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Spinal PKCa inhibition and gene-
silencing for pain relief: AMPAR
‘trafficking at the synapses between
e’ primary afferents and sensory
R interneurons

Olga Kopach®?, Volodymyr Krotov?, Angela Shysh?, Andrij Sotnic?, Viacheslav Viatchenko-
Karpinski®, Victor Dosenko®* & Nana Voitenko-*

Upregulation of Ca?*-permeable AMPA receptors (CP-AMPARs) in dorsal horn (DH) neurons has been
causally linked to persistent inflammatory pain. This upregulation, demonstrated for both synaptic
and extrasynaptic AMPARs, depends on the protein kinase C alpha (PKCa) activation; hence, spinal

. PKCinhibition has alleviated peripheral nociceptive hypersensitivity. However, whether targeting

. the spinal PKCo. would alleviate both pain development and maintenance has not been explored yet

. (essential to pharmacological translation). Similarly, if it could balance the upregulated postsynaptic
CP-AMPARs also remains unknown. Here, we utilized pharmacological and genetic inhibition of spinal
PKCa in various schemes of pain treatment in an animal model of long-lasting peripheral inflammation.
Pharmacological inhibition (pre- or post-treatment) reduced the peripheral nociceptive hypersensitivity
and accompanying locomotive deficit and anxiety in rats with induced inflammation. These effects were
dose-dependent and observed for both pain development and maintenance. Gene-therapy (knockdown
of PKCa) was also found to relieve inflammatory pain when applied as pre- or post-treatment.

: Moreover, the revealed therapeutic effects were accompanied with the declined upregulation of CP-

. AMPARSs at the DH synapses between primary afferents and sensory interneurons. Our results provide a

: new focus on the mechanism-based pain treatment through interference with molecular mechanisms of

. AMPAR trafficking in central pain pathways.

Targeting the mechanisms underlying impairments for disease treatment is a concept of precision medicine for
emerging advanced therapeutics with limited side effects. Over decades of exploring the mechanisms of pain
development and maintenance for effective interception of persistent pain at the cellular and molecular levels,
glutamate AMPA receptors (AMPAR) are of a particular interest among various systems being outlined. This
*is due to the principal role of AMPARSs in fast transmission and because of AMPAR upregulation causing cen-
. tral sensitization of the dorsal horn (DH), a specific form of spinal plasticity mediating pain'~. Changes in the
© activity-dependent trafficking of AMPARSs have been well documented in the DH interneurons in chronic pain
conditions where two mechanisms take place: internalization of GluA2-containing, Ca*"-impermeable AMPARSs
away from the synapses between primary afferents and DH interneurons*-S, while insertion of GluA1-containing,
Ca?*-permeable (CP) AMPARSs into the extrasynaptic sites”®. Either mechanism increases the AMPAR-mediated
Ca?*-conductance in sensory interneurons, triggering the long lasting hyperexcitability of central nociceptors®
and, hence, Ca?*-dependent pain chronification?. Our recent study has demonstrated that spinal administration
of the activity-dependent antagonists of CP-AMPARs had alleviated inflammatory pain hypersensitivity at the
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periphery without any detectable side effects that further supports the role of spinal CP-AMPARSs in chronic
pain'.

Predominantly, upregulation of CP-AMPARs depends on the protein kinase C alpha (PKCa) activation. This
molecular mechanism includes phosphorylation of GluA2 subunit by PKCa that disrupts binding of the recep-
tor to its synaptic anchoring protein, causing, thereby, the receptor’s internalization away from the postsynaptic
density’. Our previous studies demonstrated that PKC antagonists>'® or genetic targeting the PKCa® alleviated
the inflammatory-induced nociceptive hypersensitivity. Though it provides a proof-of-concept of targeting the
spinal PKCa for pain relief, there has been, however, no systematic exploration of the therapeutic profile of such
targeting to addressing both development and maintenance of persistent pain (essential for preclinical transla-
tion). Furthermore, whether PKCa inhibition has an effect on balancing the inflammation-induced upregulation
of CP-AMPARs at the synapses between primary afferents and nociceptive interneurons also remains unknown.

In this study, we combined behavioural testing in vivo with electrophysiology in the spinal cord in situ to deter-
mine the therapeutic potential of targeting the spinal PKCa in relieving persistent inflammatory pain through
pharmacological inhibition or a gene-silencing approach (knockdown). Gene targeting holds great promise as
a therapy that could feasibly replace repeatedly injected drugs, gaining an ever-increasing interest for its thera-
peutic potential in persistent pain treatment. Moreover, the gene-silencing approach does not involve permanent
gene modification and, thereby, could provide long-lasting, still reversible, effects on neurons. Therefore, one of
our goals was to examine the effect of different experimental schemes for gene-therapy: pre- and post-treatment
of persistent inflammatory pain in an animal model of long-lasting peripheral inflammation. The outcome of
either pharmacological inhibition or gene-silencing approach on the inflammation-induced upregulation of
CP-AMPARSs at the DH synapses was also demonstrated through recordings of the AMPAR-mediated postsyn-
aptic currents evoked with primary afferent (dorsal root) stimulation in the superficial DH interneurons.

Results

For targeting the spinal PKCa we have utilized two different approaches: pharmacological inhibition and gene
silencing through local delivery of a drug into the lumbar spinal cord. The CFA-induced model of long last-
ing peripheral inflammation was used to produce persistent nociceptive hypersensitivity in rats, which could
persist for over several weeks after the induction of inflammation if left untreated®®!°. Different experimental
schemes (pre- or post-treatment) were probed to figure out the therapeutic effects of spinal PKCa inhibition
on the developing inflammatory pain and its maintenance. Next, the effects on locomotive deficit and anxiety of
animals with peripheral inflammation were determined. Ultimately, the postsynaptic AMPAR-mediated currents
were recorded in DH interneurons to assess whether PKCa inhibition arrested the inflammatory upregulation of
CP-AMPARs at the DH synapses between primary afferents and sensory interneurons.

Spinal PKC inhibition declines the development of both nociceptive hypersensitivity and loco-
motive deficit in animals with induced peripheral inflammation. For PKC inhibition, a potent,
cell-permeable PKC inhibitor, chelerythrine, was initially used. In untreated animals (no pre-treatment with
chelerythrine), an intraplantar injection of CFA produced a robust peripheral thermal hypersensitivity, which
could be detected on the ipsilateral hindpaw within as short time period as half an hour, being severely devel-
oped further (Fig. 1b). Chelerythrine given shortly prior to the induction of peripheral inflammation (30 min in
advance; Fig. 1a) alleviated the thermal hypersensitivity with a high potency. We detected the antinociceptive
effect of chelerythrine at 660 nM (ICs, for PKC inhibition), which emerged rapidly (within 30 min after i.t. injec-
tion) as a decline in the CFA-induced drop of the nociceptive threshold on the ipsilateral (inflamed) hindpaw
(the threshold increased by ~168%, n =5 rats/group, p < 0.001 compared with the corresponding time-point in
the inflamed group without chelerythrine; Fig. 1b). The effect was time-dependent and weakened following the
next 2 days (Fig. 1¢). Increasing the concentration of chelerythrine resulted in the antinociceptive effect of longer
duration. At 39 uM, chelerythrine produced an approximate two-fold rise in the thermal threshold (n =5 rats/
group, p < 0.01 compared with the CFA-inflamed group without chelerythrine; Fig. 1b). The effect remained for
the next 2 days (increase in the threshold by ~46% and ~41%, p < 0.05 on the days 1 and 2, respectively; Fig. 1c).
Chelerythrine at 396 .M completely abolished the peripheral nociceptive hypersensitivity that the threshold in
inflamed rats at 5h post-CFA became reversing to control level (before inflammation, # = 4 rats/group, p > 0.2
paired comparison; Fig. 1b). The effect remained steady when re-determined on the days 1 and 2 post-CFA
(increase in the threshold by ~105%, p < 0.001 and ~81%, p < 0.01, respectively, compared with the correspond-
ing latency in CFA-inflamed group without chelerythrine; Fig. 1c).

We probed the time-dependence of the antinociceptive effects produced by chelerythrine through modifying
the experimental scheme of pre-treatment by extending the time of a drug administration up to 3h in advance
(Supplementary Fig. Sla). However, the antinociceptive effect was minor, if any, for both micromolar and milli-
molar concentrations of chelerythrine (p > 0.05; Supplementary Fig. S1b). Some effect was observed for higher
chelerythrine concentrations on the day 1 post-CFA (the thermal threshold increased by ~47%, n=8, p < 0.05 for
39 uM chelerythrine and by ~36%, n =3, p < 0.05 for 3.96 mM chelerythrine compared with the inflamed group
without chelerythrine; Supplementary Fig. S1c).

Peripheral nociceptive hypersensitivity was associated with a robust locomotive deficit that inflamed animals
exhibited rapidly after the induction of inflammation (within an hour), which could persist for over days (Fig. 2a).
Inhibition of spinal PKC with chelerythrine given 30 min before the induction of peripheral inflammation abol-
ished the development of locomotive deficit in rats after CFA injection. The total distance of animal movements
within the open-field arena was similar to control (“0” time, pre-inflammatory level) over the time-course of
testing for all groups of CFA-inflamed animals treated with different concentrations of chelerythrine (p > 0.1;
Fig. 2b).
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Figure 1. Pharmacological inhibition of spinal PKC alleviates the peripheral nociceptive hypersensitivity

in rats. (a) A cartoon depicting experimental scheme of pre-treatment with chelerythrine (Che, 10 pl/rat),
given intrathecally (i.t.) prior to the induction of peripheral inflammation with an intraplantar injection of
CFA (30 min in advance). (b) The time course of changes in the thermal nociceptive threshold following

i.t. administration of chelerythrine at different concentrations. The threshold (the paw withdrawal latency)
normalized to the time of CFA injection (“0” time; induction of inflammation). (c) Summary of the nociceptive
threshold (the paw withdrawal latency) in CFA-inflamed animals on the days 1 and 2 post-CFA after pre-
treatment with chelerythrine at different concentrations. All data are shown as mean + SEM. *P < 0.05,

*¥p < 0.01, ¥**p < 0.001, n.s., non-significant vs. the corresponding time-point in the CFA-inflamed group
without chelerythrine.

Animals with locomotive deficit often exhibited the anxiety-like behaviour. Consistent with our previous stud-
ies!®!!, animals with peripheral inflammation and pain hypersensitivity typically sat within the arena corners,
preferably not moving across the open area of the arena (Fig. 2a). However, neither signs of anxiety were observed
in animals with peripheral inflammation those received pre-treatment with chelerythrine at different concentra-
tions - animals displayed a common exploratory behaviour pattern by moving freely across the open-field arena
and through the centre (Fig. 2¢).

Spinal PKC inhibition shortens the pain maintenance and recovers both locomotive deficit and
anxiety of animals with peripheral inflammation: chelerythrine and PKCo (C2-4) inhibitor pep-
tide. Thus far, the observed effects of spinal PKC inhibition demonstrate the therapeutic potential of such a
targeting in pain treatment and against animal anxiety when applied shortly in advance before the induction of
inflammation. However, therapy implemented as a post-treatment is more preferable towards clinical relevance.
Therefore, we next examined the therapeutic effects of spinal PKC inhibition used as a post-treatment of persis-
tent inflammatory pain. Post-treatments were initiated 1 d post-CFA (Fig. 3a), the time-point representing the
inflammatory pain maintenance>!*!2
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Figure 2. Spinal PKC inhibition declines locomotive deficit in animals with induced peripheral inflammation.
(a) Summary of the total distance travelled by animals before and after the induction of CFA-induced peripheral
inflammation (left graph) and representative snapshots of the analysed open-field test recordings (taken from
the same animal over the time of testing) depicting animal’s movement for the 5-min duration (images on the
right). **P < 0.01, ¥**p < 0.001 vs. control (before CFA injection); n =9 animals/group. (b) Summary of the
average distance travelled by CFA-inflamed animals those received pre-treatment with chelerythrine at different
concentrations (left graph) and representative snapshots of the analysed open-field test recordings taken from a
CFA-inflamed animal after pre-treatment with chelerythrine (39 pM, treatment scheme as shown in Fig. 1a). All
data are shown as mean & SEM. *P < 0.05 vs. the corresponding time-point in the CFA-inflamed group without
chelerythrine.

Chelerythrine markedly alleviated the thermal nociceptive hypersensitivity following its post-treatment
administration, with a high efficiency. The antinociceptive effect was observed following i.t. injection of cheleryth-
rine at the concentration of 660 nM (ICs, for PKC inhibition), which appeared shortly (within 2h, an increase in
the threshold was by ~25%, n=5, p < 0.05; Fig. 3b). The antinociceptive effect further augmented with increasing
the chelerythrine concentration - the effect has been also longer persisted. At 39 uM of chelerythrine, an increase
in the thermal latency has been detected within 30 min (by ~57%, n=12, p < 0.05) and gradually raised up (by
~110% at 1h and by ~128% at 1.5h, p < 0.01 compared with the corresponding time-point in CFA-inflamed ani-
mals without chelerythrine; Fig. 3b); also, it remained steady for over the next days (Fig. 3¢).

In addition to the antinociceptive effect, chelerythrine markedly reduced the locomotive deficit in ani-
mals with persistent peripheral inflammation. Such an effect, being rapidly emerging (within hours), was
concentration-dependent and progressive (Fig. 4a). At higher concentrations, chelerythrine recovered impaired
locomotion of CFA-inflamed animals back to control (pre-inflammatory) level. In particular, the mean distance
travelled by rats was: 24.6 £ 1.7 m in control (non-inflamed group) but 15+ 1.5m in the inflamed animals 1 d
post-CFA and 22.9 4 3.5m in the inflamed, Che-treated animals at 1 d post-CFA, 5h after 396 .M chelerythrine
(n=6/group). Chelerythrine produced a decrease in anxiety of animals with persistent peripheral inflammation
(Fig. 4b,c). Animals with peripheral inflammation showed recovery in their explorative behaviour following treat-
ment with chelerythrine at different concentrations - inflamed animals increasingly crossed the open-field arena
by freely entering the arena centre (Fig. 4c) that reflects a lack of anxiety.

For the selective pharmacological inhibition of PKCa subtype, the antinociceptive effects of PKCa (C2-4)
inhibitor peptide were also examined, which use has not been yet reported in vivo. Although there was no clear
effect of C2-4 peptide administered at the concentration of 1 uM (n=4, p > 0.05), the peptide at 10 pM concen-
tration produced a significant increase in the nociceptive threshold in CFA-inflamed rats, which was appeared
within half an hour (p < 0.05; Fig. 5a) and remained on the days 1 and 2 post-CFA (increase in the threshold by
~26% and ~17%, respectively, p < 0.05; Fig. 5b). Increasing the C2-4 peptide concentration from 100 uM (n=>5)
to 1mM (n=4) produced further increase in the threshold (by ~50% to 60%, p < 0.05 for each concentration
tested; Fig. 5b), resulting in pain alleviation observed within 0.5-1 h after i.t. administration and persisted for over
few days (p < 0.05; Fig. 5¢).

Gene silencing of spinal PKCo: for antinociception. To ultimately determine whether genetic inhi-
bition of spinal PKCo would produce a marked and lasting alleviation of inflammatory pain at the periphery,
the gene therapy - gene silencing with AS ODN specific to PKCa - was next implemented. The reduced expres-
sion of PKCa protein at the DH of the spinal cord after i.t. administration of AS ODN, but not MS ODN, was
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Figure 3. Spinal PKC inhibition shortens the maintenance of persistent inflammatory pain in rats. (a) A
cartoon depicting experimental scheme of post-treatment of the CFA-induced peripheral hypersensitivity

with chelerythrine (Che, intrathecal, i.t., administration, 10 ul/rat) for the assessment of inflammatory pain
maintenance. (b) The time course of changes in the thermal nociceptive threshold (the paw withdrawal latency)
in CFA-inflamed rats treated with chelerythrine at different concentrations (“0” is the time of chelerythrine
injection, a start of treatment). (¢) Summary of the thermal nociceptive threshold in CFA-inflamed rats on the
days 1 and 2 following post-treatment with chelerythrine at different concentrations. All data are mean & SEM.
*P <0.05, ¥*p < 0.01, ¥**p < 0.001 vs. the CFA-inflamed group without chelerythrine.

confirmed with Western blot analysis (by ~23%, n = 6 rats/group, p < 0.01; Fig. 6a), fully consistent with our
previous observations®. Gene silencing of the DH PKCa produced a reduction in the thermal nociceptive hyper-
sensitivity of inflamed rats when applied as either pre- or post-treatment of the CFA-induced inflammatory pain.
Gene-therapy initiated before the induction of peripheral inflammation resulted in a profound antinociception;
its therapeutic effect, nevertheless, was not strictly determined by duration of the therapy (Fig. 6b,c). After daily
i.t. administration of AS ODN for 3 days, the thermal nociceptive threshold in CFA-inflamed rats increased by
~64% (n=38, p <0.001) and by ~70% (p < 0.05 compared with the MS ODN-treated group) on the days 1 and
2 post-CFA, respectively (Fig. 6¢). Such administration of AS ODN for 4 days produced the increase by ~84%
(n=6,p<0.001) and ~98% (p < 0.05), respectively (Fig. 6¢).

Gene-therapy initiated as a post-treatment of persistent inflammatory pain (Fig. 7a) also alleviated the ther-
mal nociceptive hypersensitivity at the periphery. Initiation of the therapy shortly after the induction of inflam-
mation (4h post-CFA) resulted in the increased thermal latency in rats with peripheral inflammation by ~48%
(n=8, p<0.05) on the day 2 post-CFA and by ~43% (p < 0.01 compared with the MS ODN-treated group) on
the day 3 (Fig. 7b).

PKCa-dependent inflammatory upregulation of CP-AMPARs in the DH synapses between
primary afferents and sensory interneurons: pharmacological inhibition and gene silenc-
ing. Finally, for the assessment that antinociception produced by the spinal PKCa inhibition relates to
changes in the PKCo-dependent AMPAR trafficking at the DH synapses, we recorded the AMPAR-mediated
EPSCs evoked by primary afferent stimulation in DH interneurons. The recorded currents were solely mediated
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Figure 4. Pharmacological inhibition of spinal PKC with chelerythrine restores both locomotive deficit and
anxiety of animals with peripheral inflammation. (a) Summary of the total distance travelled by CFA-inflamed
animals before and following post-treatment with chelerythrine at different concentrations (left graph) and
representative snapshots of the analysed open-field test recordings taken from the same animal at different time-
points of testing. Upper row: images depicting movements of a CFA-inflamed animal with no chelerythrine
treatment. Lower row: images of a CFA-inflamed animal following post-treatment with 396 uM chelerythrine.
Images are taken from the same rats over the time of testing. The average distance normalized to the time of
chelerythrine administration (“0” time, a start of treatment); experimental scheme for post-treatment was as

in Fig. 3a. (b) The time course of changes in animal explorative behaviour as readout of anxiety produced by
persistent peripheral inflammation. (¢) Summary of changes in animal explorative behaviour following post-
treatment with chelerythrine at different concentrations. The number of crossing the arena centre normalized to
chelerythrine administration (“0” time that is 24 h post-CFA). All data are mean 4= SEM. *P < 0.05, **¥p < 0.01,
*#%p < 0.001 vs. the corresponding time-point in CFA-inflamed group without chelerythrine or vs. control
(before CFA injection) for Fig. b.

by AMPAR activation since were entirely eliminated by AMPAR antagonists, NBQX (20 uM) and GYKI 52466
(100:M) (Fig. 8a).

We established that, in consistence with our previous results®, the CFA-induced peripheral hypersensitivity
led to upregulation of postsynaptic CP-AMPARs at the DH synapses between primary afferents and sensory
interneurons. This was demonstrated by the inwardly rectified AMPAR-mediated eEPSCs at positive membrane
potentials when recorded in DH interneurons 1 d post-CFA (Fig. 8b,c): the average RI dropped from 0.29 £ 0.04
(n = 20) in control to 0.18 £ 0.02 (n=12) 1 d post-CFA (p < 0.01; Fig. 8b). Pharmacological inhibition of spi-
nal PKC in rats with the developed peripheral pain hypersensitivity completely abolished that rectification 1 d
post-CFA when recorded in DH interneurons at 3 to 5h after i.t. injection of 39 pM chelerythrine. The average RI
was 0.25+0.03 (n = 12) in DH interneurons from CFA-inflamed rats treated with chelerythrine, demonstrating a
great similarity with that value in control (non-inflamed animals, p=0.44 compared to control; Fig. 8b,c). Having
such effect in CFA-inflamed animals, chelerythrine influenced neither RI nor I-V shape of the AMPAR-mediated
EPSCs in the DH neurons from non-inflamed animals (the average RI: 0.27 +0.02, n= 17 in non-inflamed,
chelerythrine-treated group and 0.29 £ 0.04, n =20, p=0.5 in non-inflamed group without chelerythrine, con-
trol; Supplementary Fig.S2). The latter indicates no effect of chelerythrine per se on the postsynaptic AMPARs at
the DH synapses (wherein no inflammation).

Genetic targeting of the spinal PKCa arrested the inflammatory upregulation of CP-AMPARs at the DH syn-
apses between primary afferents and sensory interneurons. Analysis of the AMPAR-mediated EPSCs recorded
in DH interneurons from the AS ODN-and MS ODN-treated CFA-inflamed animals (4 days of gene-therapy)
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Figure 5. The antinociceptive effect of PKCa (C2-4) inhibitor peptide in rats with induced peripheral
inflammation. (a) A cartoon depicting experimental scheme of post-treatment of the CFA-induced peripheral
hypersensitivity with PKCa (C2-4) inhibitor peptide (intrathecal administration, i.t., 10 ul/rat). (b) The time
course of changes in the thermal nociceptive threshold (the paw withdrawal latency) in the CFA-inflamed

rats treated with C2-4 peptide at different concentrations. “0” time is 24 h post-CFA when treatment had been
initiated. (c¢) Summary of the thermal nociceptive threshold in CFA-inflamed rats on the day 2 post-CFA after
treatment with C2-4 peptide at different concentrations (that is the day 1 after initiating post-treatment). All
data are mean = SEM. *P < 0.05, **p < 0.01 vs. the CFA-inflamed group without C2-4 peptide.

revealed that the average RI 1 d post-CFA was: 0.18 £0.02 (n=6) for the MS ODN-treated (a decrease by ~62%,
P <0.01 compared with non-inflamed group; Fig. 8¢) but 0.254-0.02 (n = 11) for the AS ODN-treated animals
(p <0.05 compared with the MS ODN-treated, CFA-inflamed group and p = 0.5 compared with non-inflamed
group; Fig. 8e). Altogether this indicates that antinociception produced by targeting the spinal PKCa (pharmaco-
logical or genetic inhibition) is causally linked to the PKCa-dependent inflammatory upregulation of postsynap-
tic CP-AMPARs at the DH synapses between primary afferents and sensory interneurons and, hence, peripheral
nociceptive hypersensitivity in persistent inflammatory conditions.

Discussion
Despite the latest improvements in pain medication emerged from fundamental and clinical studies, treating per-
sistent pain remains quite challenging. For effective treatment of persistent pain it appears that the development
of new approaches is required, aimed specifically at targeting the molecular mechanisms to provide benefits of
preventing (or at least minimizing) side effects, commonly associated with the repeatedly injected existing drug
medications.

Fundamental studies of the central mechanisms underlying chronic pain unveiled that CP-AMPARs play a
crucial role in maintaining of persistent inflammatory pain>*>1°. This role originates from the activity-dependent
trafficking of AMPARSs, which balance has been broken in the DH interneurons in chronic pain conditions>”*!2.
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Figure 6. Gene-silencing of spinal PKCa reduces the inflammatory pain maintenance. (a) Western blot
analysis of the PKCa protein expression level in the dorsal horn of spinal cord in rats after intrathecal injections
of AS ODN specific to PKCa, but not MS ODN. Top: Western blot examples for PKCa protein (80 kDa) and
beta-actin (43 kDa). The examples are original images taken using the same exposition. Bottom: Summary

of the PKCa protein expression level in experimental groups (n = 6 rats/group) relative to naive. The PKCa
protein expression was normalized to the corresponding beta-actin. (b) Cartoons of the experimental schemes
of gene-therapy (gene-silencing of spinal PKCa) with AS ODN of the indicated sequence (upper row)
administered intrathecally (i.t., 10 pl/rat). (c) The time-course of changes in the thermal nociceptive threshold
(the paw withdrawal latency) in rats with persistent peripheral inflammation those received gene therapy with
oligodeoxynucleotides (AS ODN, MS ODN) in accord with the experimental schemes as above. All data are
mean & SEM. *P < 0.05, **p < 0.01, ***p < 0.001 vs. the corresponding time-point in the CFAinflamed group
treated with MS ODN or as indicated in (a).

As a result, upregulated CP-AMPARs (both synaptic and extrasynaptic receptors) cause the hyperexcitability of
DH interneurons and hyperexcitation of the DH circuitry, linked to pain chronification in central pathways®.
Our recent study demonstrated that inhibition of spinal CP-AMPARs with the activity-dependent antagonists
produced a marked alleviation of inflammatory pain at the periphery without any detectable side effects™.
Cumulatively, it argues that a decline in upregulation of spinal CP-AMPARs would represent a promising strategy
for pain treatment in preventing the long lasting pain. Based on our previous studies of the molecular mecha-
nism of inflammatory pain development and maintenance, a mechanism-based treatment was utilized in this
study, which focuses on preventing upregulation of CP-AMPARs through inhibiting an upstream trigger of such
upregulation in central pain pathways, namely PKCa*®. We probed two different strategies for targeting the spinal
PKCa - pharmacological inhibition or gene-silencing — through local delivery of a drug (genetic material) into
the lumbar spinal cord. To build-up the therapeutic profile of such targeting, we designed and examined different
experimental schemes, pre- and post-treatment of peripheral inflammatory hypersensitivity, for thorough test-
ing of any effects emerging acutely (within hours) and/or with a delay following treatment (over days) by meas-
uring the nociceptive threshold in animals twice an hour for 5 to 6-h time window and then each day for over
the next few days. The time-courses that we built up for pain relief have demonstrated a high potency of PKC
antagonists in relieving thermal inflammatory pain following spinal administration. A broad, cell-permeable
PKC antagonist chelerythrine effectively alleviated peripheral inflammatory pain when used as either pre- or
post-treatment, whose therapeutic effects were detectable even at nanomolar concentrations (330 nM, 660 nM),
the range close to ICs, for PKC inhibition (established as 660 nM). The antinociceptive effects of chelerythrine
were time-dependent - pain relief to last for few days required higher drug concentrations (at the micromolar
range). High potency of chelerythrine for reliving inflammatory pain via spinal administration is consistent with
the alleviation of inflammatory hyperalgesia by chelerythrine injections into the hypothalamus'4, one of the brain
structures for pain modulation, and through intracerebroventricular injections'. Importantly that in addition
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Figure 7. Gene-therapy produces alleviation in the persistent inflammatory pain. (a) A cartoon of the
experimental scheme of gene-therapy with oligodeoxynucleotides specific to PKCo administered intrathecally
(i.t., 10 pl/rat) after the peripheral nociceptive hypersensitivity had developed. (b) The time-course of changes
in the thermal nociceptive threshold (the paw withdrawal latency) in the CFA inflamed rats those received
treatment with oligodeoxynucleotides (AS ODN, MS ODN) as indicated above. (¢) Summary of changes

in the thermal nociceptive threshold in control and CFA-inflamed groups those received different post-
treatment for estimation of the spinal PKCa contribution into the peripheral inflammatory pain maintenance.
The relative thermal threshold is the maximum efliciency for each antagonist tested. Control is non-

inflamed animals. All data are mean £ SEM. *P < 0.05, **p < 0.001 vs. the corresponding time-point in the
CFA-inflamed group treated with MS ODN.

to its antinociceptive effect, chelerythrine recovered locomotive deficit in CFA-inflamed animals; moreover, it
declined anxiety, a common sign of painful states. The latter is consistent with the PKC involvement in memory
formation and anxiety status'® and suggests a complex link between locomotion, anxiety-like behaviour and
nociceptive processing in central pathways'’. Our behavioral studies provide for the first time evidence of the
antinociceptive effect produced by PKCa (C2-4) inhibitor peptide. The effects of C2-4 peptide were tested out
for different peptide concentrations administered i.t. after the peripheral hypersensitivity had been developed
(post-treatment). Although PKCa: (C2-4) inhibitor peptide produced the antinociceptive effects at high potency
(10pM) and being emerged rapidly (within half an hour), its effect was markedly lower than that produced by

SCIENTIFICREPORTS| (2018) 8:10285 | DOI:10.1038/s41598-018-28512-9



www.nature.com/scientificreports/

25 pA
+40 mv%__ - |

GYKI 52466 NBQX
b 0.5 7
-o- Control 1
0.4- n.s. -o- CFA *
g IR -= CFA+Che . J
£ 0.3
: I T T T , T 1
S -70 -30 10 50
3 0.2+ Vm (mV)
£ 0.1- 3
(O] N
x 0 5
e N =
on Qo“ NN *\ 5
CJO @ 5
1d post-CFA E
d 1d post-CFA
AS ODN MS ODN €

0. T — *
’\ o I
+40 mV o AN 0.3

70 mV S
: 0.14
100 pA 0
o(\\(o\ MS AS
425 ms G 44 post-CFA

Figure 8. Targeting the spinal PKCa results in ablating the upregulated CP-AMPARSs at the DH synapses

between primary afferents and sensory interneurons in persistent inflammatory conditions. (a) Examples of

the AMPAR-mediated excitatory postsynaptic currents (EPSCs) evoked by primary afferent stimulation in DH
interneurons recorded at different membrane potentials. The AMPAR blockers GYKI 52466 and NBQX eliminated
the currents at -70mV and +40mV (red traces). (b,c) Summary of the rectification index of the AMPAR-mediated
EPSCs (b) and their I-V relationship (c) in DH neurons from control (no inflammation), the CFA-inflamed,
non-treated and the CFA-inflamed animals given 39 M chelerythrine (experimental scheme as in Fig. 3a). The
rectification index was calculated as the ratio of the current amplitude at +40mV to that at -70mV. (d) Examples
of the AMPAR-mediated EPSCs recorded at -70mV and +40mV in DH interneurons from the CFA-inflamed
groups after gene-therapy (experimental scheme as in Fig. 6b). (¢) Summary of the rectification index of the
AMPAR-mediated EPSCs in DH neurons from control (non-inflamed) and CFA-inflamed groups after gene-therapy
(experimental scheme of gene-therapy as in Fig. 6b). The rectification index was calculated as above . All data are
mean £ SEM. *P<0.05, **p < 0.01, n.s., non-significant vs. control (non-inflamed) group or as indicated.
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chelerythrine (Fig. 7c). This represents the next line in support for the role of other PKC isoforms in maintaining
of persistent pain of inflammatory origin. The PKC enzyme family includes at present at least twelve isoforms, few
of those were recognized as being particularly involved in pain. In the first instance, PKC(3 and PKC~ were both
upregulated in inflammation'8-%, thereby, implicated into the development of CFA-induced hypersensitivities's*"
while atypical spinal PKCs (e.g. PKM() were reported to undergo activation in both development and mainte-
nance of pain states?!. Apart from the inflammatory pain, a bulk of experimental studies on rodents demonstrated
that PKC isoforms, especially gamma subtype??, play the important role in allodynia and hyperalgesia of different
etiology?*~*°. Our results of gene-silencing of spinal PKCa have confirmed the therapeutic potential of acute
genetic inhibition (knockdown) of PKCa in the treatment of persistent inflammatory pain. A downregulation
of the PKCa protein expression in the DH of the spinal cord after spinal administration of AS ODN specific for
PKCa has been confirmed by Western blot analysis, in full compliance with a use of such approach in our earlier
studies®. The antinociceptive effects of gene-therapy, confirmed for either pre- or post-treatment of persistent
inflammatory pain, were the most promising in shortening the pain maintenance.

Numerous signalling cascades are coupled to PKCa, hence, its inhibition can trigger modifications of various
proteins. Nevertheless, our patch-clamp recordings of the AMPAR-mediated EPSCs in DH interneurons evoked
by primary afferent stimulation clearly stated that pharmacological inhibition of spinal PKC with cheleryth-
rine declined the inward rectification of postsynaptic AMPAR-mediated currents at positive membrane poten-
tials in DH neurons from CFA-inflamed animals (under persistent inflammatory conditions). Given that the
inwardly rectified currents featured CP-AMPARs>*13, this indicates a decline in inflammatory upregulation of
the postsynaptic CP-AMPARs following inhibition of spinal PKC in vivo. As a functional outcome, we have
observed alleviation of inflammatory pain hypersensitivity at the periphery. Similar ablation of the upregu-
lated CP-AMPARSs at the DH synapses between primary afferents and DH interneurons was found following
gene-therapy (gene-silencing of spinal PKCa). These findings further argue towards a causal link between pain
relief at the periphery and arrested upregulation of the postsynaptic CP-AMPARs at DH synapses by targeting the
spinal PKCo. The molecular mechanism of PKCa-dependent upregulation of CP-AMPARs includes the activa-
tion of PKCa under painful conditions as an upstream trigger for the AMPAR protein phosphorylation, a subse-
quent disrupting of the receptor binding to its synaptic anchoring protein, followed by receptor’s internalization®.
Multiple sites for the PKC-mediated phosphorylation of AMPAR subunits have been distinguished: serine residue
$880 for GluA2%, S831%7, S818, and S816 for GluA1%*-* that opens considerations for multiple involvement of
different PKC enzyme isoforms in both inflammatory pain development and maintenance.

Summarizing, the PKCa-dependent upregulation of CP-AMPARs in DH interneurons is causally linked to
the persistent inflammatory pain hypersensitivity at the periphery. Targeting the spinal PKCaq, either through
pharmacological inhibition or gene-silencing, produced relief in persistent inflammatory pain via ablation of the
inflammatory-induced upregulation of postsynaptic AMPARs at the DH synapses between primary afferents and
sensory interneurons. This treatment, mechanism-based on targeting the spinal PKCc, will minimize a risk of
damage to interneurons not involved in nociceptive processing, thus, reducing side effects on the cellular and sys-
temic levels as one being tailored to nociceptive interneurons only. Such strategy may open a new route towards
cutting-edge approaches to treat chronic pain states through targeting the mechanism-based chronification in
central pain pathways.

Methods

Animals. Animals were 18- to 30-day-old male Wistar rats. All animal procedures were approved by the
Animal Ethics Committee in Bogomoletz Institute of Physiology (Kyiv, Ukraine) and were in accordance with
the European Commission Directive (86/609/EEC) and ethical guidelines of the International Association for
the Study of Pain. The efforts were made to minimize animal suffering and to reduce the number of animals used.

Intrathecal catheter implantation. For local delivery of a drug into the spinal cord, a catheter was
implanted into the lumbar spinal segment, as we have described in details earlier'®!!. Briefly, after a rat was
anesthetized with a mixture of ketamine (70 mgkg') and xylazine (15 mgkg™'), a catheter (PE-10) was inserted
into the subarachnoid space at the rostral level of the spinal cord lumbar region through incision at the
atlanto-occipital membrane, using a stereotaxic frame system. Animals received postoperatively bicillin (0.6 mil-
lion U kg™) and dexamethazon (60 mgkg™). Catheterized animals were taken into experiments after complete
healing of surgical incision (typically 3 to 5 days postoperatively). The position of the catheter was confirmed for
each animal after termination of behavioural studies or prior to the spinal cord preparation.

Induction of peripheral inflammation. Unilateral peripheral inflammation was induced in rats by an
intraplantar injection of complete Freund’s adjuvant (CFA, 50 ul of an oil-saline (1:1) emulsion) given subcutane-
ously into one hind paw as described previously”®*!°. Saline (0.9%) injection was used as a control.

Intrathecal drug administration. For pharmacological inhibition, a potent inhibitor of PKC chelerythrine
chloride and PKCalpha (C2-4) inhibitor peptide were used. An animal received a single i.t. injection of a drug
(10pl) given at various concentrations. For i.t. injections, a 25-gauge needle connected to a 25 ul Hamilton syringe
were both used. Injection of a drug was followed by administration of saline to flush the catheter.

For gene-silencing approach we used the antisense (AS) oligodeoxynucleotides (ODN) specific to PKCa with
the following sequence: 5'-GACATCCCTTTCCCCCTCGG-3'. Missense (MS) oligodeoxynucleotides with the
sequence of 5-CGTCCTCAGTCGTCCCTCAC-3’ were used as a control. Animals received a daily injection of
AS ODN or MS ODN (10pg/10pl) as indicated in the text.

Western blot analysis. The PKCa protein expression level was determined in the spinal cord of the rats
injected with AS- or MS ODNs (n = 6/group). The tissue from the dorsal spinal cord was dissected out and
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immediately frozen in liquid nitrogen. The tissue was then homogenized in an ice-cold RIPA-buffer (1:3) that
contained 20 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 1 uM
leupeptin and 1 mM protease inhibitor PMSF (pH 7.5). The homogenate was centrifuged (15min at 11,000x g,
4°C) and the supernatant was collected. After measuring the protein concentration, the protein fraction was
separated using 10% polyacrylamide gel with 0.1% SDS and then electrophoretically transferred onto a nitrocel-
lulose membrane (90 min at 200 mA). For the Western blot analysis human/mouse/rat affinity purified polyclonal
antibody for PKCa (1:1000, incubation for overnight, 4°C, CAF5340-SP, R&D Systems Inc, UK) and monoclonal
mouse primary antibody for 8-actin (1:1000, 2 h incubation, A1978, Sigma, USA) were used. The proteins were
detected with anti-goat or anti-mouse secondary antibodies and visualized with chemiluminescence reagents
provided with the ECL kit (Amersham Pharmacia Biotech, Piscataway, NJ) and exposured to film. The PKCa
protein level, normalized to the corresponding (3-actin value, was calculated for each individual sample as the
relative expression (to naive group).

Hargreaves plantar test for the thermal nociceptive threshold measurement. Behavioural test-
ing was performed to measure the peripheral nociceptive threshold to the thermal (heat) stimulus in rats, using
the Hargreaves technique, as we have described previously!*!2. Briefly, after an animal habituated to the Plexiglas
chamber located above a light box (Ugo Basile Model 7370 Plantar Test), a radiant heat was applied to the middle
of the plantar surface of one hind paw. The light beam was automatically turned off when animal lifted its paw.
The trial was repeated 3-5 times with an interval between measurements 3 to 5 minutes. The time between the
start of stimulus and animal lifted its paw, the withdrawal latency, was measured, which represents the thermal
nociceptive threshold.

Open-field test for the assessment of animal locomotion and anxiety. The open-field test was
performed to assess the locomotive behaviour of the animals before and following experimental treatment, as
described in details in our previous studies!®!!. Briefly, a tested animal was placed in the open-field arena repre-
senting a 75 x 75 x 40 cm wooden box with a digital camera (Logitech C270) attached above the arena to record
the animal relocations. The total distance travelled by an animal for the defined period of time (5 minutes) was
calculated.

Anxiety is a commonly used readout of side effects that could rise following treatment. Since animal anxiety
is characterized by a reduced exploratory behaviour - animals avoid entering an open area (centre of the arena)
by keeping close to the walls and corners (closed area) - for the assessment of anxiety, we analysed the number
of crossings by animals the centre of the arena. Testing was performed in a quiet room by the same experimenter
carrying out a given test in a blind to drug treatment condition manner.

Spinal cord slice preparation. Spinal cord slices of the lumbar spinal cord region (L,_;) were prepared as
described previously®®. Briefly, the spinal cord was quickly removed and placed in an ice-cold dissection solution
that contained (in mM) 250 sucrose, 2 KCl, 1.2 NaH,PO,, 0.5 CaCl,, 7 MgCl,, 26 NaHCO;, 11 glucose, oxygen-
ated with 95% O, and 5% CO,. Transverse slices (350-pum thick) with attached dorsal roots (8-15mm) were cut
with an HA 752 vibratome (Campden Instruments, Loughborough, UK). Slices were maintained at room tem-
perature in a physiological Krebs bicarbonate solution that contained (in mM) 125 NaCl, 2.5 KCl, 1.25 NaH,PO,,
2 CaCl,, 1 MgCl,, 26 NaHCO;, 10 glucose, oxygenated with 95% O, and 5% CO, (pH 7.4).

Electrophysiology. Whole-cell recordings of the AMPAR-mediated EPSCs were made from DH interneu-
rons of the superficial dorsal horn (lamina I-II), using an Axopatch 200B amplifier controlled with pClamp
9.2 software (Molecular Devices, USA). Neurons were visualized with an infrared optics using a x60.09
water-immersion objective on an Olympus BX50WT upright microscope (Olympus, Japan). Patch pipettes had
the resistance of 5-6.5 MQ when filled with an internal solution containing (in mM) 130 Cs-methylsulfonate, 10
NaCl, 10 EGTA, 2 CaCl2, 10 HEPES, 5 QX-314, 0.1 spermine tetrahydrochloride, 2 Mg-ATP, and 0.1 Na-GTP
(pH 7.2). The dorsal root (afferent fibres) was stimulated with a suction electrode by applying the current pulses
of an increased stimulus intensity (70 to 400 pA, 0.1-ms-duration) at a low frequency (0.1 Hz). Only stable EPSCs
were selected if they displayed the same latency (the interval between the stimulus artefact and the evoked cur-
rent). The recordings (3 to 5 trials) were averaged and the peak current amplitude was estimated for each tested
neuron. The membrane resistance was constantly monitored by applying a short hyperpolarizing pulse (-5mV).
To isolate the AMPAR-mediated component, EPSCs were recorded in the continuous presence of APV (50 M),
bicuculline methiodide (10 uM), and strychnine hydrochloride (2uM). For the I-V relationship, the membrane
potential was held from -70mV to +50mV (in a 10- to 20-mV increment). For the I-V rectification of the
AMPAR-mediated EPSCs, the rectification index (RI) was calculated as the peak current amplitude at +40mV to
that peak amplitude at -70 mV.

Statistical analysis. All data are presented as mean + SEM with 7 referring to the number of animals tested
or the number of cells recorded. For behavioural studies, a statistical difference was analysed using one-way or
two-way analysis of variance (ANOVA) followed by Bonferroni post hoc test where appropriate. For electrophys-
iological recordings and Western blot analysis Student’s t-test (two-tailed unpaired) was used. A P value of less
than 0.05 was considered as statistically significant for either test.

Experimental drugs. CFA was purchased from Sigma Chemical Co. (St. Louis, MO, USA), cheleryth-
rine chloride - from Tocris Bioscience (Ellisville, MO). AS ODN and MS ODN were purchased from ISIS
Pharmaceuticals Inc. (Carlsbad, CA) or Sigma-Aldrich (UK).

SCIENTIFICREPORTS| (2018) 8:10285 | DOI:10.1038/s41598-018-28512-9 12



www.nature.com/scientificreports/

References

1. Kohno, T. et al. Bradykinin enhances AMPA and NMDA receptor activity in spinal cord dorsal horn neurons by activating multiple
kinases to produce pain hypersensitivity. The Journal of neuroscience: the official journal of the Society for Neuroscience 28,
4533-4540, https://doi.org/10.1523/jneurosci.5349-07.2008 (2008).

2. Kopach, O. & Voitenko, N. Extrasynaptic AMPA receptors in the dorsal horn: evidence and functional significance. Brain research
bulletin 93, 47-56, https://doi.org/10.1016/j.brainresbull.2012.11.004 (2013).

3. Latremoliere, A. & Woolf, C. J. Central sensitization: a generator of pain hypersensitivity by central neural plasticity. The journal of
pain: official journal of the American Pain Society 10, 895-926, https://doi.org/10.1016/j.jpain.2009.06.012 (2009).

4. Katano, T. et al. N-ethylmaleimide-sensitive fusion protein (NSF) is involved in central sensitization in the spinal cord through
GluR2 subunit composition switch after inflammation. The European journal of neuroscience 27, 3161-3170, https://doi.org/10.1111/
j.1460-9568.2008.06293.x (2008).

5. Park, J. S. et al. Persistent inflammation induces GluR2 internalization via NMDA receptor-triggered PKC activation in dorsal horn
neurons. The Journal of neuroscience: the official journal of the Society for Neuroscience 29, 3206-3219, https://doi.org/10.1523/
jneurosci.4514-08.2009 (2009).

6. Vikman, K. S., Rycroft, B. K. & Christie, M. J. Switch to Ca2+-permeable AMPA and reduced NR2B NMDA receptor-mediated
neurotransmission at dorsal horn nociceptive synapses during inflammatory pain in the rat. The Journal of physiology 586, 515-527,
https://doi.org/10.1113/jphysiol.2007.145581 (2008).

7. Kopach, O. et al. Inflammation alters trafficking of extrasynaptic AMPA receptors in tonically firing lamina II neurons of the rat
spinal dorsal horn. Pain 152, 912-923, https://doi.org/10.1016/j.pain.2011.01.016 (2011).

8. Kopach, O. et al. PKCalpha is required for inflammation-induced trafficking of extrasynaptic AMPA receptors in tonically firing
lamina II dorsal horn neurons during the maintenance of persistent inflammatory pain. The journal of pain: official journal of the
American Pain Society 14, 182-192, https://doi.org/10.1016/j.jpain.2012.10.015 (2013).

9. Kopach, O., Krotov, V., Belan, P. & Voitenko, N. Inflammatory-induced changes in synaptic drive and postsynaptic AMPARs in
lamina IT dorsal horn neurons are cell-type specific. Pain 156, 428-438, https://doi.org/10.1097/01.j.pain.0000460318.65734.00
(2015).

10. Kopach, O., Krotov, V., Goncharenko, J. & Voitenko, N. Inhibition of Spinal Ca(2+)-Permeable AMPA Receptors with Dicationic
Compounds Alleviates Persistent Inflammatory Pain without Adverse Effects. Frontiers in cellular neuroscience 10, 50, https://doi.
org/10.3389/fncel.2016.00050 (2016).

11. Kopach, O., Krotov, V. & Voitenko, N. Atlanto-occipital catheterization of young rats for long-term drug delivery into the lumbar
subarachnoid space combined with in vivo testing and electrophysiology in situ. Journal of neuroscience methods 290, 125-132,
https://doi.org/10.1016/j.jneumeth.2017.08.001 (2017).

12. Kopach, O., Viatchenko-Karpinski, V., Belan, P. & Voitenko, N. Development of inflammation-induced hyperalgesia and allodynia
is associated with the upregulation of extrasynaptic AMPA receptors in tonically firing lamina II dorsal horn neurons. Frontiers in
Pphysiology 3, 391, https://doi.org/10.3389/fphys.2012.00391 (2012).

13. Hartmann, B. et al. The AMPA receptor subunits GluR-A and GluR-B reciprocally modulate spinal synaptic plasticity and
inflammatory pain. Neuron 44, 637-650, https://doi.org/10.1016/j.neuron.2004.10.029 (2004).

14. Bu, E et al. Phosphorylation of NR2B NMDA subunits by protein kinase C in arcuate nucleus contributes to inflammatory pain in
rats. Scientific reports 5, 15945, https://doi.org/10.1038/srep15945 (2015).

15. Matsushita, Y. et al. Involvement of the protein kinase Cgamma isoform in development of tolerance to nitrous oxide-induced
antinociception in mice. Neuroscience 148, 541-547, https://doi.org/10.1016/j.neuroscience.2007.06.019 (2007).

16. Lei, Z., Liu, B. & Wang, J. H. Reward memory relieves anxiety-related behavior through synaptic strengthening and protein kinase
C in dentate gyrus. Hippocampus 26, 502-516, https://doi.org/10.1002/hipo.22540 (2016).

17. Schorscher-Petcu, A., Austin, J. S., Mogil, J. S. & Quirion, R. Role of central calcitonin gene-related peptide (CGRP) in locomotor
and anxiety- and depression-like behaviors in two mouse strains exhibiting a CGRP-dependent difference in thermal pain
sensitivity. Journal of molecular neuroscience: MN 39, 125-136, https://doi.org/10.1007/s12031-009-9201-z (2009).

18. Igwe, O. . & Chronwall, B. M. Hyperalgesia induced by peripheral inflammation is mediated by protein kinase C betall isozyme in
the rat spinal cord. Neuroscience 104, 875-890 (2001).

19. Martin, W. ., Liu, H., Wang, H., Malmberg, A. B. & Basbaum, A. I. Inflammation-induced up-regulation of protein kinase Cgamma
immunoreactivity in rat spinal cord correlates with enhanced nociceptive processing. Neuroscience 88, 1267-1274 (1999).

20. Zhao, C. & Leitges, M. & Gereau, R. W. t. Isozyme-specific effects of protein kinase C in pain modulation. Anesthesiology 115,
1261-1270, https://doi.org/10.1097/ALN.0b013e3182390788 (2011).

21. Laferriere, A. et al. PKMzeta is essential for spinal plasticity underlying the maintenance of persistent pain. Molecular pain 7, 99,
https://doi.org/10.1186/1744-8069-7-99 (2011).

22. Malmberg, A. B., Chen, C., Tonegawa, S. & Basbaum, A. I. Preserved acute pain and reduced neuropathic pain in mice lacking
PKCgamma. Science (New York, N.Y.) 278, 279-283 (1997).

23. Aira, Z. et al. Transient, 5-HT2B receptor-mediated facilitation in neuropathic pain: Up-regulation of PKCgamma and engagement
of the NMDA receptor in dorsal horn neurons. Pain 154, 1865-1877, https://doi.org/10.1016/j.pain.2013.06.009 (2013).

24. Matsuo, H. et al. Early transcutaneous electrical nerve stimulation reduces hyperalgesia and decreases activation of spinal glial cells
in mice with neuropathic pain. Pain 155, 1888-1901, https://doi.org/10.1016/j.pain.2014.06.022 (2014).

25. Peirs, C., Bourgois, N., Artola, A. & Dallel, R. Protein Kinase C gamma Interneurons Mediate C-fiber-induced Orofacial Secondary
Static Mechanical Allodynia, but Not C-fiber-induced Nociceptive Behavior. Anesthesiology 124, 1136-1152, https://doi.
0rg/10.1097/aln.0000000000001000 (2016).

26. Shumilla, J. A., Liron, T., Mochly-Rosen, D., Kendig, J. J. & Sweitzer, S. M. Ethanol withdrawal-associated allodynia and hyperalgesia:
age-dependent regulation by protein kinase C epsilon and gamma isoenzymes. The journal of pain: official journal of the American
Pain Society 6, 535-549, https://doi.org/10.1016/j.jpain.2005.03.005 (2005).

27. Wang, Y. et al. Surgical incision induces phosphorylation of AMPA receptor GluR1 subunits at Serine-831 sites and GluR1 trafficking
in spinal cord dorsal horn via a protein kinase Cgamma-dependent mechanism. Neuroscience 240, 361-370, https://doi.
org/10.1016/j.neuroscience.2013.02.051 (2013).

28. Boehm, J. et al. Synaptic incorporation of AMPA receptors during LTP is controlled by a PKC phosphorylation site on GluR1.
Neuron 51, 213-225, https://doi.org/10.1016/j.neuron.2006.06.013 (2006).

29. Lin, D. T. et al. Regulation of AMPA receptor extrasynaptic insertion by 4.1N, phosphorylation and palmitoylation. Nature
neuroscience 12, 879-887, https://doi.org/10.1038/nn.2351 (2009).

30. Miletic, G., Hermes, J. L., Bosscher, G. L., Meier, B. M. & Miletic, V. Protein kinase C gamma-mediated phosphorylation of GluA1
in the postsynaptic density of spinal dorsal horn neurons accompanies neuropathic pain, and dephosphorylation by calcineurin is
associated with prolonged analgesia. Pain 156, 2514-2520, https://doi.org/10.1097/j.pain.0000000000000323 (2015).

Acknowledgements
This work was supported by the Biotechnology grant of the National Academy of Science of Ukraine to N.V.

SCIENTIFICREPORTS| (2018) 8:10285 | DOI:10.1038/s41598-018-28512-9 13


http://dx.doi.org/10.1523/jneurosci.5349-07.2008
http://dx.doi.org/10.1016/j.brainresbull.2012.11.004
http://dx.doi.org/10.1016/j.jpain.2009.06.012
http://dx.doi.org/10.1111/j.1460-9568.2008.06293.x
http://dx.doi.org/10.1111/j.1460-9568.2008.06293.x
http://dx.doi.org/10.1523/jneurosci.4514-08.2009
http://dx.doi.org/10.1523/jneurosci.4514-08.2009
http://dx.doi.org/10.1113/jphysiol.2007.145581
http://dx.doi.org/10.1016/j.pain.2011.01.016
http://dx.doi.org/10.1016/j.jpain.2012.10.015
http://dx.doi.org/10.1097/01.j.pain.0000460318.65734.00
http://dx.doi.org/10.3389/fncel.2016.00050
http://dx.doi.org/10.3389/fncel.2016.00050
http://dx.doi.org/10.1016/j.jneumeth.2017.08.001
http://dx.doi.org/10.3389/fphys.2012.00391
http://dx.doi.org/10.1016/j.neuron.2004.10.029
http://dx.doi.org/10.1038/srep15945
http://dx.doi.org/10.1016/j.neuroscience.2007.06.019
http://dx.doi.org/10.1002/hipo.22540
http://dx.doi.org/10.1007/s12031-009-9201-z
http://dx.doi.org/10.1097/ALN.0b013e3182390788
http://dx.doi.org/10.1186/1744-8069-7-99
http://dx.doi.org/10.1016/j.pain.2013.06.009
http://dx.doi.org/10.1016/j.pain.2014.06.022
http://dx.doi.org/10.1097/aln.0000000000001000
http://dx.doi.org/10.1097/aln.0000000000001000
http://dx.doi.org/10.1016/j.jpain.2005.03.005
http://dx.doi.org/10.1016/j.neuroscience.2013.02.051
http://dx.doi.org/10.1016/j.neuroscience.2013.02.051
http://dx.doi.org/10.1016/j.neuron.2006.06.013
http://dx.doi.org/10.1038/nn.2351
http://dx.doi.org/10.1097/j.pain.0000000000000323

www.nature.com/scientificreports/

Author Contributions

O.K.: research concept and experimental design, animal surgeries, electrophysiological recordings and
behavioural testing, data analysis and interpretation, manuscript preparation and revision. V.K.: animal surgeries
and behavioural testing, data analysis and interpretation. A.M.S., V.D.: Western blot. A.S.: electrophysiological
recordings. V.V.K.: animal surgeries and behavioural testing. N.V.: conceiving the study, manuscript revision.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-28512-9.

Competing Interests: The authors declare no competing interests.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
N | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:10285 | DOI:10.1038/s41598-018-28512-9 14


http://dx.doi.org/10.1038/s41598-018-28512-9
http://creativecommons.org/licenses/by/4.0/

	Spinal PKCα inhibition and gene-silencing for pain relief: AMPAR trafficking at the synapses between primary afferents and  ...
	Results

	Spinal PKC inhibition declines the development of both nociceptive hypersensitivity and locomotive deficit in animals with  ...
	Spinal PKC inhibition shortens the pain maintenance and recovers both locomotive deficit and anxiety of animals with periph ...
	Gene silencing of spinal PKCα for antinociception. 
	PKCα-dependent inflammatory upregulation of CP-AMPARs in the DH synapses between primary afferents and sensory interneurons ...

	Discussion

	Methods

	Animals. 
	Intrathecal catheter implantation. 
	Induction of peripheral inflammation. 
	Intrathecal drug administration. 
	Western blot analysis. 
	Hargreaves plantar test for the thermal nociceptive threshold measurement. 
	Open-field test for the assessment of animal locomotion and anxiety. 
	Spinal cord slice preparation. 
	Electrophysiology. 
	Statistical analysis. 
	Experimental drugs. 

	Acknowledgements

	Figure 1 Pharmacological inhibition of spinal PKC alleviates the peripheral nociceptive hypersensitivity in rats.
	Figure 2 Spinal PKC inhibition declines locomotive deficit in animals with induced peripheral inflammation.
	Figure 3 Spinal PKC inhibition shortens the maintenance of persistent inflammatory pain in rats.
	Figure 4 Pharmacological inhibition of spinal PKC with chelerythrine restores both locomotive deficit and anxiety of animals with peripheral inflammation.
	Figure 5 The antinociceptive effect of PKCα (C2-4) inhibitor peptide in rats with induced peripheral inflammation.
	Figure 6 Gene-silencing of spinal PKCα reduces the inflammatory pain maintenance.
	Figure 7 Gene-therapy produces alleviation in the persistent inflammatory pain.
	Figure 8 Targeting the spinal PKCα results in ablating the upregulated CP-AMPARs at the DH synapses between primary afferents and sensory interneurons in persistent inflammatory conditions.




