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Effects of PKC and PKA Inhibitors on the cAMP-Stimulant-Induced
Enhancement of Tetrodotoxin-Resistant Na+ (Nav1.8) Currents
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Abstract: The protein kinase C (PKC) inhibitor bisindolymaleimide Ro-31-8425 (Ro-31-8425) decreases the peak tetrodotoxin-resistant (TTX-R) Na+ (Nav1.8) current in nodose ganglion (NG) neurons, and this decrease is not altered by simultaneous application of 8-bromo-cAMP (8-Br-cAMP), phorbol 12-myristate 13-acetate (PMA, a PKC activator) or
forskolin (a cAMP analogue). Intracellular application of the endogenous protein kinase A (PKA) inhibitor, protein kinase
inhibitor (PKI) abolishes the increase in the peak Nav1.8 current that occurs in response to the applications of 8-BrcAMP, PMA, forskolin, or prostaglandin E2 (PGE2, an adenyl cyclase activator). At a higher concentration (0.5 mM)
compared with a sufficient concentration (0.01 mM) to block the cAMP-stimulant Nav1.8 current, PKI still attenuated the
Ro-31-8425-induced decrease in peak Nav1.8 current. When we considered these results together, cAMP-stimulantinduced modification of Nav1.8 currents is mediated by the activation of both PKA and PKC, and PKC may be located
upstream of PKA.

INTRODUCTION
+

In electrophysiological studies of the Na current of sensory neurons, two distinct types of the current have been
identified : tetrodotoxin-sensitive (TTX-S) Na+ currents,
which are blocked by nanomolar concentrations of TTX, and
TTX-resistant (TTX-R) Na+ currents, which are not blocked
or affected by micromolar concentrations of TTX [1, 2]. The
TTX-R Na+ (Nav1.8) current is found more often in capsaicin- and prostaglandin-sensitive neurons [3, 4], and the
TTX-S Na+ current is more common in capsaicin-insensitive
neurons [5, 6]. More specifically, Nav1.8 currents are expressed in a population of small dorsal root ganglion (DRG)
neurons consisting of the capsaicin-sensitive A- and C-type
sensory neurons [5, 6]. The Nav1.8 current is modificated by
hyperalgesic inflammatory mediators, which induce enhanced nociceptive excitability [4, 7, 8]. Nav1.8 channels are
present in the DRG cell body in vivo conditions [9], and it
has been speculated that these channels are present on the
central [10, 11] and peripheral terminals of primary nociceptive afferents [12, 13]. The expression of Nav1.8 channels is
increased in the rat digital nerve and DRG after intraplanter
administration of complete Freund’s adjuvant or carrageenan, respectively [14, 15]. Furthermore, the spinal nerve ligation at the L5-L6 region is known to elicit immunohistochemical and electrophysiological changes in Nav1.8 channels [16]. These observations lead us to suggest the Nav1.8
channel plays a potential role in the sensation of neuropathic
pain [16]. Indeed, it has been demonstrated that human patients with chronic neurogenic pain or chronic local hyperalgesia show increased Nav1.8 channel expression proximal to
a peripheral injury site [17-19].
Nav1.8 channels are cloned from rat DRG neurons and
the expression of these channels is sensitive to capsaicin
[20]. Knockdown of Nav1.8 channel expression produces
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anti-nociception of neuropathic pain [21]. In view of these
observations, taken together, it is possible to speculate the idea
that the Nav1.8 channel is an effective target for treatment of
neuropathic pain. The persistent current that is produced by
Nav1.9 in mouse DRG neurons [22] is not observed in neonatal rat TTX-R nodose ganglion (NG) neurons but the production of Nav1.9 channel protein is found in these neurons [23].
Indeed, Nav1.9 current characteristics have not been demonstrated in neonatal NG neurons [23, 24]. The slow onset of
Nav1.9 channel opening probably implies that this type of Na+
channels makes a minor contribution to the action potential
amplitude [25]. The majority of voltage-gated sodium channels (VGSCs) are inhibited by either protein kinase C (PKC)
or protein kinase A (PKA) [26-32]. The VGSC into the skeletal and cardiac muscles is not significantly affected by the
activation of PKA [33, 34]. However, there are increasing
evidences that the enhancement of Nav1.8 currents is seen
after the application of hyperalgesic inflammation mediators,
such as PGE2 and serotonin, in sensory neurons [7, 35-37]. In
fact, PGE2 application can enhance the responsiveness of primary nociceptive neurons to bradykinin and/or capsaicin [38].
Additionally, in neurons expressing sensory nociceptive neurospecific Nav1.8 channels, PGE2 shigts the activation curve
of the Na+ current to more negative potentials and potentiates
the amplitude of the current, and such effects are mimicked by
the application of drugs, which regulate cAMP-dependent
PKA phosphorylation of the channel [7, 24, 36]. The PKA
phosphorylation of Nav1.8 channels is therefore to be an
important mechanism underlying the hyperalgesic responses
in sensory neurons. This is further confirmed by evidence that
five serines located with the intracellular I-II loop of sensory
neuron-specific Nav1.8 channels are identified as the major
sites of PKA modification [39]. In contrast, based on evidence
that the inhibition of PKC greatly inhibited PGE2-induced
enhancement of the Nav1.8 current from adult rat DRG neurons insentive to TTX and that PKA inhibitors have little or no
effect on the PKC activator-induced increase in the Nav1.8
current, Gold et al. [36] concluded that PKC activity may play
an important role in regulating subsequent PKA-mediated
modulation of Nav1.8 currents, This conclusion is in agree2008 Bentham Science Publishers Ltd.
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ment with the observation demonstrating that PKC-induced
phosphorylation of the channel protein at serine 1506 in III-IV
loop of the brain type IIA Na+ channels is required to enable
PKA-induced phosphorylation of other sites on the channel
protein [40]. In NG neurons insensitive to TTX, both PKC and
PKA signal transduction mechanisms are involved in the
modification of Nav1.8 currents seen after the application of
cAMP-stimulants [23, 24]. Therefore, it is obvious that the
activation of thses two protein kinases, PKC and PKA, is
closely related to the modulation of Nav1.8 currents obtained
from neonatal rat NG neurons, particularly when the level of
cAMP is increased after the drug application. These findings
and other studies describing about Nav1.8 currents are discussed in this article. We focus on the relationships between
Nav1.8 current and PKC or PKA activity, as well as their
combined effects.
MODULATION OF NAV1.8 CURRENTS BY PKC
Many phsophorylation sites have been found on the Na+
channels of excitable cells [41-45], and one of the phosphorylation sites of the rat brain type IIA -subunits- at serine 1506
on the cytoplasmic loop between domains III and IV- has been
identified as a functional PKC modulation site for Na+ channel
activity [40]. This is in agreement with evidence suggesting
that PKC plays an important role in regulating the subsequent
PKA-mediated modification of Nav1.8 currents [36]. Indeed,
the basal Nav1.8 current obtained in neonatal rat NG neurons
insensitive to TTX may be regulated by the level of PKC activity [46]. There is evidence that PKC inhibitors alone decreased the baseline Nav1.8 current density, but that neither
extracellular nor intracellular application of either of two PKA
inhibitors (WIPTIDE and RP-cAMPs) had marked effects on
the baseline Nav1.8 current [36]. This has been further confirmed in mammalian brain neurons by evidence that a reduction in the peak Na+ current by cAMP-dependent protein
kinase (CA-PK) mammalian brain neurons is required for
concurrent activation of PKC and is abolished by blocking of
phosphorylation of serine 1506, a channel inactivation site of
the channels at which phosphorylation is mediated by PKC
but not by CA-PK [40]. Furthermore, activation of the PKC
activity by treatment with an intermediate concentration (25
μM) of oleoylacetylglycerol (OAG) slows the inactivation but
does not reduce the peak Na+ current [47]. Under these conditions, subsequent application of 8-Br-cAMP in the presence of
OAG reduces the peak Na+ current, indicating that PKC–
mediated phosphorylation is needed to obtain the effect of
phosphorylation by CA-PK [40]. In fact, when the cells were
pretreated with a PKC inhibitor (Ro-31-8425) at concentrations ranging from 0.001 to 1.0 μM, a concentration of 0.5
μM Ro-31-8425 application produced the greatest decrease in
the baseline peak Nav1.8 current amplitude, accompanied by a
hyperpolarizing shift in the conduction-voltage (G-V) curve,
and it also attenuated an increase in the Nav1.8 current in response to application of the PKC activator, phorbol 12myristate 13-acetate (PMA), at 0.1 μM [23]. Ro-31-8425 at
0.5 μM inhibited TTX-R Na+ channel activity completely;
increasing its concentration up to 1 μM did not cause a further
decrease in the Nav1.8 current compared with that seen after
0.5 μM Ro-31-8425 application [23], indicating that the PKC
inhibitor Ro-31-8425 is not a non-specific inhibitor over the
full range of either PKC activation. Similarly, we found that
application of 0.5 μM Ro-31-8425 application blocked an in-
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crease in Nav1.8 currents induced by either 8-Br-cAMP or the
cAMP analogue forskolin [23]. This was supported by the fact
that application of a PKC inhibitor (staurosporine or PKC19-36)
caused a marked inhibition of the forskolin-induced increase
in the GV1/2 base (i.e. the percentage change in G at baseline
V1/2) [24, 36, 46]. The PKC activator and inhibitor can modulate the peak amplitude of Nav1.8 current without any shift of
voltage-dependent activation kinetics in the DRG neurons, and
phorbol 12, 13-dibutyrate (PDBu)-induced changes in the
Nav1.8 current are associated with an increase in the rates of
activation and inactivation of the current as compared to the
other PKC activator PMA [36]. The latter effect probably reflects the difference between PMA and PDBu on the Nav1.8
properties. Staurosporine is known to block other protein
kinases, such as PKA, protein kinase G (PKG), calmodulindependent protein kinase and myosin light chain kinase [48].
Considering these results together, it is possible that the increase in Nav1.8 currents induced by applications of cAMP
analogues and activators is involved in the activation of PKC.
MODULATION OF NAV1.8 CURRENTS BY PKA
PGE2, an agent producing hyperalgesia, activates adenyl
cyclase. As a result, it stimulates PKA, which ultimately
phosphorylates serine residuces on the sensory- neuronspecific Nav 1.8 channels [49]. Indeed, in sensory neurons
insensitive to TTX, the effect of PGE2 on Nav1.8 currents is
mimicked by the drugs that upregulate cAMP-dependent PKA
phosphorylation of the channel [7, 23, 24]. The membranepermeable dibutyl cAMP (db-cAMP) is considered to be less
efficient than direct adenyl cyclase activators, such as
forskolin or PGE2, because this substrate is hydrolyzed by a
variety of phosphodiesterases in intact cells [36], but a similarity between the effects of forskolin or PGE2 and db-cAMP on
the Nav1.8 current has been found in neonatal rat DRG neurons [7]. By using site-directed mutagenesis, five serines located within the intracellular I-II loop of sensory neuronspecific Nav1.8 channels were identified as the major sites of
modification by PKA [49]. A number of studies have demonstrated that PKA activation is responsible for the underlying
mechanisms of inflammatory mediator-induced hyperalgesia
[50, 51] and nociceptor sensitization [38, 52]. This is based on
the fact that PKA inhibitors attenuate the PGE2-induced modification of the Nav1.8 currents in adult rat DRG [36] and neonatal NG neurons [24], as well as the 8-Br-cAMP-induced
enhancement of the Nav1.8 current [23]. We used fluorescence retrograde tracing and perforated patch-clamp techniques in an investigation of how PGE2 affects the excitability
of trigeminal ganglion (TG) neurons projecting onto the superficial layer of the cervical dorsal horn (C1 level); after PGE2
application, we observed increased peak Nav1.8 current amplitude and a hyperpolarizing shift in the activation curve, as
well as an increased number of action potentials [53]. Recent
evidence has clearly demonstrated that even when the experiments are performed in using the technique represented by a
perforated patch-clamp, changes in Nav1.8 current properties
following PGE2 application [54] are quite similar to those as
reported by those in the studies of England et al. [7] and Gold
et al. [36]. We used the same technique of intracellular application described in previous studies [55-57] to examine the
modulation of the endogenous PKA inhibitor PKI in neonatal
TTX-R NG neurons; we found that intracellular application of
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PKI abolished the excitability of Nav1.8 currents after applications of PGE2 and 8-Br-cAMP [23, 24].
INTERACTION BETWEEN PKC AND PKA ON NAV
1.8 CURRENTS
The PKC-induced phosphorylation of the TTX-R Na+
channel protein at serine 1506 is required to enable PKAinduced phosphorylation of the other sites (I-II loop) on the
channel protein [40]. The application of the PKC inhibitor
PKC19-36 significantly suppresses the forskolin-induced increase in the Nav1.8 current but the PKA inhibitor WIPTIDE
has no significant effect on the PKC activator phorbol12, 13dibutyrate (PDBu)-induced increase in the current [36]. When
considering these results together, it is possible that PKCinduced phosphorylation of the channel protein at serine 1506
is required to enable PKA-induced phosphorylation of other
sites on the channel protein suggested by Li et al. [40] in a
relationship between PKC and PKA on the convergent regulation of Na+ channels. However, we found that larger inhibitory
effects of 0.5 mM PKI application in a full range from 0.01 to
0.5 mM on the peak Nav1.8 current amplitude, as well as values for the slope factor in both activation and inactivation
curves, were observed in the continuing presence of 0.5 μM
Ro-31-8425, which maximally inhibited Nav1.8 currents [23].
This probably implies that part of the PKA signaling is still
active in the full range of inhibition of the PKC activity. Accordingly, the cAMP-analogue-induced modification of the
Nav1.8 current is mediated by a common pathway involving
the activation of both PKA and PKC, and that its modification
of PKC appears to be located upstream of PKA. If the concentration of cAMP analogues and/or adenyl cyclase activators
used is higher than those that cause maximal increases in
Nav1.8 currents, the concentration-response curve is “bellshaped” [36]. In fact, we found the addition of 8-Br-cAMP in
the presence of PMA did not show the enhancement of increased Nav1.8 current, indicating the limiting effect [23].
REFERENCES
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]

Ogata, Y.; Tatebayashi, H. J. Membrane Biol., 1992, 129, 71-80.
Elliott, A.A.; Elliott, J.R. J. Physiol., 1993, 436, 39-56.
Schuligoi, R.; Donnerer, J.; Amann, R. Neroscience, 1994, 59, 211215.
Gold, M.S.; Reichling, D.R.; Shuster, M.J.; Levine, J.D. Proc. Natl.
Acad. Sci. USA, 1996, 93, 1108-1112.
Pearse, R.J.; Duchen, H.R. Neuroscience, 1994, 63, 1041-1156.
Arbuckle, J.B.; Docherty, R.D. Neurosci. Lett., 1995, 185, 70-73.
England, S.; Bevan, S., Docherty, R.J. J. Physiol. 1996, 495, 429440.
Cardenas, C.G.; DelMan, L.R.; Cooper, B.Y.; Scroggs, R.S. J. Neurosci., 1997, 17, 7181-7189.
Ritter, A.M.; Mendell, L.M. J. Neurophysiol., 1992, 68, 2033-2041.
Jeftinija, S. Brain Res., 1994, 639, 125-134.
Gu, J.G.; Macdermott, A.B. Nature, 1997, 389, 749-753.
Khasan, S.G.; Gold, M.S.; Levine, J.D. Neurosci Lett., 1998, 256, 1720.
Strassmann, A.M.; Raymond, S.A.; Burstein, R. Nature, 1997, 384,
60-64.
Coggeshall, R.E.; Tate, S.; Carton S.M. Neurosci. Lett., 2004, 355,
45-48.
Tanaka, M.; Cummins, T.R.; Ishikawa, K.; Dib-haji, S.D.; Black,
J.A.; Waxman, S.G. Neuroreport, 1998, 9, 967-972.
Gold, M.S.; Weireich, D.; Kim, C.S.; Wang, R.; Treanon, J.; Porreca,
F.; Lai, J. J. Neurosci., 2003, 23, 158-166.

Received: January 23, 2008

[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]

19

Coward, K.; Jowett, A.; Plumpton, C.; Powell, A.; Birch, R.; Tate, S.;
Bountra, C.: Anad, P. Neuroreport, 2001, 12, 483-488.
Coward, K.; Plumpton, C.; Facer, P.; Birch, R.; Carlstedt, T.; Tate,
S.; Bountra, C.; Anad, P. Pain, 2000, 85, 41-50.
Yiangou, Y.; Birch, R.; Sangamerwaran, L.; Anad, P. FEBS Lett,
2000, 467, 249-252.
Akopian, A.N.; Silvilotti, L; Wood, J.N. Nature, 1996, 379, 257-262.
Lai, J.; Gold, M.S.; Kim, C.S.; Bian, D.; Ossipov, M.H.; Hunter, J.C.;
Porreca, F. Pain, 2002, 95, 143-152.
Rush, A.M.; Waxman, S.G. Brain Res., 2004, 1023, 264-271.
Matsumoto, S.; Yoshida, S.; Ikeda, M.; Tanimoto, T.; Saiki, C.; Takeda, M.; Shima, Y.; Ohta, H. Neuropharmacology, 2007, 52, 904924.
Matsumoto, S.; Ikeda, M.; Yoshida, S.; Tanimoto, T.; Takeda, M.;
Nasu, M. Br. J. Pharmacol., 2005, 145, 503-513.
Herzog, R.I.; Cummins, T.R.; Ghassemi, F.; Dib-Haji, S.D.; Waxman, S.G. J. Neurophysiol., 2001, 86, 1351-1364.
Gershon, E.; Weigl, L.; Lotan, I.; Schreibmayer, W.; Dascal, N. J.
Neurosci., 1992, 12, 3743-3752.
Li, M.; West, J.W.; Numan, R.; Murphy, B.J.; Scheuer, T.; Catterall,
W.A. Science, 1993, 261, 1439-1442.
Ono, K.; Fozzard, H.A.; Hanck, D.A. Circ. Res., 1993, 72, 807-815.
Thio, C.L.; Sontheimer, H. J. Neurosci., 1993, 13, 4889-4897.
Qu, K.; Roggers, J.; Tanada, T.; Scheuer, T.; Catterall, W.A. Proc.
Natl. Acad. Sci. USA, 1994, 91, 3289-3293.
Cantrell, A.R.; Ma, J.Y.; Scheuer, T.; Catterall, W.A. Neuron, 1996,
16, 1019-1026.
Cantrell, A.R.; Smith, R.D.; Goldin, A.L.; Scheuer, T.; Catterall,
W.A. J. Neurosci., 1997, 17, 7330-7338.
Bendahhou, S.; Cummins, T.R.; Agnew, W.S. Am. J. Physiol., 1997,
272, C592-C600.
Frohnwiester, B; Weigl, L.; Schreibmayer, W. Pflugers. Arch., 1995,
430, 751-753.
Cardenass, L.M.; Cardenas, C.G.; Scroggs, R.S. J. Neurophysiol.,
2001, 86, 241-248.
Gold, M.S.; Levine, J.D.; Correa, A.M. J. Neurosci., 1998, 18,
10345-10355.
Gold, M.S. Proc. Natl. Acad. Sci. USA., 1999, 96, 7645-7649.
Cui, M.; Nicol, G.D. Neuroscience, 1995, 66, 459-466.
Fitzgerald, E.M.; Okuse, K.; Wood, J.N.; Dolphin, A.C.; Mos, S.J. J.
Physiol., 1999, 516, 433-446.
Li, M.; West, J.W.; Numan, R.; Murphy, B.J.; Scheuer, T.; Catterall,
W.A. Science, 1993, 261, 1439-1442.
Costa, M.R.; Casnellie, J.E.; Catterall, W.A. J. Biol. Chem., 1982,
257, 7918-7921.
Catterall, W.A. Science, 1988, 242, 50-61.
Emeric, M.C.; Agnew, W.C. Biochemistry, 1989, 28, 8367-8380.
Rossie, S.; Catterall, W.A. J. Biol. Chem., 1989, 264, 14220-14224.
West, J.W.; Numan, R.; Murphy, B.J.; Scheuer, T., Catterall, W.A.
Science, 1991, 254, 866-868.
Ikeda, M.; Yoshida, S.; Kadoi, J.; Nakano, Y.; Matsumoto, S. Life
Sci., 2005, 78, 47-53.
Numann, R.; Catterall, W.A.; Scheuer, T. Science, 1991, 254, 115118.
Ruegg U.T.; Burges, G.M. Trends. Pharmacol. Sci., 1989, 10, 218220.
Fitagerald, E.M.; Okuse, K.; Wood, J.N.; Dolphin, A.C.; Moss, S.J. J.
Physiol., 1999, 516, 433-446.
Taiwo, Y.O.; Bjerkess, L.K.: Goetzi, E.J; Levine, J.D. Neuroscience,
1989, 32, 577-580.
Taiwo, Y.O.; Levine, J.D. Neuroscience, 1991, 44, 131-135.
Mizumura, K.; Sato, J.; Kumazawa, T. Pflug. Arch. Eur. J. Phy.,
1987, 408, 565-572.
Kadoi, J.; Takeda, M.; Matsumoto, S. Exp. Brain Res., 2007, 176,
227-236.
Kwong, K; Lee, L.-Y. J. Physiol., 2005, 564, 437-450.
Hori, T.; Takai, Y.; Takahashi, T. J. Neurosci., 1999, 19, 7262-7267.
Ishikawa, T.; Sahara, Y.; Takahashi, T. Neuron, 2002, 34, 613-621.
Takahashi, T.; Hori, T.; Kajikawa, Y.; Tsujimoto, T. Science, 2000,
289, 460-463.

Revised: February 6, 2008

Accepted: February 11, 2008

