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Mechanical hyperalgesia is a common and potentially disabling complication of many inflammatory and
neuropathic conditions. Activation of the enzyme PKCe in primary afferent nociceptors is a major mechanism
that underlies mechanical hyperalgesia, but the PKCe substrates involved downstream are not known. Here,
we report that in a proteomic screen we identified the Nay1.8 sodium channel, which is selectively expressed
in nociceptors, as a PKCe substrate. PKCe-mediated phosphorylation increased Nay1.8 currents, lowered the
threshold voltage for activation, and produced a depolarizing shift in inactivation in wild-type — but not in
PKCe-null — sensory neurons. PKCe phosphorylated Nay1.8 at S1452, and alanine substitution at this site
blocked PKCe modulation of channel properties. Moreover, a specific PKCe activator peptide, p¢eRACK, pro-
duced mechanical hyperalgesia in wild-type mice but not in Sc»210a7/- mice, which lack Nay1.8 channels. These
studies demonstrate that Nay1.8 is an important, direct substrate of PKCe that mediates PKCe-dependent

mechanical hyperalgesia.

Introduction

Tissue damage, inflammation, and neuropathic disorders often
produce hyperalgesia, a state of increased sensitivity to painful
stimuli. Sensitization of primary afferent nociceptors by inflam-
matory mediators or by nerve damage produces hyperalgesia, a
major clinical problem. One well-established, important regulator
of both inflammatory and neuropathic nociceptor sensitization is
the € isoform of PKC (PKCe). PKCe is activated by bradykinin and
contributes to bradykinin-mediated sensitization of nociceptors
to heat (1). PKCe also mediates mechanical hyperalgesia induced
by epinephrine, NGF, or carrageenan and visceral inflammatory
pain evoked by intraperitoneal administration of acetic acid (2).
In addition, PKCe is a critical mediator of mechanical hyperalgesia
in a priming model of chronic pain induced by carrageenan or a
selective peptide activator of PKCg, (eRACK (3), and of mechani-
cal hyperalgesia in rodent models of alcoholic (4), diabetic (5), and
vincristine neuropathy (6). The polymodal receptor channel tran-
sient receptor potential vanilloid 1 (TRPV1) is a PKCe substrate
that contributes to thermal hyperalgesia (7, 8), but the peripheral
substrates involved in PKCe-induced mechanical hyperalgesia are
not known. Identifying these substrates is of clinical interest since
mechanical hyperalgesia is very common and can be a disabling
feature, particularly in neuropathic pain syndromes.

In this study, we used a chemical genetics approach (9) to specifi-
cally detect direct protein substrates of PKCe in dorsal root gangli-
on (DRG) cells and found that the tetrodotoxin-resistant (TTX-R)
sodium channel Nay1.8 is a PKCe substrate. Nay1.8 channels
are selectively expressed in peripheral sensory neurons of neona-
tal and adult DRG and trigeminal ganglia (10-12). Studies with
Senl0a”~ mice, Nay1.8 inhibitors, antisense oligonucleotides, and
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RNA interference have demonstrated an important role for Nay1.8
in mechanical and thermal hyperalgesia resulting from inflam-
mation or nerve injury (13). Here, we provide direct evidence that
PKCe directly phosphorylates Nay1.8 at S1452 and regulates its
function in nociceptors and that Nay1.8 is a major mediator of
PKCe-induced mechanical hyperalgesia.

Results

Identification of PKCe substrates in lumbar DRGs. To identify PKCe
substrates with high specificity, we generated an ATP analog-spe-
cific mutant of PKCe, AS-PKCe (9). We engineered this mutation
(M486A) to be functionally silent with respect to kinase activ-
ity and substrate specificity but to allow use of an ATP analog
to deliver a chemical tag to substrates. The analog contains two
modifications: a side group at the N¢ position of the adenine
moiety, which allows preferential binding to an analog-specific
kinase (AS-kinase), and a phosphate mimetic (thiophosphate) at
the y-phosphate of ATP to generate the kinase-transferable tag.
The thiophosphate tag is unique in that it resists phosphatases
and can be chemically distinguished from other functional groups
by alkylation, followed by detection with a specific antibody that
recognizes thiophosphate esters (14).

Incubation of mouse DRG lysates with N°-benzyl ATP-yS and
AS-PKCe resulted in thiophosphorylation of several proteins
identified by Western blot analysis. Incubation of lysates in the
absence of AS-PKCe or in the presence of a specific AS-kinase
inhibitor, 1-naphthyl-4-amino-1-ter-butyl-3-(p-methylphenyl)p
yrazolol[3,4-d|pyrimidine (1Na-PP1), prevented thiophosphory-
lation, indicating that it was mediated by AS-PKCe (Figure 1A).
The general PKC activator phorbol 12-myristate, 13-acetate
(PMA) did not increase thiophosphorylation, further suggesting
that endogenous activators present in the lysate were sufficient
to activate AS-PKCe. To reduce sample complexity and enrich for

http://www.jci.org 1



research article

A Immunoblot B Coomassie Immunoblot Figure 1
kDa B  kDa Screening of PKCe substrates. (A) Western blot anal-
: o ysis with anti-thiophosphate ester antibody, showing
225- 225- * that thiophosphorylation of lumbar DRG lysates by AS-
150- 150- PKCe was blocked by the AS-kinase inhibitor, 1Na-
PP1 (1-Na). (B) Thiophosphorylated proteins were
102- 102- separated by solution-phase isoelectric focusing into
76- 76- 5 pools (isoelectric point [pl] ranges of each pool are
5. shown at bottom). Proteins separated by SDS-PAGE
50. were detected by Western blot analysis with anti-thio-
38- ph(_)sphat_e ester antib_ody (right); parallel ge_ls were
31 38- stained with Coomassie blue (left). The asterisk indi-
) 31 cates a band at approximately 200 kDa in the 6.2-7.0
24- ) pl pool that was subsequently identified as Nay1.8 by
- mass spectrometry.

© O N O O © o N o o

AS-PKCe + + + - ‘,r © «? 'T - ﬁf S “? 'T -

PMA + — + + S 9 x4 2 o 9% A2

1N + o B ©o N o 6w o ™

-Na - -— - pl

low-abundance proteins, we performed solution-phase isoelec-
tric focusing (15) and then separated proteins by SDS-PAGE for
Western blot analysis (Figure 1B). We focused attention on pro-
teins of molecular mass greater than 100 kDa to identify large
membrane proteins that might be substrates. Coomassie blue-
stained bands (Figure 1B, left) that matched immunoreactive
bands (Figure 1B, right) were excised, and proteins in excised gels
were identified by tandem mass spectrometry. From an excised
band at approximately 200 kDa in the pH 6.2-7.0 fraction, we
identified Na,1.8 as a potential PKCe substrate.

Figure 2

Native PKCe colocalizes with native Na,1.8. If PKCe phosphorylates
Na,1.8 in vivo, then both proteins should be expressed in the same
cells. In adult rat DRG neurons, we found that PKCe immuno-
reactivity was mainly distributed in small- to medium-diameter
neurons, while Nay1.8 immunoreactivity was mostly found in
small- and medium-diameter neurons together with PKCe immu-
noreactivity (Figure 2A). We also found that endogenous PKCe
could be coimmunoprecipitated from DRG lysates by an anti-
Nay1.8 antibody (Figure 2B). These results indicate that PKCe
colocalizes and interacts with Na,1.8 in DRG neurons.

B kDa WB: PKCe
g -
76-
Input +
IP — PKCe IgG Na 1.8
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Native Na,1.8 sodium channels are colocalized with and phosphorylated by PKCe. (A) Na,1.8 (green) and PKCe (red) colocalize in small- and
medium-sized DRG neurons (yellow). Areas labeled 1 and 2 in the merged image are shown at higher magnification in the bottom panels.
Scale bar: 200 um (top); 25 um (bottom). (B) Lumbar DRG lysates were immunoblotted directly (Input) or immunoprecipitated (IP) with PKCe,
IgG, or anti-Na,1.8 antibodies, and then the immunoprecipitates were subjected to Western blot (WB) analysis with anti-PKCe antibody. (C)
PKCe-mediated thiophosphorylation of proteins immunoprecipitated from lumbar DRG lysates with anti-Na, 1.8 or control IgG and assayed in
the presence or absence of the PKC inhibitor bisindolylmaleimide | (BIS; top). The Western blot in the bottom panel shows that equal amounts
of immunoprecipitated Na,1.8 were used in the kinase assay. Thiophos. ester, thiophosphate ester.
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Identification of a PKCe phosphorylation site in Na,1.8. To deter-
mine whether PKCe phosphorylates native Nay1.8 channels, we
immunoprecipitated Nay1.8 from rat lumbar DRG lysates (Figure
2C, bottom) and incubated the immunoprecipitate with recombi-
nant PKCe and ATP-yS. PKCe phosphorylated Na,1.8 in vitro, and
this phosphorylation was inhibited by the general PKC inhibitor
bisindolylmaleimide I (Figure 2C, top). To identify sites of phos-
phorylation, we expressed and purified all intracellular domains
(Figure 3A) of rat Na,1.8 as 6xHis-tagged fusion proteins (Figure
3B) for in vitro phosphorylation by recombinant PKCe. The L3
loop appeared to be the best PKCe substrate (Figure 3B). Although
several other phosphorylated bands could be detected in samples
of N terminus, L1, and L2 fusion proteins, the molecular masses
of these phosphoproteins did not match those of the fusion pro-
teins, as determined by Western blot analysis with an anti-His tag
antibody (Figure 3B), suggesting that they were bacterial proteins
and not intracellular domains of Nay1.8.

As shown in Figure 4A, PKCe phosphorylated the intracellular
Na,1.8/L3 loop at a rate similar to phosphorylation of the major
intracellular loop of the GABA, y2S subunit, which contains a
PKCe phosphorylation site at S327 (9). Similar to GABA, y2S, the
Na,1.8/L3 loop was phosphorylated to a maximal stoichiometry of
0.95 +0.08 (n = 3), suggesting thatitis a true PKCe substrate. Since
there are only 2 potential PKC phosphorylation sites, T1437 and
$1452, in the L3 loop, we generated 2 alanine substitution mutants,
L3-T1437A and L3-S1452A, and examined their phosphorylation
by PKCe in vitro. The L3-S1452A mutation markedly decreased
PKCe-mediated phosphorylation, whereas the L3-T1437 mutation
did not (Figure 4, B and C). This result indicates that S1452 in the
L3 loop can be phosphorylated by PKCe in vitro. We noticed that
the S1452A mutation did not completely block phosphorylation of
the L3 fusion protein (Figure 4C). This may have been due to weak
phosphorylation of non-loop residues within the 6xHis tag, which
contains 5 serine residues (MGSSHHHHHHSSGLVPRGSHM).

PKCe phosphorylation of S1452 enhances Na,1.8 channel function. To
determine whether PKCe phosphorylation of S1452 regulates the
function of Nay1.8, we functionally expressed Nay1.8 in ND7/23
cells, which are a hybrid cell line derived from rat DRG neurons
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Figure 3

PKCe phosphorylates the third intracellular loop of Na,1.8. (A)
Schematic diagram illustrating the structural topology common to
all eukaryotic sodium channels. (B) Intracellular domains of Nay1.8
were expressed in bacteria as 6xHis-tagged fusion proteins, and their
expression was confirmed by Western blot analysis (left) with an anti-
6xHis antibody (N terminus [N], ~24 kDa; L1, ~38 kDa; L2, ~39 kDa;
L3, ~11 kDa; C terminus [C], ~35 kDa). Fusion proteins were used in a
PKCe assay to determine whether any were PKCe substrates (right).
An autoradiogram illustrates that the L3 loop (~11 kDa) is a likely PKCe
substrate. Similar amounts of each fusion protein were used in West-
ern blots (left) and kinase assays (right).

and mouse N18TG2 neuroblastoma cells (16) and were previously
used to express Na,1.8 (16-21). We conducted these studies in the
presence of 300 nM tetrodotoxin (TTX) to block endogenously
expressed, voltage-gated, TTX-sensitive (TTX-S) sodium channels
(Figure SA). As shown in Figure 5B, we detected a TTX-R voltage-
gated sodium current in Na,1.8-transfected cells (peak current,
2,279 + 411 pA; n = 22). In cells expressing wild-type Na, 1.8, acti-
vation of PKCe with the YyeRACK peptide (n = 18 cells) increased
the current density by 76% over that of the control condition
(n =39 cells), while a scrambled 1eRACK peptide (n = 19 cells) had
no effect (H = 11.09, P = 0.0039). Likewise, in cells that expressed
the T1437A mutant, YeRACK (n = 24 cells) increased the current
density by 59% over that of the control condition (n = 24 cells),
while the scrambled yeRACK peptide (n = 17 cells) was ineffective
(H=7.03,P=0.0298). In contrast, in cells expressing the S1452A
mutant, YeRACK (n = 20 cells) failed to increase the current den-
sity over the current measured in the control condition (» = 19
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Figure 4
Identification of PKCe phosphorylation sites in the L3 loop. (A) The
top 2 panels show an autoradiogram of phosphorylated intracellular
L3 loop (p-L3) and a scanned image of a Coomassie blue—stained
gel before autoradiography (L3). The bottom 2 panels are an auto-
radiogram and gel of PKCe phosphorylation of the large intracellular
loop of the GABA, y2 subunit (p-y2s), a known PKCe substrate (9).
(B) An autoradiogram and Western blot with anti-6xHis antibody,
showing that PKCe phosphorylation of the Nay1.8 L3 loop was sub-
stantially reduced by alanine substitution at S1452 but not at T1437.
(C) Quantification of L3 loop phosphorylation by PKCe. Results were
calculated as the ratio of optical density values for phosphorylation
(determined by autoradiography) and immunoreactivity (determined
by Western blot analysis with anti-6xHis antibody) and were normal-
ized to values obtained for native L3 loop run in parallel (mean + SEM
values from 3 experiments). *P = 0.0002 compared with a theoretical
mean of 1.0 by 1-sample ¢ test.
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cells), and the scrambled peptide (n = 16 cells) again had no effect
(H=0.033, P=0.9836). These findings indicate that phosphoryla-
tion at S1452 is required for PKCe to increase Na,1.8 function.

PKCs increases Na,1.8 currents in DRG neurons. Adult small-diam-
eter DRG neurons express at least 2 TTX-R sodium channels,
Na,1.8 and Na,1.9 (12, 22, 23), which can be separated by applying
different holding potentials and further identified by their inac-
tivation kinetics (24). We were able to isolate slowly inactivating
Nay1.8 currents by using a holding potential (V;) of <70 mV (Figure
6A, right). Persistent Na,1.9 TTX-R Na* currents (Figure 6A, left)
could be recorded in DRG neurons from Scn10a7/~ mice, which lack
Na, 1.8 channels, when the Vj, was -120 mV (n = 5 neurons), where-
as no TTX-R Na* currents (n = 20 neurons) could be recorded when
the Vj was -70 mV (Figure 6A, middle), consistent with published
data (24). In Prkce”* DRG neurons, administration of peRACK
increased the peak Nay1.8 current density by approximately 65%,
while the scrambled 1yeRACK peptide had no effect (H = 9.256,
P =0.0098; Figure 6, B and C). In contrast, neither YeRACK nor
the scrambled 1eRACK peptide altered the Na,1.8 peak current
density in Prkce”~ DRG neurons (H =0.935, P = 0.6265).

PKCe modifies the voltage dependence of Nay1.8 channel activation and
inactivation. Nay1.8 currents in Prkce”* and Prkce/- DRG neurons
showed similar activation and inactivation kinetics, which were
not significantly altered by yeRACK (Supplemental Figure 1, A
and B; supplemental material available online with this article;
doi:10.1172/JCI161934DS1). However, 1j¢RACK caused a sig-
nificant leftward shift (11 mV) in the activation curve in Prkce*/*
neurons (Figure 7A and Supplemental Table 1), decreasing the
voltage that elicits half-maximal activation (V1/,) in Prkce”* neu-
rons but not in Prkce”/~ neurons, while scrambled yeRACK had
no effect. Analysis of these data showed no significant main effect
of genotype (Fgenotype [1,29] = 3.74, P = 0.0629), but there was a
significant effect of treatment (Freaemene [2,29] = 12.05, P = 0.0002)
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Figure 5

PKCe enhances Na,1.8 currents in ND7/23 cells. (A) ND7/23 cells
express an endogenous Na+ current (left) that can be blocked with
TTX (middle), while Nay1.8-transfected ND7/23 cells express a TTX-R
Na+ current (right). (B) Alanine substitution at S1452 prevents PKCe
enhancement of Na,1.8 current density. Histograms show mean +
SEM values from 18 to 39 recordings for each condition from 4—6 inde-
pendent experiments. Treatment with y¢RACK in the patch pipette
increased the current density in cells expressing native Nay1.8 or
the T1437A mutant but not in cells expressing the S1452A mutant.
*P < 0.05 compared with control and scrambled y¢RACK-treated cells
by Dunn’s multiple comparison tests.

and a significant interaction between genotype and treatment
(Fgenotype x creatment [2,29] = 11.07, P = 0.0002). In addition, yeRACK
produced a small (3.7 mV) but statistically significant depolar-
izing shift in the steady-state inactivation curve in Prkce”* neu-
rons (Figure 7B and Supplemental Table 1), increasing the voltage
that elicits half-maximal inactivation (Vi/,) in Prkce”* but not in
Prkce”~ neurons (Fgenotype [1,44] = 92.85, P < 0.0001; Fireacment [1,44]
=5.99, P = 0.0185; Fyenotype x trearment |1, 44] = 15.38, P = 0.0003).
Thus, activation of PKCe shifted Na,1.8 voltage dependence of
activation, permitting the channel to open in response to weaker
depolarizations, and inactivation to increase channel availability
in the potential domain between -50 mV and -15 mV.

YeRACK peptide evokes a PKCe-dependent hyperalgesia in mice.
Intraplantar injection of }e¢RACK in rats produces mechanical
hyperalgesia that can be antagonized by the general PKC inhibi-
tor bisindolylmaleimide I or by the selective PKCe inhibitor
peptide €V1-2 (3). To determine whether yeRACK can also be
used to model PKCe-dependent pain responses in mice, we com-
pared mechanical hyperalgesia, thermal hyperalgesia, and noci-
fensive behaviors in Prkce”* and Prkce”~ mice after intraplantar
injection of this peptide.

Thermal hyperalgesia produced by 1eRACK was measured using
the Hargreaves method 1 hour after intraplantar injection and was
compared with baseline measurements made in the same paws 1
day prior (Figure 8A).yeRACK reduced the paw withdrawal laten-
cy compared with baseline responses in Prkce”* mice but not in
Prkce”~ mice (Fgenotype [1,16] = 7.43, P = 0.015; Firearmene [ 1,32] = 4.49,
P =0.0501; Fgenotype x treatment [1,16] = 5.07, P = 0.0387). There was
no difference in baseline thermal sensitivity between Prkce”* and
Prkce/~ mice. These data demonstrate that 1p¢eRACK produces a
thermal hyperalgesia that is PKCe dependent.

Mechanical hyperalgesia produced by eRACK was measured as
the change in response frequency to a 0.4 g von Frey filament, tested
1 hour after intraplantar injection of either 1eRACK or scrambled
PeRACK peptide (Figure 8B). There was a greater response frequen-
cy in Prkce*/* mice treated with (eRACK than in Prkce”* mice treat-
ed with the scrambled peptide but no difference between Prkce**
and Prkce”~ mice treated with the scrambled peptide or between
Prkce”/~ mice treated with YeRACK or the scrambled peptide
(H=8.75,P=0.0328). These results indicate that e RACK produces
a mechanical hyperalgesia that specifically requires PKCe.

In addition to limb withdrawal reflexes, we examined spontane-
ous pain by timing the duration of licking, biting, or lifting of the
injected paw after administration of {eRACK (Figure 8C). Injec-
tion of saline elicited brief nociceptive behavior in both Prkce”* and
Prkce”~ mice. In contrast, in Prkce”* mice, treatment with 1peRACK
produced robust nocifensive behavior that persisted much longer
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yeRACK enhances Na,1.8 current in wild-type but not Prkce”- DRG neurons. (A) Families of current traces recorded in the presence of 300 nM
TTX from cells depolarized to a range of voltages (=70 to +50 mV) from a holding potential of —120 mV (left) to elicit Nay1.9 currents or from =70 mV
(middle and right) to elicit Nay1.8 currents from Scn10a-- (middle) or Scn10a*+ (right) neurons. (B) Voltage-clamp recordings in Prkce*'* or
Prkce~- neurons incubated with yeRACK or scrambled 1¢RACK using a holding potential of =70 mV. (C) Compared with that in untreated control
Prkce+**+ neurons (n = 23), administration of y¢RACK (n = 30) increased the peak sodium current, while scrambled y¢RACK (n = 20) had no
effect (*P < 0.05 versus Prkce*+ control cells or Prkce*+ cells treated with scrambled y¢RACK by Dunn’s multiple comparison test). Neurons

were obtained from 5 to 8 mice of each genotype.

than that after saline injection, while in Prkce”~ mice there was
no difference in nocifensive behavior elicited by saline or e RACK
(Fgenogpe [1,16] = 4.63, P = 0.0471; Fryeament [ 1,16] = 8.50, P = 0.0101;
Fenotype x treacment [1,16] = 5.26, P = 0.0357). These data indicate that
local injection of peRACK produces spontaneous pain that is fully
dependent on PKCe.

PKCe-dependent mechanical hyperalgesia is reduced in Scn10a~~ mice.
To determine whether Nay1.8 is necessary for PKCe-induced hyper-
algesia, we administered YeRACK or the control scrambled e RACK
peptide by intraplantar injection in Scnl0a~/~ mice and measured
thermal hyperalgesia 1 hour later (Figure 8D). Although there was
an overall effect of treatment (Fireament [1,44] = 12.45; P < 0.001),
there was no significant effect of genotype (Fgenorype [1,44] = 1.68;
NS) and no genotype-by-treatment interaction (Fgenotype x creatment
[1,44] = 0.1810; NS). However, the response frequency to von
Frey filament stimulation was differentially altered in Scnl0a™*
and Scnl0a”/~ mice after administration of 1peRACK (H= 16.70,
P =0.0008). In wild-type mice, there was a significant increase in
paw withdrawal frequency after injection of YeRACK compared
with that after injection of the scrambled peptide, whereas the
responses in Scnl0a”~ mice were not significantly different after
these treatments (Figure 8E). In contrast,1peRACK elicited a simi-
lar increase in nocifensive behavior in both genotypes (Figure 8F),
with a main effect of treatment (Fj 5 = 21.94; P < 0.0001) but no
effect of genotype (Fi 26 = 0.16; NS) and no genotype-by-treatment
interaction (Fy 26 = 0.25; NS). These findings indicate that Nay1.8
contributes to PKCe-stimulated mechanical hyperalgesia but not
to thermal hyperalgesia or nocifensive behavior.

The Journal of Clinical Investigation

Discussion

To identify PKCe substrates in DRG neurons that mediate nocicep-
tor sensitization, we used the PKCe mutant AS-PKCe and its ability
to tag substrates with N°-benzyl ATP-yS (14). This tool allowed us
to identify Na,1.8 as a PKCe substrate. We focused on this chan-
nel because our previous work had provided indirect evidence for
PKCe regulation of a TTX-R current in cultured rat DRG neurons
(2), and a recent report suggested that activation of neurokinin-1
receptors enhances Nay1.8 currents in DRG neurons through a
process that requires PKCe (25), though this conclusion rested on
a single in vitro experiment in which a high concentration of the
PKCe translocation inhibitor, the €V1-2 peptide, blocked the effect
of a neurokinin-1 receptor agonist. Unfortunately, that study did
not explore the mechanism for this inhibition or its contribution
to hyperalgesia, leaving open the question of whether Nay1.8 is a
direct PKCe substrate that contributes to hyperalgesia. We pur-
sued this question here and found that PKCe colocalizes and
interacts with Na,1.8 in small- and medium-sized DRG neurons
and phosphorylates Na,1.8 in vitro. Using Na,1.8 intracellular
fragments as substrates, we also found that PKCe phosphorylates
the intracellular L3 loop of Na,1.8 at S1452. Phosphorylation at
this site was functionally significant, since the S1452A mutation
prevented PKCe-mediated enhancement of Nay1.8 currents. In pri-
mary DRG neurons, activation of PKCe enhanced the peak Na,1.8
current, shifted the voltage dependence of activation to more
negative potentials, and produced a depolarizing shift in steady-
state inactivation. To examine the behavioral significance of this
regulation in vivo, we administered a PKCe activator, the yeRACK
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Figure 7

PKCe alters the voltage dependence of activation and steady-state inactivation of Nay1.8 channels.
(A) yeRACK shifted the voltage dependence of activation to more negative voltages in Prkce*+ (WT)
neurons but not in Prkce- (KO) neurons. (B) yeRACK shifted the voltage dependence of steady-
state inactivation to more positive voltages. Best-fitted curves of activation and steady-state inactiva-

tion were generated by the Boltzmann distribution equation.

peptide, to produce PKCe-dependent hyperalgesia in mice and
found that Nay1.8 contributes to PKCe-dependent mechanical
hyperalgesia but not to thermal hyperalgesia or spontaneous pain.
Together, these findings indicate that PKCe enhances the func-
tion of Nay1.8 channels through phosphorylation of L3/S1452,
and this process leads to mechanical hyperalgesia.

All a subunits of voltage-gated sodium channels share a com-
mon topology and contain several potential PKC phosphorylation
sites in the first and third intracellular loops (26). The L3 loop
is highly homologous, with a serine or threonine residue equiva-
lent to Nay1.8/51452 conserved in all voltage-gated sodium chan-
nels. This residue is phosphorylated by PKC in Nay1.2 (27). The
existence of this consensus sequence suggests that PKCe could
play an important role in regulating the function of several volt-
age-gated sodium channels. However, in contrast to our findings
with Nay1.8, activation of PKC generally attenuates Na* currents
mediated by TTX-S channels (28-32). The basis for these oppo-
site effects on channel function may relate to sequence differences
outside of the L3 loop, including the presence of additional PKC
phosphorylation sites in TTX-S channels (26, 33) that may reduce
channel function when phosphorylated.

Activation of PKCe increased Nay1.8 current density and low-
ered voltage threshold for activation in wild-type DRG neurons
but not in neurons from Prkce”~ mice (Figure 7A). In control cells
not exposed to the PKCe activator, the Na,1.8 current density in
wild-type and Prkce”/~ neurons was similar. This result is consistent
with our previous in vivo findings showing that absence of PKCe
in mice or local administration of the selective PKCe inhibitor eV1-
2 to rats does not affect baseline nociception (2). Thus, our find-
ings indicate that PKCe regulation of Nay1.8 does not contribute
to baseline perception of pain responses but instead is specifically
involved in PKCe-dependent nociceptor sensitization.

While the effect of PKCe phosphorylation at S1452 on Na, 1.8 chan-
nel inactivation might be explained by the proximity of S1452 to the
fast-inactivation tetrapeptide within the L3 loop, the molecular sub-
strate for the effect on channel activation is less obvious. The PKCe-
mediated hyperpolarizing shift of Na,1.8 activation might result
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201000 Gith this hypothesis, PKA and PKC
phosphorylation at multiple serine
residues have previously been shown
to cooperate in regulating neuronal
Na,1.2 channels (35, 36). Specifically,
phosphorylation of S1506 within L3 of
Na, 1.2 (which corresponds to S1452 in
Na,1.8) is a prerequisite for PKA phos-
phorylation of serine residues within
L1 (27) and potentiates the effects of
PKA on Na,1.2 channel function (35, 36). Thus, it is reasonable to
suggest that phosphorylation of S1452 affects channel inactivation
via a local effect on L3 but exerts an effect on channel activation by
an allosteric action on distal channel structures, which might involve
phosphorylation of L1 residues by another kinase, such as PKA.

PKCe plays a key role in thermal and mechanical hyperalgesia
due to nociceptor sensitization by several inflammatory media-
tors or neuropathic conditions (1-6, 37-43), and it is well estab-
lished that TRPV1 is an important PKCe substrate that mediates
thermal hyperalgesia (7,41, 42, 44-46). Here, we demonstrate that
Nay1.8 is a direct PKCe substrate that mediates mechanical hyper-
algesia. Although PKCe-induced mechanical hyperalgesia was
diminished in Sen10a7~ mice, the decrease was partial. It is pos-
sible that our results in Scn10a7/~ mice underestimated the role of
Nay1.8 in PKCe-dependent hyperalgesia, since Na,1.7 channels are
upregulated in these animals (47). On the other hand, our results
demonstrating a partial decrease in mechanical hyperalgesia may
indicate the existence of additional PKCe substrates that mediate
PKCe-dependent pain. DRG neurons express other ion channels
involved in nociceptor sensitization to mechanical stimuli that are
possible PKC substrates. These include Nay1.3 (48), TRPV4 (37,
49-51), and acid-sensing ion channels (52, 53). TRPV4 in particu-
lar is a candidate, since the selective PKCe inhibitor, €V1-2, blocks
TRPV4-dependent mechanical hyperalgesia (37). However, there
is not yet a consensus as to which sites on TRPV4 are important
for PKC-mediated sensitization of this channel (49, 51) nor is it
certain that PKCe directly phosphorylates TRPV4.

In summary, our findings demonstrate that PKCe regulates
Nay1.8 by phosphorylating the third intracellular loop of Nay1.8
at S1452, shifting the voltage dependence of activation to more
negative potentials, producing a depolarizing shift in steady-
state inactivation, and increasing the peak sodium current.
Our in vivo findings indicate that Nay1.8 mediates mechanical
hyperalgesia evoked by activation of PKCe. These results iden-
tify Na,1.8 as a direct substrate of PKCe that is important for
mechanical hyperalgesia and, together with TRPV1, plays a key
role in PKCe-mediated nociceptor sensitization.

V,, (mV)
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Methods

Screening of PKCe substrates by isoelectric focusing and mass spectrometry.
C57BL/6] mice (28-36 days old) were killed by CO; inhalation, and their
lumbar DRGs were dissected and homogenized on ice in RIPA lysis buf-
fer (25 mM Tris-HC, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate,
0.1% SDS [pH 7.4]; G-Biosciences) plus protease and phosphatase inhibi-
tor mixture (Thermo). The homogenate was nutated at 4°C for 30 min-
utes. The supernatant proteins were collected after centrifugation for 5
minutes at 12,000 gat 4°C and quantified using the Bradford assay with
BSA as a standard. Thiophosphorylation was performed at 37°C for 15
minutes in buffer containing 20 mM HEPES (pH 7.4), 0.1 mM EGTA,
0.03% Triton X-100, 10 mM MgCl,, 1 mM DTT, 1 mM p-mercaptoetha-
nol, 0.59 mM L-a-phosphatidylserine (Avanti Polar Lipids), 0.1 mM ATP,
5.0 mM GTP, 0.25 mM N¢-benzyl ATP-yS (Biolog), and 0.15 uM AS-PKCe
in the presence or absence of 0.2 uM PMA or 20 uM of the AS-PKCe-spe-
cific inhibitor, 1Na-PP1. The reaction was stopped by adding 20 mM
EDTA, and then 5§ mM p-nitrobenzyl mesylate (Epitomics Inc.) was
added to alkylate the thiophosphorylated residues. After incubation at
room temperature for 1 hour, proteins were separated by solution-phase
isoelectric focusing (15) using a ZOOM IEF fractionator (Invitrogen) and
then by SDS-PAGE on 4%-12% gels. Proteins on gels were transferred to a
nitrocellulose membrane, which was blocked in 5% nonfat milk in TBST
buffer at room temperature for 2 hours. The membrane was incubated
with 1:5,000 anti-thiophosphate ester-specific monoclonal antibody
(Epitomics) at 4°C overnight and then with 1:10,000 anti-rabbit HRP-
conjugated secondary antibody, followed by chemiluminescence detec-
tion. Parallel SDS-PAGE gels were stained with Coomassie blue. Bands in
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Figure 8

PKCe-dependent mechanical hyperalgesia is substantially reduced in
Scn10a~- mice, which lack Na,1.8 channels. (A) Pretreatment with
yeRACK reduced the latency to withdraw the paw upon thermal stimu-
lation in Prkce*+ mice (n = 8) but not in Prkce=- mice (n = 10) (*P <
0.05 compared with wild-type baseline or Prkce- mice treated with
peRACK). (B) 1yeRACK increased the response to von Frey filament
stimulation in wild-type mice (n = 6) but not in Prkce~- mice (n = 6)
(*P < 0.05 compared with other conditions). (C) Nocifensive behavior
lasted longer after administration of y¢eRACK than after administra-
tion of saline in wild-type mice (n = 5) but not in Prkce=- mice (*P <
0.05 compared with wild-type mice treated with saline or Prkce- mice
treated with 1y¢eRACK). (D) 1y¢RACK reduced the latency to withdraw
the paw upon thermal stimulation in both wild-type mice (n = 12) and
Scn10a mice (n = 12). (E) yeRACK increased the response to von
Frey filament stimulation in wild-type mice (n = 14) but not in Scn10a--
mice (n =12) (*P < 0.01 compared with other conditions). (F) y¢RACK
elicited nocifensive behavior that lasted for a similar amount of time
in wild-type mice (n = 6) and in Scn10a~- (n = 3) mice; the scrambled
yeRACK peptide did not elicit spontaneous pain in either genotype.

the Coomassie blue-stained gel, which matched immunoreactive bands
in the Western blot, were excised. The proteins in the excised band were
subjected to in-gel tryptic digestion. The digested peptides were analyzed
by the Proteomics Core Facility at the UC Davis Genome Center, using a
Paradigm HPLC system (Michrom Bioresources) paired with a Thermo
Finnigan LTQ mass spectrometer (Thermo Fisher). Raw spectra were
matched with peptide sequences using X! Tandem (http://www.thegpm.
org/tandem/) to identify unmodified peptides and proteins.

PKC assary. Constructs for the 6xHis Na, 1.8 fusion proteins were described
previously (54). For 6xHis fusion proteins, phosphorylation was performed
in a reaction volume of 10 ul in buffer containing 20 mM HEPES (pH
7.4), 0.1 mM EGTA, 0.03% Triton X-100, 10 mM MgCl,, 1 mM DTT, 1
mM B-mercaptoethanol, 0.59 mM L-o-phosphatidylserine, 1 uM PMA, 50
uM ATP, and 0.1 uM PKCe (Invitrogen). The reaction was preincubated at
room temperature for 2 hours to stimulate PKCe autophosphorylation and
maximize PKCe activity. Then, 0.25 ug substrate proteins and [y-3?P]ATP
(0.3 uCi/ul final concentration) were added to the reaction mixture and
incubated at 37°C for up to 1 hour. The reaction was terminated by adding
5x SDS sample buffer, followed by heating at 75°C for § minutes. Proteins
were separated by SDS-PAGE on 12% gels (Invitrogen), and the amount of
radioactivity incorporated was quantified by phosphorimaging (Typhoon
9410, Amersham Bioscience) after drying the gel.

Thiophosphorylation of immunoprecipitated Na,1.8 was performed at
37°C for 1 hour in a reaction volume of 50 ul in the buffer, as described
above, except ATPYS was used in place of ATP. After thiophosphorylation
and alkylation, thiophosphorylated proteins were detected by Western
blot, as described above.

Whole-cell patch-clamp recording. For studies in DRG neurons, currents
were recorded from neurons with somata of 20 to 25 um in diame-
ter within 16 to 30 hours of plating. At that time neurites were not
generally present. The bath solution contained the following: 70 mM
NaCl, 70 mM choline CI, 3 mM KCI, 1 mM MgCl,, 1 mM CacCl,, 10
mM glucose, and 10 mM HEPES (pH 7.3) (pH adjusted with NaOH).
The pipette solution contained the following: 140 mM CsF, 1 mM
EGTA, 10 mM NacCl, 10 mM HEPES, and 2 mM Na,ATP (pH 7.3) (pH
adjusted with CsOH). To isolate TTX-R currents, 20 mM tetraethylam-
monium-Cl (TEA-CI), 0.1 mM CdCl,, and 300 nM TTX were included
in the bath solution to inhibit endogenous K*, Ca?*, and TTX-S Na*
currents. The fluoride-based pipette solution was used in these stud-
ies to facilitate the separation of the slowly inactivating Nay1.8 TTX-R
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current from the persistent Nay1.9 TTX-R current (24, 54). Activation
and steady-state inactivation properties of Na,1.8 are not different in
fluoride-based or chloride-based pipette solutions (55, 56). For studies
in transfected cells, ND7/23 cells were used within 42 to 72 hours after
transfection. Rat Na,1.8 expression plasmid was a gift from John Wood
(University College London, London, United Kingdom). The bath solu-
tion contained the following: 129 mM NaCl, 10 mM HEPES, 3.25 mM
KCl, 2 mM MgCl;, 2 mM CaCl,, 20 mM TEA-Cl, 5 mM D-glucose, and
0.0003 mM tetrodotoxin, adjusted to pH 7.4 (with NaOH). The pipette
solution contained the following: 120 mM CsF, 10 mM NacCl, 10 mM
HEPES, 11 mM EGTA, 10 mM TEA-Cl, 1 mM CaCl,, 1 mM MgCl,, and
2 mM Na,ATP, adjusted to pH 7.3 (with CsOH).

Voltage-clamp recordings were performed at room temperature (22°C-
24°C) in standard whole-cell configuration. Microelectrodes were pulled
from borosilicate glass capillaries (World Precision Instruments, catalog
no. 1B120-4) using a Sutter P-87 puller (Sutter Instruments) and had a
tip resistance of 1.6 to 4.0 MQ when filled with pipette solution. Cur-
rents were acquired using an Axopatch Multiclamp 700B amplifier and
Clampex 9.2 software (Molecular Devices), low-pass filtered at 2 kHz,
and sampled at 50 kHz for DRG neurons or 20 kHz for ND7/23 cells.
The pipette potential was zeroed before seal formation, and voltages
were not corrected for liquid junction potential. Leakage currents were
digitally subtracted online using the P/4 protocol of Clampex. Capacity
transients were cancelled using the computer-controlled circuitry of the
patch-clamp amplifier, and voltage errors were minimized using 90% (in
ND7/23 cells) or 95% (in DRG neurons) series resistance compensation.
Five minutes after establishing whole-cell configuration, currents were
recorded every 2 minutes until the maximal peak current was measured.
The V, used was -70 mV. To analyze the voltage-dependence of activation,
currents were evoked by 10-ms pulses ranging from -60 to +50 mV in
steps of 5 mV. The series resistance was typically 2-5 M(Q), and recordings
were discarded if resistance exceeded 8 MQ. Cells with a leakage current
that was more than 200 pA were also discarded.

For I-V and activation curves, voltage protocols were begun at 10 minutes
after whole-cell recording was established. The peak current value (Ima) at
each potential was plotted to form I-V curves. Activation curves were fitted
with the following Boltzmann distribution equation: G/Gmax = 1/{1 + exp
[(V1)2 - V)/k]}, where G is the voltage-dependent sodium conductance, Gmax
is the maximal sodium conductance, Vi, is the potential at which activa-
tion is half-maximal, Vis the membrane potential, and k is the slope. G
values were determined by the following equation: G = Ima/(V - Exa), where
Exa is the reversal potential. To examine steady-state inactivation, the volt-
age that gave maximal peak current was used for subsequent protocols.
Ten minutes after whole-cell recording was established, cells were admin-
istered a series of prepulses (-80 to 0 mV) lasting 500 ms, from the holding
potential of -70 mV, followed by a 10-ms depolarization to a voltage elic-
iting the maximal peak current, every 2.75 seconds. The resulting curves
were normalized and fitted using the following Boltzmann distribution
equation: I/ = 1/{1 + exp [(V - V12)/k]}, where Iy is the peak current
elicited after the most hyperpolarized prepulse, and Vis the precondition-
ing pulse potential.

Animals. We used mouse strains carrying null mutations in Prkce (2)
or Scnl0a (10). Prkce”~ mice have been backcrossed for more than 10
generations with C57BL/6] or 12954 mice to generate inbred lines car-
rying the null mutation. Wild-type and Prkce”~ mice used in experi-
ments were Fy generation hybrids (50% C57BL/6J and 50%129/SvJae)
generated by crossing heterozygous inbred 129/SvJae mice with
heterozygous backcrossed C57BL/6] mice. Scnl0a”~ mice (from John
Wood, University College London) have also been backcrossed for more
than 10 generations with C57BL/6 mice. Scn10a”/~ mice were generated
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by interbreeding homozygous mutants and were compared with age-
matched, purchased C57BL/6] mice (The Jackson Laboratory). Mice
were group housed, given free access to standard rodent chow and
water, and maintained on a 12-hour alternating light/dark schedule
with lights on at 07:00, at a room temperature of between 20°C and
22°C. Behavioral experiments used male mice that were age matched
and between 2 and 5 months old.

Behavioral testing. Mechanical hyperalgesia was measured using von Frey
hairs. Animals were placed on a mesh floor (0.6 cm?) inside a translucent
plastic box (4 x 5 x 8 cm) that was open at the bottom. Mice were exten-
sively handled and were habituated to the testing apparatus for 1 to 2
hours each day for 3 days prior to testing. Mechanical pain responses
were tested by applying a 0.4-g von Frey monofilament (Touch-Test Sen-
sory Evaluator, North Coast Medical) to the plantar surface of the hind
paw. The monofilament was inserted below the mesh floor and onto the
plantar skin until the filament just bent. One trial consisted of up to 8
repetitive applications at a frequency of 1 per second. If the mouse with-
drew its paw after an application of the monofilament, there were no
further applications in that particular trial and a positive response was
recorded for the trial. If the mouse did not withdraw its paw after 8 appli-
cations, a negative response was recorded. Five trials were performed with
a 2- to 3-minute interval between trials. The foot withdrawal frequency
was recorded as the number of foot withdrawals per 5 trials x 100. After
baseline measurements, mice were injected with peptides, and mechani-
cal responses were measured 1 hour later.

Responses to thermal stimuli were measured using the Hargreaves test.
Each mouse was placed on a glass platform, under a clear, acrylic box (4 x
5 x 8 cm). Mice were habituated to the testing apparatus for 1 to 2 hours
per day for 3 days prior to testing. A 50 W radiant heat stimulus was pro-
jected through an oval-shaped aperture (5 x 10 mm) onto the hind paw.
The intensity of radiant heat directed onto the hind paw was adjusted in
pilot experiments to give a response latency of 9 to 10 seconds in wild-type,
nontreated mice. A maximal stimulation time of 20 seconds was used to
avoid tissue damage. The withdrawal latency of a paw was the mean of 3
measurements taken with 10 minutes between stimuli. On day 1, baseline
paw withdrawal latency was determined; on day 2, paw withdrawal latency
was measured 1 hour after administration of peptide.

Spontaneous pain was measured as nocifensive behaviors (57) after
injection of peptide. We recorded the amount of time each mouse spent
licking, biting, or lifting the injected paw, starting 15 minutes after injec-
tion until 45 minutes after injection. In pilot studies, we found that this
time window was sufficient to capture all of the nocifensive behavior elic-
ited by injection of peRACK.

Drug administration. PKCe-dependent pain responses were induced
through intraplantar injection of the peptide y¢RACK (HDAPIGYD)
(58). Peptides were synthesized by Anaspec and dissolved in nor-
mal saline for injection. A dose of 4 ug was administered to produce
mechanical or thermal hyperalgesia, and 0.5 ug was used to produce
nocifensive behavior. The doses were selected based on pilot experi-
ments suggesting that these were the minimal doses required to pro-
duce robust behavioral responses. Control subjects were injected with a
scrambled eRACK peptide (GADIHDPY) or with saline. To allow pen-
etration of the peptides into cells, 2 ul of distilled water were injected
before peptide, in the same syringe, to produce hypoosmotic shock and
transiently permeabilize cell membranes (2).

Statistics. All results are expressed as mean + SEM values. Data were
examined for normality using the D’Agostino and Pearson omnibus
normality test. Unless noted otherwise, normally distributed data were
analyzed by 2-tailed ¢ tests or ANOVA followed by post-hoc Bonferroni
tests where appropriate. Main effects, interactions, and pairwise com-
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parisons were considered significant if P < 0.05. Data that were not
normally distributed were analyzed using Kruskal-Wallis and post-hoc
Dunn’s multiple comparison tests. Differences between groups were

considered significant if P < 0.05.
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