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Abstract

A variety of molecules are reported to be involved in chronic pain. This review outlines the specifics of protein kinase C (PKC),
its isoforms and their role in modulating thermo-sensitive transient receptor potential (TRP) channels TRPV1-4, TRPM8, and
TRPA1. Anatomically, PKC and thermo-sensitive TRPs are co-expressed in cell bodies of nociceptive dorsal root ganglion (DRG)
neurons, which are used as physiological correlates of peripheral and central projections involved in pain transmission. In the
past decade, modulation of painful heat-sensitive TRPV1 by PKC has received the most attention. Recently, PKC modulation of
other newly discovered thermo-sensitive pain-mediating TRPs has come into focus. Such modulation may occur under conditions
of chronic pain resulting from nerve damage or inflammation. Since thermo-TRPs are primary detectors of acute pain stimuli,
their modulation by PKC can severely alter their function, resulting in chronic pain. Comprehensive knowledge of pain signaling
involving interaction of specific isoforms of PKC with specific thermo-sensitive TRP channels is incomplete. Such information
is necessary to dissect out modality specific mechanisms to better manage the complex polymodal nature of chronic pain. This
review is an attempt to update the readers on current knowledge of PKC modulation of thermo-sensitive TRPs and highlight
implications of such modulation for pain signaling
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DISCOVERY AND CLASSIFICATION OF stimulation with transient potential in compatison to a
THERMO-SENSITIVE TRP CHANNELS wild-type photoreceptor.'”! The search for homologs

of TRP among invertebrates and vertebrates led to the
identification of a large and diverse family of membrane
proteins, grouped under the umbrella of the TRP
superfamily.™? Certain members of this superfamily
respond to thermal, chemical, or mechanical stimuli or a
combination of the three (polymodal)./”

Early studies on the physiology of photoreceptors
involving Drosophila phototransduction identified a
spontaneously occurring Drosgphila mutant photoreceptor,
named transient receptor potential (TRP)."? The name
TRP was given to the mutant photoreceptor due to
its unique phenotype where response to prolonged

. o . i : : k The TRP channels that exhibit a unique response to
illumination declines rapidly to baseline during light

temperature have been given the name thermo-TRPs.

Access this article online These include members from the subfamily vanilloid

Qui X TRPV (TRPV1, 2, 3, and 4), melastatin TRPM (TRPM2,
uick Response Code: . .

Website: 4,5, and 8), and ankyrin transmembrane proteins TRPA

WWW.jnsbm.org (TRPA1).® Between them, response to noxious heat is

mediated by TRPV1 (~42°C) and TRPV2 (~52°C),!")

DOI: innocuous warm temperature by TRPV3 (~39°C),!'!

10.4103/0976-9668.82311 TRPV4 (~34°C)," and TRPM2 (~37°C),I"l innocuous

cool temperature by TRPMS (~17°C),!"*"" noxious cold
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by TRPA1 (~10°C),I"¥ and increasing temperatures from
~15°C-35°C by TRPM4 and TRPMS5.!"!

Among all thermo-sensitive TRP channels, TRPV1-4,
TRPMS, and TRPA1 are expressed in subsets of nociceptive
dorsal root ganglion (DRG) neuron cell bodies including
their peripheral and central projections.”! Discovery of this
subset of thermo-TRPs as molecular targets to naturally
occurring compounds, such as capsaicin, mustard oil,
menthol, or camphor that elicit thermal or painful behavior,
underlies the basis for sensory functions of nociceptive
neurons.” In addition to being detectors of thermal and
chemical stimuli, some thermo-TRP members also detect
painful mechanical stimuli. Evidence for expression or
function of other thermo-sensitive TRP channels TRPM2,
4, and 5 among nociceptive DRG neurons has not yet
been reported.

EXPRESSION OF THERMO-TRPS IN
NOCICEPTIVE DRG NEURONS

Nociceptive DRG neurons

In order to understand the signaling pathways of pain
transmission from peripheral sensory nerve endings to
the spinal cord and brain, many studies have focused on
characterization of subpopulations of DRG neurons that
respond to painful stimuli. Nociceptive DRG neurons are
also referred to as nociceptors.” Two major categories
of nociceptors are C fibers and A8 fibers.”* C fiber
nociceptors have small-diameter, unmyelinated, slowly
conducting axons. In contrast, A3 fiber nociceptors
have medium diameter, thinly myelinated axons with
conduction velocities greater than those of C fibers.”!
C fibers can be further divided into peptide (containing
substance P [SP] or calcitonin gene-related peptide
[CGRP)) and non-peptide (Isolectin B4 positive [IB4+])
subsets. A8 fibers are further classified as type I and
type II.

Type I AS fibers are high-threshold and rapidly conducting
mechanoreceptors that are weakly responsive to noxious
heat, cold, and chemical stimuli.?**! Type II A8 fibers
are low-threshold, less rapidly conducting, and highly
responsive to noxious heat.’*?? Cell bodies of C and A3
neurons are located in the DRG, trigeminal ganglia, and
nodose ganglia.”' > While the peripheral projections from
DRG neurons terminate in several tissues, such as the skin
or viscera, the central projections mainly terminate in the
dorsal horn laminae I and TL.1*

TRPV1-4 in nociceptive DRG neurons
The cloning of TRPV1 led to the discovery of the
molecular evidence for the response of some sensory

neurons to capsaicin (the hot component of chili peppers),
noxious heat, and acidic pH."*! TRPV1 is distinct in
being a molecular target of capsaicin and also a target
for hypersensitivity to heat during inflammation due to
injury.P TRPV1 has been characterized to be expressed
in peptidergic (SP or CGRP) and non-peptidergic (IB4+)
subpopulations of nociceptive C fiber terminals and cell
bodies® [Table 1]. True to its physiological response and
detection of low to moderately painful heat, TRPV1
has also been suggested to be expressed in the type
II subpopulation A8 fiber terminals and cell bodies?!
[Table 1].

TRPV2, the second member of the thermo-TRPV
subfamily, has been characterized to be expressed in
the type I A8 subpopulation of DRG neurons that
have a higher threshold to heat than type II AS neurons
expressing only TRPV1P [Table 1]. However, a TRPV2
knockout study has questioned the physiological role of
TRPV2 in sensing high threshold, noxious heat.’ TRPV2
knockout mice could detect noxious heat beyond threshold
temperatures for TRPV1.PY Furthermore, in the same
study mice with a double knockout of both TRPI"1 and
TRP12 genes, retained the acute response to noxious heat.
BS'These observations iz vive possibly suggest the following:
(i) heat in the noxious range may either activate other heat
thermosensors TRPV3 and/or TRPV4; (i) noxious heat
can activate yet another undiscovered thermosensor; or (iif)
what appears to be a response to noxious heat is actually
a response to tissue damage at such high temperatures.
Further studies with gene deletion of all four heat-sensitive
thermo-TRPs (TRPV1-4) may provide an answer to the
above-mentioned hypotheses. TRPV2 activation by stretch
stimuli suggests that it may function as a mechanosensor in
a subpopulation of type I A8 DRG neurons [ [Table 1].
The response of TRPV2 to stretch may be a mechanism
that is necessary for axon outgrowth.?’

Table 1: Distribution of TRPV1-4, TRPMS8, and
TRPA1 in nociceptive DRG neurons

Thermo-TRP C fiber distribution Ab fiber
distribution
TRPV1 Present in both peptidergic and Type Il
non-peptidergic B4+ subsets
TRPV2 Absent Type |
TRPV3 Present, subsets not yet Putatively type |
characterized
TRPV4 Present in peptidergic subsets Present,
subsets not yet
characterized
TRPM8 Present in peptidergic subsets Present,
subsets not yet
characterized
TRPA1 Present in peptidergic subsets Present,
subsets not yet
characterized
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TRPV3, the third member of the thermo-TRPV subfamily,
has been found to be expressed in subpopulations of
TRPV1-positive nociceptive DRG neurons.’ TRPV3
has been shown to be expressed in the subpopulations
of capsaicin sensitive, and hence TRPV1-positive C fiber
cell bodiesP® [Table 1]. Sensitization of TRPV3 upon
repeated application of higher threshold non-noxious
heat suggests that it has a role in sensing pain due to
heat stimuli.l"’}

TRPV4, the fourth member of the thermo-TRPV
subfamily is expressed in subpopulations of peptidergic
(SP or CGRP) C fiber cell bodies™ [Table 1]. Functional
studies in these subpopulations have suggested that TRPV4
has a role in facilitating mechanical hyperalgesia.l*”) Further

studies are required to characterize TRPV4 expression in
subpopulations of A3 DRG neurons [Table 1].

TRPMS in nociceptive DRG neurons

TRPMS was cloned as a thermo-TRP channel that responds
to menthol (the cooling ingredient of the plant mentha
(eg, Mentha arvensis)) and non-noxious cool temperatures.
L6 TRPMS is expressed in subpopulations of peptidergic
(SP or CGRP) C fiber terminals and cell bodies!*"*!
[Table 1]. TRPMS is also expressed in Ad fiber terminals
and cell bodies**! [Table 1]. A small percentage of
co-expression of TRPMS with TRPV1 has also been
shown!** [Table 1]. In summary, the nociceptive
subpopulations of peptidergic or TRPV1-positive C fiber
terminals and cell bodies could account for the role that
TRPMS plays in promoting cold allodynia or pain caused
by either a combination of menthol and cold temperatures
ot only painfully cold temperatures.!*>*!

Certain subpopulations of DRG neurons expressing
TRPMS cannot be identified by C fiber pain markers
like pain peptides (SP or CGRP) or TRPV 1.4 Some
medium diameter DRG neurons express TRPMS8 alone but
not the A8 marker NF200.1"! These subpopulations that
are beyond the reach of pain markers suggest that there are
distinct TRPMS8 expressing neurons that may play a role
in analgesia.*”! Further studies are needed to determine
the pathophysiological significance of TRPMS in DRG
neurons with and without co-expression of conventional
pain markers.

TRPA1 in nociceptive DRG neurons

TRPA1 was cloned based on its activation by noxious
cold temperatures!' and response to isothiocyanates (the
pungent components of mustard oil)*! The specificity
of TRPA1 towards mustard oil was established based on
TRPA1 knockout study.*? TRPA1 is critical for sensing
pungent irritants in air pollutants that activate nociceptive
neurons innervating respiratory airways.*’7 TRPA1
has been shown to be expressed in subpopulations of

peptidergic and TRPV1-positive C fiber cell bodies!*]
[Table 1]. Based on its expression in nociceptive DRG
neurons and activation by pungent chemical compounds,
TRPAT1 is a potential candidate for polymodal pain
processing.l*?l Although some studies have suggested
TRPA1 as a putative noxious cold sensor,'**" with a
role in cold hyperalgesia or allodynia,”'? there is debate
over the role of TRPA1 in sensing noxious cold 7 vivo.""
The role of TRPA1 in sensing noxious cold could not be
confirmed in TRPA1 knockout mice,*” whereas partial
loss in the response to noxious cold was noted in TRPMS
knockout mice.’”) Based on the cutrrent knowledge, it is
difficult to clearly attribute the role of sensing noxious
cold to either TRPAT or TRPMS alone. A double knockout
of TRPA1 and TRPMS8 may hold the key to resolve
this debate. Also, a TRPA1 knockout study® could not
confirm initial reports on the direct role of TRPA1 in
mechanosensation,” suggesting an indirect mechanism
by which mechanical stimuli excite TRPAT.

Modulation of thermo-TRP channels in nociceptive DRG
neurons is significant

Modulation of thermo-TRPs expressed in nociceptive
DRG neurons is of great significance, as it would alter
the polymodal sensitivity of pain fibers and enhance
pain under acute or chronic conditions of inflammation
and nerve injury.”” Chronic pain, either inflammatory or
neuropathic, is currently undertreated. The symptoms
can be polymodal in nature given the expression of
polymodal sensors like some of the thermo-TRPs in
the nociceptive DRG neurons. Thus, it is necessary to
delineate mechanisms that are modality specific. From
among a large variety of second messenger molecules
that can modulate polymodal sensitivity of the thermo-
TRP channels, this review hereafter will focus on protein
kinase C, a potent signaling molecule in nociceptive DRG
neurons that is involved in inflammatory and neuropathic
pain. Since PKC has a family of 12 different isoforms, it
is necessary to investigate the specificity or redundancy of
these isoforms towards modulation of a modality specific
to a thermo-TRP in subsets of nociceptive neurons. Such
information may eventually lead to micro-management of
clinical symptoms of inflammatory or neuropathic pain
that can be polymodal and complex.

Discovery and classification of PKC

The covalent attachment of phosphate molecules to
either seryl (S) or threonyl (T) residues of proteins was
identified first by Lipmann and Levene at the Rockefeller
Institute for Medical Research (Rockefeller University,
New York) in 1932. Enzymes responsible for such protein
modifications were named serine/threonine kinases. Of the
protein kinases discovered between 1955 and 1980, a novel
protein kinase was discovered in 1977, which was activated
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by calcium-dependent neutral protease (now known as
calpain) in mammalian tissues.’” Proteolytic cleavage of
the kinase generates two functional domains, one that is
hydrophobic and the other that shows full catalytic activity,
which is suppressed in the “proenzyme”. This “proenzyme”
was named Protein Kinase C and is known to be activated
in the presence of both Ca®" and phospholipids. Studies
on the activation mechanism of PKC have led to the
critical finding that phosphatidylserine (PS), an anionic
phospholipid in the membrane, diacylglycerol (DAG), one
of the metabolites of membrane phospholipids, and Ca**
are required for PKC activation.’!

A more detailed molecular understanding of PKC came
after cloning and sequencing of the enzyme in the mid-
1980s. Subsequently, several isoforms of PKC were
completely sequenced.F*! It is now known that the PKC
family consists of at least 12 isoforms encoded by nine
genes and categorized into three groups: (1) conventional
PKCs (cPKC) (a, I, B11, and y), which are Ca**-dependent
and activated by both PS and the second messenger DAG;
(2) novel PKCs (nPKC) (8, ¢, 7, and 0), which are Ca**-
independent and regulated by DAG and PS; and (3) atypical
PKCs (aPKC) (Cand t/1), which are Ca**-independent and
do not require DAG for activation, although their activity
is regulated by PS.I>¢7]

Neuronal expression of PKC isoforms

The isoforms a, B, BIL, vy, e, 8, {, and their mRNAs have
been identified in rat brain and spinal cord using Western
and Northern blot analysis and /# sit# hybridization.
Immunohistochemical analysis using isoform-specific
antibodies have revealed differential distribution of PKC
isoforms in the rat central nervous system (CNS). The
y isoform is apparently expressed solely in the rat brain
and spinal cord® and has not been found in any other
tissues. In the rat brain, low amounts of the y isoform is
found at birth, which increases up to 2-3 weeks of age.
270 The BI and BII isoforms generated by alternative
splicing of a common primary transcript are expressed in
different ratios and in different neurons at distinct stages of
development.”7 The isoform I is already expressed at
birth, mainly in the brain stem, and its expression gradually
increases with age. The isoform BII is pootly expressed in
the forebrain at birth but rapidly increases up to 2-3 weeks
of age. The isoforms a and & are universally distributed in
all tissues and cell types that have so far been examined,;
however, the « isoform is distributed unevenly in the
brain.I”! The isoform e is expressed mainly in the forebrain,
spinal cord and sensory DRG neurons.™

Expression of PKC isoforms in nociceptive DRG neurons

Using western blot of whole lysates of DRG and
immunocytochemistry in DRG neurons, PKC isoforms
B1, BII, e, 8, and { were shown to be expressed in DRG

neurons sensing painful heat.”” This study also showed that
other isoforms o, vy, u, /A, and 0 were not expressed in all
subsets of DRG neurons.™ In our studies, we confirmed
these observations and additionally, we show that the PKC
isoforms BI, BI1, &, 8, and { were indeed co-expressed with
TRPV1, the noxious heat sensor in DRG neurons [Figure 1].

Immunoelectron microscope analysis revealed that
each isoform is localized in distinct intracellular
compartments in the CNS."*"7 The y isoform is
localized predominantly in the cytoplasm associated with
most ribosomes, outer membranes of cell organelles
and areas of weaker density in the nucleoplasm. In most
CNS regions, the a isoform is present in the periphery
of the perikarya and is also scattered sparsely in the
perinuclear area. Similarly, isoform 1 is also clustered in
the cytoplasm adjacent to the plasma membrane, whereas
isoform BII is concentrated around the trans-face of the
Golgi complex and proximal dendrites. In the cell bodies
of painful heat-sensing DRG neurons, an earlier study
showed cell membrane localization of isoforms I and
BII and cytosolic localization of isoforms ¢, 8, and ¢!
In contrast, we found that isoforms 31 and BII were not
only localized to the cell membrane but also found in the
cytosol [Figure 1]. However, we observed localization
of other isoforms ¢, 8, and { that was consistent with
the earlier study (data not shown). Such discrepancy can
be easily explained. The ecarlier study analyzed western
blots from whole rat DRG lysates,/”! whetreas we used
cytosolic fractions of rat DRG [Figure 2]. In addition, we
confirmed both cell membrane and cytosolic expression
of B isoforms by using heterologous expression
of BI- and BII-EGFP constructs in DRG neurons
[Figure 3]. Real-time translocation of BI-EGFP and B11-
EGFP from cytosol to cell membrane in response to pain
stimuli like capsaicin and ATP or phorbol ester PMA were
also confirmed in our studies. In this review, we show a
representative real-time translocation of BI-EGFP in a
DRG neuron responding to capsaicin and phorbol ester
PMA (Video files PKC beta 1 CAP and PKC beta 1 PMA).
Further studies using such powerful in vitro assays are
needed to clarify whether subsets of nociceptive DRG
neurons that express multiple isoforms of PKC in either
the cytosol or the cell membrane have distinct roles in
pain signaling or whether there is a redundancy.

Video

A representative real-time translocation video showing
the effect of capsaicin on PKCBI-EGFP (Video file
PKC beta 1 CAP); effect of PMA on PKCBI-EGFP
(Video file PKC beta 1 PMA) in a single cell body of a

See video on www.jnsbm.org

Qournal of Natural Science, Biology and Medicine | January 2011 | Vol 2 | Issue 1 J 16




Mandadi, et al.: PKC alters somatosensation by thermo-TRPs

PKC TRPV1 Overlay Fluorescence
Intensity
- 0 - :I
|
I\
BIpm - . | |
|
1
BII eyt | H
uil .
| |;.I
P . i |
| N
| BN
8 {}'t ]
| I
| Iy | \
8 ) - |
—
10 pm

Figure 1: Confocal images of DRG neuron cell bodies' double immunostained for PKC isoforms and TRPV1. PKC isoforms are indicated by the
green fluorescence of fluorescein isothiocyanate (FITC) and TRPV1 is indicated by the red fluorescence of Streptavidin Texas Red. Co-localization
of PKC isoforms and TRPV1 is shown in overlay with yellow regions. Fluorescence intensity shown as traces represent localization of each PKC
isoform (green trace) and TRPV1 (red trace) and is measured across an average of z-series cross-sections of the cell body of the neuron. Cytosolic
and plasma membrane distribution of PKCI and PKCfII are shown. Cytosolic distribution of PKC3 and PKCe are shown. Method: The primary
antibodies obtained from Santa Cruz. Their dilutions were rabbit anti-PKC-fI (1/200), rabbit anti-PKC-gII (1/200), and goat anti-VR1 (1/100).
Secondary antibodies were goat anti-rabbit-FITC (1/100) (Sigma), rabbit anti-goat biotinylated species (1/100) (Sigma), and Streptavidin Texas
Red (1/100) (Amersham Biosciences). All antibodies were diluted in Tris buffered saline (TBS) containing 50 mM Tris and 150 mM NaCl at pH
7.5. Controls included (i) replacement of the primary antibody with normal rabbit serum or (ii) goat serum or (iii) omission of primary antibody. No
staining was apparent minus primary antibody or with normal serum controls. All experiments were replicated three times and at least two cultures
were examined for each PKC isoform. Cultures were fixed and permeabilized by incubating in cold (4°C) 3.5-4% paraformaldehyde in TBS for 20
min at room temperature (RT), washed three times in TBS, and blocked in blocking buffer 1 [1% bovine serum albumin (BSA), 1% fetal bovine
serum (FBS) in TBS) for 1 h at RT. After washing in TBS, cultures to be double immunostained were incubated with the first primary antibody at
RT for 1 h, washed in TBS, and incubated with the first secondary antibody (anti-rabbit FITC) for 1 h at RT; it was further incubated with the second
primary antibody (goat anti-TRPV1) at 4°C overnight. After washing in TBS, the cultures were incubated in blocking buffer 2 (10% BSA in TBS)
for 10 minutes at RT, followed by TBS wash and a two-step incubation with second secondary antibody. The first step involved incubation of the
cultures with rabbit anti-goat biotinylated species for 1 h at RT. In the second step, the cultures were washed as previously and incubated with
Streptavidin Texas Red for 1 h at RT. After washing, coverslips were inverted on to microscope slides in a 25-uL fluorescence anti-fade solution
(Vector Laboratories) and sealed with clear nail polish. Immunostained cultures were visualized by a confocal laser scanning microscope (CLSM)
using Leica TCS SP2 System fitted with PL APO 100x/ 1.40-0.7 OIL objective). Sequential scans (FITC and Texas Red) were collected and
merged and quantified using Leica TCS SP2 Software ver. 3.0. Fluorescence intensities of FITC and Texas Red were measured across the merged
images of neurons as a function of distribution of the specific PKC isoforms and TRPV1, respectively, from the cytosol to the plasma membrane.
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I BII

Figure 2: Western blot showing detection of PKC isoforms Bl and ll
in DRG neurons by their respective antibodies. Arrowheads indicate
expected kD of each individual PKC isoform. Method: DRG were
isolated in cold PBS and centrifuged at 700xg for 5 min at 4°C. The
supernatant was aspirated and DRG pellet re-suspended in RIPA Buffer
[10 mM Tris-HCI (pH 7.4), 1% NP40, 0.1% sodium deoxycholate (DOC),
0.1% SDS, 150 mM NaCl, 1 mM EDTA] with an added protease inhibitor
cocktail and homogenized completely at 1,600 rpm in a homogenizer
and kept on ice for 1 h with intermittent vortex mixing. Homogenized
and lysed DRG were centrifuged at 10,000 xg for 1 h at 4°C. Aliquot
of supernatant was analyzed for total protein content using Protein
Assay. The remainder of the supernatant of the cell lysate was then
heated for 5 min at 95°C in an SDS sample buffer and protein samples
thus obtained were separated by SDS-PAGE (7.5% polyacrylamide).
Precision Plus All Blue protein standard (Bio-Rad) was used as protein
marker. Membranes (PVDF, Millipore) were probed with primary
antibodies rabbit anti-PKCpI and rabbit anti-PKCBII at 1:100 dilutions.
Secondary antibody consisted of anti-rabbit HRP (1/5000) (Promega).
Proteins were detected using the ECL system (Bio-Rad).

DRG neuron in the presence of 2 mM extracellular Ca®*.
In Video BI CAP, 100 nM capsaicin-induced reversible
translocation; and in Video fI PMA, 20 uM PMA induced a
sustained translocation. Method: One-day old DRG cultures
were transiently transfected with PKCBI-EGFP (Clontech
Laboratories, Inc., USA) using the Effectene Transfection
Reagent (QIAGEN) protocol for 12-well culture plates. After
48 h of transfection, the neurons were used for real-time
PKC translocation experiments visualized by Confocal Laser
Scanning Microscope (TCS SP2 System, Leica). Transiently
transtected DRG neurons on coverslips were placed onto a
perfusion chamber, sealed with wax, and attached to a rapid
sample perfusion system. For each experiment, fluorescence
was recorded from individual cell bodies and images acquired
at 2-second intervals on a TCS SP2 System Leica microscope
fitted with a HCx PL APO 63x/1.20 W CORR objective. The
chamber was continuously perfused with a solution containing
140 mM NaCl, 2 mM CaCl,, 5 mM KCI, 20 mM HEPES, 10
mM glucose, with pH maintained at 7.4. CaCl, was excluded
in experiments where nominal calcium-free solutions were
used. The chamber had a volume of 1,000 pl. and solution
applications were complete within 20 seconds (duration of
drug applications). All experiments were performed at room
temperature (20-22°C).

a.. h.
| . d.
L

10 pm

Figure 3: Confocal images of cultured DRG neurons, transiently
transfected with PKCI-enhanced green fluorescent protein (EGFP) and
PKCBII-EGFP. (a) Cytosolic localization of PKCBI-EGFP. (b) Plasma
membrane localization of PKCBI-EGFP. (c) Cytosolic localization of
PKCBII-EGFP. (d) Plasma membrane localization of PKCSII-EGFP.
Method: One-day old DRG cultures were transiently transfected with
PKCBI-EGFP (Clontech Laboratories, Inc., USA) or PKCAII-EGFP (gift
from Dr Yusuf Hannun, Medical University of South Carolina, SC, USA)
plasmids using the Effectene Transfection Reagent (QIAGEN) protocol
for 12-well culture plates. After 48 h of transfection, the EGFP-positive
neurons were visualized by a Confocal Laser Scanning Microscope
(TCS SP2 System, Leica) fitted with PL APO 100x/ 1.40-0.7 OIL
objective). Sequential scans of EGFP fluorescence were collected
and merged and quantified using Leica TCS SP2 Software ver. 3.0.

BRIEF OVERVIEW OF PAST LITERATURE ON
PKC IN NEURONAL AND PAIN SIGNALING

General role of PKC in neuronal signaling

Nerve cells can transmit signals over long distances up to 1
m by means of bioelectrical impulses. Opening of voltage-
dependent Ca** channels (VDCCs) following depolarization
of the presynaptic membrane by an action potential
transduces the bioelectrical signal into several chemical
messages. The influx of Ca®" triggers an exocytotic release
of a variety of neurotransmitters from synaptic vesicles
within nerve terminals. The chemical messages are then
reverted to a bioelectrical form by channel-linked receptors
such as nicotinic, metabotropic glutamate (mGluR), and
GABA, receptors located on postsynaptic membranes.
Many proteins related to these processes of synaptic
transmission may be the prime targets of PKC action. PKC
is present in high concentrations in neuronal tissues and has
been implicated in a broad spectrum of neuronal functions.
Activation of PKC in nerve cells is frequently associated
with the modulation of ion channels,®” desensitization
of receptors?!l and enhancement of neurotransmitter
release.”” The PKC pathway may modulate the efficacy of
synaptic transmission.
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On the other hand, non-channel-linked receptors
respond to agonists by initiating a cascade of second
messengers [Figure 4. The first step in this cascade
is activation of G proteins, which may either interact
directly with ion channels or control the production of
intracellular second messengers. When phospholipases
are activated via G protein-linked receptors, PKC is
activated by increased amounts of DAG in membranes,
as a result of agonist-induced hydrolysis of inositol
phospholipids by phospholipase C (PLC)l**%]
[Figure 4]. Upon cell stimulation, DAG is detected in
various intracellular compartments at different times
during the cellular responses. The eatly peak of DAG is
transient and reverts back to basal levels within seconds,
or maybe several minutes, temporally corresponding to
the formation of inositol 1,4,5-triphosphate (IP3) and
the rise in intracellular Ca** concentration. At a relatively
later phase of cellular responses, formation of DAG
has a slow onset but is more sustained. It is most likely
derived from the hydrolysis of major constituents of the
phospholipid bilayer such as phosphatidylcholine (PC) by

phospholipase D (PLD) to yield phosphatidic acid, which
is then dephosphorylated to DAG.PY Activation of PLC
and PLD is often accompanied by a signal-dependent
release of arachidonic acid through phospholipase A2
(PLA2)-catalyzed hydrolysis |Figure 4|. The reaction
products of PC hydrolysis by PLA2, cis-unsaturated
fatty acid (FFA), and lysophosphatidylcholine (lysoPC),
are both enhancer molecules of PKC activation!®**!
[Figure 4]. It is plausible that the agonist-induced cascade
of degeneration of various membrane phospholipids
is necessary for transducing full information from
extracellular signals across the membrane.

PKC regulates sensitization of peripheral and central pain
signaling

Activation of peripheral terminals of Cand A8 nociceptors
by high-intensity peripheral stimuli lasts for tens of
milliseconds and encodes information on the onset,
intensity, quality, location, and duration of the noxious
stimulus.” This activation is transferred from peripheral
terminals via the thalamus to the cortex, leading to
translation of an acute pain sensation (physiological

GPCR GPCR GPCR
(Gy1) (Ggp) (Gyp) TRPV1 TRPV4 TRPMS
(+) (-)
PC
PKCe, 7 PKCBI,
PKC '
PLA2 o PKCo
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+
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[ca*stores -
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Figure 4: Schematic showing the signaling events between thermo-TRP channels and PKC. Activation and translocation of cytosolic cPKC flI,
I, and nPKCe, § isoforms to plasma membrane may mediate phosphorylation, and hence modulation of plasma membrane-associated thermo-
TRP channels. Diacyglycerol (DAG), Phospholipase C (PLC), Inositol 1,4,5-triphosphate (IP3), intracellular calcium (Ca?*), Phosphatidylcholine
(PC), Phospholipase D (PLD), Arachidonic acid (AA), Phospholipase A2 (PLA2), cis-unsaturated fatty acid (FFA), and lysophosphatidylcholine
(lysoPC), Inositol phospholipids (IP).
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pain).”? Activation of nociceptors by noxious stimuli that
result in an activity- or use-dependent neuronal plasticity
in the spinal cord modifies the subsequent performance
of the nociceptive pathway by exaggerating or prolonging
the response to noxious inputs (hyperalgesia) and enabling
normally innocuous inputs to activate it (allodynia).

Such neuronal plasticity in the spinal cord is regulated in
part by PKC, some aspects of which have been covered in
an excellent review elsewhere.” Briefly, PKC is activated by
(i) calcium entry through ionotropic receptors, (ii) voltage-
gated ion channels, (i) activation of G-protein-coupled
receptors, and (iv) tyrosine kinase receptors in response to
excitatory amino acid, peptide, ot protein neurotransmitter/
neuromodulators released by C fiber central terminals
following noxious peripheral stimuli. This activation leads
to changes in gene expression of sensory neurons and
phosphorylation of membrane receptors and ion channels
that can alter the excitability of nociceptive neurons as well
as non-nociceptive neurons. Such increases in the excitability
of sensory neurons result in the recruitment of responses
of neurons to normally subthreshold inputs that may have
low intensity or even be innocuous.

In the CNS; post-translational changes are responsible
for the production of central sensitization, which
manifests as an increase in responsiveness to noxious
stimuli, spread of pain sensitivity to tissue other than
the injured one and development of pain in response
to low-intensity stimuli.™ In summary, nociceptive
input can activate transcription factors and evoke a
change in gene expression in peripheral nociceptors,
resulting in central sensitization and chronic pain
conditions.®#-21

There is substantial evidence supporting a role for PKC
expressed in dorsal horn neurons in regulating pain
hypersensitivity in a number of different pain models.**]
As mentioned eatlier, an important action of [Ca*"] in
conjunction with DAG is the induction of PKC.l The
following observations are a few of the many that support
the concept that PKC plays a pivotal role in the processes
underlying central sensitization and enhancement of
nociception.

1. Stimulation and inhibition of spinal pools of PKC,
respectively enhance and reduce the inflammatory
hyperalgesia provoked by intraplantar injection of
formalin >

2. PKC inhibitors attenuate the capsaicin-induced
sensitization of spinothalamic tract neurons to
mechanical stimuli.%!%1 In addition, the PKC
inhibitor, staurosporine, blocks the facilitatory
influence of NK1 receptors on N-methyl-D-aspartate
(NMDA) receptor-mediated activity in the dorsal horn,

whereas phorbol esters, which enhance PKC activity,
mimic the facilitatory influence of PKC on NMDA
receptor-mediated activity.!'"*1%!

3. Activation of PKC inhibits opioidergic mechanisms
of antinociception.!'”

4. Levels of membrane-bound (translocated) PKC
increase in the dorsal horn during inflammatory
hyperalgesia following both peripheral nerve injury
and noxious stimulation.”*!"”

5. There is reduced neuropathic and inflammatory pain,
but preserved acute nociceptive pain, in mice lacking
the y isoform of PKC."" This isoform is expressed
only in a subset of neurons in the inner lamina II of
the dorsal horn.""™ PKCy in the dorsal horn appears to
be a trigger for activation of silent synapses between
some nociceptors and the dorsal horn.['"”

To summarize, the modulation of peripheral or central

terminals of nociceptive neurons is effected via PKC

transduction mechanisms, which are facilitated largely
by DAG/[Ca*"].. A related and crucial intracellular event
of interest in this review is the underlying changes
in the excitability of nociceptive neurons following
phosphorylation of the polymodal thermo-TRPs by PKC.

MODULATION OF THERMO-TRPS BY PKC
AND ITS IMPLICATIONS IN PAIN SIGNALING

TRPV1-4 modulation by PKC

Functional studies have revealed a consistent picture of
TRPV1 as an ion channel with polymodal gating that is
subject to modulation by kinases and lipid mediators.!'!"!
Capsaicin-sensitive sensory DRG neuron cell bodies have
provided the most popular model to investigate TRPV1-
associated nociceptive signaling, Since phosphorylation
catalyzed by PKC exerts modulation of nociception,”
the distribution and activity of specific isoforms of PKC
in DRG neurons is suggested to be important in pain
wsignaling, ™ Of the 16 putative serine (S) and threonine (T)
PKC phosphorylation sites found on TRPV1, only S502 and
S800 were reported to be regulating the increased sensitivity
of TRPV1 to capsaicin or heat!"""l [Table 2]. Furthermore,
S800 was reported to be critical for increasing the sensitivity
of TRPV1 desensitized by capsaicin!''*'"¥l [Table 2]. These
studies have clearly shown that among several isoforms
of PKC expressed in the nociceptive DRG neurons,
PKCe is the predominant isoform that targets S502 and
S800 sites on TRPV1 for functional regulation [Table 2].
Such specific information may have implications towards
micro-managing chronic pain symptoms like thermal
hyperalgesia. With this information, pharmacotherapeutics
blocking PKC sites of phosphorylation on TRPV1 or the
PKCe itself could be designed. Another isoform, PKCax
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has been shown to be necessary for TRPV1 activation!'™*

[Table 2]. This mechanism was, however, shown to occur
in nociceptive DRG neurons obtained from embryonic
rats,"'* which could limit the implications of these findings
to the embryonic stages of development. In addition,
the embryonic PKCa isoform did not have a role in the
activation of postnatal TRPV1.I"Y An expression of PKCa
and its role in modulating TRPV1 was not observed in
neonatal DRG neurons.” These studies indicate that there
may be a developmental expression pattern for the PKCa
isoform. Also, TRPV1 phosphorylation sites for the PKCa
isoform are unknown. Further studies on the effect of other
PKC isoforms and their phosphorylation sites on TRPV1
may have implications for a complete understanding of the
mechanisms of chronic pain mediated via phosphorylation
of specific sites of TRPV1 by specific PKC isoforms.
It is possible that individual isoforms phosphorylate-
specific sites on TRPV1 and may thus mediate differential
modulation of the receptor. Differential modulation may
also be governed by differences in expression patterns
of different isoforms dutring development (embryonic to
adult). Studies have suggested that some PKC activators
can directly open (gate) the TRPV1 channels.!"”l Although
there is some evidence for such a claim, this could merely
be an artifact of TRPV1 activation at lowered temperature
threshold (room temperature) in the presence of PKC
activators.""! Moreover, non-phosphorylating sites that
may be involved in the direct gating of TRPV1 by PKC
activators have not yet been identified.

There are no reports on the direct modulation of the
thermo-TRPs TRPV2 and TRPV3 by PKC [Table 2].
These two thermo-TRPs have been implicated in pain
mechanisms, thus making necessary further investigations
on their modulation by PKC and identification of putative
serine/threonine phosphorylation sites. Such information
may be useful in designing pharmacotherapeutics targeting
modalities of chronic pain mediated by TRPV2 or TRPV3
modulation by PKC. Sensitization to repeated noxious heat
stimuli was seen in nociceptors expressing TRPV2.I" A
role for PKC in such sensitization has not been investigated.
On the other hand, sensitization of TRPV3 by repeated
application of non-noxious heat or camphot was shown
to be independent of PKC."" However, sensitization of
TRPV2 or TRPV3 to single stimulus of heat following
activation of PKC is not known. Hence, investigations
need to be undertaken to identify putative serine/ threonine
residues on TRPV2 and TRPV3 receptors. Once identified,
further studies must be undertaken to elucidate the effect
of phosphorylation of these serine/threonine residues
by PKC on the threshold of TRPV3 activation by heat
or camphor, as this could have implications underlying
pathological conditions of inflammation or injury.

Table 2: Isoforms of PKC and PKC
phosphorylation sites that are involved in
modulating thermo-TRPs (TRPV1-4, TRPM8,
and TRPA1)

Thermo- Modulator PKC PKC phosphorylation
TRP isoforms (direct sites critical for
or indirect) modulation
TRPV1 PKCe and PKCa S502 and S800 for PKCe
TRPV2 Not known Not known
TRPV3 Independent of Not known
PKC modulation
TRPV4 Not known S162, S189, and T175
TRPM8 PKCa and/or Not directly via known
PKCBI sites, which include S9,
S12, S20, S221, S268,
S312, S319, S541, and
T556
TRPA1 Not known Not known

The fourth thermo-TRPV member, TRPV4, has been
characterized to have putative PKC phosphorylation
sites!"®1" [Table 2]. These include S162, S189 and T175,M
and S824.""' However, further investigations are required to
identify specific isoforms of PKC that can phosphorylate
these sites on TRPV4. Modulation of TRPV4 function by
PKC has also been established.” This modulation has been
postulated to induce mechanical hyperalgesia.l'*” It remains
to identify TRPV4 sensitization by specific isoforms of
PKC mediating mechanical hyperalgesia in nociceptive and
TRPV4-expressing subset of DRG neurons. Moreover,
similar to TRPV1, there is evidence that PKC activators
can also directly open (gate) TRPV4 channels.[*""'%]
Evidence for gating but not direct interaction of TRPV4
by a PKC activator 4alpha-PDD was shown at non-
phosphorylating site pairs, namely, Leu584 and Trp586
or Tyr591 and Arg594.*1 As in the case of TRPV1, this
gating mechanism of TRPV4 channels by PKC activators
can well be an artifact or additive effect of the lowered
threshold of sensitized TRPV4 channels, which may then
open at room temperatures. Investigations undertaken to
clarify such issues will have significant implications for
micro-management of chronic pain conditions where
PKC-sensitized TRPV4 channels mediate mechanical
hyperalgesia.

TRPMS8 modulation by PKC

Unlike the TRPV subfamily of thermo-sensitive TRP’s,
TRPMS, the receptor for cool temperatures and menthol
is desensitized by PKC.I'"”! Such negative regulation of
TRPMS8 by PKC has been shown to occur indirectly via
PKC-mediated activation of phosphatase calcineurin!'*!
[Table 2]. Calcineurin, in turn, inhibits TRPMS via
dephosphorylation.!'” This inhibition involves pushing
the threshold of TRPMS activation by cool temperatures
to very cold temperatures.'”” Since the desensitization
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of TRPMS8 by PKC was calcium-dependent, the putative
isoforms of PKC that may be involved could be among
the conventional PKCs (cPKCs) («, BI, BII, and/or v),
which are calcium-dependent. One study showed evidence
for indirect modulation of TRPM8 by PKCo and/or
PKCBI isoforms!"®! [Table 2]. The same study showed
that none of the nine putative serine/threonine PKC
phosphorylation sites (89, S12, S20, S221, S268, S312,
S319, §541, and T5506) were involved in desensitizing
TRPMS, indicating indirect modulation of the receptor
by PKCI'*! [Table 2]. However, calcium-independent
isoforms cannot be ruled out. Activation of the PLC
signaling cascade that mediates hydrolysis of phosphatidyl
inositol 4,5-phosphate 2 (PIP2), a membrane-associated
phospholipid, was shown to maintain open probability of
TRPMS channels.'*!*I Here, PLC signaling results in the
removal of PIP2 and inhibition of TRPMS8 channels.!'*!%!
Moreover, PLC-mediated hydrolysis of PIP2 generates
DAG,*>1% 3 potent activator of calcium-dependent
conventional PKCs (cPKCs) («, I, BIL, and/or y) as well as
calcium-independent novel PKCs (nPKCs) (3, e, 7, and 0).
Inhibition of TRPMS8 by PKC has interesting implications
for pain signaling in the subsets of DRG neurons that
express TRPMS. In the subset of DRG neurons that are
nociceptive and express pain peptides and TRPV1, PKC
activation would inhibit TRPMS8 and sensitize TRPV1.
This would result in increased pain signaling. Hence,
blocking PKC in this subset would be a useful strategy. In
addition, for the subset of DRG neurons that expresses
TRPMS8 without the pain peptides or TRPV1 and is
considered non-nociceptive, blocking PKC would again
be a useful strategy to leave TRPM8-mediated analgesia
open as a therapy for chronic pain. However, it remains
to be determined whether the PKC isoforms that mediate
inhibition of TRPMS and sensitization of TRPV1 are
the same or different in the subsets of DRG neurons
that express TRPMS alone or co-express TRPMS8 and
TRPV1.4 Also, further investigations are necessary
to determine PKC isoforms that inhibit TRPMS8 via de-
phosphorylation®! or the PLC-signaling cascade.I"*"!I Tt
would be interesting to see whether PKC isoforms that
mediate the de-phosphorylation of TRPMS8 or modulate
TRPMS8 downstream of the PLC-signaling cascade are the
same. Current knowledge of PKC mechanisms regulating
TRPMS leads us towards a paradox. On one hand, blocking
PKC may help target TRPM8-mediated analgesia. On the
other hand, blocking PKC would prove counterproductive
in cases of cold allodynia or cold hyperalgesia mediated
by TRPMS8."? This necessitates further studies to identify
specific PKC isoforms, revisit putative sites of PKC
phosphorylation, and elucidate their mechanisms in
specific subsets of nociceptive and non-nociceptive DRG
neurons expressing TRPMS.

TRPA1 modulation by PKC

There have been no reports yet on direct phosphorylation
of TRPA1 by PKC. An early study showed clear activation
of PKC in the spinal cord dorsal horn and enhancement of
mustard oil-induced pain.” Since the cloning of TRPA1,
studies involving TRPA1 knockout mice have implicated
mustard oil as a specific agonist of TRPA1.#" These results
suggest a putative role of PKC in enhancing TRPA1-
mediated pain. Studies in TRPA1 knockout mice have also
shown inhibition of bradykinin-mediated hypersensitivity,"”
suggesting a possible role for PKC as in case of
TRPV1.M" Also, like TRPV1, the PLC- or PLLA2-mediated
pathway sensitization of TRPA1 has been shown!"* [Table
2]. TRPA1 was sensitized via PLC disinhibition of PIP2
mediated by the activation of proteinase activated receptor
(PAR)-2 in models of cold hyperalgesia and inflammatory
pain.BP>333 These studies provide further insights into PKC-
TRPAT1 signaling as a downstream effect of PLC or PLA2
cascades. However, further studies are necessary to delineate
the PKC isoforms and putative PKC phosphorylation sites
on TRPA1. Since most of the TRPA1 is co-expressed within
the TRPV1 subsets of nociceptive DRG neurons, it is
important to identify whether the PKC isoforms modulating
each of these channels are the same or different.

CONCLUSION

This review highlights that the current understanding of PKC
modulation of thermo-sensitive TRP channels expressed
in nociceptive DRG neurons is incomplete. A complete
knowledge of such interactions could have significant
implications for micro-management of symptoms arising
from pain signaling between PKC and thermo-sensitive
TRPs. We have shown some of our own data to highlight
differential expression, localization, and translocation
patterns of specific PKC isoforms in nociceptive DRG
neurons expressing TRPV1. The purpose of showing some
of our data is to bring forward tools that can be used for
future investigations into delineating specific PKC isoforms
involved in modulating specific subsets of thermo-TRPs
in addition to TRPV1. Real-time translocation in DRG
neurons or heterologous expression systems of specific
PKC isoforms and thermo-TRP channels in response to
pain stimuli and PKC activators can serve as a powerful
in vitro assay for such studies. Finally, with this review, we
would like to stimulate a further comprehensive research
into mechanisms that can potently alter somatosensation,
resulting in chronic pain.

ACKNOWLEDGEMENTS

We thank Michelle Tran and Peter Hong for their help with
editing of the manuscript. This work was supported by a grant

Qournal of Natural Science, Biology and Medicine | January 2011 | Vol 2 | Issue 1 J 22




Mandadi, et al.: PKC alters somatosensation by thermo-TRPs

from the Australian Research Council-Discovery Project grant
DP0211215_14 and by Nerve Research Foundation, University
of Sydney.

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Cosens DJ, Manning A. Abnormal electroretinogram from a
Drosophila mutant. Nature, 1969;224: 285-7.

Minke B, Wu C, Pak WL. Induction of photoreceptor voltage noise in
the dark in Drosophila mutant. Nature 1975;258:84-7.

Minke B. Light-induced reduction in excitation efficiency in the trp
mutant of Drosophila. ] Gen Physiol 1982;79:361-85.

Montell C. Physiology, phylogeny, and functions of the TRP
superfamily of cation channel. Sci STKE 2001:rel.

Clapham DE, Runnels LW, Striibing C. The TRP ion channel family.
Nat Rev Neurosci 2001;2:387-96.

Lumpkin EA, Caterina MJ. Mechanisms of sensory transduction in
the skin. Nature 2007;445:858-65.

Mandadi S, Roufogalis BD. ThermoTRP Channels in Nociceptors:
Taking a Lead from Capsaicin Receptor TRPV1. Curr
Neuropharmacol 2008;6:21-38.

Sokabe T, Tominaga M. Molecular mechanisms underlying
thermosensation in mammals. Brain Nerve 2009;61:867-73.

Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD,
Julius D. The capsaicin receptor: A heat-activated ion channel in the
pain pathway. Nature 1997;389:816-24.

Caterina MJ, Rosen TA, Tominaga M, Brake AJ, Julius D. A capsaicin-
receptor homologue with a high threshold for noxious heat. Nature
1999;398:436-41.

Smith GD, Gunthorpe M]J, Kelsell RE, Hayes PD, Reilly P, Facer P, ef
al. TRPV3 is a temperature-sensitive vanilloid receptor-like protein.
Nature 2002;418:186-90.

Xu H, Ramsey IS, Kotecha SA, Moran MM, Chong JA, Lawson D,
et al. TRPV3 is a calcium-permeable temperature-sensitive cation
channel. Nature 2002;418:181-6.

Peier AM, Reeve AJ, Andersson DA, Moqrich A, Earley T], Hergarden
AC, et al. A Heat-Sensitive TRP Channel Expressed in Keratinocytes.
Science 2002;296:2046-9.

Gililer AD, Lee H, lida T, Shimizu I, Tominaga M, Caterina M.
Heat-evoked activation of the ion channel, TRPV4. J Neurosci
2002;22:6408-14.

Togashi K, Hara Y, Tominaga T, Higashi T, Konishi Y, Mori Y, ef
al. TRPM2 activation by cyclic ADP-ribose at body temperature is
involved in insulin secretion. EMBO ] 2006;25:1804-15.

McKemy DD, Neuhausser WM, Julius D. Identification of a cold
receptor reveals a general role for TRP channels in thermosensation.
Nature 2002;416:52-58.

Peier AM, Moqrich A, Hergarden AC, Reeve AJ, Andersson DA,
Story GM, et al. A TRP Channel that Senses Cold Stimuli and
Menthol. Cell 2002;108:705-15.

Story GM, Peier AM, Reeve AJ, Eid SR, Mosbacher J, Hricik TR, et al.
ANKTM1, a TRP-like channel expressed in nociceptive neurons, is
activated by cold temperatures. Cell 2003;112:819-29.

Talavera K, Yasumatsu K, Voets T, Droogmans G, Shigemura N,
Ninomiya Y, et al. Heat activation of TRPM5 underlies thermal
sensitivity of sweet taste. Nature 2005;438:1022-5.

Sherrington S, editor. The integrative action of the nervous system.
New Haven: Yale University Press; 1906

Fields HL. Pain. New York: McGraw-Hill; 1987. p. 354 .

Millan MJ. The induction of pain: An integrative review. Prog
Neurobiol 1999;57:1-164.

Raja, SN, Meyer RA, Ringkamp M, Campbell JNPeripheral neural
mechanisms of nociception. In: Textbook of Pain, PD Wall, R
Melzack, editors. Edinburgh: Churchill Livingstone; 1999. p. 11-57 .
Snider WD, McMahon SB. Tackling pain at the source: New ideas
about nociceptors. Neuron 1998;20:629-32.

Harper AA, Lawson SN. Conduction velocity is related to
morphological cell type in rat dorsal root ganglion neurones. ]

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Physiol 1985;359:31-46.

Handwerker HO, Kobal G. Psychophysiology of experimentally
induced pain. Physiol Rev 1993;73:639-71.

Meyer RA, Campbell JN, Raja SN, Peripheral neural mechanisms
of nociception. In: Textbook of Pain, PD Wall, R Melzack, editors.
London: Churchill Livingstone; 1994. p. 13-43.

Simone DA, Kajander KC. Responses of cutaneous A-fiber
nociceptors to noxious cold. ] Neurophysiol 1997;77:2049-60.

Treede RD, W Magerl. Modern concepts of pain and hyperalgesia:
Beyond the polymodal C-nociceptor. News Physiol Sci
1995;10:216-28.

Treede RD, Meyer RA, Campbell JN. Comparison of heat and
mechanical receptive fields of cutaneous C fiber nociceptors in
monkey. ] Neurophysiol 1990;64:1502-13.

Treede RD, Raja SN, Davis KD, Meyer RA, Campbell JN,in Bond
MR, Charlton JE, Woolf CJ (editors). Proceeding of the VI World
Congress on Pain. Elsevier, Amsterdam 1991, 377-382 .

Beydoun A, Dyke DB, Morrow TJ, Casey KL. Topical capsaicin
selectively attenuates heat pain and A fiber-mediated laser-evoked
potentials. Pain 1996,65:189-96.

Tominaga M, Caterina M]J, Malmberg AB, Rosen TA, Gilbert H,
Skinner K, et al. The cloned capsaicin receptor integrates multiple
pain-producing stimuli. Neuron 1998;21:531-43.

Caterina MJ, Leffler A, Malmberg AB, Martin W], Trafton ], Petersen-
Zeitz KR, et al. Impaired Nociception and Pain Sensation in Mice
Lacking the Capsaicin Receptor. Science 2000;288:306-13.
Patapoutian A, Peier AM, Story GM, Viswanath V. ThermoTRP
channels and beyond: Mechanisms of temperature sensation. Nat
Rev Neurosci 2003;4;529-39.

Park, U, Guan Y, Raja SN and Caterina MJ. In vivo function of
TRPV2 in nociception in Society for Neuroscience. Washington DC,
USA, 2008 .

Shibasaki K, Murayama N, Ono K, Ishizaki Y, Tominaga M. TRPV2
enhances axon outgrowth through its activation by membrane
stretch in developing sensory and motor neurons. ] Neurosci
2010;30:4601-12.

Mogrich A, Hwang SW, Earley TJ, Petrus MJ, Murray AN, Spencer
KS, et al. Impaired thermosensation in mice lacking TRPV3, a heat
and camphor sensor in the skin. Science 2005;307:1468-72.

Vergnolle N, Cenac N, Altier C, Cellars L, Chapman K, Zamponi GW,
et al. A role for transient receptor potential vanilloid 4 in tonicity-
induced neurogenic inflammation. Br ] Pharmacol 2010;159:1161-73.
Liedtke W. Molecular mechanisms of TRPV4-mediated neural
signaling. Ann N Y Acad Sci 2008;1144:42-52.

Takashima Y, Ma L, McKemy DD. The development of peripheral
cold neural circuits based on TRPMS8 expression. Neuroscience
2010;169:828-42.

Stucky CL, Dubin AE, Jeske NA, Malin SA, McKemy DD, et al.
Roles of transient receptor potential channels in pain. Brain Res Rev
2009;60:2-23.

Takashima Y, Daniels RL, Knowlton W, Teng J, Liman ER, McKemy
DD. Diversity in the neural circuitry of cold sensing revealed by
genetic axonal labeling of transient receptor potential melastatin 8
neurons. ] Neurosci 2007;27:14147-57.

Dhaka A, Earley TJ, Watson ], Patapoutian A. Visualizing cold
spots: TRPM8-expressing sensory neurons and their projections. J
Neurosci 2008;28:566-75.

Knowlton WM, Bifolck-Fisher A, Bautista DM, McKemy DD.
TRPMS, but not TRPA1, is required for neural and behavioral
responses to acute noxious cold temperatures and cold-mimetics in
vivo. Pain 2010;150:340-50.

Jordt SE, Bautista DM, Chuang HH, McKemy DD, Zygmunt
PM, Hogestatt ED, et al. Mustard oils and cannabinoids excite
sensory nerve fibres through the TRP channel ANKTMI1. Nature
2004;427:260-5.

Bautista DM, Jordt SE, Nikai T, Tsuruda PR, Read AJ, Poblete J, et al.
TRPA1 mediates the inflammatory actions of environmental irritants
and proalgesic agents. Cell 2006;124:1269-82.

Bandell M, Story GM, Hwang SW, Viswanath V, Eid SR, Petrus
M]J, et al. Noxious cold ion channel TRPA1 is activated by pungent

23

LJournaI of Natural Science, Biology and Medicine | January 2011 | Vol 2 | Issue 1)




49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Mandadi, et al.: PKC alters somatosensation by thermo-TRPs

compounds and bradykinin. Neuron 2004;41:849-57.

Sawada Y, Hosokawa H, Hori A, Matsumura K, Kobayashi S.
Cold sensitivity of recombinant TRPA1 channels. Brain Res
2007;1160:39-46.

Kwan KY, Allchorne AJ, Vollrath MA, Christensen AP, Zhang DS,
Woolf CJ, et al. TRPA1 contributes to cold, mechanical, and chemical
nociception but is not essential for hair-cell transduction. Neuron
2006;50:277-89.

Obata K, Katsura H, Mizushima T, Yamanaka H, Kobayashi K,
Dai Y, et al. TRPA1 induced in sensory neurons contributes to cold
hyperalgesia after inflammation and nerve injury. J Clin Invest
2005;115:2393-401.

Katsura H, Obata K, Mizushima T, Yamanaka H, Kobayashi K, Dai
Y, et al. Antisense knock down of TRPA1, but not TRPMS, alleviates
cold hyperalgesia after spinal nerve ligation in rats. Exp Neurol
2006;200:122-3.

Bautista DM, Siemens J, Glazer JM, Tsuruda PR, Basbaum Al, Stucky
CL, et al. The menthol receptor TRPMS is the principal detector of
environmental cold. Nature 2007;448:204-8.

Corey DP, Garcia-Anoveros J, Holt JR, Kwan KY, Lin SY, Vollrath MA,
et al. TRPA1 is a candidate for the mechanosensitive transduction
channel of vertebrate hair cells. Nature 2004;432:723-30.

Julius D, Basbaum Al Molecular mechanisms of nociception. Nature
2001;413:203-10.

Inoue M, Kishimoto A, Takai Y, Nishizuka Y. Studies on a cyclic
nucleotide-independent protein kinase and its proenzyme in
mammalian tissues. II. Proenzyme and its activation by calcium-
dependent protease from rat brain. ] Biol Chem 1977,252:7610-6.
Takai Y, Kishimoto A, Inoue M, Nishizuka Y. Studies on a cyclic
nucleotide-independent protein kinase and its proenzyme in
mammalian tissues. L. Purification and characterization of an active
enzyme from bovine cerebellum. J Biol Chem 1977;252:7603-9.
Parker PJ, Coussens L, Totty N, Rhee L, Young S, Chen E, et al. The
complete primary structure of protein kinase C-the major phorbol
ester receptor. Science 1986;233:853-9.

Coussens L, Parker PJ, Rhee L, Yang-Feng TL, Chen E, Waterfield
MD, et al. Multiple, distinct forms of bovine and human protein
kinase C suggest diversity in cellular signaling pathways. Science
1986;233:859-66.

Ono Y, Kurokawa T, Kawahara K, Nishimura O, Marumoto R,
Igarashi K, et al. Cloning of rat brain protein kinase C complementary
DNA. FEBS Lett 1986;203:111-5.

Ono Y, Kurokawa T, Fujii T, Kawahara K, Igarashi K, Kikkawa U, et
al. Two types of complementary DNAs of rat brain protein kinase
C. Heterogeneity determined by alternative splicing. FEBS Lett
1986;206:347-52.

Nishizuka Y. Intracellular signaling by hydrolysis of phospholipids
and activation of protein kinase C. Science 1992;258:607-14.
Hofmann J. The potential for isoenzyme-selective modulation of
protein kinase C. FASEB ] 1997;11:649-69.

Kanashiro CA, Khalil RA. Signal transduction by protein kinase C in
mammalian cells. Clin Exp Pharmacol Physiol 1998;25:974-85.

Liu WS, Heckman CA. The Sevenfold Way of PKC Regulation. Cell
Signal 1998;10:529-42.

Mellor H, Parker PJ. The extended protein kinase C superfamily.
Biochem J 1998;332:281-92.

Newton AC. Regulation of protein kinase C. Curr Opin Cell Biol
1997;9:161-7.

Saito N, Kikkawa U, Nishizuka Y, Tanaka C. Distribution of protein
kinase C-like immunoreactive neurons in rat brain. ] Neurosci
1988;8:369-82.

Hashimoto T, Ase K, Sawamura S, Kikkawa U, Saito N, Tanaka C, et
al. Postnatal development of a brain-specific subspecies of protein
kinase C in rat. ] Neurosci 1988;8:1678-83.

Hirata M, Saito N, Kono M, Tanaka C. Differential expression of
the beta I- and beta II-PKC subspecies in the postnatal developing
rat brain; an immunocytochemical study. Brain Res Dev Brain Res
1991;62:229-38.

Hosoda K, Saito N, Kose A, Ito A, Tsujino T, Ogita K, et al.
Immunocytochemical localization of the beta I subspecies of protein

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

kinase C in rat brain. Proc Natl Acad Sci USA 1989;86:1393-7.

Saito N, Kose A, Ito A, Hosoda K, Mori M, Hirata M, et al.
Immunocytochemical localization of beta II subspecies of protein
kinase C in rat brain. Proc Natl Acad Sci USA 1989;86:3409-13.

Ito A, Saito N, Hirata M, Kose A, Tsujino T, Yoshihara C, et al.
Immunocytochemical Localization of the {alpha} Subspecies of
Protein Kinase C in Rat Brain. Proc Natl Acad Sci USA 1990;87:3195-9.
Saito N, Itouji A, Totani Y, Osawa I, Koide H, Fujisawa N, et al.
Cellular and intracellular localization of epsilon-subspecies of
protein kinase C in the rat brain; presynaptic localization of the
epsilon-subspecies. Brain Res 1993;607:241-8.

Cesare P, Dekker LV, Sardini A, Parker PJ, McNaughton PA. Specific
involvement of PKC-epsilon in sensitization of the neuronal
response to painful heat. Neuron 1999;23:617-24.

Kose A, Saito N, Ito H, Kikkawa U, Nishizuka Y, Tanaka C. Electron
microscopic localization of type I protein kinase C in rat Purkinje
cells. ] Neurosci 1988;8:4262-8.

Kose A, Ito A, Saito N, Tanaka C. Electron microscopic localization
of gamma- and beta II-subspecies of protein kinase C in rat
hippocampus. Brain Res 1990;518:209-17.

Stichel CC, Singer W, Zilles K. Ultrastructure of PkC(II/III)-
immunopositive structures in rat primary visual cortex. Exp Brain
Res 1990,82:575-84.

Tsujino T, Kose A, Saito N, Tanaka C. Light and electron microscopic
localization of beta I-, beta II-, and gamma-subspecies of protein
kinase C in rat cerebral neocortex. ] Neurosci 1990;10:870-84.
Shearman MS, Sekiguchi K, Nishizuka Y. Modulation of ion channel
activity: A key function of the protein kinase C enzyme family.
Pharmacol Rev 1989;41:211-37.

Huganir RL, Greengard P. Regulation of neurotransmitter receptor
desensitization by protein phosphorylation. Neuron 1990;5:555-67.
Robinson PJ. The role of protein kinase C and its neuronal substrates
dephosphin, B-50, and MARCKS in neurotransmitter release. Mol
Neurobiol 1991;5:87-130.

Nishizuka Y. The role of protein kinase C in cell surface signal
transduction and tumour promotion. Nature 1984;308:693-8.

Exton J. Signaling through phosphatidylcholine breakdown. J Biol
Chem 1990;265:1-4.

Asaoka Y, Nakamura S, Yoshida K, Nishizuka Y. Protein kinase
C, calcium and phospholipid degradation. Trends Biochem Sci
1992;17:414-7.

Woolf CJ, Salter MW. Neuronal plasticity: Increasing the gain in
pain. Science 2000;288:1765-9.

Velazquez KT, Mohammad H, Sweitzer SM. Protein kinase C in
pain: Involvement of multiple isoforms. Pharmacological Research
2007;55:578-89.

Woolf CJ. Evidence for a central component of post-injury pain
hypersensitivity. Nature 1983;306:686-8.

Dubner R, Ruda MA. Activity-dependent neuronal plasticity
following tissue injury and inflammation. Trends Neurosci
1992;15:96-103.

Woolf CJ, Mannion RJ, Neumann S. Null Mutations Lacking
Substance: Elucidating Pain Mechanisms by Genetic Pharmacology.
Neuron 1998;20:1063-6.

Woolf CJ, Costigan M. Transcriptional and posttranslational
plasticity and the generation of inflammatory pain. Proc Natl Acad
Sci USA 1999;96:7723-30.

Coderre TJ. Contribution of protein kinase C to central sensitization
and persistent pain following tissue injury. Neurosci Lett
1992;140:181-4.

Munro FE, Fleetwood-Walker SM, Mitchell R. Evidence for a role
of protein kinase C in the sustained activation of rat dorsal horn
neurons evoked by cutaneous mustard oil application. Neurosci Lett
1994;170:199-202.

Yashpal K, Pitcher GM, Parent A, Quirion R, Coderre TJ. Noxious
thermal and chemical stimulation induce increases in 3H-phorbol
12,13-dibutyrate binding in spinal cord dorsal horn as well as
persistent pain and hyperalgesia, which is reduced by inhibition of
protein kinase C. ] Neurosci 1995;15:3263-72.

Sluka KA, Willis WD. The effects of G-protein and protein kinase

Qournal of Natural Science, Biology and Medicine | January 2011 | Vol 2 | Issue 1 J 24




96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Mandadi, et al.: PKC alters somatosensation by thermo-TRPs

inhibitors on the behavioral responses of rats to intradermal injection
of capsaicin. Pain 1997;71:165-78.

Ramakers GM, Pasinelli P, Hens JJ, Gispen WH, De Graan PN., ef
al., Protein kinase C in synaptic plasticity: Changes in the in situ
phosphorylation state of identified pre- and postsynaptic substrates.
Prog Neuropsychopharmacol Biol Psychiatry 1997;21:455-86.
Coderre TJ, Yashpal K. Intracellular messengers contributing to
persistent nociception and hyperalgesia induced by L-glutamate
and substance P in the rat formalin pain model. The Eur ] Neurosci
1994;6:1328-34.

Lin Q, Peng YB, Willis WD. Inhibition of primate spinothalamic
tract neurons by spinal glycine and GABA is reduced during central
sensitization. ] Neurophysiol 1996;76:1005-14.

Lin Q, Peng YB, Willis WD. Possible role of protein kinase C in the
sensitization of primate spinothalamic tract neurons. ] Neurosci
1996;16:3026-34.

Sluka KA, Willis WD. The effects of G-protein and protein kinase
inhibitors on the behavioral responses of rats to intradermal injection
of capsaicin. Pain 1997;71:165-78.

Sluka KA, Rees H, Chen PS, Tsuruoka M, Willis WD. Capsaicin-
induced sensitization of primate spinothalamic tract cells is
prevented by a protein kinase C inhibitor. Brain Res 1997;772:82-6.
Gerber G, Kangrga I, Ryu PD, Larew ]S, Randic M. Multiple
effects of phorbol esters in the rat spinal dorsal horn. ] Neurosci
1989;9:3606-17.

Rusin KI, Ryu PD, Randic M. Modulation of excitatory amino acid
responses in rat dorsal horn neurons by tachykinins. ] Neurophysiol
1992;68:265-86.

Urban L, Naeem S, Patel IA, Dray A. Tachykinin induced regulation
of excitatory amino acid responses in the rat spinal cord in vitro.
Neurosci Lett 1994;168:185-8.

Urban L, Thompson SW, Dray A. Modulation of spinal excitability:
Co-operation between neurokinin and excitatory amino acid
neurotransmitters. Trends Neurosci 1994;17:432-8.

Zhang L], Wang X], Han ]S. Phorbol ester suppression of opioid
analgesia in rats. Life Sci 1990;47:1775-82.

Mao ], Price DD, Mayer DJ, Hayes RL. Pain-related increases in
spinal-cord membrane-bound protein kinase C following peripheral
nerve injury. Brain Res 1992;588:44-9.

Malmberg AB, Chen C, Tonegawa S, Basbaum Al Preserved acute
pain and reduced neuropathic pain in mice lacking PKCgamma.
Science 1997;278:279-83.

Li P, Kerchner GA, Sala C, Wei F, Huettner JE, Sheng M, et al. AMPA
receptor-PDZ interactions in facilitation of spinal sensory synapses.
Nat Neurosci 1999;2:972-7.

Cortright DN, Szallasi A. Biochemical pharmacology of the vanilloid
receptor TRPV1. Eur ] Biochem 2004;271:1814-9.

Numazaki M, Tominaga T, Toyooka H, Tominaga M. Direct
Phosphorylation of Capsaicin Receptor VR1 by Protein Kinase
Cepsilon and Identification of Two Target Serine Residues. ] Biol
Chem 2002;277:13375-8.

Mandadi S, Numazaki M, Tominaga M, Bhat MB, Armati PJ,
Roufogalis BD. Activation of Protein Kinase C reverses capsaicin-
induced calcium dependent desensitization of TRPV1 ion channels.
Cell Calcium 2004;35:471-8.

Mandadi S, Tominaga T, Numazaki M, Murayama N, Saito N,
Armati PJ, et al. Increased sensitivity of desensitized TRPV1 via
PKCe-mediated phosphorylation at Serine residue S800. Pain
2006;123:106-16.

Olah Z, Karai L, Iadarola MJ. Protein Kinase Calpha Is Required
for Vanilloid Receptor 1 Activation. Evidence for multiple signaling
pathways. ] Biol Chem 2002;277:35752-9.

Premkumar LS, Ahern GP. Induction of vanilloid receptor channel
activity by protein kinase C. Nature 2000;408:985-90.

Rau KK, Jiang N, Johnson RD, Cooper BY. Heat sensitization in skin
and muscle nociceptors expressing distinct combinations of TRPV1

and TRPV2 protein. ] Neurophysiol 2007;97:2651-62.

117. Hu HZ, Xiao R, Wang C, Gao N, Colton CK, Wood ]JD,, et al.
Potentiation of TRPV3 channel function by unsaturated fatty acids. J
Cell Physiol 2006,208:201-12.

118. Fan HC, Zhang X, McNaughton PA. Activation of the TRPV4
Ion Channel Is Enhanced by Phosphorylation. ] Biol Chem
2009;284:27884-91.

119. Peng H, Lewandrowski U, Miiller B, Sickmann A, Walz G, Wegierski
T. Identification of a Protein Kinase C-dependent phosphorylation
site involved in sensitization of TRPV4 channel. Biochem Biophys
Res Commun 2010;391:1721-5.

120. Grant AD, Cottrell GS, Amadesi S, Trevisani M, Nicoletti P, Materazzi
S, et al. Protease-activated receptor 2 sensitizes the transient receptor
potential vanilloid 4 ion channel to cause mechanical hyperalgesia in
mice. ] Physiol 2007 578:715-33.

121. Watanabe H, Davis JB, Smart D, Jerman JC, Smith GD, Hayes D, et
al. Activation of TRPV4 channels (hVRL-2/mTRP12) by phorbol
derivatives. ] Biol Chem 2002;277:13569-77.

122. Vriens ], Watanabe H, Janssens A, Droogmans G, Voets T, Nilius B.
Cell swelling, heat, and chemical agonists use distinct pathways for
the activation of the cation channel TRPV4. Proc Natl Acad Sci USA
2004;101:396-401.

123. Xu F Satoh E, lijima T. Protein kinase C-mediated Ca2+ entry in
HEK 293 cells transiently expressing human TRPV4. Br ] Pharmacol
2003;140:413-21.

124. Vriens J, Owsianik G, Janssens A, Voets T, Nilius B. Determinants of
4 alpha-phorbol sensitivity in transmembrane domains 3 and 4 of
the cation channel TRPV4. ] Biol Chem 2007;282:12796-803.

125. Abe ], Hosokawa H, Sawada Y. Ca2+-dependent PKC activation
mediates menthol-induced desensitization of transient receptor
potential M8. Neurosci Lett 2006;397:140-4.

126. Premkumar LS, Raisinghani M, Pingle SC, Long C, Pimentel
F. Downregulation of transient receptor potential melastatin 8
by protein kinase C-mediated dephosphorylation. ] Neurosci
2005;25:11322-9.

127. Linte RM, Ciobanu C, Reid G, Babes A. Desensitization of cold- and
menthol-sensitive rat dorsal root ganglion neurones by inflammatory
mediators. Exp Brain Res 2007;178:89-98.

128. Rohacs T, Lopes CM, Michailidis I, Logothetis DE. PI(4,5)P2 regulates
the activation and desensitization of TRPM8 channels through the
TRP domain. Nat Neurosci 2005;8:626-34.

129. Daniels RL, Takashima Y, McKemy DD. Activity of the neuronal cold
sensor TRPMS is regulated by phospholipase C via the phospholipid
phosphoinositol 4,5-bisphosphate. ] Biol Chem 2008;284:1570-80.

130. Nishizuka, Y. Turnover of inositol phospholipids and signal
transduction. Science 1984;225:1365-70.

131. Daniels RL, McKemy DD. Mice left out in the cold: Commentary on
the phenotype of TRPM8-nulls. Mol Pain 2007;3:23.

132. McMahon SB, Wood JN. Increasingly irritable and close to tears:
TRPA1 in inflammatory pain. Cell 2006;124:1123-5.

133. Mizushima T, Obata K, Katsura H, Sakurai ], Kobayashi K,
Yamanaka H, et al. Intensity-dependent activation of extracellular
signal-regulated protein kinase 5 in sensory neurons contributes to
pain hypersensitivity. ] Pharmacol Exp Ther 2007,321:28-34.

134. Dai Y, Wang S, Tominaga M, Yamamoto S, Fukuoka T, Higashi T, ef
al. Sensitization of TRPA1 by PAR2 contributes to the sensation of
inflammatory pain. J Clin Invest 2007;117:1979-87.

How to cite this article: Mandadi S, Armati PJ, Roufogalis BD. Protein
kinase C modulation of thermo-sensitive transient receptor potential
channels: Implications for pain signaling. J Nat Sc Biol Med 2011;2:13-25.

Source of Support: Australian Research Council-Discovery Project grant

DP0211215_14 and by Nerve Research Foundation, University of Sydney,
Conflict of Interest: None declared.

25

LJournaI of Natural Science, Biology and Medicine | January 2011 | Vol 2 | Issue 1)




