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Abstract

We have modeled the transition from acute to chronic pain in the rat. In this model (termed
hyperalgesic priming) a chronic state develops after a prior inflammatory process or exposure to
an inflammatory mediator, in which response to subsequent exposure to prostaglandin E, (PGE))
is characterized by a protein kinase Ce-dependent marked prolongation of mechanical
hyperalgesia. To assess the effect of priming on the function of the nociceptor, we have performed
in vitro patch clamp and /n vivo single fiber electrophysiology studies using tumor necrosis factor
to induce priming. /n vitro, the only change observed in nociceptors cultured from primed animals,
was a marked hyperpolarization in resting membrane potential (RMP); prolonged sensitization,
measured at 60 minutes, could not be tested /n vitro. However, complimentary with behavioral
findings, /n vivo baseline mechanical nociceptive threshold was significantly elevated compared
to controls. Thirty minutes after injection of PGE; into the peripheral receptive field, both primed
and control nociceptors showed enhanced response to mechanical stimulation. However, sixty
minutes after PGE, administration the response to mechanical stimulation was further increased in
primed but not in control nociceptors. Thus, at the level of the primary afferent nociceptor, it is
possible to demonstrate both altered function at baseline and prolonged PGE,-induced
sensitization. Intrathecal antisense to K, 7.2, which contributes to RMP in sensory neurons,
reversibly prevented the expression of priming in both behavioral and single-fiber
electrophysiology experiments, implicating these channels in the expression of hyperalgesic
priming.
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INTRODUCTION

To study mechanisms underlying the transition from acute to chronic pain we developed a
model in the rat, termed hyperalgesic priming, induced by exposure of the peripheral
terminal of the primary afferent nociceptor to inflammatory mediators [1; 36]. Exposure (via
intradermal injection) to these inflammatory mediators, such as tumor necrosis factor alpha
(TNF) [33] or interleukin 6 (IL-6) [14]) produces a long-lasting neuroplastic change in
nociceptor function, well beyond the hyperalgesia induced by these agents, which is
observed as enhanced and markedly prolonged mechanical hyperalgesia in response to a
subsequent exposure to an inflammatory mediator (e.g., by prostaglandin E, (PGE)) [1]). In
subsequent studies we demonstrated that this prolongation of the hyperalgesia induced by
the pronociceptive inflammatory cytokine PGE, was mediated by protein kinase-C epsilon
(PKC) [34]; PKA mediates the shorter-duration (30 min) prostaglandin E, (PGEy)
hyperalgesia in the control animal, and a similar period of time in the primed animal [1]. In
these behavioral studies, altered function in the primary afferent nociceptor was inferred by
two techniques. The first, reversal (of the longer-duration enhancement of PGE,
hyperalgesia) by spinal intrathecal administration of antisense to signaling molecules
implicated in priming [22; 34], demonstrates that the sensory neuron is the fundamental unit
in priming. Secondly, peripheral administration of an inhibitor of PKC at the site of
nociceptive testing demonstrates the dependence of the expression of hyperalgesic priming
upon this intracellular signaling pathway [1].

To more directly evaluate the physiological changes in the nociceptor produced in the
primed state, we performed /n vitro patch clamp, and /7 vivo single fiber electrophysiology
studies of primary afferent nociceptor function, to determine the electrophysiological
correlates of the primed state. In these experiments we establish that, in addition to
prolonged nociceptor sensitization, there is a change in baseline resting membrane potential
and mechanical nociceptive threshold. Furthermore, the expression of these neuroplastic
changes could be prevented by the intrathecal injection of oligodeoxynucleotide antisense to
mRNA for K,/ 7.2, a member of the K,,7 family of voltage-gated potassium channels
important for setting resting membrane potential (RMP), findings that suggest a role for
K,/7.2 in chronic pain.

MATERIALS AND METHODS

Animals

Drugs

Experiments were performed on adult male Sprague—Dawley rats (200-250 g; Charles
River, Hollister, CA, USA). Animals were housed three per cage, under a 12-h light/dark
cycle, in a temperature and humidity controlled environment. Food and water were available
ad libitum. All experimental protocols were approved by the UCSF Committee on Animal
Research and conformed to National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals. Concerted effort was made to minimize the number of animals used
and their suffering.

Rat recombinant tumor necrosis factor (rr-TNFa) was purchased from R&D Systems
(Minneanapolis, MN), PGE, was purchased from Sigma-Aldrich (St Louis, MO). The PKCe
agonist YeRACK (peptide-sequence HDAPIGY D) was synthesized by Biomatik (ON,
Canada). The selection of the drug doses used in this study was based on dose—response
curves determined during our previous studies [1; 33; 34; 41].
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Induction of priming

Rats were briefly anesthetized with 2.5% isoflurane to facilitate the injection of rrTNFa or
PGE; into the belly of the gastrocnemius muscle. The injection site was previously shaved
and scrubbed with alcohol. Immediately after injections the skin puncture site was marked
with a fine-tip indelible ink pen, so that the mechanical nociceptive threshold of the
underlying injection site in the muscle could be repeatedly tested. Stock solutions of rrTNFa
(5 ng/pl dissolved in 0.9% NaCl containing 0.5% BSA and stored at —20°C) and PGE, (1
pg/ul dissolved in 100% ethanol and stored at —80°C) were diluted in 0.9% NaCl
immediately before injection.

Behavioral and /n vivo electrophysiological experiments were performed 3 days after the
administration of TNF or saline; /in vitro electrophysiology was performed 5 - 8 days after
intra-muscular administration of the retrograde tracer 1,1'-dioctadecyl-3,3,3',3'-
tertamethyllindocarbocyanine perchlorate (Dil) (2% wi/v), along with TNF or saline.

Nociceptive testing

Mechanical nociceptive threshold in the gastrocnemius muscle was quantified using a
Chatillon digital force transducer (model DFI2; Ametekinc., Largo, FL), as described
previously [2]. Rats were lightly restrained in a cylindrical acrylic holder that allowed access
to the hind limb through openings on either side of the restrainer. A 7-mm diameter probe
attached to the force transducer was applied to the gastrocnemius muscle to deliver an
increasing compression force; this probe width allows for selective evaluation of muscle
pain (vis-a-vis overlying skin pain) [2]. The nociceptive threshold was defined as the force,
in milliNewtons, at which the rat withdrew its hind leg. Nociceptive withdrawal threshold
was defined as the mean of 2 readings taken at a 5-minute inter-stimulus interval. Each
hindlimb was treated as an independent measure.

Electrophysiology

In vitro electrophysiology—/n vitro whole-cell patch-clamp electrophysiology was
performed on cultured male rat dorsal root ganglion (DRG) neurons as has been described
previously [19]. The dorsal root ganglion (DRG) neurons innervating the gastrocnemius
muscle were identified by their uptake of Dil, which was injected at the same time as the
priming stimulus (TNF , 100 ng).

DRGs were surgically removed from rats 5-8 days after intramusclular Dil/ TNF injection,
as has been described previously [19] and cultured in Neurobasal-A medium supplemented
with 50-ng/ml nerve growth factor, 100 U/ml penicillin/streptomycin and B-27 (Invitrogen).
Cells were plated on cover slips coated with poly-DL-ornithine (0.1 mg/ml) and laminin (5
pg/ml; Invitrogen), and incubated at 37°C in 5% CO, for between 2 and 30 h before use in
experiments.

Whole-cell patch-clamp electrophysiology was performed using an Axopatch 200A
amplifier and pCLamp 8.2 software (Molecular Devices, Sunnyvale, CA). Only DRG
neurons <30um in diameter (representing the nociceptive population) were used for the
experiments, and were subjected to current-clamp after 2-36 hr in culture. Cover slips were
incubated with FITC-conjugated Griffoniasimplicifoliaisolectin B4 (Invitrogen) for 10 min
before recording. Individual DRG neurons were held in the whole-cell configuration at —-60
mV following seal formation (seal resistance > 1GQ). Whole-cell capacitance and series
resistance were compensated (80%) using the amplifier circuitry. Cells with a series
resistance >10 MQ were not used for experimentation. Following the switch to current
clamp, current steps of 50 pA were applied to find the minimum stimulus intensity required
to elicit an action potential stimulation (rheobase).

Pain. Author manuscript; available in PMC 2014 October 01.
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The external solution contained (in mM): NaCl (140), KCI (3), MgCl; (1), CaCl, (1),
glucose (10), HEPES (10), adjusted to pH 7.3 and 320 mOsm. The pipette solution
contained: KCI (140), EGTA (1); NaCl (10); MgATP (2); HEPES (10), adjusted to pH 7.3
and 310 mOsm. Traces were normalized to cell capacitance, as determined from the
amplifier circuitry. Data were analyzed and plotted using Origin 6.1 software (OriginLab,
Northampton, MA).

In vivo single fiber electrophysiology—The /n vivo single fiber electrophysiology
technique for studying muscle afferents has been described in detail previously [10]. In
brief, rats were anesthetized with sodium pentobarbital (initially 50 mg/kg, intraperitoneally,
with additional doses given to maintain areflexia throughout the experiment), their trachea
cannulated to maintain patency of their upper airway, and heart rate monitored. Anesthetized
animals were positioned right side down and an incision made on the dorsal skin of the left
leg, between the mid-thigh and calf. Then the 6. femoris muscle was partially removed to
expose the sciatic nerve and gastrocnemius muscle. The edges of the incised skin were fixed
to a metal loop to provide a pool that was filled with warm mineral oil, which bathed the
sciatic nerve and gastrocnemius muscle.

The sciatic nerve was cut proximal to the stimulation electrode, to prevent reflex stimulation
of muscles in the hind limb through reflex arcs during electrical stimulation of sensory
neurons. Fine fascicles of axons were then dissected from the distal stump, and placed on a
recording electrode. Single units were first detected by mechanical stimulation of the
gastrocnemius muscle with a small blunt-tipped glass bar, which were subsequently
confirmed by electrical stimulation of the mechanical receptive field according to the
amplitude and duration of its action potential. Bipolar stimulating electrodes were then
placed and held on the center of the receptive field of the muscle afferent by a
micromanipulator (Narishige model MM-3, Tokyo, Japan). Conduction velocity of each
fiber was calculated by dividing the distance between the stimulating and recording
electrodes by the latency of the electrically evoked action potential. All recorded muscle
afferents had conduction velocities in the range of type 111 (conduction velocity 2.5-30 m/s)
or type 1V (conduction velocity <2.5 m/s) muscle sensory fibers [13]. Mechanical threshold,
determined with calibrated von Frey hairs (VFH Ainsworth, London, UK), was defined as
the lowest force that elicited at least 2 spikes within 1 second, in at least 50% of trials.
Sustained (60 s) suprathreshold (10 g) mechanical stimulation was accomplished by use of a
mechanical stimulator that consisted of a force-measuring transducer (Entran, Fairfield, NJ,
USA) with a blunt plastic tip that was applied by a micromanipulator (BC-3 and BE-8,
Narishige) on the center of the afferent’s receptive field, for 60 seconds. Neural activity and
timing of stimulus onset and termination were monitored and stored on a computer with a
Micro 1401 interface (CED, Cambridge, UK) and analyzed off-line with Spike2 software
(CED).

Antisense oligonucleotide (ODN) preparation and administration

The phosphothioate antisense ODN for the KCNQ?2 gene, 5'-
ACCAGCGGGGAAAAAAAG-3" was directed against a unique region of the rat mMRNA
sequence. The corresponding NCBI Genbank accession number and ODN position within
the cDNA sequence are NM_133322 and 162-179. The antisense ODN is expected to
downregulate the expression of all 9 different isoforms of the KCNQ2 gene according to
database-entry 088943 (UniProtKB/SwissProt database). The mismatch ODN sequence, 5'-
ACGAGTGGCGAGTAAACG-3' corresponds to the antisense sequence with 6 bases
mismatched (denoted in bold). A nucleotide BLAST was performed to confirm that the
sequences were not homologous to other sequences in the rat.

Pain. Author manuscript; available in PMC 2014 October 01.
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ODNs were reconstituted in nuclease-free 0.9% NaCl (10ug/ul) and stored at —20°C until
use. Prior to each injection, rats were anaesthetized with 2.5% isoflurane. A dose of 10 ug
(injection volume 20 pl) of KCNQ2 antisense or mismatch ODN was administered using a
3/10 cc insulin syringe with a 29-gauge ultra fine %2-inch fixed hypodermic needle (Becton-
Dickenson) inserted intrathecally, on the midline between the fourth and fifth lumbar
vertebrae, once daily for three consecutive days. Previously demonstrated the down-
regulation of several different proteins using this protocol have included the TTX-resistant
sodium channel, Na,1.8 [28], PLC 3 [22], gp130, a receptor subunit for IL-6 [40] or the
polyadenylation element binding protein Cpeb [6].

Semi-quantitative one-step multiplex reverse transcriptase polymerase chain reaction (RT-

PCR)

Statistics

RESULTS

Total RNA from cultured dorsal root ganglia treated with 1 uM of the phosphothioate
antisense / mismatch oligonucleotides for 60 h in the presence of oligofectamine™
(Invitrogen) was extracted using Trizol reagent (Invitrogen) with the PureLink™ RNA mini
kit (Ambion) according to the manufactures instructions. The amount of RNA was
quantified with a spectrophotometer (UV-160, Shimadzu) and cDNA preparation was
carried out with 1 g of total RNA/sample and the superscript 111 platinum one-step RT-
PCR system (Invitrogen). The PCR-primers used for the amplification of the rat KCNQ2
mMRNA according to NCBI database-entry NM_133322 were: F2 = 5'-
GCTTGCGGTTCTTACAAATC-3" and B2 = 5'-GAATGAGACACCAATGAGGG-3'
(Invitrogen). To compensate for variations in the quality or quantity of the samples a one-
step multiplex RT-PCR with S18 rRNA as an endogenous standard was performed and the
amplification product of the KCNQ?2 gene (317bp) was normalized to the PCR product of
the S18 rRNA (489bp). Pilot experiments were performed to optimize for: 1. Annealing
temperature (58.3°C). 2. Number of PCR cycles (35-45). 3. Ratio of S18 rRNA primer to
competimers™ (Ambion; 3:7). The PCR-products were separated on 2% agarose gels and
visualized by ethidium bromide. Images of the gels were acquired with the ChemlImager
system and analyzed with AlphaEaseFC Software (Alpha Innotech).

Group data are expressed as mean + SE of 7 independent observations. Statistical
comparisons were made using GraphPad Prism 5.0 statistical software (GraphPad Software,
La Jolla, CA). The Student’s #test was used to compare one or two independent samples,
whereas analysis of variance (ANOVA) followed by Dunnett’s multiple comparison tests
was used for comparing three or more samples. Data were tested for normality using the
D’Agostino and Pearson omnibus normality test; if data did not pass the normality test for
Gaussian distribution, Welch correction for the Student’s #test was used. Nonparametric
data were analyzed using Wilcoxon’s signed rank test. £ < 0.05 was considered statistically
significant.

Hyperalgesic priming

The injection of a single dose (0.1 - 100 ng) of rat recombinant TNFa (rrTNFa) into the
gastrocnemius muscle of separate groups of rats produced a dose-dependent mechanical
hyperalgesia (Fig. 1A). Such hyperalgesia was present 1 hr after injection, reaching its peak
by 2 hrs (Fig. 1B). While the injection of 0.1 ng of rrTNFa produced a mechanical
hyperalgesia that was no longer present at 24 hrs (—4.0 + 0.8 % change in mechanical
threshold, P>0.05, Fig. 1B), 100 ng induced a hyperalgesia that was still significant at 24 hr
(—24.9 £ 1.5 % change in mechanical threshold, £< 0.001, Fig. 1B), only reaching baseline
by 48 hrs (-6.5 £ 2.0 % change in mechanical threshold, 2> 0.05, Fig. 1B). The injection of
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a single dose (1 - 100 ng) of PGE; into the gastrocnemius muscle also induced a dose-
dependent muscle mechanical hyperalgesia (Fig. 1C). However, the mechanical
hyperalgesia induced by PGE, reached its peak by 30 min after injection and lasted less than
4 hrs, at the doses assayed (Fig. 1D).

Three days after the i.m. injection of PGE, in doses of 10 or 100 ng (5 pl), rats were re-
injected with 100 ng of PGE,. In either case, no difference in the amplitude or duration of
the hyperalgesia induced by the re-injection of 100 ng (5 pl) of PGE; (Fig. 1E) was
observed. In contrast, the injection of PGE, (100 ng /5 pl) in rats previously injected with a
single dose of rrTNFa, but not in naive rats, produced a significant prolongation of the
mechanical hyperalgesia induced by PGE, (i.e., > 4 hrs), regardless of the dose of rrTNFa
previously injected (Fig. 1F).

In vitro electrophysiology

Whole-cell patch-clamp electrophysiological recordings were made from acutely dissociated
DRG neurons that had innervated the gastrocnemius muscle in primed and control rats, in
order to determine if there was an effect of priming on membrane properties of DRG
neurons. IB4+ neurons were selected for study because it is this population of nociceptors
that mediates hyperalgesic priming [19; 23]. IB4+ neurons comprise roughly 70% of
neurons retrogradely labeled from the gastrocnemius muscle [19]. All electrophysiological
characteristics were measured from the rheobase (current threshold) action potential, with
the exception of the number of action potentials fired (which was measured at 2X rheobase),
and the resting membrane potential (which was measured immediately after obtaining the
whole-cell configuration and switching to current clamp), shown in Figure 2.

There was no significant change in action potential after-hyperpolarization between primed
and control neurons (-66.47 £ 2.74 mV (n=23) and 59.83 = 2.32 mV (n=15), P=NS)
respectively. There was also no significant difference between primed and control neurons
in either action potential peak (55.20 £ 3.26 mV in primed (n=15), 54.24 £ 2.46 mV in
control (n=23), P=NS) or duration (6.67 £ 0.96 ms in primed (n=15), 7.63 = 1.04 ms in
control (n=23), P=NS). We found no significant difference between the number of action
potentials fired in neurons (in response to an 800 ms pulse at 2X rheobase) from primed
(1.73 £ 0.32, n=15) and control (1.48 £+ 0.20, n=23) rats (P=NS). In both naive and primed
rats, a very small minority of neurons produced more than one action potential.

There was, however, a marked difference between the resting membrane potential measured
in DRG neurons derived from primed and control neurons (Fig. 2A). Primed neurons had a
markedly more hyperpolarized RMP (-66.20% 2.45 mV, n=15) than control neurons (-51.22
+ 1.73 mV, n=23, P<0.001), as shown in Figure 2B. However, this difference did not
translate into a change of electrical excitability of the neurons, /n vitro. The membrane
potential threshold for action potential generation, as assessed by a ramp protocol, was not
significantly different between primed (-26.10 + 2.97 mV, n=15) and control (-22.05 £
1.83 mV, n=23) neurons (P=NS), as shown in Figure 2C. Also, the current threshold
(rheobase) was similar between primed (501.2 £ 53.09 pA, n=15) and control (403.7 + 42.20
pA, n=23) neurons (P=NS).

Effect of K, 7.2 antisense

Having found a change in RMP to be the only significantly changed biophysical variable in
primed DRG neurons /n vitro, we investigated the role of a class of ion channels implicated
in setting RMP. K,,7.2 channels are important determinants of DRG RMP, and have
potential roles in nociceptor function [12].

Pain. Author manuscript; available in PMC 2014 October 01.
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Knockdown of K, 7.2 RNA was confirmed in DRG cultures treated with antisense ODNs
(Figure 3A). Antisense / mismatch ODNs were then administered intrathecally to selectively
attenuate K,/ 7.2 before the priming stimulus (100 ng TNFa) was administered (intra-
muscularly). Nociceptive behavioral testing was carried out after six days of antisense
treatment, and four days after the priming stimulus. Rats treated with antisense displayed the
same acute nociceptive response to PGEy, a reduction in mechanical threshold that lasts less
than 4 h. Antisense to K, 7.2 (Fig. 3A) was sufficient to selectively abolish the prolongation
of the hyperalgesic response (~4 h) to PGE, that is the hallmark of hyperalgesic priming, but
without affecting the early-phase of PGE, hyperalgesia (~30 min). Four days after the last
dose of antisense (day 10), prolonged (~4 h) hyperalgesia returned. In the mismatch
condition, no such abolition of the prolonged hyperalgesic response was observed (Fig. 3B)
when measured on day seven.

In vivo electrophysiology

Baseline characteristics of primed neurons—Nociceptor fibers primed with TNF
displayed a small but significantly higher (P<0.05) mechanical threshold (1.19 + 0.10 g,
n=35) compared to naive fibers (0.90 £+ 0.08 g, n=44) as shown in Figure 4A (P<0.05). In
rats treated with antisense, mechanical threshold was not significantly different from
nociceptors in naive rats (0.90 = 0.25 g, n=10).

The conduction velocity of primed fibers was not significantly different (2.20 £ 0.13 m/s,
n=52) compared to naive fibers (2.23 £0.18 m/s, n=44) , as shown in Figure 4B. Again,
antisense treatment resulted in no significant change of conduction velocity (2.62 + 0.43 m/
s, n=11) compared to naive rats.

Response to prostaglandin Eo—While it was not possible to patch clamp DRG
neurons for the >60 min required to examine prolonged sensitization in primed neurons, it
was possible to do this in /n7 vivo single fiber electrophysiology experiments. PGE; (100 ng
intradermal injection adjacent to each fiber’s mechanical receptive field) was administered
in order to compare prolonged sensitization in primed and control neurons. The mechanical
threshold and response to a prolonged (60 s) suprathreshold (10 g) mechanical stimulus were
assessed before PGE,, as well as 30 and 60 min after PGE; injection.

The time-course of mechanical threshold over 60 min following PGE> injection is shown in
Figure 4C. While both the control (n=10) and primed (n=21) groups showed a decreasing
mechanical threshold over 30 (1.18 £ 0.18 g and 1.03 = 0.14 g respectively) and 60 (0.98 £
0.15 g and 0.98 £ 0.11 g respectively) min, neither reached statistical significance compared
to the threshold before PGE, injection (1.19 + 0.18 g and 1.19 £ 0.14 g respectively).
Antisense treatment (n=10) also caused no significant change in mechanical threshold with
values of 1.15 + 0.25 g at 30 min and 1.37 + 0.39 g at 60 min compared to 0.90 £ 0.25 g
before PGE; injection. The number of action potentials elicited by supra-threshold
mechanical stimulation was also measured in primed rats. Sixty minutes after the injection
of PGE5 the number of spikes generated in response to the prolonged 10 g stimulus was
significantly increased in C-fibers from both primed and control rats. However, the increase
in firing was significantly larger in primed fibers (658.6 + 169.5 spikes after 60 min
compared to 230.8 + 92.5 spikes before PGE, application, P<0.01) than in control fibers
(236.2 £ 91.2 spikes after 60 min compared to 87.0 + 26.7 spikes before PGE; application,
NS), as shown in Figure 4D. The administration of K,,7.2 antisense (75.67 + 25.43 spikes
after 60 min) prevented the increase in nociceptor firing in response to PGE, observed in the
primed condition. Response histograms of primed neurons to PGE; are shown in Figure 4E.

Pain. Author manuscript; available in PMC 2014 October 01.
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DISCUSSION

Hyperalgesic priming is a model of the transition from acute to chronic pain, in which a
prior inflammatory insult enhances and markedly prolongs mechanical hyperalgesia in
response to subsequent exposure to inflammatory mediators. We evaluated the changes in
membrane properties associated with the development of the primed state, as a means of
understanding this transition. While we have suggested that the transition from acute to
chronic pain is associated with neuroplastic changes in the primary afferent nociceptor [5],
the underlying changes in nociceptor function have been previously inferred from behavioral
studies using pharmacological reagents administered at the sensory neruon receptive field
[22; 34], or from intrathecal administration of oligodeoxynucleotide antisense to mRNA for
second messengers involved in transition to the primed state [1].

A hallmark of hyperalgesic priming is that the two-phase behavioral response to PGE is
altered after PGE, application [1]. PGE; sensitizes nociceptors, reducing mechanical
threshold over 30 min, with threshold returning to baseline after 60 min. In primed animals
this sensitization lasts beyond four hours [36]. Using /n vivo single-fiber electrophysiology,
we confirmed that at 60 min after administration of PGE,, primed nociceptors had a marked
increase in their response to the suprathreshold mechanical stimulus when compared to the
effect of PGE; on control nociceptors at the same time, correlating with our behavioral data.

In a previous study of the effect of inflammation on nociceptor function Wang and
colleagues examined the mechanism by which PGE, induced sensitization of P2X3 in DRG
neurons from rats exposed to complete Freund’s adjuvant to induce inflammation 3-5 days
previously [42]. While this sensitization was PKC as well as PKA dependent, compatible
with the presence of hyperalgesic priming [1], we previously reported that for the
tetrodotoxin-resistant sodium current contribution to nociceptor sensitization produced by
PGE,, in vitro (in the absence of prior inflammation), sensitization is already PKC as well as
PKA dependent [18]. Therefore, in the present experiments we chose to first describe the
baseline characteristics of nociceptor function induced by prior exposure to inflammation
(i.e. the primed state), the behavioral implications of which were manifested in the response
properties of the primed nociceptor to PGE,.

In our characterization of membrane properties in nociceptors /n vitro, the only
electrophysiological alteration we observed was a marked, approximately 15 mV
hyperpolarization of the resting membrane potential in the primed nociceptor. Although one
might have expected that a hyperpolarization of resting membrane potential would increase
action potential threshold, we observed no change in threshold for activation by a
depolarizing current ramp. Electrical stimulation of cultured neurons is not, however, the
optimal test for response to mechanical stimulation of nociceptors. Therefore, we also
measured the response of primed nociceptive fibers to mechanical stimuli, /n7 vivo. Here we
found that primed nociceptors did in fact have a significantly higher mechanical threshold
compared to unprimed control fibers. However, despite this higher mechanical threshold of
primed nociceptors, treatment with PGE, caused a much greater increase in nociceptive
firing response to 10 g stimulation in primed fibers compared to that observed in naive
nociceptors.

The current study raises questions about the long-term changes that arise in nociceptors,
which manifest as a hyperpolarization of RMP (without other changes in biophysical
properties in the same cell) and contribute to the higher basal mechanical threshold, but
enhanced response to mechanical stimulation in nociceptors after exposure to PGE». Our /n
vitro data, revealing a hyperpolarization of resting membrane potential in nociceptors from
primed rats, support the idea that neuroplastic changes underlie the phenotype of the primed
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nociceptor. One family of voltage-gated potassium channels, Ky,7, is well-established to be
important for the maintenance of RMP in neurons [7] and also has a role in determining the
excitability of DRG neurons [35]. Ky/7 channels produce a current (called ‘M current’) that
activates around the resting membrane potential of DRG neurons, and serves to limit the
excitability of neurons by hyperpolarizing them.

Therefore we evaluated the role of K, 7.2 in order to determine whether this channel was
involved in the expression of the primed state. Administration of antisense to K,/ 7.2
prevented the prolongation of PGE, hyperalgesia in the primed rat, without affecting the
early phase of PGE; hyperalgesia, an effect that reversed after cessation of antisense
administration. Similarly in single fiber electrophysiology studies we found that
oligodeoxynucleotide antisense to K,7.2 mRNA reversed the enhanced response of C-fiber
nociceptors 1 h after injection of PGE; into their peripheral receptive field. These findings
provide the first evidence for a role of a specific ion channel family (K,/7) in the prolonged
PGE; hyperalgesia in the primed rat, which differ significantly from those involved (via
PKA activation) in the early phase of PGE; hyperalgesia [9; 30; 31; 42; 43].

While these data demonstrate a dependence of the prolonged hyperalgesia on K,,7.2, they do
not prove that the late-phase hyperalgesia is actually mediated by ion flux through K, 7.2
channels themselves. K,,7 channels have been shown to dampen neuronal excitability [8;
32]. The suppression of Ky,7 channels has been shown to lead to increased neuronal
excitability and sensitivity to pain [32; 38], whereas the use of the Ky,7 channel opener
retigabine can cause nociceptor hyperpolarization and attenuate nociceptive behaviors [4;
29]. Indeed, the establishment of a model of bone cancer pain relies on the hyperexcitability
of sensory neurons caused by K, 7 channel inhibition [45]. Therefore it might seem counter-
intuitive that administration of antisense to these channels would prevent the expression of a
chronic pain state. One explanation might be that channels from other K,,7 subclasses may
dynamically compensate for the down-regulated K, 7.2, thus preventing an increase in
excitability. Examples of K,,7 channel upregulation as a compensation mechanism include
oxidative stress conditions [16] and axotomy [39]. Other K,,7 channels, such as K,,7.3
(which forms heteromers with K,,7.2) and K,,7.5 which have been demonstrated to be
present in DRG neurons [27; 32], also remain to be evaluated in their relevance to the
expression of hyperalgesic priming.

These data also suggest that K, 7.2 mRNA may play a role other than that of the
conventional biophysical role of increasing K,/ 7.2 channels at the cell membrane leading to
dampened excitability. It is clear that hyperalgesic priming is the result of a complex
network of intracellular processes with a central role of PKCe activation [1; 15; 25], and has
only previously been disrupted by applying protein translation inhibitors [6]. Therefore it
will be worthwhile to investigate the intracellular pathways involved in K, 7 modulation /
expression to see if they ally with some of the intracellular pathways we have described for
hyperalgesic priming [36].

While further work is required to fully determine the role of K, 7 (and possibly other classes
of) channels responsible for the expression of neuroplastic changes in RMP and increased
mechanical threshold in nociceptors, our lab has demonstrated an increase in TTX-R sodium
current as a result of PKC activation [17; 26]. Also, activation of PKCe has been established
to cause an increase in function (by phosphorylation) of the TTX-R sodium channel Nay/1.8,
leading to mechanical hyperalgesia [44]. Indeed, up-regulation of Na, channels (including
Na,1.3 and Nay1.8) has been observed upon exposure to inflammatory mediators such as
TNFa and carageenan [3; 11]. Therefore, the interplay of Na,, and K, 7 channels should be
investigated.
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We have recently shown that DRG neurons from female rats also have a more
hyperpolarized RMP than those from male rats, along with a higher mechanical threshold
for activation /n vivo [20]. Of note, estrogen, which regulates sexual dimorphism in
nociceptor function [21] has been shown to regulate Ky,7 potassium channel expression in
neuropeptide Y-ergic neurons [37]. Since hyperalgesic priming is restricted to male rats [24]
and administration of estrogen abolished the establishment of priming in ovariectomized
female rats, it would be of interest to assess the role of Ky,7 channels in female rats as an ion
channel end-point of estrogen control of nociceptor function that causes the phenotype seen
in vivo.

In conclusion, we have shown that primed nociceptors have a hyperpolarized RMP Jn vitro,
as well as an increased baseline mechanical threshold but an increased response to a
pronociceptive inflammatory mediator /n vivo. This work provides evidence for a long-
lasting re-organization of ion channel function, including K,,7.2 which contributes to RMP,
as a result of a brief inflammatory stimulus 72 hours previously.

Acknowledgments

The work was funded by the NIH.

REFERENCES

[1]. Aley KO, Messing RO, Mochly-Rosen D, Levine JD. Chronic hypersensitivity for inflammatory
nociceptor sensitization mediated by the epsilon isozyme of protein kinase C. J Neurosci. 2000;
20(12):4680-4685. [PubMed: 10844037]

[2]. Alvarez P, Chen X, Bogen O, Green PG, Levine JD. IB4(+) Nociceptors Mediate Persistent
Muscle Pain Induced by GDNF. J Neurophysiol. 2011

[3]. Black JA, Liu S, Tanaka M, Cummins TR, Waxman SG. Changes in the expression of
tetrodotoxin-sensitive sodium channels within dorsal root ganglia neurons in inflammatory pain.
Pain. 2004; 108(3):237-247. [PubMed: 15030943]

[4]. Blackburn-Munro G, Jensen BS. The anticonvulsant retigabine attenuates nociceptive behaviours
in rat models of persistent and neuropathic pain. European journal of pharmacology. 2003;
460(2-3):109-116. [PubMed: 12559370]

[5]. Bogen O, Alessandri-Haber N, Chu C, Gear RW, Levine JD. Generation of a pain memory in the
primary afferent nociceptor triggered by PKCepsilon activation of CPEB. J Neurosci. 2010;
32(6):2018-2026. [PubMed: 22323716]

[6]. Bogen O, Alessandri-Haber N, Chu C, Gear RW, Levine JD. Generation of a pain memory in the
primary afferent nociceptor triggered by PKCepsilon activation of CPEB. J Neurosci. 2012;
32(6):2018-2026. [PubMed: 22323716]

[7]. Brown DA, Adams PR. Muscarinic suppression of a novel voltage-sensitive K+ current in a
vertebrate neurone. Nature. 1980; 283(5748):673-676. [PubMed: 6965523]

[8]. Brown DA, Passmore GM. Neural KCNQ (Kv7) channels. British journal of pharmacology. 2009;
156(8):1185-1195. [PubMed: 19298256]

[9]. Chemin J, Mezghrani A, Bidaud I, Dupasquier S, Marger F, Barrere C, Nargeot J, Lory P.
Temperature-dependent modulation of CaV3 T-type calcium channels by protein kinases C and
A in mammalian cells. The Journal of biological chemistry. 2007; 282(45):32710-32718.
[PubMed: 17855364]

[10]. Chen X, Green PG, Levine JD. Neuropathic pain-like alterations in muscle nociceptor function
associated with vibration-induced muscle pain. Pain. 2010; 151(2):460-466. [PubMed:
20800357]

[11]. Chen X, Pang RP, Shen KF, Zimmermann M, Xin WJ, Li YY, Liu XG. TNF-alpha enhances the
currents of voltage gated sodium channels in uninjured dorsal root ganglion neurons following
motor nerve injury. Experimental neurology. 2011; 227(2):279-286. [PubMed: 21145890]

Pain. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hendrich et al.

[12].

[13].

[14].
[15].

[16].

[17].

[18].

[19].

[20].

[21].

[22].

[23].
[24].

[25].

[26].

[27].

[28].

[29].

[30].

[31].

Page 11

Devaux JJ, Kleopa KA, Cooper EC, Scherer SS. KCNQ?2 is a nodal K+ channel. J Neurosci.
2004; 24(5):1236-1244. [PubMed: 14762142]

Diehl B, Hoheisel U, Mense S. The influence of mechanical stimuli and of acetylsalicylic acid on
the discharges of slowly conducting afferent units from normal and inflamed muscle in the rat.
Exp Brain Res. 1993; 92(3):431-440. [PubMed: 8454007]

Dina OA, Green PG, Levine JD. Role of interleukin-6 in chronic muscle hyperalgesic priming.
Neuroscience. 2008; 152(2):521-525. [PubMed: 18280048]

Dina OA, Khasar SG, Gear RW, Levine JD. Activation of Gi induces mechanical hyperalgesia
poststress or inflammation. Neuroscience. 2009; 160(2):501-507. [PubMed: 19275929]

Gamper N, Zaika O, Li Y, Martin P, Hernandez CC, Perez MR, Wang AY, Jaffe DB, Shapiro
MS. Oxidative modification of M-type K(+) channels as a mechanism of cytoprotective neuronal
silencing. The EMBO journal. 2006; 25(20):4996-5004. [PubMed: 17024175]

Gold MS, Levine JD, Correa AM. Modulation of TTX-R INa by PKC and PKA and their role in
PGE2-induced sensitization of rat sensory neurons in vitro. J Neurosci. 1998; 18(24):10345—
10355. [PubMed: 9852572]

Gold MS, Reichling DB, Shuster MJ, Levine JD. Hyperalgesic agents increase a tetrodotoxin-
resistant Na+ current in nociceptors. Proceedings of the National Academy of Sciences of the
United States of America. 1996; 93(3):1108-1112. [PubMed: 8577723]

Hendrich J, Alvarez P, Chen X, Levine JD. GDNF induces mechanical hyperalgesia in muscle by
reducing I(BK) in isolectin B4-positive nociceptors. Neuroscience. 2012; 219:204-213.
[PubMed: 22704965]

Hendrich J, Alvarez P, Joseph EK, Ferrari L, Levine JD. In vitro and in vivo comparison of male
and female nociceptors. J Pain. 2012 (in press).

Hucho TB, Dina OA, Kuhn J, Levine JD. Estrogen controls PKCepsilon-dependent mechanical
hyperalgesia through direct action on nociceptive neurons. The European journal of
neuroscience. 2006; 24(2):527-534. [PubMed: 16836642]

Joseph EK, Bogen O, Alessandri-Haber N, Levine JD. PLC-beta 3 signals upstream of PKC
epsilon in acute and chronic inflammatory hyperalgesia. Pain. 2007; 132(1-2):67-73. [PubMed:
17350763]

Joseph EK, Levine JD. Hyperalgesic priming is restricted to isolectin B4-positive nociceptors.
Neuroscience. 2010; 169(1):431-435. [PubMed: 20457222]

Joseph EK, Parada CA, Levine JD. Hyperalgesic priming in the rat demonstrates marked sexual
dimorphism. Pain. 2003; 105(1-2):143-150. [PubMed: 14499430]

Khasar SG, Burkham J, Dina OA, Brown AS, Bogen O, Alessandri-Haber N, Green PG,
Reichling DB, Levine JD. Stress induces a switch of intracellular signaling in sensory neurons in
a model of generalized pain. J Neurosci. 2008; 28(22):5721-5730. [PubMed: 18509033]

Khasar SG, Lin YH, Martin A, Dadgar J, McMahon T, Wang D, Hundle B, Aley KO, Isenberg
W, McCarter G, Green PG, Hodge CW, Levine JD, Messing RO. A novel nociceptor signaling
pathway revealed in protein kinase C epsilon mutant mice. Neuron. 1999; 24(1):253-260.
[PubMed: 10677042]

King CH, Scherer SS. Kv7.5 is the primary Kv7 subunit expressed in C-fibers. The Journal of
comparative neurology. 2012; 520(9):1940-1950. [PubMed: 22134895]

Lai J, Gold MS, Kim CS, Bian D, Ossipov MH, Hunter JC, Porreca F. Inhibition of neuropathic
pain by decreased expression of the tetrodotoxin-resistant sodium channel, NaV1.8. Pain. 2002;
95(1-2):143-152. [PubMed: 11790477]

Lang PM, Fleckenstein J, Passmore GM, Brown DA, Grafe P. Retigabine reduces the excitability
of unmyelinated peripheral human axons. Neuropharmacology. 2008; 54(8):1271-1278.
[PubMed: 18474382]

Liu C, LiQ, Su Y, Bao L. Prostaglandin E2 promotes Nal.8 trafficking via its intracellular RRR
motif through the protein kinase A pathway. Traffic (Copenhagen, Denmark). 2010; 11(3):405-
417.

Moriyama T, Higashi T, Togashi K, lida T, Segi E, Sugimoto Y, Tominaga T, Narumiya S,
Tominaga M. Sensitization of TRPV1 by EP1 and IP reveals 30 peripheral nociceptive
mechanism of prostaglandins. Molecular pain. 2005; 1:3. [PubMed: 15813989]

Pain. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hendrich et al.

[32].

[33].

[34].

[35].

[36].

[37].

[38].

[39].

[40].

Page 12

Mucha M, Ooi L, Linley JE, Mordaka P, Dalle C, Robertson B, Gamper N, Wood IC.
Transcriptional control of KCNQ channel genes and the regulation of neuronal excitability. J
Neurosci. 2010; 30(40):13235-13245. [PubMed: 20926649]

Parada CA, Yeh JJ, Joseph EK, Levine JD. Tumor necrosis factor receptor type-1 in sensory
neurons contributes to induction of chronic enhancement of inflammatory hyperalgesia in rat.
The European journal of neuroscience. 2003; 17(9):1847-1852. [PubMed: 12752784]

Parada CA, Yeh JJ, Reichling DB, Levine JD. Transient attenuation of protein kinase Cepsilon
can terminate a chronic hyperalgesic state in the rat. Neuroscience. 2003; 120(1):219-226.
[PubMed: 12849754]

Passmore GM, Selyanko AA, Mistry M, Al-Qatari M, Marsh SJ, Matthews EA, Dickenson AH,
Brown TA, Burbidge SA, Main M, Brown DA. KCNQ/M currents in sensory neurons:
significance for pain therapy. J Neurosci. 2003; 23(18):7227-7236. [PubMed: 12904483]
Reichling DB, Levine JD. Critical role of nociceptor plasticity in chronic pain. Trends Neurosci.
2009; 32(12):611-618. [PubMed: 19781793]

Roepke TA, Qiu J, Smith AW, Ronnekleiv OK, Kelly MJ. Fasting and 17betaestradiol
differentially modulate the M-current in neuropeptide Y neurons. J Neurosci. 2011; 31(33):
11825-11835. [PubMed: 21849543]

Rose K, Ooi L, Dalle C, Robertson B, Wood IC, Gamper N. Transcriptional repression of the M
channel subunit Kv7.2 in chronic nerve injury. Pain. 2011; 152(4):742-754. [PubMed:
21345591]

Roza C, Castillejo S, Lopez-Garcia JA. Accumulation of Kv7.2 channels in putative ectopic
transduction zones of mice nerve-end neuromas. Molecular pain. 2011; 7:58. [PubMed:
21838927]

Summer GJ, Romero-Sandoval EA, Bogen O, Dina OA, Khasar SG, Levine JD. Proinflammatory
cytokines mediating burn-injury pain. Pain. 2008; 135(1-2):98-107. [PubMed: 17590515]

[41]. Taiwo YO, Levine JD. Further confirmation of the role of adenyl cyclase and of cCAMP-

dependent protein kinase in primary afferent hyperalgesia. Neuroscience. 1991; 44(1):131-135.
[PubMed: 1722888]

[42]. Wang C, Gu Y, Li GW, Huang LY. A critical role of the cAMP sensor Epac in switching protein

kinase signalling in prostaglandin E2-induced potentiation of P2X3 receptor currents in inflamed
rats. The Journal of physiology. 2007; 584(Pt 1):191-203. [PubMed: 17702820]

[43]. Wang C, Li GW, Huang LY. Prostaglandin E2 potentiation of P2X3 receptor mediated currents

in dorsal root ganglion neurons. Molecular pain. 2007; 3:22. [PubMed: 17692121]

[44]. Wu DF, Chandra D, McMahon T, Wang D, Dadgar J, Kharazia VN, Liang YJ, Waxman SG,

Dib-Hajj SD, Messing RO. PKCepsilon phosphorylation of the sodium channel NaV1.8 increases
channel function and produces mechanical 32 hyperalgesia in mice. The Journal of clinical
investigation. 2012; 122(4):1306-1315. [PubMed: 22426212]

[45]. Zheng Q, Fang D, Liu M, Cai J, Wan Y, Han JS, Xing GG. Suppression of KCNQ/M (Kv7)

potassium channels in dorsal root ganglion neurons contributes to the development of bone
cancer pain in a rat model. Pain. 2013; 154(3):434-448. [PubMed: 23352759]

Pain. Author manuscript; available in PMC 2014 October 01.



Hendrich et al. Page 13

Pain. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hendrich et al.

Page 14
z
]
g -850,
B - 3
3 40‘ g 0 o oty
£ o £ 40 . o 1ng
2 30 - ° > 10
@ o -+ 10ng
153 2 —
£ zu‘ - g /;?5\ - 100ng
g 204 /
£ g /
e -10 2
% IR .
H —~L, AL g o iy
2
= Base 0.1 1 10 100 2 10J 0 1 2 4 24 48 72
o
Dose of i.m. TNFa (ng/20pul) 5 Time after TNFo. i.m. injection (hrs)
2
2
i 3
I . § - Vehicle
° 4 o 1ng
2 30 - £ a0 —~+ 10ng
E 2 _
H 2 .30- f T -~ 100 ng
¢ 20 g S
2
£ s g
2 10 2 J
: HEN .
f': 0- 8 0 —"] Y
g
M Vehicle 1 10 100 S ol 0 05 1 2 4 2
o
Dose of PGE, (ng/5ul) injected i.m. = Time after PGE, i.m. injection (hrs)
50 -50
- 10ng ~ Naive
40 - 100 ng a0 - 01ng
a 30 o 1ng
+ 10ng
204 - 100 ng

0 05 1 2 4 24

% Change in nociceptive threshold
% Change in nociceptive threshold

Time after re-injection of PGE, (hrs)

Time after PGE, i.m. injection (hrs)

Figure 1.

Injection of TNFa into the gastrocnemius muscle produces mechanical hyperalgesia and
hyperalgesic priming. (A) Single dose of rat recombinant TNFa (0.1-100 ng) injected into
the gastrocnemius muscle of different groups of rats decreased the mechanical nociceptive
threshold in a dose-dependent manner, in readings taken 2 hrs after its injection (n=6 per
group). (B) The time-response curve for hyperalgesia induced by different doses of TNFa
(n=6 per group). Muscle mechanical hyperalgesia reached a maximum 2 hrs post-injection
(100 ng), and lasted up to 48 hrs. (C) Single doses of PGE, (1-100 ng) injected into the
gastrocnemius muscle produced a dose-dependent decrease in mechanical nociceptive in
readings taken 30 min after injection (n=6 per group). (D) Mechanical hyperalgesia induced
by different doses of PGE, was investigated from 30 min to 24 hrs (n=6 per group).
Hyperalgesia reached a maximum 30 min post-injection and lasted less than 4 hrs. (E)
Previous injection of either 10 or 100 ng of PGE,, three days prior, did not change the
amplitude or duration of mechanical hyperalgesia induced by a re-injection of 100 ng (5 pl)
of PGE; in the same injection point (n=6 per group). (F) Rats previously injected with
TNFa exhibited prolonged duration of PGE, (100 ng)-induced mechanical hyperalgesia
compared to naive rats (n=6). ***P < 0.001.
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Figure 2.
Action potential characteristics from primed DRG neurons in vitro. Representative traces

(A) from naive (n=23) and primed (n=15) neurons show a significant hyperpolarization of
resting membrane potential (RMP) in primed neurons (A, B), which occurs in the absence of
any significant difference in other characteristics, for example membrane threshold of action
potential generation (C). ***P<0.001
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Figure 3.

(A). Knockdown of the KCNQ2 expression in cultured dorsal root ganglia. Cultured DRGs
treated with 1uM antisense ODN for 60 h in the presence of oligofectamine™ demonstrate a
27.5 £1% decrease over all amplification cycles in their mMRNA expression compared to
cultured DRGs treated with 1 uM mismatch ODN. Column 1- DNA ladder, column 2-
mismatch ODN, column 3- antisense ODN. (B) Application of K,,7.2 antisense prevents the
expression of priming. K,,7.2 antisense (n=10) or mismatch (n=6) injections (10 pg
intrathecal) were given daily for three days. On day four, nociceptive testing was performed
in the antisense condition. The TNFa priming stimulus was applied (100 ng) followed by
three more days of antisense / mismatch. On day seven, testing was performed before, 30
min and 4 h after PGE, (100 ng) injection. Antisense treatment prevented the reduction in
threshold observed 4 h after PGE; injection. Nociceptive testing was performed again on
Day 10 in antisense-treated rats (three days after cessation of treatment), the prolonged
hyperalgesia 4 h after PGE; injection had returned.
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Figure4.

A measurement of the excitability of naive and primed nociceptive fibers /in vivo. (A) C-
fibers in primed neurons (n=35) displayed a significantly elevated mechanical threshold
compared to naive fibers (n=44), that was reversed by antisense (n=10), but a similar
conduction velocity (B). (C) Upon exposure to 100 ng 35 PGE,, mechanical threshold was
not significantly altered in either primed (n=21) or K, 7.2 antisense-treated (n=10) fibers
compared to naive fibers (n=10) after 60 min. (D) Compared to control fibers (n=10), the
spike frequency at 60 min was increased in primed fibers (n=21) and decreased in primed
fibers treated with antisense (n=10). (E) Spike response histogram of primed fibers
measured before 100 ng PGE, application, as well as 30 and 60 min after. *P<0.05,
**p<0.01
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