Koo, ], Cho, H., Oh, U., 2004. Phosphoryla-
tion of vanilloid receptor 1 by Ca2 +/calmodulin-dependent kinase II regulates
its vanilloid binding. J. Biol. Chem. 279, 7048-7054. http://dx.doi.org/10.1074/
jbc.M311448200.

Khan, A.A., Diogenes, A., Jeske, N.A., Henry, M.A., Akopian, A., Hargreaves, K.M., 2008.
Tumor necrosis factor alpha enhances the sensitivity of rat trigeminal neurons to
capsaicin. Neuroscience 155, 503-509. http://dx.doi.org/10.1016/j.neuroscience.
2008.05.036.

Khasar, S.G,, Lin, Y.H., Martin, A., Dadgar, J., McMahon, T., Wang, D., Hundle, B., Aley, K.O.,
Isenberg, W., McCarter, G., Green, P.G., Hodge, C.W., Levine, ].D., Messing, R.0., 1999. A
novel nociceptor signaling pathway revealed in protein kinase C epsilon mutant
mice. Neuron 24, 253-260.

Kim, H.Y., Park, C.-K., Cho, I.-H., Jung, SJ., Kim, ].S., Oh, S.B., 2008. Differential changes in
TRPV1 expression after trigeminal sensory nerve injury. J. Pain http://dx.doi.org/10.
1016/j.jpain.2007.11.013.

Lin, Q., Li, D., Xu, X., Zou, X., Fang, L., 2007. Roles of TRPV1 and neuropeptidergic re-
ceptors in dorsal root reflex-mediated neurogenic inflammation induced by in-
tradermal injection of capsaicin. Mol. Pain 3, 30. http://dx.doi.org/10.1186/
1744-8069-3-30.

Malek, N., Kucharczyk, M., Starowicz, K., 2014. Alterations in the anandamide metabolism
in the development of neuropathic pain. Biomed Res. Int. 2014, 1-12. http://dx.doi.
org/10.1155/2014/686908.

Malmberg, A.B., Chen, C,, Tonegawa, S., Basbaum, A.lL, 1997. Preserved acute pain and re-
duced neuropathic pain in mice lacking PKCgamma. Science 278, 279-283.

Michael, GJ., Priestley, J.V., 1999. Differential expression of the mRNA for the vanilloid re-
ceptor subtype 1 in cells of the adult rat dorsal root and nodose ganglia and its down-
regulation by axotomy. J. Neurosci. 19, 1844-1854.

Morenilla-Palao, C., Planells-Cases, R., Garcia-Sanz, N., Ferrer-Montiel, A., 2004. Regulated
exocytosis contributes to protein kinase C potentiation of vanilloid receptor activity.
J. Biol. Chem. 279, 25665-25672. http://dx.doi.org/10.1074/jbc.M311515200.

Numazaki, M., Tominaga, T., Toyooka, H., Tominaga, M., 2002. Direct phosphorylation of
capsaicin receptor VR1 by protein kinase C epsilon and identification of two target
serine residues. ]. Biol. Chem. 277, 13375-13378. http://dx.doi.org/10.1074/jbc.
€200104200.

Obreja, O., Rathee, P.K,, Lips, K.S,, Distler, C., Kress, M., 2002. IL-1 beta potentiates heat-
activated currents in rat sensory neurons: involvement of IL-1R, tyrosine kinase, and
protein kinase C. FASEB J. 16, 1497-1503. http://dx.doi.org/10.1096/{j.02-0101com.

Osikowicz, M., Mika, J., Makuch, W., Przewlocka, B., 2008. Glutamate receptor ligands atten-
uate allodynia and hyperalgesia and potentiate morphine effects in a mouse model of
neuropathic pain. Pain 139, 117-126. http://dx.doi.org/10.1016/j.pain.2008.03.017.

Palazzo, E., Luongo, L., de Novellis, V., Rossi, F., Marabese, 1., Maione, S., 2012. Transient re-
ceptor potential vanilloid type 1 and pain development. Curr. Opin. Pharmacol. 12,
9-17. http://dx.doi.org/10.1016/j.coph.2011.10.022.

Pan, H.-L., Zhang, Y.-Q., Zhao, Z.-Q., 2010. Involvement of lysophosphatidic acid in bone
cancer pain by potentiation of TRPV1 via PKCe pathway in dorsal root ganglion neu-
rons. Mol. Pain 6, 85. http://dx.doi.org/10.1186/1744-8069-6-85.

Paszcuk, A.F., Dutra, R.C,, da Silva, KA., Quintdo, N.L, Campos, M.M,, Calixto, ].B., 2011. Can-
nabinoid agonists inhibit neuropathic pain induced by brachial plexus avulsion in
mice by affecting glial cells and MAP kinases. PLoS One 6, e24034. http://dx.doi.org/
10.1371/journal.pone.0024034.

Patapoutian, A., Tate, S., Woolf, CJ., 2009. Transient receptor potential channels: targeting
pain at the source. Nat. Rev. Drug Discov. 8, 55-68. http://dx.doi.org/10.1038/
nrd2757.

Persson, A.-K., Gebauer, M., Jordan, S., Metz-Weidmann, C., Schulte, A.M., Schneider, H.-C,,
Ding-Pfennigdorff, D., Thun, J., Xu, X.-J., Wiesenfeld-Hallin, Z., Darvasi, A., Fried, K.,
Devor, M., 2009. Correlational analysis for identifying genes whose regulation con-
tributes to chronic neuropathic pain. Mol. Pain 5, 7. http://dx.doi.org/10.1186/1744-
8069-5-7.

Petcu, M., Dias, J.P., Ongali, B., Thibault, G., Neugebauer, W., Couture, R., 2008. Role of kinin
B1 and B2 receptors in a rat model of neuropathic pain. Int. Immunopharmacol. 8,
188-196. http://dx.doi.org/10.1016/j.intimp.2007.09.009.

Piper, A.S., Yeats, ].C,, Bevan, S., Docherty, RJ., 1999. A study of the voltage dependence of
capsaicin-activated membrane currents in rat sensory neurones before and after
acute desensitization. J. Physiol. 518 (Pt 3), 721-733.

Por, E.D., Samelson, B.K., Belugin, S., Akopian, A.N., Scott, ].D., Jeske, N.A., 2010. PP2B/
calcineurin-mediated desensitization of TRPV1 does not require AKAP150. Biochem.
J. 432, 549-556. http://dx.doi.org/10.1042/B]20100936.

Rasband, M.N,, Park, E.W., Vanderah, T.W.,, Lai, ]., Porreca, F., Trimmer, J.S., 2001. Distinct
potassium channels on pain-sensing neurons. Proc. Natl. Acad. Sci. U. S. A. 98,
13373-13378. http://dx.doi.org/10.1073/pnas.231376298.

Rashid, M.H., Inoue, M., Bakoshi, S., Ueda, H., 2003. Increased expression of vanilloid re-
ceptor 1 on myelinated primary afferent neurons contributes to the antihyperalgesic
effect of capsaicin cream in diabetic neuropathic pain in mice. J. Pharmacol. Exp. Ther.
306, 709-717. http://dx.doi.org/10.1124/jpet.103.050948.

Ren, K., Dubner, R., 2010. Interactions between the immune and nervous systems in pain.
Nat. Med. 16, 1267-1276. http://dx.doi.org/10.1038/nm.2234.

Rosenbaum, T., Gordon-Shaag, A., Munari, M., Gordon, S.E., 2004. Ca2 + /calmodulin mod-
ulates TRPV1 activation by capsaicin. J. Gen. Physiol. 123, 53-62. http://dx.doi.org/10.
1085/jgp.200308906.

Samad, T.A,, Moore, K.A,, Sapirstein, A., Billet, S., Allchorne, A., Poole, S., Bonventre, ].V.,
Woolf, CJ., 2001. Interleukin-1beta-mediated induction of Cox-2 in the CNS contrib-
utes to inflammatory pain hypersensitivity. Nature 410, 471-475. http://dx.doi.org/
10.1038/35068566.

Schifers, M., Sorkin, L.S., Geis, C., Shubayev, V.I, 2003a. Spinal nerve ligation induces tran-
sient upregulation of tumor necrosis factor receptors 1 and 2 in injured and adjacent
uninjured dorsal root ganglia in the rat. Neurosci. Lett. 347, 179-182.

Schdfers, M., Svensson, C.I, Sommer, C., Sorkin, L.S., 2003b. Tumor necrosis factor-alpha
induces mechanical allodynia after spinal nerve ligation by activation of p38 MAPK
in primary sensory neurons. J. Neurosci. 23, 2517-2521.

Singh Tahim, A., Santha, P., Nagy, 1., 2005. Inflammatory mediators convert anandamide
into a potent activator of the vanilloid type 1 transient receptor potential receptor
in nociceptive primary sensory neurons. Neuroscience http://dx.doi.org/10.1016/j.
neuroscience.2005.08.005.

Spicarova, D., Palecek, J., 2009. The role of the TRPV1 endogenous agonist N-
oleoyldopamine in modulation of nociceptive signaling at the spinal cord level.
J. Neurophysiol. 102, 234-243. http://dx.doi.org/10.1152/jn.00024.2009.

Starowicz, K, Cristino, L., Di Marzo, V., 2008. TRPV1 receptors in the central nervous system:
potential for previously unforeseen therapeutic applications. Curr. Pharm. Des. 14,
42-54.

Starowicz, K., Makuch, W., Korostynski, M., Malek, N., Slezak, M., Zychowska, M.,
Petrosino, S., De Petrocellis, L., Cristino, L., Przewlocka, B., Di Marzo, V., 2013a. Full in-
hibition of spinal FAAH leads to TRPV1-mediated analgesic effects in neuropathic rats
and possible lipoxygenase-mediated remodeling of anandamide metabolism. PLoS
One 8, e60040. http://dx.doi.org/10.1371/journal.pone.0060040.

Starowicz, K., Malek, N., Przewlocka, B., 2013b. Cannabinoid receptors and pain. Wiley
Interdiscip. Rev. Membr. Transp. Signal. 2, 121-132. http://dx.doi.org/10.1002/
wmts.83.

Sugiura, T., Tominaga, M., Katsuya, H., Mizumura, K., 2002. Bradykinin lowers the thresh-
old temperature for heat activation of vanilloid receptor 1. J. Neurophysiol. 88,
544-548.


http://dx.doi.org/10.1113/jphysiol.2002.029561
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0385
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0385
http://dx.doi.org/10.1016/j.ejpain.2006.02.004
http://dx.doi.org/10.1113/jphysiol.2003.039990
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0025
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0025
http://dx.doi.org/10.1006/abio.1987.9999
http://dx.doi.org/10.1038/sj.bjp.0703434
http://dx.doi.org/10.1038/35012076
http://dx.doi.org/10.1016/j.jpain.2013.12.005
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0065
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0065
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0065
http://dx.doi.org/10.1111/j.1464-410X.2008.07493.x
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0080
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0080
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0080
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0395
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0395
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0395
http://dx.doi.org/10.1016/j.brainres.2005.04.036
http://dx.doi.org/10.1016/j.brainres.2005.04.036
http://dx.doi.org/10.1186/1742-2094-7-11
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0100
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0100
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0105
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0105
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0105
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0110
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0110
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0110
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0110
http://dx.doi.org/10.1523/JNEUROSCI. 2619-04.2004
http://dx.doi.org/10.1523/JNEUROSCI. 2619-04.2004
http://dx.doi.org/10.1074/jbc.M311448200
http://dx.doi.org/10.1074/jbc.M311448200
http://dx.doi.org/10.1016/j.neuroscience.2008.05.036
http://dx.doi.org/10.1016/j.neuroscience.2008.05.036
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0140
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0140
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0140
http://dx.doi.org/10.1016/j.jpain.2007.11.013
http://dx.doi.org/10.1016/j.jpain.2007.11.013
http://dx.doi.org/10.1186/1744-8069-3-30
http://dx.doi.org/10.1186/1744-8069-3-30
http://dx.doi.org/10.1155/2014/686908
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0165
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0165
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0175
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0175
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0175
http://dx.doi.org/10.1074/jbc.M311515200
http://dx.doi.org/10.1074/jbc.C200104200
http://dx.doi.org/10.1074/jbc.C200104200
http://dx.doi.org/10.1096/fj.02-0101com
http://dx.doi.org/10.1016/j.pain.2008.03.017
http://dx.doi.org/10.1016/j.coph.2011.10.022
http://dx.doi.org/10.1186/1744-8069-6-85
http://dx.doi.org/10.1371/journal.pone.0024034
http://dx.doi.org/10.1038/nrd2757
http://dx.doi.org/10.1038/nrd2757
http://dx.doi.org/10.1186/1744-8069-5-7
http://dx.doi.org/10.1186/1744-8069-5-7
http://dx.doi.org/10.1016/j.intimp.2007.09.009
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0400
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0400
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0400
http://dx.doi.org/10.1042/BJ20100936
http://dx.doi.org/10.1073/pnas.231376298
http://dx.doi.org/10.1124/jpet.103.050948
http://dx.doi.org/10.1038/nm.2234
http://dx.doi.org/10.1085/jgp.200308906
http://dx.doi.org/10.1085/jgp.200308906
http://dx.doi.org/10.1038/35068566
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0270
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0270
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0270
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0275
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0275
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0275
http://dx.doi.org/10.1016/j.neuroscience.2005.08.005
http://dx.doi.org/10.1016/j.neuroscience.2005.08.005
http://dx.doi.org/10.1152/jn.00024.2009
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0295
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0295
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0295
http://dx.doi.org/10.1371/journal.pone.0060040
http://dx.doi.org/10.1002/wmts.83
http://dx.doi.org/10.1002/wmts.83
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0320
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0320
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0320

10 N. Malek et al. / Molecular and Cellular Neuroscience 65 (2015) 1-10

Suh, Y.-G,, Oh, U, 2005. Activation and activators of TRPV1 and their pharmaceutical im-
plication. Curr. Pharm. Des. 11, 2687-2698.

Sukhotinsky, I, Ben-Dor, E., Raber, P., Devor, M., 2004. Key role of the dorsal root ganglion
in neuropathic tactile hypersensibility. Eur. . Pain 8, 135-143. http://dx.doi.org/10.
1016/S1090-3801(03)00086-7.

Terenzi, R., Romano, E., Manetti, M., Peruzzi, F., Nacci, F., Matucci-Cerinic, M., Guiducci, S.,
2013. Neuropeptides activate TRPV1 in rheumatoid arthritis fibroblast-like
synoviocytes and foster IL-6 and IL-8 production. Ann. Rheum. Dis. 72, 1107-1109.
http://dx.doi.org/10.1136/annrheumdis-2012-202846.

Tominaga, M., Caterina, M.J., Malmberg, A.B., Rosen, T.A.,, Gilbert, H., Skinner, K., Raumann,
B.E., Basbaum, AL, Julius, D., 1998. The cloned capsaicin receptor integrates multiple
pain-producing stimuli. Neuron 21 (3), 531-543.

Vellani, V., Mapplebeck, S., Moriondo, A., Davis, ].B., McNaughton, P.A., 2001. Protein ki-
nase C activation potentiates gating of the vanilloid receptor VR1 by capsaicin, pro-
tons, heat and anandamide. J. Physiol. 534, 813-825.

Vellani, V., Kinsey, A.M., Prandini, M., Hechtfischer, S.C., Reeh, P., Magherini, P.C.,
Giacomoni, C., McNaughton, P.A., 2010. Protease activated receptors 1 and 4 sensitize
TRPV1 in nociceptive neurones. Mol. Pain 6, 61. http://dx.doi.org/10.1186/1744-
8069-6-61.

Wu, Z, Yang, Q., Crook, RJ., O'Neil, R.G., Walters, E.T., 2013. TRPV1 channels make major
contributions to behavioral hypersensitivity and spontaneous activity in nociceptors
after spinal cord injury. Pain 154, 2130-2141. http://dx.doi.org/10.1016/j.pain.2013.
06.040.

Zhou, Y., Li, G.-D., Zhao, Z.-Q., 2003. State-dependent phosphorylation of epsilon-isozyme
of protein kinase C in adult rat dorsal root ganglia after inflammation and nerve inju-
ry. J. Neurochem. 85, 571-580.

Zimmermann, M., 1983. Ethical guidelines for investigations of experimental pain in con-
scious animals. Pain 16, 109-110.


http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0325
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0325
http://dx.doi.org/10.1016/S1090-3801(03)00086-7
http://dx.doi.org/10.1016/S1090-3801(03)00086-7
http://dx.doi.org/10.1136/annrheumdis-2012-202846
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0345
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0345
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0355
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0355
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0355
http://dx.doi.org/10.1186/1744-8069-6-61
http://dx.doi.org/10.1186/1744-8069-6-61
http://dx.doi.org/10.1016/j.pain.2013.06.040
http://dx.doi.org/10.1016/j.pain.2013.06.040
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0370
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0370
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0370
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0375
http://refhub.elsevier.com/S1044-7431(15)00012-3/rf0375

	The importance of TRPV1-�sensitisation factors for the development of neuropathic pain
	1. Background
	2. Results
	2.1. Development of pain phenotype is accompanied with enhanced transcription of interleukins in DRG of rats who undergo CC...
	2.2. Upregulation of kinases involved in TRPV1 sensitisation as a consequence of neuropathic pain development
	2.3. Isoforms of PKC show strongest upregulation in DRG after sciatic nerve injury at protein level
	2.4. No changes in co-localisation of TRPV1 and PKCε in rat L5 DRG after CCI, although the population of TRPV1−/PKCε+ neuro...

	3. Discussion
	4. Conclusions
	5. Methods
	5.1. Animals
	5.2. Sciatic nerve surgery
	5.3. Nociceptive behaviour
	5.4. RNA preparation and quantitative real-time PCR
	5.5. Western blot
	5.6. Immunofluorescence microscopy
	5.7. Statistical analyses

	List of abbreviations
	Competing interests
	Authors' contributions
	Acknowledgements
	References


