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Abstract:

Epidermal  growth  factor,  EGF,  is  one  of  the  essential  growth  factors  that

stimulates  injury-induced  corneal  epithelial  healing  rates.  Cell  signaling  contributors

mediating this response include capacitative calcium entry (CCE) activation and protein

kinase C (PKC) isoform stimulation. This study shows in human corneal epithelial cells,

HCEC, that CCE is preferentially activated by the PKC isoforms  and . Moreover such

activation  requires  increases  in  plasma  membrane  Ca2+ influx  through  store-operated

channels.  Therefore,  EGF-induced stimulation of cell  proliferation and migration may

depend on unique effects mediated by six different PKC isoforms identified in HCEC.

TRPV1  is  a  vanilloid  subtype  of  the  transient  receptor  potential  protein

superfamily.   This  isoform is  a  subunit  of  a  non-selective  cation  channel  mediating

downstream responses to heat, low pH, or noxious stimuli. TRPV1 expression has been

recently  described  in  some  epithelial  tissues  and  induces  proinflammatory  cytokine

release through mitogen-activated protein kinase (MAPK) superfamily stimulation. This

study describes in HCEC the signaling pathways mediating TRPV1-induced increases in

proinflammatory cytokine release. It suggests that epithelial TRPV1 receptor activation

by noxious stimuli contributes in-vivo to mounting proinflammatory reactions. 
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Chapter 1. Introduction

 Summary

The corneal epithelium is the natural barrier of the eye. Damage to this layer

can cause infection,  may lead to loss of vision and possibly blindness.  This function

depends  on  tissue  integrity.  Such  protection  preserves  corneal  refractive  power  and

transparency, which can be challenged by exposure to an anisosmotic stress, low pH and

other  noxious  stimuli.  The  continuous  sloughing  off  of  the  topmost  differentiated

superficial  cell  layer results in loss of epithelial barrier integrity if cell layers are not

continuously renewed. The development of novel strategies to accelerate wound healing

can improve outcome following injury.

Epidermal  growth factor,  EGF, is  an endogenous  growth factor,  which  is  a

potent and efficacious stimulator of in vitro corneal epithelial proliferation and migration.

These effects suggest that it  may have clinical relevance in treating corneal epithelial

wounds induced by injury.  However,  in  vivo studies  have  shown that  EGF has  poor

pentrance into the cornea and has limited effectiveness. Nevertheless, another approach to

overcome this limitation is to identify intracellular drug targets in the signaling cascade

mediating EGF receptor control of these responses. Such an endeavor has the potential to

bypass the problem of poor EGF penetrance. This maneuver could identify drugs with the

same effectiveness as EGF, but being more penetrant than this growth factor.  Another

consideration is that this endeavor may lead to the identification of novel drug targets that

could bypass dysfunctional EGF receptor regulation of healing.

EGF receptor linked cell  signaling entails the activation of phospholipase C

(PLC),  which  generates  two  second  messengers---IP3 and  DAG  from  membrane
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phospholipid.  When  the  IP3 receptor  on  the  intracellular  calcium store  membrane  is

activated,  calcium is  released.  The depletion of calcium from the ICS causes plasma

membrane calcium influx through a mechanism called capacitive calcium entry (CCE),

some  of  which  occurs  through  store-operated  channels  (SOC).  These  channels  are

composed of specific proteins that belong to a family of proteins referred to as transient

receptor proteins canonical subfamily (TRPC). Previous studies have shown that EGF

activates protein kinase C (PKC). PKC is a group of kinases composed of 12 isoforms, 6

of which were identified in human corneal epithelial cells (HCEC) [1]. However the role

of  particular  PKC isoforms in regulating CCE is  unknown.  One of  my goals was to

determine in HCEC, the differential roles of PKC isoforms in mediating EGF-induced

activation of CCE. Another aspect of this study was to characterize the involvement of

specific PKC isoforms in mediating EGF-induced control of SOC activity.

Transient receptor potential (TRP) vanilloid subtype 1 (TRPV1) activation in

some epithelia induces inflammatory cytokine release. This effect provides a defensive

response  to  disease  related  noxious  stimuli.  Until  recently  nothing was  known about

TRPV1 expression in the corneal epithelium. In the last year, the first report appeared

describing TRPV1 expression in rat cornea, but it was only described in the trigeminal

nerve rather than in the corneal epithelium. Moreover, the functional importance of such

expression was not clearly delineated. Another part of my thesis research describes for

the first  time in the isolated cornea and in cultured corneal epithelial  cells  functional

TRPV1 activity. Exposure to different selective TRPV1 agonists induces Ca2+ transients

and increases in nonselective cation currents. These two responses lead to global mitogen

activated protein kinase (MAPK) stimulation and ultimately to increases in IL-6 and IL-8
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release. Those increases in proinflammatory cytokine release suggests in-vivo that the

consequences of exposure to noxious stimuli may be mitigated through selective drug

modulation of TRPV1 linked signaling pathways. This realization may prompt the search

for  novel  drugs  that  reduce  the  pain  and  suffering  resulting  from losses  in  corneal

epithelial integrity caused by exposure to noxious stimuli and/or elevated temperature.

 Corneal epithelial histology

Light enters the eye through the transparent cornea, which also forms the major refractive

structure of the eye, focusing light onto the retina (Figure 1). The cornea has 5 tissue

layers  (Figure  2):  epithelium,  Bowman’s  layer,  stroma,  Descemet’s  Membrane  and

endothelium. My study is focused on the corneal epithelium. The corneal epithelium is a

stratified, nonkeratinized epithelium that is five to seven cells thick, consisting of three

types  of  cells:  a  single  layer  of  basal  cells,  one  to  three  layers  of  wing  cells  and

superficial cells which are three to four cell layers thick. The superficial cells undergo

terminal  differentiation  finally  degenerate  and  slough  off.  The  turnover  of  the  entire

epithelium is every 7-14 days [2]. 

 Growth factor regulation of epithelial wound healing

The  corneal  epithelium  undergoes  continuous  renewal and  is  essential  to

maintain normal vision and form a barrier that protects the corneal interior from becoming

infected by noxious environmental agents. The rate of renewal is dependent on a  highly
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integrated  balance  between  the  processes  of  corneal  epithelial proliferation,

differentiation, and cell death  [3]. The healing of epithelial wounds also can be divided

into  several  distinct  but  continuous  phases:  sliding of  superficial  cells  to  cover  the

denuded surface, cell proliferation, and stratification for re-establishment of multicellular

layers.  The  appropriate  integration  and  coordination  is  dependent  on  the  actions  of

cytokines.

Cytokines that have been found in human and rabbit tears include EGF, ET-1,

HGF, TNF , TGFß-1, TGFß-2, VEGF, PDGF-BB, IL-6, and bFGF [4]. A number of them

stimulate epithelial growth, whereas others can trigger epithelial cell apoptosis. 

EGF appears to effectively accelerate epithelial wound closure  in vivo and in

vitro [5,  6].  Previously  studies  demonstrated  that  EGF  enhances  Ca2+ mobilization

(release of Ca2+ from intracellular Ca2+ stores) and capacitative Ca2+ entry correlated with

cell proliferation [7, 8]

 Calcium signaling and plasma membrane calcium entry

Calcium signals control a vast array of cellular functions ranging from short-

term responses, such as contraction and secretion, to longer-term control of transcription,

cell division and cell death.

Many extracellular signals induce an increase in the cytosolic Ca2+ level (10-20-

fold) and trigger Ca2+ responsive proteins in cells. The concentration of intracellular Ca2+

is normally kept very low (~10-7 M), whereas it is high in the extracellular fluid (~10-3 M)

and in the endoplasmic reticulum (ER) lumen. This gradient is maintained by several
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mechanisms. Ca2+-pump, in the plasma, ER and inner mitochondrial membrane has Ca2+,

pumping activity utilizing ATP to maintain low Ca2+ levels in the cytosol. Muscle and

nerve cells have an additional Ca2+ exchanger, which couples the efflux of Ca2+ to the

influx of Na+. When a signal transiently opens Ca2+ channels, Ca2+ rushes into the cytosol

from intracellular calcium stores (ICS), or across the plasma membrane. There are three

main types  of  Ca2+ channels:  Voltage-dependent  Ca2+ channels,  IP3-gated Ca2+-release

channels, and ryanodine receptor-sensitive Ca2+ release pathway (RyR) [1, 9] .

Ca2+ entry can be induced by a variety of processes. In many excitable cells,

entry of Ca2+ can be activated by membrane depolarization. In most non-excitable cells,

the generation of receptor-induced cytosolic calcium signal involves two closely coupled

steps: the rapid, transient release of calcium from stores in the ER and then slow and

sustained entry of extracellular calcium.[10]

 Store-operated Channel (SOC) and Mechanisms of CCE

Through the activation of phospholipase C (PLC) subtypes, G protein-coupled

receptors and tyrosine kinase-coupled receptors generate the second messengers inositol

1,4,5-trisphosphate (IP3)  [11] and diacylglycerol (DAG). (Figure 3) IP3 diffuses rapidly

within  the  cytosol  and binds  to  IP3 receptors  on  the  ER,  which  function  as  calcium

channels to release calcium stored in the ER lumen and to generate the initial step. The

resulting  depletion  of  calcium stores  (ER)  triggers  a  message  that  is  returned to  the

plasma membrane (PM), leading to the opening of SOC [12, 13], to allow a sustained and

slow entry of external calcium. SOC mediates longer-term cytosolic calcium signals and
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replenishes intracellular store.

In recent years, considerable attention has focused on the nature of the signal

linking  intracellular  Ca2+ stores  to  SOC  or  capacitative  Ca2+ entry  (CCE)  or  store-

mediated Ca2+ entry (SMCE). Two prevailing couplings are proposed, involving either a

diffusible  chemical  messenger  CIF  (calcium  influx  factor)  or  physical  interaction

between  the  ER  and  PM  (conformational  coupling).  [14-16] Another  secretion-like

coupling model proposes that Ca2+ store depletion leads to trafficking of portions of the

ER toward the PM to enable coupling between proteins in the two membranes.[17] In

that model, remodeling of the actin cytoskeleton plays an important role. Although the

molecular identity of SOC has not been determined, certain members of the transient

receptor potential (TRP) protein family of cation channels display properties intriguingly

similar  to  SOC.  (Vennekens,  et  al.  2002)  In  certain  cell  types,  SOC carry  a  highly

calcium-selective, non-voltage -dependent current, termed the calcium release-activated

calcium current, or ICRAC [18, 19].

An influx of Ca2+ via SOC not only replenishes intracellular Ca2+ stores, but

also regulates several diverse processes, such as apoptosis, exocytosis, enzyme control,

gene  regulation,  and cell  proliferation.  Studies  suggest  that  proliferative  responses  to

growth  factors  are  dependent  on  the  cellular  influx  of  Ca2+ through  Ca2+-selective

channels [20].

 Epidermal growth factor (EGF) induced Cell Signaling Cascade

Epidermal  growth  factor  (EGF)  binding  to  its  receptor  results  in  receptor
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dimerization. This initiates the autophosphorylation of the receptor tyrosine kinase. The

phosphorylated  tyrosines  serve  as  docking  sites  for  proteins  with  SH2  domains  and

trigger  the  intracellular  signaling  pathway  by  phosphorylating  a  group  of  substrates,

including PLCγ and various protein kinases [9]. The kinase includes the ERK limb of the

MAPK superfamily. Other pathways involve stimulation of PKC, PI3-kinase and protein

kinase A [21, 22]. 

Activation  of  PLCγ  results  in  the  generation  of  two  intracellular  second

messengers--InsP3 and DAG. DAG activates PKC, which induces a variety of cellular

effects. It was found that the depletion of Ca2+ stores activates SOC by PKC-mediated

phosphorylation  of  the  channel  proteins  or  a  membrane -associated  complex  in

glomerular mesangial cells [23]. 

Some  adaptor  proteins,  i.e.  Shc  and  Grb2,  which  belong  to  the  large  Ras

superfamily of monomeric GTPases, help to couple activated receptors to the important

downstream  signaling  protein  Ras.  Ras  activates  a  downstream  serine/threonine

phosphorylation  cascade  that  includes  a  MAPK,  Raf  and PI3 kinase.  Currently  three

different MAPK modules have been identified in vertebrates: ERK, c-Jun amino terminal

kinases, and p38. In the ERK cascade, the pathway activated by Ras begins with a MAP-

kinase-kinase-kinase  called  Raf,  which  activates  the MAP-kinase-kinase  Mek,  which

then activates the MAP-kinase Erk. Erk in turn phosphorylates a variety of downstream

proteins, including other kinases, as well as gene regulatory proteins in the nucleus. The

resulting changes in gene expression and protein activity cause complex changes in cell

behavior [9,  24,  25]. It  is  reported  that  the  regulation  of  SMCE in  human  platelets

involves the ERK cascade[26]. 
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 Protein Kinase C (PKC) and differential roles of PKC isoforms 

Protein kinase C (PKC) is composed of a family of serine-threonine  kinases

that modulate the function of a variety of signal transduction pathways that control cell

growth, cell  differentiation,  and wound healing. The PKC gene family is divided into

three  subgroups based  on  sequence  homology  and  cofactor  requirements:  classic-

conventional PKC isozymes (,  I,  II,  and  ),  which are Ca2+-dependent and DAG-

stimulated  kinases;  novel  Ca2+-independent  PKCs  (,  ,  ,  and  ),  which  are  Ca2+-

independent and DAG-stimulated kinases; and atypical Ca2+-and lipid-independent PKCs

(, ,  and ), which are Ca2+- and DAG-independent kinases [27].

 All  isoforms  express  distinct  enzymological  properties,  differential tissue

distribution,  different  substrate  specificity,  and  specific subcellular  localization  with

distinct modes of cellular regulation. For example, in renal epithelial cells, PKC, , and

 are all localized in the cytoskeletal compartment; however, only PKC and  are able to

translocate  from  the  cytosol  to  membranes  on activation  by  the  phorbol  ester  [28].

Moreover, PKC is a positive mediator of vascular smooth muscle proliferation  [29],

whereas  PKCII is  inhibitory  [30].  PKC promotes  cell  growth  in  vascular smooth

muscle, PKC depresses proliferation of a human colonic adenocarcinoma cell line [31].

These  differences  illustrate that  each  of  the  PKC  isoforms  possess  specific  cellular

functions.

 EGF-induced PKC activity and translocation in Corneal Epithelium
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In rabbit  corneal epithelium, five isozymes—PKC  ,  ,  /,   and  —were

identified.  Expression  and/or  distribution  of  these  isozymes  were  altered  in  wounded

corneas, implying their involvement in epithelial wound healing in vivo  [32]. Six PKC

isozymes—PKC  ,  I,  II,  ,   and  —were  found  in  transfected  human  corneal

epithelial cells [1].

A number of previous studies have demonstrated a role for PKC in corneal

epithelial gene expression and wound healing. Increased PKC activity was observed in

proliferating epithelium after wounding, suggesting a role for PKC in postinjury, long-

term responses, such as gene expression and proliferation of corneal epithelial cells [32,

33].  In  organ-cultured  corneas,  inhibition  of  PKC  significantly  delayed

reepithelialization,  suggesting  that  PKC activity  is  an  important  factor  in  regulating

corneal epithelial wound healing, presumably by influencing cell migration [34]. 

Phorbol  esters,  which  directly  activate  most  PKC isozymes,  are  often  used

experimentally to induce activation of PKC. The translocation of a PKC isozyme from

the  cytosol  to  the  membrane  has  been  used  as  an  indication  of  its  activation  [35].

However, considering a role in regulation of gene expression during cell proliferation and

differentiation, an involvement of PKC, either directly or indirectly, in nuclear events is

suggested  [36].  In  addition,  because  activation  of  PKC  induces  cytoskeletal

reorganization, and several PKC-binding proteins have been shown to bind to the actin

filaments, association of PKC isozymes with cytoskeleton has also been indicated  [37].

Thus, determining the subcellular structure to which each PKC isozyme translocates after
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activation would provide information needed for understanding the role of each isozyme

in cells.

EGF has  been  implicated  in  stimulation  of  corneal  epithelial  cell  migration,

proliferation, and synthesis of basement membrane and ECM components. EGF is known

to activate PKC and mobilize intracellular Ca2+, initial important signaling events that

contribute to the final physiological effects in a variety of cells [8]. Therefore, it was of

interest  to  investigate  the  role  of  the PKC signaling  pathway in EGF-treated corneal

epithelial cells.  

  Regulatory role of PKCs on SOC

Store-operated Ca2+ channels (SOC) present in the plasma membrane of most

nonexcitable cells, are activated by decreasing concentrations of Ca2+ in the lumen of the

endoplasmic reticulum. However,  the mechanism by which the release of  Ca2+ stores

causes activation of SOC is not completely understood. 

PKC has a significant role in signal transduction of several biologically active

substances that regulate a variety of cellular functions including proliferation, migration,

and  vasoconstriction.  Many  of  these  PKC  effects  are  achieved  by  modulating  ion

channels. PKC inhibits Ca2+-activated K+ channels and ATP-sensitive K+ channels  [38]

and modulates voltage-gated K+ channels [39], voltage-gated Ca2+ channels [40], and Cl-

channels [40]. Phosphorylation of multiple sites on channel proteins has been proposed to

account for the varied actions of PKC. It suggests that PKC stimulates Ca2+ entry by

direct phosphorylation of SOC proteins or an associated membrane complex.
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Depending  on  the  specifically  tested  cell  and  the  experimental  conditions,

variable results have been reported on the modulation of SOC by PKC. For example,

PKC decreases Ca2+ influx through SOC in Xenopus oocytes and thyroid FRTL-5 cells,

but activates SOC in RINm5F cells, mouse pancreatic acinar cells, bovine adrenocortical

cells, cultured human mesangial cells and NIH 3T3 cells with submaximal depletion of

internal stores  [23]. In many of these studies, Ca2+-sensitive fluorescence was used to

evaluate Ca2+ influx in response to depleting internal Ca2+ stores. However, the cytosolic

Ca2+ concentration measured by this technique does not distinguish between enhanced

Ca2+ influx and decreased Ca2+ efflux. Thus, to determine the influence of PKC on single

SOC currents with patch clamp and Mn2+ quenching is preferable. 

 Transient Receptor Potential Canonical (TRPC) Channels 

Transient receptor potential (TRP) channels were first described in Drosophila,

where  photoreceptors  carrying  trp gene  mutations  exhibited  a  transient  rather  than

sustained voltage response to continuous light exposure [41, 42]. The TRP superfamily of

signal-transduction-gated ion channels is widely expressed in eukaryotes. They are often

found in sensory systems, but their wide distribution suggests they are cellular sensors in

a broad sense.  They are largely cation-nonselective,  passing monovalent  and divalent

cations  with  little  discrimination.  TRP  proteins  can  be  divided  into  five  major

subfamilies:  TRPC  (Canonical),  TRPV  (Vanilloid),  TRPMs  (Melastatin),  TRPA

(AnkTM1),  TRPP  (Polycystins)  and  TRPML  (Mucolipins)[43].  Mammalian  TRP

channels comprise six related protein families with sequence identity as low as 20%. All
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TRP channels are putative six-transmembrane (6TM) polypeptide subunits that assemble

as tetramers to form cation-permeable pores [44].

Recent studies have indicated that members of the TRP family of ion channels

can function as calcium influx channels both in excitable and non-excitable tissues [45].

It is known that growth factor stimulation initiates the rapid translocation of the

TRP channel, TRPC5, from vesicles held in reserve to just under the plasma membrane.

This  process  is  termed  'rapid  vesicular  insertion  of  TRP',  dramatically  increases

membrane-associated TRPC5 channels and functional TRPC5 current, resulting in tight

spatial–temporal control of these Ca2+-permeant nonselective channels [43].

In rabbit corneal epithelial cells (RCEC), TRPC isoforms 1, 3, 4, 6 and 7 were

detected. Immunocytochemistry, in conjunction with confocal and immunogold electron

microscopy, detected plasma membrane localization of TRPC4 expression. CCE mediates

the  mitogenic  response  to  EGF.  EGF induces  CCE through its  stimulation  of  Erkl/2

activity,  whereas  PKA  stimulation  suppresses  these  effects  of  EGF.  TRPC4  is  a

component  of  SOC in  HCEC whose  activation  by  EGF is  requisite  for  an  optimum

mitogenic response to this growth factor [8, 46].

Receptor-operated cation channels are gated in response to agonist binding to a

cell membrane receptor distinct from the channel protein itself. (This is in contrast to

ligand-gated ion channels, which are activated by ligand binding directly to the channels

subunits.)  Receptor-operated  cation  channels  can  be  directly  activated  by  an  agonist

rather than by Ca2+ influx elicited by emptying of cellular Ca2+ stores. SOC are inhibited

in the presence of low micromolar concentrations of lanthanides. Thus, receptor-operated

cation  influx  is  clearly  separable  from  SOC.  TRP cation  channels  represents  likely

19



molecular  correlates  underlying  receptor-operated  cation  entry,  and they  are  critically

involved in the control of airway and vascular smooth muscle tone [47]. 

 PKCs phosphorylates the TRPC channel

The  superfamily  of  TRP ion  channels  contains  a  large  group  of  channels

mediating an array of signal and sensory transduction pathways. Members of the TRPC

subfamily of channels are ubiquitously expressed and are PLC-coupled receptors. Interest

has  focused on the TRPC subfamily because these channels have been implicated as

important mediators of Ca2+ entry. Evidence indicates that they may function as SOC

mediating the process of CCE [10]. 

Reports on the coupling between TRPC channels and intracellular InP3Rs have

suggested  that  TRPC  channels  can  receive  information  directly  from  Ca2+ stores.

However,  there  is  also  considerable  evidence  that  TRPC  channels  can  function

independently  of  stores  and  are  mimicked  by  the  application  of  exogenous  DAG,

indicating that the InsP3R is nonessential for endogenous SOC [48]. 

The TRPC1 channel mediates Ca2+ entry through SOC in human endothelial

cells. Pharmacological (Go6976) or genetic (kinase-defective mutant) inhibition of PKC

markedly inhibited IP3-induced activation of SOC. External application of the TRPC1

antibody  blocked  thrombin-  or  IP3-induced  Ca2+ entry.  In  addition,  thrombin  or

thapsigargin induced phosphorylation of TRPC1 within 1 min. Thrombin failed to induce

TRPC1  phosphorylation  in  the  absence  of  PKC activation.  Thus,  PKC
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phosphorylation  of  TRPC1  is  an  important  determinant  of  Ca2+ entry  in  human

endothelial cells [49].

However another study found that TRPC is strongly inhibited by DAG-induced

PKC activation, reflecting a likely universal feedback control on TRPCs, and that DAG-

mediated PKC-independent activation of TRPC channels is highly subtype-specific [48].

The profound yet distinct control by PKC and DAG of the activation of TRPC channel

subtypes is likely the basis of a spectrum of regulatory phenotypes of expressed TRPC

channels.

 Transient Receptor Potential Vanilloid (TRPV) Channels 

Previous  studies  have  shown that  among  the  seven  subfamilies  of  the  TRP

superfamily, the vanilloid TRP (TRPV) subfamily is a molecular integrator of physical

and  chemical  noxious  stimuli.  The  TRPV subfamily  has  six  members  designated  as

TRPV1-6.  The  TRPV1 isoform is  the  only  receptor  subtype  eliciting  responses  to  a

variety of diverse noxious stimuli that include chemical stimuli such as capsaicin (CAP)

and a hypertonic challenge both of which lead to nocioception [50-52]. TRPV1 receptors

may also be activated by a decline in pH (<6.0) or by moderate heat (≥43 ºC). TRP

subunits within each of the seven TRP subfamilies form associations with one another,

yielding homomeric or heteromeric tetramers that makeup cation-selective ion channels. 

In the last year, the first report appeared describing TRPV1 expression in rat

cornea, but it was only described in the trigeminal nerve[53]. Until recently nothing was

known about TRPV1 expression in the corneal epithelium. Our results show for the first
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time in the isolated cornea and in cultured corneal  epithelial  cells  functional  TRPV1

activity. Interestingly, in the intact mouse cornea TRPV1 expression is localized to the

apical membrane of the basal proliferating layer whereas in the human it is delimited

along the outer tear-side face of the epithelial layer. This receptor subtype is functional

since  exposure  to  different  selective  TRPV1  agonists  induces  Ca2+ transients  and

increases  in  nonselective  cation  currents.  These two responses  lead  to  global  MAPK

stimulation  and  ultimately  to  increases  in  IL-6  and  IL-8  release.  (Figure  4)  That

stimulation  of  these  receptors  leads  to  increases  in  proinflammatory  cytokine  release

suggests in-vivo that the consequences of exposure to noxious stimuli may be mitigated

through selective drug modulation of TRPV1 linked signaling pathways.

TRPV1  activation  leads  to  increases  in  calcium  influx  through  a  highly

permeable nonselective cation channel. This subtype member is described as a vanilloid-

sensitive homo-tetrameric cation channel. It exhibits moderate selectivity for calcium and

magnesium (pCa2+/pNa+=9.6 and pMg2+/pNa+=5), and has an outward rectifying current–

voltage  relationship  [54].  Activation  of  TRPV1  stimulates  downstream  MAPKs,

including  a  constellation  of  pathways  comprising  the  ERK,  JNK,  and  p38  MAPK

branches in HCEC as well as other tissue [55]. In human limbal epithelial cells, JNK and

ERK MAP kinases mediate induction of IL-1beta, TNF-alpha and IL-8 release following

hyperosmolar stress [56]. 
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Chapter 1 Figure 1

Figure 1. Schematic diagram of the eye. The corneal integrity is 

essential for sustaining normal vision.
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Chapter 1 Figure 2

Figure 2.Diagrammatic representation of corneal histology. The corneal 

epithelium consists of three different types of cells.
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Figure 3. Regulation of SOC activity in HCEC by PKC in EGF receptor 

linked signaling pathways.
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Chapter 1 Figure 4

Figure  4.  Working  model  describing  TRPV1  induced  inflammatory

cytokine release through activation of MAPK signaling.
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Chapter 2. PKC and   Preferentially Activate Capacitative Calcium

Entry in Human Corneal Epithelial Cells

Abstract

Purpose:  To determine in human corneal epithelial  cells  (HCEC) the role of PKC in

mediating  epidermal  growth  factor  (EGF)  induced  stimulation  of:  1)  store  operated

channels (SOC) activity; 2) capacitative calcium entry (CCE). Methods: Single cell Ca2+

fluorescence imaging of fura2-loaded HCEC evaluated CCE. Western blot analyses of

four  different  subcellular  fractions  monitored  PKC translocation  induced  by  EGF  or

PDBu. Mn2+ quench rates of fura2-fluorescence monitored plasma membrane Ca2+ influx.

The whole cell patch clamp configuration determined SOC activation induced by EGF.

Results:  EGF-induced  increases  in  SOC  currents  through  PKC  stimulation  since

calphostin C inhibited this response. To determine which PKC isoforms mediate EGF-

induced  increases  in  CCE,  the  PKC  isoform  enrichment  of  a  plasma  membrane

containing fraction was determined.  From 5 to 30 min, its rank order of enrichment was:

 >  I >   ~.  Preferential PKC and   translocation is in accord with other results

showing that rottlerin and hispidin have the highest efficacy in suppressing EGF-induced

CCE augmentation. Furthermore, following PKC and  siRNA knockdown of gene and

protein expression, declines in EGF-induced increases in CCE matched those obtained

following exposure to a  corresponding selective PKC isoform inhibitor.  Conclusions:

EGF-induced  PKC  stimulation  in  HCEC  mediates  SOC  activation.  This  response

contributes to CCE, which preferentially depends on PKC and   isoform  stimulation.

This  rank  order  is  based  on  the  findings  that  either  selective  knockdown  of  their
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expression or exposure to PKC and  isoform inhibitors elicited the largest declines in

EGF augmented CCE.

Introduction

The corneal epithelium is the outer limiting layer of this tissue, which provides

a  barrier  function  against  noxious  agents  and  infection  of  ocular  tissues.  It  is  also

essential for the maintenance of corneal transparency because following stimulation of

epithelial  net  ion  transport  activity  this  process  contributes  up to  25% of  the overall

dehydrating function of the combined epithelial and inner endothelial layers.1,  2 As the

corneal epithelium is the first line of defense against environmental stresses, maintenance

of its integrity is critical for providing these functions. For its integrity to be preserved,

the epithelial layer must undergo continuous renewal. This process is mediated by a host

of cytokines, which control corneal epithelial proliferation, migration and differentiation.

Should corneal epithelial injury occur, upregulation of cytokine expression is essential for

hastening wound healing. One of the most efficacious cytokines in-vitro for stimulating

wound closure through increases in cell proliferation is EGF.1 This realization underlies

the  possible  clinical  relevance  of  studies  directed  at  characterizing  the  cell  signaling

pathways mediating EGF receptor stimulation of wound healing. 

 EGF receptor mediated control  of cell  signaling dynamics and kinetics are

dependent on interactions among parallel signaling limbs activated by this growth factor.

These  interactions  are  referred  to  as  crosstalk  and  through  modulation  of  signaling

strength  they  can  affect  a  response  linked to  receptor  activation.  One such signaling

pathway is the ERK limb of the mitogen activated protein kinase (MAPK) cascade. Its
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signaling  strength  and  duration  affect  the  magnitude  of  EGF-induced  stimulation  of

proliferation.  One of the factors that determine ERK limb control of this response are its

interactions with a parallel signaling pathway stimulated by EGF-induced increases in

cAMP. Such an effect activates PKA, which in turn dampens growth factor-induced ERK

limb stimulation of cell cycle progression and proliferation.3 Therefore, studies on EGF-

induced  cell  signaling  can  in  the  clinical  setting  lead  to  the  development  of  novel

strategies that optimize cell proliferation and migration so as to hasten injury-induced

corneal epithelial wound healing.

EGF  receptor  linked  cell  signaling  in  corneal  epithelial  cells  entails  the

activation of a myriad of cell signaling pathways.4-11 Those directly involved in activating

calcium signaling  entail  stimulation  of  phospholipase  C (PLC),  which  generates  two

second messengers inositol 1,4,5-trisphosphate (InsP3) and diacylglycerol (DAG) from

membrane  phospholipid.  IP3 diffuses  rapidly  within  the  cytosol  and  binds  to  InsP3

receptors  on the  endoplasmic reticulum (ER),  which function as  calcium channels  to

release  and thereby deplete  calcium from lumenal  ER stores.  The increases  in  DAG

levels combined with transient rises in intracellular [Ca2+]i selectively stimulate DAG and

Ca2+ dependent PKC isoform activity. In addition, emptying of such stores in turn induces

a feedback message of unknown origin to the plasma membrane resulting in opening of

store-operated  channels  (SOC).12,  13 Their  activation causes  a  rise  in  external  calcium

entry into the cytosol through a process called capacitative calcium entry (CCE). There is

no information in corneal epithelial cells regarding the role of specific PKC isoforms as

mediators of EGF-induced CCE augmentation. 

In HCEC, we have identified gene expression of five different TRP isoforms
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within the canonical subfamily. Isoforms in this subfamily are designated as TRPC and

include TRPC1, 3, 4, 6 and 7.14 At the least, protein expression of the TRPC isoform

designated TRPC4 is essential for EGF-induced SOC activation, CCE and mitogenesis

since knockdown of its expression either suppressed or even fully blocked each of these

responses to EGF. It is conceivable that kinase-mediated protein phosphorylation could

also play a role in regulating SOC and CCE since EGF also activates protein kinase C

(PKC) in  corneal  epithelial  cells.4,  15 Some suggestive  evidence  for  a  kinase-induced

change in  phosphorylation status  mediating regulation comes from a recent  report  in

which it was shown in COS7 cells that EGF receptor stimulation activates SOC through

tyrosine kinase interaction with TRPC4.16 An involvement for PKC could be complex

since six different PKC isoforms- , I, II, ,  and  were identified in HCEC.17 At this

point, nothing is known regarding the possible roles of these particular PKC isoforms in

regulating SOC activation and CCE in these cells.  

Protein kinase C (PKC) is composed of a family of serine-threonine  kinases

that modulate the function of a variety of signal transduction pathways controlling cell

growth, cell  differentiation,  and wound healing. The PKC gene family is divided into

three  subgroups based  on  sequence  homology  and  cofactor  requirements:  classic-

conventional PKC  isozymes  (,  I,  II,  and  ),  which are  Ca2+-dependent  and

diacylglycerol (DAG)-stimulated kinases; novel Ca2+-independent PKCs (, , , and ),

which are Ca2+-independent and DAG-stimulated kinases;  and atypical Ca2+-and lipid-

independent PKCs (,  ,   and ), which are Ca2+- and DAG-independent kinases.18 All

isoforms  express  distinct  enzymological  properties,  differential translocation  to

intracellular loci upon being stimulated through distinct modes of cellular regulation and
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unique substrate specificity.

We  report  here  in  HCEC that  EGF  induces  SOC activation  through  direct

stimulation  of  PKC activity.  Such  increases  appear  to  be  mediated  by  unique  PKC

isoforms based on the  ability  of  relatively  selective  PKC inhibitors  to  decrease  EGF

stimulation of CCE. The declines in CCE following siRNA knockdown of the candidate

isoforms are consistent with those obtained with isoform selective drug inhibitors. PKC

plays a major role in eliciting CCE increases in response to direct stimulation of PKC

whereas EGF-induced stimulation of this response is primarily mediated by both PKC

and  isoforms. 
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Materials and Methods

Cell Culture 

SV40-immortalized HCEC (a generous gift from Dr. Araki-Sasaki) were cultured

in Dulbecco’s modified Eagle medium/F12 (Invitrogen), which contained 6% FBS, 5 ng/

ml EGF, 5 g/ml insulin and 40 g/ml gentamicin.19 Prior to experimentation, the cells

were kept subconfluent and grown for 1 to 2 days in an atmosphere containing 5% CO2,

95% ambient  air  at  37˚C.  To optimize  cell  responsiveness  to  EGF, cells  were serum

starved for 24 h prior to experimentation. 

[Ca2+]i imaging

Single  cell  fluorescence  imaging  was  performed  following  fura2-AM  (2μM)

loading  on  the  stage  of  an  inverted  microscope.  Cells  were  subcultured  on  22mm

diameter circular coverslips (Fisher Scientific, PA) and dye loaded at 37˚C for 30 min

with or without PKC inhibitors. The coverslip formed the base of a chamber that was

placed on the stage of an inverted microscope (Nikon Diaphot 200). They were washed 3

times with NaCl Ringers containing (in mM): 141 NaCl, 4.2 KCl, 0.8 CaCl2, 2 KH2PO4, 1

MgCl2, 5.5 glucose and 10 HEPES (osmolarity 300, pH 7.4). Prior to inducing CCE, the

cells were first preincubated for 10 min with a Ca2+-free counterpart supplemented with

0.5  mM EGTA.  The cells  were  alternately  illuminated  at  340 and 380 nm and their

emission was monitored every 5 sec at 510 nm with a Roper Scientific CCD camera. The

field of interest contained 24 to 45 cells and a mean running ratio was calculated for each

region.  The  changes  in  [Ca2+]i were  analyzed  with  Ratiotool  image  software  (Isee

Imaging Durham, NC).
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CCE was first activated by depleting intracellular calcium in Ca2+-free medium

and inhibiting ER calcium pump activity with 5 μM cyclopiazonic acid (CPA). Plasma

membrane calcium influx through pathways that include SOC was evaluated based on

increases  in  [Ca2+]i  resulting  from  1  mM  calcium  addback  to  the  bathing  medium.

Relatively selective PKC isoform inhibitors were used to suppress CCE stimulation in the

presence or absence of either 1 μM PDBu or 20 ng/ml EGF. 

Mn2+ Quenching

CCE  was  assessed  based  on  measurements  of  Mn2+-induced  fluorescence

quenching  of  fura-2  using  Dulbecco’s  phosphate  buffer  containing  500  μM  Mn2+.

Fluorescence quenching resulting from excitation at 360 nm was measured at an emission

wavelength of 510 nm. Mn2+ influx was quantified by measuring in a spectrofluorometer

the normalized rate (slope) of fura-2 quenching. Under this condition, there is a linear

relationship between quenching and [Mn2+]i,  which was used to determine the rate of

Mn2+ accumulation and plasmalemma Mn2+ permeability. 

Western Blot Analyses

An equal amount of protein from the cell lysates was applied to a 10% gradient

SDS-polyacrylamide gel and electrophoresed.  To resolve PKC isoform profiles in the

different fractions, a fixed percentage of the total volume for each of the four fractions

was used for analysis. For example, assume that one tenth of the cytosolic containing

fraction contained 10 µg of  protein,  then in  each case 10% of the total  volume was

utilized.17 The gel-separated proteins were then transferred to a polyvinylidene fluoride
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(PVDF)  membrane.  The  membranes  were  blocked  with  5%  nonfat  skim  milk  in

phosphate-buffered  saline  containing  0.1%  Tween-20  (PBST)  for  1  hour  and  then

incubated with isozyme-specific anti-PKC antibodies to PKC , ,  (1:1000 dilution; BD

Biosciences, KY) and I, II,  (1:1000 dilution; Santa Cruz Biotechnology, CA) at 4°C

overnight. The membranes were washed three times with PBST and then incubated with

horseradish  peroxidase–conjugated  secondary  antibodies  (1:2000  dilution;  Santa  Cruz

Biotechnology, CA) for 1 hour at room temperature. Bound antibody was evaluated using

an enhanced chemiluminescence (ECL) detection system (Amersham Biosciences). Anti-

β-actin monoclonal antibody (Santa Cruz Biotechnology, CA) was used to test for equal

protein loading. The resolved bands were quantified with NIH Image software (version

1.61; NIH ImageJ). Results are representative of three independent experiments.

Subcellular Fractionation 

HCEC were lysed and subjected with modifications to subcellular fractionation

followed  by  Western  blot  analysis  with  6  PKC isozyme–specific  antibodies.  Serum–

starved HCEC were treated either 20 ng/ml EGF or 1 μM PDBu for 30 sec to 30 min,

untreated as  control.  Subsequent  steps were performed as  described before.17,  20 Cells

were  washed  twice  with  ice-cold  PBS  and  scraped  into  a  homogenization  buffer.

Homogenization buffer components: (25 mM Tris/HCl pH 7.4, 2 mM EDTA, 10 mM -

mercaptoethanol,  10% glycerol,  10  µg/ml  aprotinin,  10  µg/ml  leupeptin,  and  1  mM

phenylmethylsulfonyl  fluoride (PMSF)).  Allowing cells  to  swell  for 10 min and then

homogenize  cells  with  around  30  strokes  using  a  tight-fitting  pestle  (Dounce

homogenizer, Bellco Glass Co, NJ). The homogenates were centrifuged at 500 g for 5
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min and the low-speed supernatant was centrifuged at 100,000 g for 30 min. The high-

speed supernatant constituted the cytosolic fraction. The high-speed pellet was extracted

in ice-cold homogenization buffer containing 1% Triton X-100 for 30 to 60 min. The

Triton-soluble component (membrane fraction) was separated from the Triton-insoluble

material  (cytoskeletal  fraction)  by  centrifugation  at  100,000  g  for  15  min.  The

cytoskeletal fraction was resuspended in the same buffer, and dispersed by sonication.

The low-speed pellet containing nuclei and unbroken cells was resuspended in a nuclear

buffer. Nuclear buffer components: (25 mM Tris/HCl pH 7.4, 3 mM MgCl2, 1 mM PMSF,

10  mM  ß-mercaptoethanol,  and  0.05%  Triton  X-100).  To  remove  contaminating

membrane components, the low-speed pellet homogenate was centrifuged for 5 min at

500g, resuspended in the nuclear buffer without Triton X-100, layered over 45% sucrose,

and  centrifuged  at  1900  g  for  30  min.  The  purified  nuclei  were  resuspended  in  the

homogenization buffer containing 1% Triton X-100 for 30 to 60 min. The small amount

of insoluble material was removed by centrifugation at 100,000 g for 15 min at 4°C, and

the  supernatant  is  the  nuclear  fraction.  Protein  concentration  was  measured  with  a

bichinchoninic acid assay (Micro BCA protein assay kit; Pierce Biotechnology, Rockford,

IL).

siRNA PKC  or   Knockdown 

The PKC or   siRNAs were transfected into HCEC using transfection reagent

according  to  the  manufacturer’s  instruction  (Santa  Cruz  Biotechnology,  CA).  All

experimental  measurements  were  performed  at  72  h  post-transfection.  Immunoblot

analysis  was  performed  to  evaluate  the  extent  of  knockdown of  PKC or   protein

40



expression. Non-targeting siRNA was used as a control for monitoring non-sequence-

specific effects.

Whole cell patch clamp 

Coverslips  with  HCEC were  mounted  on  the  stage  of  an  upright  microscope

(Olympus  BX50WI)  for  patch-clamp  recordings.  The  cells  were  superfused  with  a

sodium- and potassium-free extracellular bath solution containing 120 mM N-methyl-D-

glucamine, 5.4 mM CsCl, 1.0 mM MgCl2, 10 mM glucose, 10 mM HEPES acid, and 0.5

mM EGTA (pH adjusted to 7.2). In addition, the bath solution contained 5 µM nifedipine

to block voltage-dependent L-type channel activity. To isolate inward currents through

Ca2+-permeable cation channels, Ca2+ (5 mM) was used as charge carrier. Pipettes of soft

glass with a resistance of 2–5 megaohms were pulled using a Universal-Puller (Sutter,

USA). Pipettes for whole cell recordings were filled with a solution containing 130 mM

CsCl, 4.0 mM MgCl2, 10 mM EGTA, and 10 mM HEPES salt (pH adjusted to 7.2). In

addition, the pipette solution contained 0.1 mM DIDS to inhibit possible chloride channel

activity. Membrane currents were recorded using an EPC 8 amplifier (HEKA, Lamprecht,

Germany).  Electrical  stimulation,  data  storage,  and  processing  were  performed  using

TIDA  software  (HEKA)  in  conjunction  with  a  PC/AT  compatible  computer.  All

electrophysiological  experiments  were  performed  at  room  temperature.  Membrane

capacitances  and  access  resistances  were  calculated  from  the  capacitative  current

transient induced by a -120 mV hyperpolarization from the holding potential (0 mV) of

300 ms duration.  Mean access  resistances  of  28   3  megaohms (n = 13)  and mean

membrane capacitances of 59  4 picofarads (pF) (n = 13) were measured in the whole
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cell configuration in HCEC. Pipette and membrane capacitances and access resistances

were compensated with an EPC 8 patch-clamp amplifier. If drugs were added to the bath

solution, the concentration was kept below 1:10000, which did not affect the patch-clamp

recordings (data not shown). Whole cell cation channel currents were recorded for 300

ms using voltage steps ranging between -120 and +20 mV (20 mV increments).  The

holding  potential  (HP)  was  set  to  0  mV to  eliminate  any  possible  contributions  by

voltage-dependent calcium channel activity.

Materials

Dulbecco’s  modified  Eagle  medium/F12;  fetal  bovine  serum and  phosphate  -

buffered salines were from GIBCO (Grand Island, NY). Fura2-AM was from Molecular

Probes  (Eugene,  OR).  Epidermal  growth  factor  and  insulin  were  from  Upstate

Biotechnology  (Lake  Placid,  NY).  siRNAs  for  PKC and   were  from  Santa  Cruz

Biotechnology  (Santa  Cruz,  CA).  HBDDE  and  PKC  εV1-2  were  from  BIOMOL

(Plymouth Meeting, PA). Hispidin and rottlerin were from Calbiochem (La Jolla, CA).

Gentamicin, cyclopiazonic acid (CPA), phorbol 12, 13-dibutyrate (PDBu), phorbol 12-

myristate  13-acetate  (PMA), Calphostin  C, 4-phorbol  didecanoate (4-PDD) and all

other reagents were from Sigma (St. Louis, MO).

Statistical Analysis

Twenty-four to forty-five cells were evaluated per experiment.  All  experiments

were repeated 3-6 times. The figures show typical responses in each experiment. The N

values provided indicate the number of experiments per data point. Values are shown as
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means ± SE. Statistical significance was determined by Student’s unpaired t-test or one-

way ANOVA and p values < 0.05 were taken to be significant.
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Results

EGF and PKC augmentation of CCE 

We used the Ca2+ addback protocol to evaluate the role of SOC activation in

inducing  CCE.5 With  this  protocol,  the  cells  are  initially  exposed  to  Ca2+-free  NaCl

Ringers containing 0.5 mM EGTA and the intracellular calcium store is depleted through

exposure to 5 M cyclopiazonic acid (CPA). Subsequently, the cells are re-exposed to a

NaCl Ringers medium containing 1 mM Ca2+. The resulting increase shown in Figure 1

of the F340/F380 ratio is reflective of CCE. To assess the individual effects of PKC or EGF

receptor stimulation on this response, the cells were either exposed to 1 M PDBu or 20

ng/ml EGF at the time of Ca2+ addback. The magnitudes of these responses are in part

due to SOC activation. Direct PKC stimulation with PDBu induced a 3.5-fold increase in

the F340/F380 nm ratio. Such a rise was the largest of the shown responses whereas the EGF

rise was intermediate between that of PDBu and the control response resulting solely

from restoration of 1 mM Ca2+ to the NaCl Ringers medium. The trace representative of

the smallest of the four increases in CCE was obtained from cells that had undergone

PKC downregulation. This condition resulted from preincubation of the cells for 24 hours

with 1 M PMA. Furthermore, an increase in PKC activity is a component of the control

CCE response since PKC downregulation diminished it below the baseline. 

Differential PKC isoform contributions to EGF and PDBu augmented CCE

The relative contributions were evaluated by PKC isoform activation to EGF

and PDBu augmented CCE by measuring the magnitude of this response in the presence

of  four  different  relatively  selective  PKC  isoform  inhibitors.  This  was  done  by
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preincubating the cells with an inhibitor for 30 min prior to the initiation of Ca2+ addback.

Figure 2 A shows that PKC inhibitor hispidin (2 M, IC50 = 2 M) and PKC inhibitor

rottlerin (3 M, IC50 = 3-6 M) had the largest inhibitory effects on EGF enhanced CCE

whereas PKC inhibitor HBDDE (50 M, IC50 = 43 M) and PKC inhibitor PKC  V1-

2 (10  M)21,  22 had smaller inhibitory effects.  Each of these inhibitors appeared to be

selective at  the employed concentrations since all  of the stabilized declines following

maximal increases in CCE lay between those induced by EGF and that subsequent to

PKC downregulation. This rank order of declines suggests that the stimulation of both

PKC and PKC are of greater importance than that of either PKC or PKC in inducing

a maximal CCE response.  On the other hand, in the presence of 1  M PDBu, 3  M

rottlerin  had  the  largest  inhibitory  effect  on  PDBu-induced  increases  in  CCE.  PKC

appears  to  have  a  larger  role  than  the  other  isoforms  since  each  of  the  other  three

inhibitors were less effective. Therefore, both Ca2+-dependent and Ca2+-independent PKC

isoforms contribute to PDBu and EGF-induced CCE augmentation.

EGF and PDBu induced PKC isoform translocation

We performed  cell  fractionation  and  Western  blotting  analysis  to  detect  PKC

translocation  induced  by  either  PDBu  (1  μM)  or  EGF  (20  ng/ml)  in  four  different

subcellular fractions: 1) M (plasma membrane containing fraction); 2) C (cytosol); 3) Ck

(cytoskeleton) and 4) N (nucleus). This was done by characterizing the time dependent

changes that occurred for up to 30 min in distribution profiles of PKC, I, II, ,  and

. The distribution changes from one domain to another are reflective of PKC isoform

involvement in eliciting a site specific response. The specificity of the cell fractionation
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scheme was previously examined in corneal epithelial cells.17, 23

As our  goal  was  to  assess  the  role  of  PKC in  mediating  EGF-stimulation  of

plasma membrane originated SOC activity and CCE, we focused on changes in PKC

content of the plasma membrane enriched fraction. Over the period of exposure to EGF,

there were very notable increases in the M content of PKC and I isoforms. In addition,

the PKC and  content increased less than that of PKC and I.  On the other hand, the

M content  of  PKCII  and   did not appreciably change.  Figure 3 shows that  the M

PKCI isoform content increased the most (i.e. greater than 2-fold) over a 30 min during

exposure to EGF. With PKC, its density in M increased somewhat with a magnitude and

time course similar to those obtained with PKCI. In the Ck fraction, the time course of

the increases in PKCI isoform mirrored those in the M enriched fraction. Consistent

with the increases in the PKCI content of the M and Ck containing fractions, the time

course of the declines in PKCI nuclear and cytosolic fraction content mirrored those in

the Ck and M enriched fractions. 

In  corneal  epithelial  cells,  EGF-induced Ca2+ transients  are  reduced following

exposure to calyculin A suggesting a cytoskeletal involvement linking receptor activation

to an increase in Ca2+ influx (data not shown). A similar effect was obtained in corneal

endothelial cells.24 As EGF stimulates PKC activity, it is possible that such cytoskeletal

involvement could be a result of PKC stimulation. Some indication that PKC may have

such a role is supported by the results shown in Figure 3.  Following EGFR stimulation,

PKCI and II content gradually increased to reach a level after 30 min that was about 3-

fold larger than that prior to EGF stimulation. 

Figure 4 shows the pattern of changes in PKC localization induced by PDBu in
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each of the four subcellular fractions. The isoform specific increases in the M fraction

induced by PDBu of PKCI and   were mirrored by corresponding decreases in the C

fraction. In the Ck and N fractions, PKC and  I increased during exposure to PDBu.

After 30 min of exposure, the PDBu-induced PKC and I increases into the M fraction

reached 4-fold and 2.5-fold, respectively. It is noteworthy that these results are consistent

with those shown in Figure 2 in which the relatively selective PKC inhibitor, rottlerin,

had  a  maximal  inhibitory  effect  on  EGF  and  PDBu-induced  stimulation  of  CCE.

Similarly, the PKCI,  II inhibitor, hispidin, had the second largest inhibitory effect on

these  responses,  which  is  in  accordance  with  PKCI translocation  to  the  M fraction

exceeding that of all of the other isoforms except PKC. The lane in Figure 4 designated

as DR shows the results of downregulation following exposure to PMA for 24 h.

  

PKC  or  Knockdown Suppresses EGF or PDBu-induced CCE

To validate the relatively larger contributions by PKC or  in the augmentation of

CCE by EGF and PDBu,  we transfected  HCEC with  their  corresponding siRNAs to

suppress PKC and PKC gene and protein expression. The results shown in Figure 5

reveal  that  in  each case  protein expression decreased by 72% and 68%, respectively

whereas protein expression relative to the control was unaffected by transfection with a

physiologically irrelevant siRNA control (siCON). 

Their  physiological  relevance to  mediating EGF and PDBu augmentation of

CCE was then determined by measuring in these different cell types CCE induced by

each  of  these  factors.  Figure  6  shows  that  siRNA knockdown  of  PKC and  PKC

suppressed EGF-induced CCE augmentation towards the level measured in cells in which
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PKC down regulation had occurred. In cells transfected with PKC and  siRNA, EGF

augmentation was ultimately completely eliminated. On the other hand, in these two cell

populations,  the  responses  to  PDBu were  suppressed  by 48% and 68%, respectively.

These results  are similar to those shown in Figure 2 in which the relatively selective

inhibitors, hispidin and rottlerin, suppressed stimulation by PDBu and EGF of CCE by

relatively similar amounts. Therefore, PKC and PKC play larger roles than that of the

other isoforms in inducing augmentation of CCE by EGF and PDBu. 

 

EGF and PDBu -induced increases in Mn2+ influx through PKC  or  stimulation

We measured Mn2+ quench rates of fura2 fluorescence to evaluate whether or not

PKC-induced augmentation of CCE reflects an increase in plasma membrane Ca2+ influx

or  a  decrease  in  Ca2+ efflux.  This  was  done by using  Mn2+ as  a  Ca2+ surrogate  and

comparing EGF-induced quenching in PKC and   siRNA transfected cells with those

measured following PKC downregulation. Typical results shown in Figure 7A indicate

that EGF-induced quenching was unchanged from that measured in cells transfected with

an irrelevant siCON. Knockdown of PKC expression, suppressed the quench rate to a

level identical to that measured following PKC downregulation. Following PKC siRNA

knockdown, the EGF-induced linear quench rate declined by 80% from that measured in

non transfected cells.  These results  suggest that EGF-induced increases in CCE are a

consequence of stimulation of Ca2+ influx through essentially selective increases in PKC

and PKC activity. 

To further evaluate which PKC isoforms mediate PDBu enhancement of CCE,

Mn2+ quench rates were compared in cells that under went either PKC downregulation or

48



PKC,   siRNA knockdown. Figure 7B shows typical PDBu-induced quench rates in

non-transfected cells and those exposed to siCON were nearly identical to one another.

On the other hand, following PKC and  siRNA knockdown they declined by 88% and

96%,  respectively,  from  that  measured  either  under  control  conditions  or  in  siCON

transfected cells. These results are in essential agreement with those showing that EGF

augments plasma membrane Ca2+ influx by selective increases in PKC and  activity.

PKC-induced SOC activation:

EGF-induces in HCEC increases in SOC activity composed of TRPC4 proteins.14

Our objective was to determine whether EGF-induced increases in CCE and SOC are

associated with PKC stimulation. To make this assessment, we measured EGF-induced

SOC currents in the presence and absence of 1  M calphostin C using the whole cell

patch clamp technique. Cells were exposed to a solution lacking Na+ and K+ to eliminate

any currents that  could result  from their  presence.  The solution also contained 5  M

nifedipine to block voltage dependent L-type Ca2+ channel activity. The pipette solution

contained  0.1  mM  DIDS  to  inhibit  chloride  channel  activity.  Ca2+-permeable  cation

channel inward currents were detected when Ca2+ (5 mM) was used as charge carrier

following ICS depletion with 10 M CPA. 

Figures 8 A and B show the experimental configuration used to characterize EGF-

induced stimulation of SOC in the presence and absence of calphostin C. Figures 8 C and

D shows the currents normalized by cell capacitance in the absence and presence of EGF

(20 ng/ml). Figure 8E shows the I-V relationship and reveals that at –120 mV SOC the

normalized maximum current amplitude was 36  6 pA/pF and EGF increased by 2.5-
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fold to 98  15 pA/pF ( SEM; n = 3 – 4)  (p = 0.0223). Figure 9C shows the current

density voltage relationship  wherein the current is normalized to capacitance to obtain

current density. In the presence of 1  M calphostin C and bath calcium,  the maximum

inward current density was 47  17 pA/pF in the absence of EGF and 51  23 pA/pF

pA/pF in its presence (n = 3; p = 0.89) (Figures 9 A and B). Namely, the 2.5-fold EGF

induced increase in these currents was fully suppressed by calphostin C whereas this

PKC inhibitor  had no nonspecific  effects  on the control  currents.  The fact  that  these

curves  are  indistinguishable  from  one  another  suggests  that  EGF-induced  SOC

stimulation  is  dependent  on  increases  in  PKC  activity.  Figure  9D  summarizes  the

individual and combined effects of EGF and calphostin C on currents induced by SOC

activation at –120 mV. Therefore, EGF induced activation of SOC is mediated through

PKC stimulation by this growth factor.
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Discussion

In corneal epithelial  cells,  EGF mediates activation of a myriad of cell  signaling

pathways that includes mobilization of intracellular calcium through increases in CCE

and SOC activity.5, 14 However, the dependence of these responses on EGF-induced

increases  in  PKC  activity  was  not  known.  Furthermore,  there  was  no  information

regarding which of the PKC isoforms identified in this tissue are specifically involved in

the mediation of CCE. In order to approach these questions, we delineated: 1) the specific

PKC isoforms eliciting CCE during exposure to either EGF or PDBu; 2) which PKC

isoforms are preferentially translocated to different subcellular fractions as a result of

being stimulated by either EGF or PDBu; 3) the role of EGF-induced PKC stimulation in

mediating SOC activation. 

We monitored  the  selective  involvement  of  PKC,  ,  ,  and   activation  in

mediating CCE. These isoforms were targeted since they were identified in HCEC and

relatively selective inhibitors  have been described for only these.17,  22,  25-27 The results

shown in  Figure  1  indicate  that  EGF induced  stimulation  of  CCE depends  on  PKC

activation since following downregulation of  PKC activity  CCE enhancement  of  this

response  by  this  growth  factor  was  obviated.  The  CCE  response  following

downregulation was less than that in other cells not exposed to EGF.  This suggests that

the CCE response by itself is in part dependent on PKC activation. Even though both

EGF and PDBu enhanced CCE, the augmentation of this response was greater following

exposure to PDBu. Such a difference suggests that there are other signaling components

besides PKC mediating EGF-induced increases in plasma membrane Ca2+ influx. This

assumption is in accord with a number of previous studies in which EGF-induced cell
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signaling was found to entail the activation of a myriad of interacting pathways.4-11, 28

The specific roles of four different PKC isoforms in inducing CCE were estimated

based on the rank order of inhibition by: 1) rottlerin (PKC);  2) hispidin (PKC); 3)

HBDDE (PKC); 4) PKC V1-2 (PKC) of the enhanced CCE responses resulting from

exposure to either EGF or PDBu. Figure 2A shows that EGF-induced augmentation of

CCE was most effectively inhibited with either rottlerin or hispidin suggesting that both

PKC and  preferentially mediate this enhanced response. On the other hand, following

direct stimulation of CCE through PKC activation (c.f. Figure 2B), rottlerin had a larger

inhibitory effect than any of the other three inhibitors that only partially suppressed this

response. This difference in isoform mediation of CCE augmentation may be reflective of

other cell signaling mediators besides PKC affecting regulation of CCE. 

PKC activation was assessed based on changes in the subcellular localization of

the isoform of interest. To make this assessment, the tissue was partitioned into M, C, Ck

and N containing fractions. In each of them, the time dependent changes were monitored

in their specific PKC isoform content. Figures 3 and 4 show that following exposure to

EGF and PDBu, the PKC content of the M fraction was preferentially enriched in PKCI,

and  whereas there was a corresponding decline in either the C, N or Ck. These changes

could contribute to EGF and PDBu-induced CCE stimulation since there is a similarity

between  the  time  required  to  detect  maximal  stimulation  of  CCE  and  the  onset  of

translocation of either PKCI or   to the M fraction.  During exposure to EGF, the Ck

fraction became enriched in PKCI and II while exposure to PDBu caused this fraction

to instead enrich itself with PKC and I. PDBu also induced increases in the N fraction

of PKC and I. From the results shown in Figure 3 and 4, it is evident that the profiles
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of the EGF and PDBu induced increases in the PKC content of the M fraction are similar

to one another. In both cases, PKC was preferentially translocated to this fraction. This

preferential  translocation  response  is  similar  to  that  reported  in  rat  liver  WB cells.20

Interestingly, there is a correspondence between the efficacy of the aforementioned PKC

inhibitors to suppress EGF-augmented CCE and the preferential translocation of PKC to

the M containing fraction. In other words, rottlerin had the largest inhibitory effect on

CCE,  which  agrees  with  the  finding  that  PKC translocation  to  the  M fraction  was

greater than that of any other isoform.  It is noteworthy that there is also an agreement

between the effects of PKC inhibitors on PDBu stimulated CCE and the fold-increase in

PKC isoform content of the M fraction. Namely, Figure 2 shows that rottlerin had the

highest  efficacy and PDBu preferentially  induced more PKC translocation to  the M

fraction  (c.f.  Figure  4).   This  agreement  in  both  cases  suggests  that  PKC may  be

required  for  mediating  EGF-induced  increases  in  plasma  membrane  Ca2+ influx.

However, the identity of the plasma membrane substrate undergoing phosphorylation by

this isoform is unclear.

The sole reliance on inhibitors to identity PKC isoform specificity in inducing a

response may be ambiguous because drug selectivity may be unclear. To circumvent this

problem,  siRNA technology  was  used  to  selectively  suppress  PKC and   protein

expression. Two different approaches were used to evaluate the stimulatory effects of

EGF and PDBu on CCE following their expression knockdown. Figure 6A indicates that

in both types of cells the EGF-induced stimulation of CCE was fully inhibited to the level

obtained following PKC downregulation. Similarly, Figure 6B shows that in these two

cell types PDBu augmentation of CCE was also eliminated. With the second approach to
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evaluate the stimulation of CCE by EGF and PDBu, changes were measured in Mn2+

quench rates induced by EGF and PDBu (c.f. Figure 7). As with the effect of EGF on

Ca2+ transients  (c.f.  Figure  6A),  CCE  induced  by  EGF  was  most  fully  suppressed

following  PKC knockdown  whereas  PKC knockdown  partially  suppressed  such

increases  in  Mn2+ quench.  With  PDBu,  Mn2+ quench  was  more  suppressed  in  cells

transfected with PKC siRNA than with PKC siRNA. This rank order is in agreement

with the results shown in Figure 6B in which PDBu augmentation of CCE was more

inhibited by knockdown of PKC than by PKC.  These results suggest that PKC and

PKC are key players in mediating CCE. This rank order is in slight disagreement with

the assignment based on the use of inhibitors and measurements of PKC translocation.

Nevertheless,  there is  a  general agreement between the three approaches in that both

PKC and  PKC appear  to  be  more  important  than  the  other  isoforms in  mediating

enhancement of CCE.

The effort to identify which PKC isoforms are preferentially translocated to the

plasma  membrane  has  possible  clinical  significance  in  optimizing  cytokine-induced

increases  in  corneal  epithelial  wound  healing  rates.  This  is  conceivable  since  EGF-

induced  increases  in  plasma  membrane  Ca2+ influx  are  essential  for  optimizing  a

mitogenic response to this growth factor.14 Such a relationship is apparent since siRNA

knockdown  of  TRPC4  protein  expression  diminished  the  mitogenic  response  to  this

growth factor.  This  realization  coupled  with  the  current  study suggests  that  selective

stimulation of PKC isoform translocation may augment a mitogenic response to EGF by

enhancing the effect of this growth factor on Ca2+ influx. Our finding that PKC is one of

the four isoforms translocated to the plasma membrane is in agreement with a study in
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HCEC in which it was shown that EGF induces translocation of PKC fused to GFP to

the plasma membrane.4 However, this study did not describe the effect of EGF on plasma

membrane translocation of any of the other PKC isoforms. We have no explanation for

why  in  another  study  EGF-induced  PKC translocation  was  undetectable  within  four

different subcellular fractions.17 The current study suggests that PKCI and  may be

appropriate  drug  targets  for  optimizing  EGF-induced  increases  in  plasma

membrane Ca2+ influx and mitogenesis. This is plausible since there  is a close

correspondence between the rank order of EGF-induced PKC isoform plasma membrane

translocation and their augmentation of CCE.

 Different types of plasma membrane calcium influx can be activated leading to

CCE.  One  type  of  pathway  is  SOCs,  which  were  described  in  HCEC and  are  also

activated  by  EGF.14 In  human  mesangial  cells,  SOC activation  by  EGF is  mediated

through the stimulation of PKC.15,  29 A component of these pathways is a member of

transient receptor potential (TRP) protein superfamily. In endothelial cells, TRPC1 is a

component of SOC and is regulated by PKCα.30 One TRP isoform in this grouping that

we identified is TRPC4 whose knockdown blunted the mitogenic response to EGF.14 In

order to obtain insight into how EGF stimulates SOC activity, we determined whether or

not the pan PKC inhibitor, calphostin C, suppresses this response. Figure 8 E provides

validation  that  EGF  stimulates  SOC  activity  since  the  SOC  originated  current  was

enhanced  about  2-fold  when  the  cell  was  voltage  clamped  at  –120  mV.  Such  EGF-

stimulated currents were completely suppressed following inhibition of PKC activity with

1  M  calphostin  C.  Even  though  PKC  activation  is  a  component  of  the  pathway

mediating EGF stimulation of SOC, it is still  unclear if this response is due to direct
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phosphorylation by PKC of TRPC4. There is some suggestion in another recent study

employing  COS7  cells  that  phosphorylation  of  this  substrate  could  mediate  EGF

stimulation of SOC activity. In this report, it was shown that tyrosine phosphorylation of

TRPC4 by Src family tyrosine kinases (STK) rather than PKC affects such control.16 On

the other hand, SOC activation in prostate cancer epithelial cells is dependent on TRPC4

interaction with a calcium influx factor.31 It is conceivable in HCEC that SOC activation

by EGF in HCEC could also be ultimately mediated by tyrosine phosphorylation through

STK. 

In summary, EGF-induced stimulation of CCE and SOC activity is dependent on

selective increases in the activity of different PKC isoforms. It is unclear whether such

increases directly account for the phosphorylation events leading to increases in SOC

activity.  Nevertheless,  EGF  augmentation  of  CCE  is  preferentially  dependent  on

stimulation of PKC and  whereas stimulation of this response by PDBu appears to be

more mediated through rises in PKC rather than PKC activity. This difference could

reflect  the fact  that  increases in  SOC activity  can be modulated by a myriad of cell

signaling pathways linked to EGF receptor stimulation. In this network, the participating

PKC isoforms may not be the same as those mobilized by direct stimulation of PKC with

PDBu.
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Figure 1:

EGF  and  PDBu  stimulate  CCE. HCEC  were  initially  exposed  to  Ca2+-free  NaCl

Ringers containing 0.5 mM EGTA.  CPA (5 μM) was applied at the downward directed

arrow.  Supplementation  period  with  Ca2+ (1mM)  is  indicated  by  the  horizontal  bar.

Stimulation  of  HCEC  with  1μM  PDBu  caused  an  increase  in  the  calcium  addback

response compared with that of the control. This augmentation of CCE was greater than

that induced by EGF (20 ng/ml). PKC downregulation was obtained through exposure to

1 μM PMA for 24 h. Following suppression of basal PKC activity, the CCE response was

less than that obtained by  Ca2+ addback either in the presence or absence of EGF and

PDBu (n = 6 for each condition).
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Figure 2:

Suppression of EGF- or PDBu-induced CCE by PKC isoform inhibitors. Following

preincubation for 30 min with hispidin (2 μM), rottlerin (3 μM), PKC  V1-2 (10 μM) or

HBDDE (50 μM), cells were exposed continuously to 20 ng/ml EGF or 1 μM PDBu

(panel A and panel B, respectively).  The rank order of suppression of EGF augmentation

of CCE was: rottlerin=hispidin >HBDDE= PKC  V1-2. On the other hand, for the PDBu

enhancement the ranking is: rottlerin>hispidin=HBDDE= PKC  V1-2. Therefore, EGF

augmentation of CCE is preferentially mediated by PKC and   whereas with PDBu

enhancement PKC is more effective than any of the other three isoforms (n =5 or 6).
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Figure 3:

Western  blot  analysis  of  EGF-induced  PKC  isoform  translocation. (Top  panel)

Western blots of time dependent changes in PKC isoform (i.e.  ,  I,  II,  ,  ,and  )

distribution in four subcellular enriched fractions: 1) plasma membrane, M; 2) cytosol, C;

3)  cytoskeleton,  Ck;  4)  nuclear,  N.  (Bottom panel)  Time dependent  changes  in  PKC

isoform distribution profile in each of the four fractions subsequent to initiating exposure

to 20 ng/ml EGF. Data are the mean ± SE of results in three independent experiments.
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Figure 4:

Western blot  analysis  of  PDBu-induced PKC isoforms translocation. (Top panel)

Western blots of time dependent PDBu induced changes in PKC isoform distribution in

four different subcellular enriched fractions: 1) plasma membrane, M; 2) cytosol, C; 3)

cytoskeleton, Ck; 4) nuclear, N. (Bottom panel) Time dependent changes in PKC isoform

distribution profile in each of the four fractions subsequent to initiating exposure to 1 μM

PDBu. Exposure of HCEC to PMA for 24 h significantly downregulated PKC isoform

expression. (DN, downregulation, right lanes). Data are the mean ± SE of results in three

independent experiments.
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Figure 5:

siRNA knockdown of PKC and PKC protein expression. First lane, non-transfected

cells (control); second lane, cells transfected with siCONTROL (siCON; non-targeting

siRNA);  third  lane,  cells  transfected  with  siRNA  PKC or  .  Immunoblot  analyses

showed that PKC siRNA effectively decreased PKC protein expression relative to their

controls (* P < 0.05). Data are expressed as mean ± SE (n = 3).
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Figure 6:

EGF-  or  PDBu-induced  CCE  augmentation  following  PKC and  PKC siRNA

knockdown. Cells were exposed continuously to 20 ng/ml EGF or 1 μM PDBu from the

time that Ca2+ supplementation was initiated. EGF augmentation of the CCE response was

abolished following siRNA knockdown of either PKC or  protein expression (n = 4).

Following PKC knockdown, enhancement of the CCE response by PDBu was more

suppressed than that in cells transfected with PKC siRNA. Nevertheless, CCE was more

suppressed  following  downregulation  than  following  exposure  to  either  PKC or  

siRNA (n = 6). The CCE response was unchanged from the control in cells transfected

with irrelevant siRNA (panels A and B, respectively) (n = 4). 
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Figure 7:

Mn2+ quench of fura2 fluorescence after exposure to EGF:  Following depletion of

ICS calcium with 5 μM CPA in Ca2+-free medium containing 0.5 mM EGTA, 0.5 mM

Mn2+ was  added  in  EGF-  or  PDBu-containing  bathing  medium  (panel  A  and  B,

respectively) (n = 6). Also shown are the curves obtained from cells following PKC or 

siRNA transfection (n = 4).  Cells transfected with siCONTROL (siCON) do not affect

EGF- or PDBu- induced increases in the rate of Mn2+ quench (n = 4). The rank order of

suppression of EGF augmentation of CCE was: PKC > PKC knockdown (panel A). On

the other hand, for the PDBu enhancement the ranking is reversed (panel B).
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Figure 8:

EGF-mediated SOC stimulation: A, experimental design; B, voltage pulse protocol; C,

depolarization  pulse  induced  currents  after  establishing  the  whole  cell  configuration

(control) (n = 3); D, currents induced after extracellular application of EGF (20 ng/ml) (n

=  4);  E,  current-voltage  relationship  (I-V  plot).  After  breaking  into  the  whole  cell

configuration  (control)  (filled  circles),  no SOC currents  were observed (n = 3);  after

extracellular application of EGF (filled rhombs), a significant increase in cation channel

current amplitudes could be observed (n = 4). 5 mM Ca2+ was used as charge carrier. HP,

holding potential was set to 0 mV.
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Figure 9:

PKC  inhibition  suppresses  EGF-induced  SOC  activation:  A,  currents  after

establishing the whole cell configuration (control) in HCEC preincubated with calphostin

C (1 µM) (n = 3); B, currents after extracellular application of EGF (20 ng/ml) (n = 3); C,

current-voltage relationship of the experiments shown in A and B. After breaking into the

whole cell configuration (control) (filled circles), there were no significant increases in

EGF-induced  cation  channel  currents  observed  in  HCEC  preincubated  with  1  M

calphostin C (n = 3). 5 mM Ca2+ was used as charge carrier. HP was set to 0 mV;  D,

Summary showing that calphostin C completely inhibited EGF-induced increase in SOC

activity.
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Chapter 3 Transient Receptor Potential Vanilloid 1 Activation Induces 

Inflammatory Cytokine Release in Corneal Epithelium through MAPK 

Signaling 

Abstract 

In  certain  epithelial  tissues,  activation  of  transient  receptor  potential  (TRP)

vanilloid  subtype  1  (TRPV1)  by  noxious  stimuli  induces  pro-inflammatory  cytokine

release, which helps to mitigate the challenge. While the corneal epithelium elicits such

responses to a variety of challenges, it remains unknown whether TRPV1 mediates pro-

inflammatory  cytokine  secretion.  Accordingly,  we probed for  TRPV1 expression  and

function  in  human  (HCEC)  and  rabbit  corneal  epithelial  cell  (RCEC)  lines,  in  their

primary counterparts, and in human and mouse corneal epithelium in situ. Cell membrane

and  perinuclear  TRPV1  expression  was  detected  in  all  preparations  and  its  identity

verified by Western blot analysis. Capsaicin (CAP) (1–10  M) increased non-selective

cation  channel  whole  cell  currents  (2.5-fold   0.5-fold  between  –60  and  130  mV),

resulting  in  calcium  transients  that  were  fully  blocked  by  the  TRPV1  antagonists

capsazepine  (CPZ)  and  ruthenium  red,or  removal  of  extracellular  calcium.  Another

signaling event involved transient activation of global mitogen-activated protein kinase

(MAPK)  superfamily,  which  was  followed  by  up  to  3.3-  and  9-fold  increases  in

interleukins  (IL)-6  and  -8  release,  respectively.  Such  increases  in  inflammatory

mediators’ release were suppressed by exposure to CPZ or MAPK inhibitors, or removal

of Ca2+. Taken together, TRPV1 receptors may play a role in mediating corneal epithelial
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inflammatory mediator secretion and subsequent hyperalgesia. 

70



Introduction

Maintenance of corneal epithelial  functional integrity and immune tolerance is

essential  for  sustaining  normal  vision.  Innate  immune responses  provide  a  front  line

defense against  invading pathogens.  An inflammatory response is  in  part  of  adaptive

value  in  contending  with  such  insults.  On  the  one  hand,  increases  in  the  release  of

inflammatory mediators helps mitigate the deleterious effect of a bacterial challenge by

marshalling the infiltration of immune cells to eliminate them from the site of infection.

On the other hand, the inflammatory response causes an increase in fluid leakage into the

extracellular  spaces  resulting  in  pain  sensation  due  to  pressure  on  sensory  nerves.

Furthermore, injury-induced healing is delayed, which prolongs the time that the cornea

is susceptible to other environmental stressors.  Should the inflammatory response be

prolonged,  this  would be very maladaptive since it  could lead to the induction of an

autoimmune disease.  Therefore,  immune responses are  essential  for  host  defense,  but

must be under strict regulatory control to avoid unnecessary immune related damage to

the cornea. 

To maintain normal vision, the cornea’s epithelial immune system must remain

tolerant  to a multitude of innocuous agents,  yet  capable of generating robust effector

immune responses to harmful pathogens. In addition to remaining tolerant to harmless

antigens, the cornea must also generate rapid and effective immune response to harmful

pathogens. Tolerogenic responses to harmless antigens are clearly important to prevent

unnecessary and harmful inflammatory responses in the cornea, and the breakdown of

this tolerance is regarded as an important event in the development of corneal infections. 

Infectious  challenges  can  result  in  a  breakdown  of  the  immune  tolerance  by
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activating  bacterial  pattern-recognition  receptors—the  toll-like  receptors  (TLR)—

resulting  in  the  release  of  a  host  of  pro-inflammatory  cytokines  [1].  Tear  film

hyperosmolarity, representing another such challenge to corneal epithelial cells (CEC), is

symptomatic of some types of Sjögrens disease [2]. In human limbal corneal epithelium,

pro-inflammatory  cytokine  release  is  induced  subsequent  to  stimulation  of  mitogen-

activated protein kinase (MAPK) signaling. This response is dependent on activation of

several MAPKs—c-Jun N-terminal  kinase/stress-activated protein kinase (JNK/SAPK)

and extracellular-regulated kinase (ERK)—as well  as increases in  interleukin (IL)-1 β

and tumor necrosis factor (TNF) α, and release of the C-X-C chemokine, i.e., IL-8 [3].

The hypertonicity-induced signaling events and responses identified in these cells  are

similar to those reported for several other tissues, and result from exposure to noxious

stimuli. Previous studies have shown that the receptors mediating such effects belong to

the transient receptor potential (TRP) superfamily, consisting of seven subfamilies that

include the vanilloid TRP (TRPV) subfamily.  

The TRPV subfamily elicits responses to chemical and thermal noxious stimuli

and has six members designated as TRPV1-6.  The TRPV1 isoform is a receptor subtype

eliciting responses to a variety of diverse noxious stimuli that include chemical stimuli

such  as  capsaicin  (CAP)  and  a  hypertonic  challenge  both  of  which  lead  to

nocioception  [4-6].  TRPV1 receptor may also be activated by a decline in pH

(<6.0) or by moderate heat (≥43  ºC).  As with TRPV1, the other members of this

subfamily (i.e. TRPV2-4) are differentially activated at temperatures ranging from 27 to

52 ºC.  Furthermore, TRPV4 like TRPV1 can also be activated by osmotic challenge and

inflammatory mediators [7].  
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TRP subunits within each of the seven TRP subfamilies form associations

with  one  another,  yielding  homomeric  or  heteromeric  tetramers  that  makeup

cation-selective ion channels.  TRPV1 activation leads to increases in calcium influx

through a highly permeable nonselective cation channel. This subtype member is

described as a vanilloid-sensitive homo-tetrameric cation channel and exhibits

moderate  selectivity  for  calcium  and  magnesium  (pCa2+/pNa+=9.6  and

pMg2+/pNa+=5), as well as has an outward rectifying current–voltage relationship

[8].  Activation  of  TRPV1  also  stimulates  downstream  MAPKs,  including  a

constellation of pathways comprising the ERK, JNK, and p38 MAPK branches  [9]. On

the other hand, the transcription factor, NF-κB, does not appear to be involved in TRPV1-

mediated  signaling,  as  evidenced  by  the  fact  that  CAP inhibits  NF-κB  activation  in

macrophages, myelomonoblastic leukemic cells, and cultured human dental pulp cells [9-

11].

TRPV1  receptor  activation  in  sensory  neurons  induces  increases  in

proinflammatory  cytokine  release  as  well  as  conveys  nociceptive  transmissions  to

trigeminal  ganglion neurons and dorsal root ganglia in the central  nervous system

[12].  Recently,  TRPV1  receptor  expression  was  detected  in  the  corneal  ophthalmic

branch of the trigeminal nerve, where it co-localizes with substance P (SP) receptors [13].

SP receptor activation in corneal nerves produces a sensation of pain,  and synergizes

insulin growth factor (IGF)-1-induced increases in cell proliferation in response to injury

[14, 15]. It is possible that SP receptor proximity to TRPV1 receptors could also augment

SP receptor activation and heighten both sensory nerve activity and the sensation of pain.

No  reports  regarding  TRPV1  receptor  expression  or  its  functional  control  of  pro-
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inflammatory cytokine expression exist for CEC.

In CEC, the MAPK signaling complex is activated by a host of growth factors and

environmental  stresses—ultraviolet  (UV)  light  and  osmotic  challenge—that  mediate

regulation of cell  fate  [16-18].  Control of this  activation is  a  consequence of MAPK

stimulation  of  a  broad  range  of  diverse  intracellular  responses,  including  gene

transcription,  mRNA translation,  and  post-translational  effects,  all  of  which  lead  to

modifications of target proteins  [19]. Activation of ERK and p38 MAPK signaling in

CEC stimulates cell migration and proliferation. These responses are required for tissue

layer renewal and injury-induced wound healing. Both osmotic stress and UV light are

capable of activating the JNK/SAPK MAPK branch. Stimulation of the ERK branch of

the MAPK cascade in CEC is dependent on transient increases in intracellular calcium

concentration [20]. In various other tissues, TRPV1 stimulation leads to increases in pro-

inflammatory cytokine release,  which are also dependent on MAPK activation  [9]. In

tissues  where  TRPV1-induced  Ca2+ signaling  has  been  studied,  the  interdependence

between these pathways is unclear. In CEC, therefore, there appears to be a commonality

between the signaling pathways that mediate responses to growth factors/environmental

stress and those eliciting TRPV1 receptor control of pro-inflammatory cytokine release.

Our study in CEC from a variety of sources indicates they all  exhibit TRPV1

expression. In HCEC, CAP induces TRPV1 receptor activation, as indicated by increases

in non-selective cation channel whole cell currents, which are reflective of increases in

Ca2+ influx. Such rises lead to [Ca2+]i transients and global MAPK activation, followed by

increased  release  of  IL-6  and IL-8.  Therefore,  TRPV1 in  CEC may  be  essential  for

inducing release of inflammatory mediators that could mediate the immune responses and
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injurious effects of noxious agents on tissue integrity and function. 
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Methods

Cell Culture 

SV40-immortalized  HCEC,  rabbit  corneal  epithelial  cell  (RCEC)  (Dr.  Kaoru

Araki-Sasaki), and telomerized HCEC (T-HCEC) (Dr. James V. Jester) were cultured in

Dulbecco’s  modified  Eagle  medium  (DMEM/F12,  Invitrogen,  Carlsbad,  CA,  USA)

supplemented with 6% fetal bovine serum (FBS), 5 ng/ml EGF, 5 g/ml insulin, and 40

g/ml gentamicin (Sigma, St. Louis, MO, USA) [21-23]. Prior to experimentation, cells

were kept  subconfluent  and grown for  1–2 days  in  an atmosphere of  5% CO2,  95%

ambient air, at 37˚C. In addition, cells were serum-starved and deprived of growth factors

for 24 h in order to optimize cell  responsiveness. Primary cultured HCEC (P-HCEC)

were purchased from Cascade Biologics (Portland, OR, USA) and were grown in their

EpiLife medium, which contains human corneal growth supplement, bovine pituitary

extract, bovine insulin, hydrocortisone, bovine transferrin, and mouse epidermal growth

factor (EGF). Primary cultured RCEC (P-RCEC) were obtained by washing the rabbit

eyeball surface three times, alternating between physiological saline and 70% alcohol.

Corneas were then isolated and rinsed with phosphate -buffered saline (PBS) (GIBCO,

Grand  Island,  NY,  USA)  that  contained  40  µg/ml  gentamicin.  The  endothelium was

removed, along with a large part of the adherent stroma. The remaining tissue layer was

cut into ~3 mm2 blocks and placed in DMEM/F12 supplemented with 10% FBS, and kept

in a 5% CO2 humidified incubator at 36°C. After 24–36 h, blocks were removed, and the

epithelial cells that had migrated off the blocks onto the culture dish were allowed to

proliferate until reaching confluence.

Mouse CEC was cultured on amniotic membranes (AMs). AMs, obtained after
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written  informed  consent  from  mothers  who  were  sero-negative  for  human

immunodeficiency virus, and hepatitis B and C viruses at the time of caesarian sections,

were stored in 15% dimethylsulfoxide with PBS at -80°C prior to use. Denuded AMs

were prepared as previously described [24]. Membranes were rinsed in PBS, spread onto

the upper chambers of a six-well insert Transwell (Costar Corning, Corning, NY), frozen

at -80°C, and then air-dried at room temperature. Murine CEC cells were cultured in 25

cm2 flasks  for  7  days  at  37ºC  in  a  humidified  atmosphere  containing  5% CO2,  and

dispersed by enzymatic treatment (TrypLE™ Express, 37ºC, 10 min, Invitrogen). The

cell suspension  was seeded onto AM-coated wells (5 x 104 cells/well) with  serum-free

low-calcium  medium  (defined  KSFM,  Invitrogen) consisting  of  10  ng/ml  human

recombinant  EGF (Invitrogen),  100  ng/ml  cholera  toxin  (Calbiochem,  Merck  KGaA,

Darmstadt,  Germany),  antibiotics,  and manufacturer-supplied  growth supplement. The

culture was submerged in medium until reaching confluence, exchanged with an equal

volume of keratinocyte serum-free medium KSFM and supplemental hormonal epithelial

medium (SHEM)  for 1 day, cultured at a air-liquid interface with SHEM, and co-cultured

with mitomycin C-treated 3T3 fibroblasts for 1 week.

Immunohistochemistry 

Intact human corneas (Central New York Eye Bank, Upstate New York Transplant

Services)  and  intact  mouse  corneas  were  fixed  in  4%  paraformaldehyde  in  0.1  M

phosphate  buffer  (pH  7.4)  for  48  h,  embedded  in  paraffin,  and  then  processed  for

histology. Paraffin sections (5 µm thick) were deparaffinized, rehydrated, and subjected

to immunohistochemistry. Following a brief wash with PBS, samples were blocked with

5% nonfat milk in PBS for 30 min at room temperature. An epitope-specific rabbit anti-
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TRPV1 antibody (10 µg/ml) (ALEXIS Biochemicals, San Diego, CA, USA) was diluted

in a 5% non-fat milk solution and incubated with the samples overnight at 4°C. After

incubation,  unbound  antibodies  were  removed  by  three  10-min  washes  with  PBS.

Samples were then incubated for 3 h with the secondary antibody goat anti-rabbit IgG

diluted in 5% non-fat milk/PBS (Alexa 488 or Alexa 555) (10 µg/ml) (Molecular Probes,

Inc.,  Eugene,  OR, U.S.A.) and then exposed to  4,6-diamidino-2-phenylindole (DAPI)

(300  nM)  (Sigma,  St.  Louis,  MO).  Sections  were  viewed  on  a  Nikon  Eclipse  E800

microscope. Confocal microscopy of intact mouse corneas was performed on an LSM

510  upright  confocal  microscope  (Zeiss,  Oberkochen,  Germany).  The  fluorochromes

were excited with argon laser light of appropriate wavelength. Images were captured with

Zeiss LSM 510 software and exported to Adobe Photoshop (Adobe Systems Inc., San

Jose, CA, U.S.A.) for fluorescence quantification.

Frozen section  of  stratified  primary  mouse  corneal  epithelial  layers  grown on

AMs was fixed for  10 min  in  2% paraformaldehyde (Wako,  Japan)  before blocking.

Sections were blocked by incubation with 10% normal donkey serum (Chemicon Int.

Inc.,  Temecula,  CA,  USA)  and  1%  bovine  serum  albumin  (BSA)  for  1  h  at  room

temperature.  The  anti-TRPV1  antibody  or  an  isotype  as  negative  control  (1:500)

(ALEXIS Biochemicals, San Diego, CA, USA) was applied and incubated for 90 min at

room  temperature,  followed  by  incubation  with  rhodamine-conjugated  secondary

antibody (Jackson ImmunoResearch Laboratories, West Grove, PA, USA). After three

washes in PBS, sections were incubated with  DAPI (1  mg/ml)  (Dojindo Laboratories,

Tokyo) at room temperature for 5 min. Finally, sections were washed three times with

PBS and cover-slipped with an anti-fading mounting medium of 50 mM Tris-buffered
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saline, 90% glycerin, and 10% 1, 4-diazabicyclo (2, 2, and 2) octane (Wako, Japan).

Flow Cytometry Analysis 

Surface expression of TRPV1 in HCEC was determined using Epics XL flow

cytometry (Beckman/Coulter, Miami, FL, USA), employing a laser power of 5.76 mW.

The instrument was calibrated before each measurement using standardized fluorescent

particles (Immunocheck; AMAC, Inc. Westbrook, ME, USA). Fluorescence signals were

measured  simultaneously  with  three  photomultipliers  and  optical  filters.  Output  is

expressed as the mean log fluorescence intensity of the cell population within the gate.

Cells were incubated on ice for 60 min with an anti-TRPV1 antibody, washed three times

with  PBS,  incubated  with  a  FITC-conjugated  secondary  antibody  for  30  min  on  ice

(protected from light), fixed in Optilyse (Beckman/Coulter) at room temperature for 5–10

min, and analyzed by flow cytometry. HCEC were initially identified by the characteristic

forward and side light scatter properties of unstained cells, and confirmed by staining

with  PE-conjugated  primary  anti-human  HLA-DR  (Beckman/Coulter).  Data  are

expressed as mean relative fluorescence units (RFU) and percentage of positive staining

cells. Isotype primary conjugated antibodies served as negative controls. Samples were

prepared and analyzed in duplicate, and about 5,000 cells were counted in each sample.

Western Blot Analyses

HCECs grown in 35 mm plates (Fisher Scientific, Pittsburgh, PA) were washed

twice with ice-cold PBS (pH 7.4) and lysed in lysis buffer (20 mM Tris (pH 7.5), 150

mM  NaCl,  1  mM  EDTA,  1  mM  EGTA,  1%  Triton  X-100,  2.5  mM  sodium

pyrophosphate, 1 mM -glycerolphosphate and 1 mM Na3VO4) with a protease inhibitor

mixture (1 mM phyenylmethylsulfonyl fluoride [PMSF],  1 mM benzamide,  10  g/ml
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leupeptin  and  10  g/ml  aprotinin).  Cells  were  harvested  by  scraping  followed  by

sonication, and cell lysates were clarified by centrifugation at 4oC for 15 min at 13000

rpm.  Protein  concentrations  of  the  lysates  were  measured with  a  bichinchoninic  acid

assay (Micro  BCA protein  assay kit;  Pierce Biotechnology,  Rockford,  IL),  and equal

amounts of protein from cell lysates were applied to a 10% gradient SDS-polyacrylamide

gel and electrophoresed. Gel-separated proteins were then transferred to a polyvinylidene

fluoride (PVDF) membrane. Membranes were blocked for 1 h with 5% nonfat skim milk

in PBS containing 0.1% Tween-20 (PBST), and then incubated overnight at 4oC with

specific  antibodies.  The MAPK antibodies and dilutions  used were anti-phospho-p38,

1:1,000;  anti-p38,  1:2000  (Cell  Signaling  Technology  Inc,  MA);  anti-phospho-JNK,

1:1,000; anti-JNK, 1:2,000; anti-phospho-Erk1/2, 1:1,000; anti-Erk1/2, 1:2,000; and anti-

TRPV1, 1:500 (Santa  Cruz  Biotechnology,  Santa Cruz,  CA, USA).  Membranes  were

washed  three  times  with  PBST  and  then  incubated  with  horseradish  peroxidase–

conjugated secondary antibodies (1:2000) (Santa Cruz Biotechnology) for 1 h at room

temperature.  Bound  antibody  was  evaluated  using  an  enhanced  chemiluminescence

(ECL) detection system (Amersham Biosciences, Piscataway, NJ, USA). Resolved bands

were  quantified  using  NIH Image  software  (version  1.61;  NIH ImageJ).  Results  are

representative of three independent experiments.

Immunocytochemical Localization

To  characterize  TRPV1  protein  expression  in  HCEC,  immunocytochemical

localization was examined as previously described [25]. Briefly, cells were seeded onto a

Lab-Tek  chamber  slide  system  (Nunc,  Naperville,  IL,  USA)  and  allowed  to  reach

confluence. Cell layers were washed twice with HEPES-buffered Ringer’s solution, fixed
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on ice for 30 min in PBS/4% paraformaldehyde, washed three times with this solution;

and then rendered permeable using 0.1% Triton solution. After blotting with normal goat

serum, cells were exposed to anti-TRPV1 (sc-12498) (1:500) (Santa Cruz Biotechnology)

plus 1% BSA overnight at 4ºC. After three washes with HEPES Ringer’s solution, cells

were  incubated  with  donkey  anti-goat  IgG-TR  (sc-2783)  (1:800)  (Santa  Cruz

Biotechnology) for 30 min and with SYTO 16 (5 µM) green fluorescent nucleic acid stain

for 5 min at room temperature. Fluorescence was visualized using a Zeiss fluorescence

microscope  with  a  60  X  oil  objective  lens.  Images  were  processed  using  LSM  PC

software (Zeiss) and Adobe Photoshop 5.5 (Adobe Systems).

Intracellular Calcium Imaging

Changes  in  the  apparent  concentration  of  intracellular  calcium  [Ca2+]i were

monitored  by  measuring  fura2  fluorescence  [26].  Cells  were  subcultured  on  22-mm

diameter coverslips (Fisher Scientific, PA, USA).  Cells were pre-incubated with culture

medium containing fura2 AM (2 µM) (Molecular Probes, Eugene, OR, USA) for 30 min

at 37°C with or without inhibitors such as capsazepine (CPZ) and ruthenium red (Sigma,

St.  Louis,  MO,  USA). Following  dye  loading,  single-cell  fluorescence  imaging  was

performed on the stage of an inverted microscope (Nikon Diaphot 200) using a chamber

with a coverslip-formed base. Cells were washed three times with NaCl Ringer’s solution

containing (in mM): NaCl (141), KCl (4.2), CaCl2 (0.8), KH2PO4 (2), MgCl2 (1), glucose

(5.5), and HEPES (10) (osmolarity 300, pH 7.4). For experiments conducted under Ca2+-

free conditions, cells  were first pre-incubated for 10 min with a Ca2+-free counterpart

supplemented with EGTA (2 mM) (Sigma, St. Louis, MO, USA). Cells were alternately

illuminated at 340 and 380 nm, and their emission monitored every 5 s at 510 nm using a
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Roper Scientific CCD camera.  Changes in [Ca2+]i were monitored based on the ratio of

the measured 340/380 nm fluorescence. Each field of interest contained 24–45 cells, and

a mean running ratio was calculated for each region. Changes in [Ca2+]i were analyzed

using Ratiotool image software (Isee Imaging Durham, NC, USA).

Whole-Cell Patch Clamp 

Electrophysiological  recordings  were  made  using  the  whole-cell  mode  of  the

patch-clamp technique [27]. In brief, small coverslips with adherent HCEC were placed

into  a  perfusion  chamber  mounted  on  the  stage  of  an  upright  microscope  (Olympus

BX50WI, Japan), and superfused with a bathing solution that contained (in mM) NaCl

(150), CsCl (6), MgCl2 (1),  CaCl2 (1.5), glucose (10), and HEPES) 10 at pH 7.4 at room

temperature  [28]. The intracellular solution for whole-cell measurements contained (in

mM) NaCl (150), MgCl2  (3), EGTA (5), and HEPES (10) at  pH 7.2. Pipettes had an

internal resistance of 2–5 M and were filled with the standard intracellular solution.

Membrane  currents  were  recorded  using  an  EPC 8  with  TIDA  software  (HEKA,

Lamprecht,  Germany).  Membrane  capacitance  and  access  resistance  were  calculated

from the capacitance current transient that was induced by a hyperpolarization voltage

step of 400 ms duration and 60 mV amplitude from the holding potential (0 mV). Mean

access resistances of 32  3 M (n = 10) and mean membrane capacitances of 83  13

pF (n=10) were observed for HCEC in the whole-cell configuration. Pipette capacitance,

membrane capacitance, and access resistance were compensated for by the patch-clamp

amplifier.  The  liquid  junction  potential  was  estimated  both  experimentally  and

theoretically,  and  corrected  for  at  the  beginning  of  each  measurement  [29].  The

concentration of  dimethyl  sulfoxide  (DMSO) was kept  <0.1% and did not  affect  the
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patch-clamp  recordings  (data  not  shown).  Nonselective  cation  channel  currents  were

induced  by  13  depolarizing  steps  (each  of  10  mV,  400  ms  duration,  and  increasing

amplitude)  and  six  hyperpolarizing  steps  (each  of  10 mV,  of  the  same duration,  and

decreasing amplitude) at 1 Hz. These currents were normalized by the cell membrane

capacitance (current density [pA/pF]). The holding potential was set to 0 mV to eliminate

any possible contributions by voltage-dependent calcium channel (VOCC) activity (e.g.,

VOCCs in HCEC could be activated at  a holding potential  of -70 mV) (unpublished

observation).

Determination of IL-6 and IL-8 Release

 Pro-inflammatory cytokine release was determined using protein cytokine arrays,

and amounts of IL-6 and IL-8 were measured in the supernatant using an enzyme-linked

immunosorbent assay (ELISA). HCEC were plated in 35-mm cell culture plates. After 24

h  of  serum  starvation,  cells  were  washed  twice  with  PBS  and  then  exposed  to  an

antagonist such as CPZ, SB203580, SP600125, or U0126 (Sigma, St. Louis, MO, USA)

for 30 min before stimulating them with CAP (Sigma, St. Louis, MO, USA) for 24 h.

Supernatants  were harvested  and centrifuged at  4,000 rpm for  3  min  to  remove cell

debris. Each supernatant was stored at -80oC until analysis. Protein concentration of each

cell  lysate  was  determined  using  a  Micro  BCA protein  assay  kit.  Protein  microwell

cytokine arrays were immobilized with 11 different capture antibodies: IL-1, -2, -4, -5, -6,

-8,  -10,  -12,  -13;  interferon  (IFN);  and  tumor  necrosis  factor  (TNF)   (Pierce

Biotechnology). ELISA (R&D Systems, Minneapolis, MN, USA) for IL -6 and IL-8 was

performed according to the manufacturer’s instructions. The amount of IL-6 or IL-8 in

the culture medium was normalized according to the total  amount of cellular protein
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lysed with 5% SDS and 0.5 N NaOH. Results are expressed as mean picograms of IL-6

or IL-8 per mg cell lysate  SEM (n=3).

Statistical Analysis

Data are expressed as mean ± SEM. Experiments were performed in triplicate

unless  otherwise  indicated.  Illustrative  figures  depict  typical  responses  from each

experiment.  Statistical significance was determined by Student’s unpaired t-test or one-

way analysis of variance (ANOVA); p values < 0.05 were taken to be significant.  
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RESULTS

Identification of TRPV1 expression

To ascertain whether TRPV1 is expressed in CEC from different species, three

independent experimental protocols were used. They include immunochemistry, Western

blot analysis, and flow cytometry. Figures 1 and 2 (A,B) show TRPV1 staining in whole-

mount  preparations  of  intact  P-HCEC and  mouse  CEC respectively,  providing clear

evidence for TRPV1 expression in these cells. Interestingly, localization of this staining

appears to be species-specific, i.e., in the mouse staining is restricted to the basal and

wing cell layers whereas in human, it is essentially restricted to the tear-side of the most

superficial  layer.  In  the  rat,  the  ophthalmic  branch  of  the  trigeminal  nerve  exhibits

TRPV1 expression [13]. Therefore, the origin of TRPV1 expression, as shown in Figs. 1,

and 2  (A,B),  could be of  either  epithelial  cell  or neuronal  origin.  To further  clarify

whether  or  not  TRPV1  expression  is  also  present  on  the  surface  of  the  epithelial

membrane, its expression pattern was evaluated in primary cultured stratified mouse CEC

grown on AMs (Fig. 2C). Given the absence of neurons in this preparation, it becomes

evident that TRPV1 is expressed along the basal cell layer, suggesting both neuronal and

epithelial  origins  in  this  tissue.  To  more  precisely  define  the  cellular  localization  of

TRPV1, its expression pattern in HCEC was evaluated. Figure 3 shows TRPV1 staining

along the perimeter of these cells as well as in the perinuclear region. Flow cytometry

analysis was also employed to validate that cell perimeter staining reflects cell surface

expression [30, 31]. With the anti-TRPV1 antibody, there is a rightward band shift of the

fluorescence maximum and broadening of the output, indicating clear evidence of plasma

membrane  TRPV1  expression  (Fig.  4A).  CEC-TRPV1  expression  was  validated  by
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performing Western blot analysis on subcellular fractions obtained from HCEC, RCEC,

P-HCEC, P-RCEC and T-HCEC. Figure 4B shows that in each of these samples, there is

a  100 kDa band that  closely corresponds  to  our rat  brain positive control  and to  the

reported apparent molecular weight of TRPV1 [32, 33]. This agreement suggests that this

antibody is appropriate for detecting TRPV1 expression. Another indication of TRPV1

antibody selectivity is that following incubation of this antibody with a blocking peptide

none of these preparations exhibited a TRPV1 immunoreactive band (data not shown).

Capsaicin Induces [Ca2+]i Transients 

To probe for  TRPV1-mediated Ca2+ signaling,  the dose-dependent  effects  of  a

TRPV1 selective agonist, CAP, were determined on [Ca2+]i. As shown in Fig. 5A, CAP (1

µM) increased [Ca2+]i more than two-fold. In five separate experiments, the ratio initially

increased from 0.38±0.04 to a maximum value of 0.81± 0.08 after ~100–200 s. Following

this increase, the ratio nearly declined to a basal value after ~450 s. Figure 5B shows the

dose-dependence of this response. Over a concentration range of 0.1–10 M, the F340/F380

nm ratio  reached  a  maximal  value  at  1  μM (i.e.,  0.43  ± 0.08).  CAP selectivity  was

documented based on the ability of the competitive vanilloid TRPV1 receptor antagonist,

CPZ, to suppress these transients. Figure 5C summarizes the effects of pre-incubation

with either CPZ (1 μM), ruthenium red (a non selective Ca2+ channel blocker) (10 μM), or

exposure  to  a  Ca2+-free  medium  (containing  2  mM  EGTA)  on  the  CAP-induced

transients. Under each of these conditions, any subsequent CAP (1 μM)-induced increases

were fully blocked. These results show that TRPV1 receptors are functional in HCEC.   

Capsaicin Activates Nonselective Cation Channel Currents

To directly assess the function of TRPV1, we measured currents in HCEC using

86



the whole-cell mode of the patch-clamp technique (Fig. 6A). The compositions of the

extra- and intracellular solutions are provided in the Methods Section. The stimulation

protocol used to characterize cation channel activity is shown in Fig. 6B. The holding

potential was set to 0 mV to eliminate any possible contributions of voltage-dependent

Ca2+ and Na+ channel currents.  In the presence of CAP (10 µM), the maximum non-

selective cation channel currents rose to 252   51 % of control (set to 100 %) (n=6,

p<0.05). Current responses in the absence (control) and presence of CAP are shown in

Fig. 6C. The corresponding current density-voltage relationship, in which the current is

normalized to capacitance of the corresponding cell to obtain current density (pA/pF) of

the cation channel currents, is given in Fig. 6D. After treatment with CAP, these currents

increased from 14  5 pA/pF to 28  7 pA/pF (n=6, p<0.01), clearly indicating TRPV1

stimulation by this  agonist.  Taken together, in HCEC TRPV1 receptors are functional

since CAP induces both Ca2+ transients and an outward rectifying current. 

TRPV1 Induces Global MAPK Activation 

We determined the role of MAPK activation in mediating downstream responses

to  TRPV1  activation.  Figure  7A shows  the  time-dependent  effects  over  a  90-min

exposure to CAP (1 M) on ERK, p38, and JNK/SAPK MAPK branch activation. This

concentration was chosen since the CAP-induced [Ca2+]i transients were maximal at 1

M. After 5 min, the JNK and ERK branches reached their maximal levels whereas this

response in the p38 branch required an additional 10 min (Fig.7B). Subsequently, these

rises waned towards their baseline values. Figure 7C shows CAP dose-dependence for

inducing patterns of p38 MAPK, JNK, and ERK MAPK branch activation. With JNK and

ERK branches, maximal increases were observed with 100 nM, whereas the p38 branch
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only  required  10  nM  to  induce  maximal  responses.  Therefore,  TRPV1  receptor

stimulation induces global activation of the MAPK branches.

To  confirm  CAP  selectivity  for  inducing  MAPK  activation,  we  determined

whether or not pre-exposure to CPZ suppressed these responses. As shown in Fig. 7D,

CPZ (1 μM) inhibited CAP-induced activation of the three MAPK limbs. The inhibitory

effects of CPZ were dose-dependent from 1 to 10 M.

TRPV1 Activation Induces IL-6 and IL-8 Release

IL-6 and IL-8 are two of the inflammatory mediators whose expression levels rise

in  response  to  corneal  infection  [34].  In  other  tissues,  stimulation  of  TRPV1 elicits

increased  expression  of  IL-6  and  IL-8  [9,  32,  35].  Thus,  we  determined  if  TRPV1

stimulation also elicits such a response in HCEC. In an initial screening with a cytokine

microarray assay, we found that exposure to CAP (1 M) elicited large increases in IL-6

and IL-8.  We quantified this response using ELISA. At this CAP concentration, IL-6 and

IL-8 release began to increase after 6 h, reaching a plateau at 24 h (data not shown).

Figure 8 shows that after 24 h, IL-6 and IL-8 release rose to a maximum 3.3-fold and 9-

fold level, respectively, above their basal values. Figure 8 demonstrates that a 30-min pre-

incubation with CPZ (1 or 10 M) suppressed the CAP effect on IL-6 and IL-8 release in

a dose-dependent manner, thus validating the selectivity of CAP as a TRPV1 agonist.  

Ca2+ and MAPK Signaling Mediates TRPV1-Induced Release of IL-6 and IL-8 

To evaluate the role of TRPV1-mediated Ca2+ transients in inducing IL-6 and IL-8

release,  the  effects  of  CAP (1  M) on this  response  were  determined in  a  Ca2+-free

medium  containing  2  mM  EGTA.  Under  this  condition,  CAP failed  to  induce  any

increase  in  IL-6  and  IL-8  release  (Fig.  8).  Therefore,  this  response  is  dependent  on
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TRPV1 receptor activation of plasma membrane Ca2+ influx.  

  The involvement of the MAPK superfamily in signaling branch activation was

determined by mediating TRPV1-induced increases in IL-6 and IL-8 release. Following a

30-min exposure to 10 M of a relatively selective ERK, p38, or JNK branch inhibitor,

the medium was supplemented with CAP (1 M). After 24-h exposure to SB203580 (a

p38  MAPK  inhibitor),  CAP-induced IL-8  release  fell  by  48%.  SP600125  (a  JNK

inhibitor),  reduced  this  response  by  63%.  U0126  (a  Mek1/2  inhibitor)  reduced  this

response by 58 %. Similarly, each of these inhibitors reduced the CAP-induced  increases

in IL-6 release by 42, 50, and 29%, respectively. Thus, each of these three MAPK limbs

contributes to mediating TRPV1-induced increases in IL-6 and IL-8 release. There may

be other, parallel signaling pathways also mediating TRPV1 control, since CAP-induced

increases in IL-6 and IL-8 release were only partially obviated by inhibition of any of

these branches. It was not possible to expose the cells to more than one MAPK branch

inhibitor for > 24 h, since cell viability decreased after this time period. 

Thus, there is plasma membrane and perinuclear TRPV1 expression in CEC in

both intact and cultured cell preparations. We found that plasma TRPV1 expression is

functional since selective TRPV1 activation by CAP induced increases in IL-6 and IL-8

release by eliciting transient increases in plasma membrane Ca2+ influx as well as non

selective cation currents. These responses lead to downstream global activation of three

branches of the MAPK signaling pathway.  
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Discussion

Maintenance of CEC function during exposure to noxious stimuli is essential for

preserving tissue transparency and, hence, normal vision. It is, thus, requisite that corneal

epithelial renewal be maintained since renewal sustains tissue layer barrier function and

net  ion  transport  activity.  Increases  in  inflammatory  cytokine  release  in  response  to

noxious  stimuli  can  help  reduce  the  adverse  effects  of  a  noxious  stimulus  on  tissue

function. In other tissues, one of the receptor-mediated responses to such stimuli includes

TRPV1  activation.  Heretofore,  the  only  type  of  histochemical  TRPV1  receptor

expression identifiable in the cornea was limited to corneal neurons. The current study

provides the first evidence for functional plasma membrane TRPV1 expression, based on

the  observation  that  CAP-induced  increases  in  ionic  fluxes  and  MAPK  signaling

activation led to increases in IL-6 and IL-8 release. This characterization suggests that

TRPV1  drug  targeting  could  provide  a  novel  modality  for  offsetting  the  deleterious

effects of noxious stimuli on corneal epithelial cell function and transparency. 

A validation  of  anti-TRPV1  antibody  selectivity  was  obtained  based  on  the

apparent molecular weight of TRPV1, in membrane containing lysates of HCEC, RCEC,

P-RCEC, P-HCEC, and T-HCEC (Fig. 4 B), is identical to that of the positive control,

and is also in agreement with data for other cell types [8, 36]. Since TRPV1 expression

was detected in cultured CEC, its  localization is  not  limited to neurons.  Based upon

results  of  flow  cytometry  analysis  shown  in  Fig.  4A  and  on  the  HCEC

immunocytochemical  TRPV1 expression  pattern  (Fig.  3),  some TRPV1 expression is

localized on the plasma membrane. In addition, there is perinuclear TRPV1 expression,

but it is not known if TRPV1 is functional here. There is a clear difference between the

90



amounts of TRPV1 expression on the tear- and stroma-side faces in mouse and human

corneal epithelium . In the mouse, TRPV1 expression is localized to the apical facing side

of the perinuclear region in the basal layer, whereas in the human, its expression level is

much higher towards the limbal region of the most superficial layer. The significance of

this difference in expression pattern is unknown.  

Our results showed that CAP-induced TRPV1-mediated current stimulation was

reflected  by  transient  increases  in  intracellular  [Ca2+]i.  These  rises  in  [Ca2+]i were

completely blocked in the presence of CPZ. Blockage by this antagonist has also been

shown in  keratinocytes, human prostate tissue, and human bronchial epithelial cells (Fig.

5)  [35, 37, 38]. A further agreement between results of this study and that of human

prostate tissue is that CAP (1 µM) induced a maximal [Ca2+]i transient in both tissues. In

HCEC, 100 nM resiniferatoxin (RTX), a more potent TRPV1 agonist than CAP, induced

[Ca2+]i rises that were similar to those elicited by 1 µM CAP  (data not shown). This

agreement  between  the  effects  of  RTX and CAP further  validates  functional  TRPV1

receptor activity in CEC. 

Recently, two different pools of TRPV1 receptors were identified within nerve

endings.  One  of  them  is  in  the  plasma membrane  (TRPV1PM)  and  the  other  in  the

endoplasmic reticulum (ER) (TRPV1ER). Activation of either population has been shown

to be capable of inducing rises in [Ca2+]i [39,  40].  Our results  suggest that the CAP-

induced Ca2+ transients stem from plasma membrane TRPV1 receptor stimulation since

in  a  Ca2+-free  medium with EGTA, CAP failed to  induce any [Ca2+]i  transients.  This

dependence  on  extracellular  calcium is  in  agreement  with  the  finding  that  the  non-

selective  plasma  membrane  Ca2+ channel  blocker,  ruthenium  red,  also  completely
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suppressed CAP-induced [Ca2+ ]i transients.  

In HCEC, CAP induced a maximal  increase of ~two-fold in the non-selective

cation  channel  whole  cell  currents.  This  response  indicates  that  TRPV1  receptor

activation underlies transient increases in plasma membrane Ca2+ influx, which induces

the downstream signaling that leads to increases in pro-inflammatory cytokine release.

The I-V curve shown in Fig. 6D indicates that there is TRPV1 channel rectification, since

the current increases induced by depolarizing voltages in the presence CAP (10 µM) were

larger than those at hyperpolarizing voltages. Such an effect is consistent with the finding

that thermal channel activation was shifted to lower temperatures at depolarizing voltages

in a TRPV1 expression system  [28].  Another finding consistent with TRPV1 channel

behavior is that a similar type of rectification induced by CAP (10 µM) was described  in

hepatoblastoma HepG2 cells [41]. However, in HepG2 cells, TRPV1 activation was only

evident provided that they were pre-treated with the cytokine, hepatocyte growth factor.

This was required since stimulation of proliferation by this cytokine is dependent on its

activation of K+ channel activity, which induces membrane voltage hyperpolarization. It

is possible that the difference between CEC and HepG2 cells reflects different modes of

TRPV1 channel conductance regulation.   

Global MAPK activation by CAP in dental pulp cells mediates TRPV1 receptor

stimulation of downstream events, inducing rises in pro-inflammatory cytokine release

[9]. Our results also show that there is global involvement of all three branches of the

MAPK cascade in mediating such control. This requirement was validated based on the

finding  that  pre-exposure  to  CPZ  abrogated  CAP-induced  MAPK  activation.  It  is

conceivable  that  the  hypertonicity-induced  increases  in  pro-inflammatory  cytokine
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release  described  in  human  limbal  epithelial  cells  also  stem  from  TRPV1  receptor

activation, since hypertonicity induces activation of this receptor subtype in neurons [3,

6]. Should this deduction be correct, TRPV1 may be a useful drug target for mitigating

the adverse effects of hypertonicity in inducing inflammation in patients suffering from

“dry eye” disease.

 CAP-induced increases in IL-6 and IL-8 release in HCEC were maximal after a

24 h exposure to this agonist.  The optimal CAP concentration for inducing this response

was  1  µM,  a  concentration  100-fold  less  than  that  required  to  obtain  comparable

increases in IL-6 and IL-8 release for the same time period in dental pulp cells and human

bronchiolar  epithelial  cells  [9,  42].  Such  effects  in  HCEC and  dental  pulp  cells  are

dependent on global MAPK activation, since each of the three pathway inhibitors (i.e.,

U0126, SB 203580, and SP600125) partially suppressed IL-6 and IL-8 release (Fig 8).

The selectivity of CAP for inducing such increases was validated by the finding that in

the presence of CPZ (10 µM), CAP (1 µM) failed to induce any increases in IL-6 and IL-

8 release. Our finding that extracellular Ca2+ is required for CAP-induced increase in IL-6

and IL-8 release is consistent with CAP-induced increases in currents and Ca2+ transients

(c.f.  Figs.  5  and  6).  Such  CAP-stimulated  transients  were  also  reported  for  human

bronchial epithelial cells and are required for rises in IL-6 and IL-8 release [35, 43].

In  conclusion,  we  identified  TRPV1  receptor  localization  and  functional

expression in intact corneal epithelia and cultured CEC. Its expression is in part plasma-

membrane delimited. Furthermore, CAP induces non selective cation currents that rectify

at  depolarizing  voltages.  Underlying  such influx,  we found that  this  agonist  induced

[Ca2+]i transients and global MAPK stimulation, leading to increases in  IL-6 and IL-8
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release suggesting  that  these  receptors  may contribute to  the  ability  of  the  cornea  to

mediate stress-mediated compromise of corneal function. This insight could lead to the

identification  of  novel  therapies  for  inflammatory  and  pain  management  following

corneal injury.     
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Figure 1 

Figure 1. TRPV1 expression localization in intact human cornea. Immunohistochemical

profiles in intact human corneas of TRPV1 expression. In limbal and central  regions,

TRPV1 expression (red stain) is seen predominantly in the superficial layer, closest to the

tear-side surface.  To demarcate cell  nuclei,  tissue was also stained with DAPI (blue).

Merged images show both TRPV1 expression and nuclei. Calibration bar is 25 μm.
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Figure 2
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Figure  2.  TRPV1  expression  localization  in  intact  mouse  cornea.  A:

Immunohistochemical staining of a paraffin-embedded longitudinal section shows anti-

TRPV1 antibody staining localized to the apical face of the basal layer.  Green staining is

reflective of TRPV1 localization and blue DAPI staining shows cell nuclei. B: Confocal

image  of  the  intact  mouse  cornea  shows  in  the  basal  layer  distinct  punctuate  green

TRPV1 perinuclear staining localized to the apical facing region. Cell nuclei are evident

by blue DAPI coloration. C: Frozen section of stratified primary mouse corneal epithelial

layers grown on AMs. Red staining indicates prominent TRPV1 expression localized to

the basal epithelial cells atop the AMs surface. Lack of staining with isotype antibody

validates selectivity of anti-TRPV1 antibody.  Calibration bar is 25 μm.
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Figure 3
                         

Figure 3. TRPV1 cell membrane localization in HCEC. A: In confluent HCEC culture,

punctuate  staining  is  localized  to  the  cell  periphery  and  the  perinuclear  region.  B:

Omission of primary antibody eliminates anti-TRPV1 antibody staining. Calibration bar

is 25 μm.
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Figure 4

A                      

B

Figure 4. TRPV1 localization in HCEC and validation of expression in CEC. A: TRPV1

surface  expression  in  HCEC was  identified  by  flow cytometry.  Left  trace  represents

isotype  control  (which  was  similar  to  background  autofluorescence);  right  trace

represents  PE-conjugated  anti-TRPV1  antibody  labeling.  B: Western  blot  analysis

documents TRPV1 100 kD expression in CEC. Left to right: HCEC, RCEC, P-HCEC, P-

RCEC,  and  T-HCEC.  Rat  brain  served  as  a  positive  control  (p-Ctr).  Representative

profiles of three independent experiments.
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Figure 5
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Figure 5.   TRPV1-induced Ca2+ signaling in HCEC (A) following fura2-loading and

[Ca2+]i monitoring using single-cell imaging in NaCl Ringer’s. CAP (1 μM) () induced

[Ca2+]i transients. The figure shown is representative of five different experiments each of

which  imaged  between  24  to  45  cells.  B: CAP-induced  dose-dependent  increases  in

[Ca2+]i that plateaued at 1 μM. C: Pre-incubation for 30 min with the TRPV1 antagonist,

CPZ (1 μM), inhibited CAP-induced [Ca2+]i increases. Following pre-incubation for 10

min with Ca2+-free NaCl Ringer’s containing 2 mM EGTA, CAP (1 μM) failed to induce

transients during continuous exposure to the aforementioned medium. In NaCl Ringer’s,

following exposure to ruthenium red (10 μM) for 30 min, CAP-induced [Ca2+]i increases

were abolished. (Data are means ± SEM of five independent experiments). Significant

differences are indicated by asterisks (*, p<0.001).
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Figure 6

106

Figure  6. CAP  (10 μM)-induced  activation  of  non-

selective cation channel whole cell currents in HCEC.

A:  Experimental  design  (whole-cell  configuration).

Holding potential  (HP) was set to 0 mV to avoid any

voltage-dependent  ion  channel  currents.  B: Voltage

pulse  protocol.  C: Maximal  cation  channel  currents

induced  by  depolarization  from  0  to  130  mV  after

establishing whole-cell configuration (control) and after

extracellular CAP application. CAP induced increases in

non-selective cation channel currents. D: Effects of CAP

(10 µM) are summarized in a current/voltage plot (I-V

plot). For the current/voltage relationship, maximal peak

current  amplitudes  were  normalized  to  each  cell’s

membrane  capacitance  and  plotted  against  the  pipette

potential  (mV)  established  by  variations  in  induced

current  offset.  The  upper  trace  (filled  rhombus)  was

obtained in the presence of CAP (10 µM) and the lower

trace (open circles),  in  its  absence (control)  (n=6).  E:

Summary of CAP experiments. (*) indicates significant

differences  (p<0.05)  between  control  experiments  and

CAP experiments.



Figure 7
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Figure 7

C
                    

D
                         

Figure 7. CAP induces  global  MAPK activation.  A: Western blots  of  HCEC  lysates
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reveal  time-dependent  changes  in phosphorylation  status  of  p38,  JNK,  and  Erk1/2

MAPK. HCEC were exposed to CAP (1 μM) for the indicated periods.  B:  Summary

curves of panel A. C: Exposure to 0.01-100 μM CAP for 15 min activated p38 MAPK,

JNK and Erk1/2 MAPK in a dose-dependent manner. D: Preincubation for 30 min with

either CPZ (1 or 10 μM) suppressed CAP (1 μM)-induced MAPK activation in a dose-

dependent  manner,  whereas  CPZ (10  μM) failed  to  affect  baseline  levels  of  MAPK

phosphorylation. Representative results obtained from three replicates are shown.
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Figure 8
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Figure  8.  CAP-induces  increased

release  of  IL-6  and  IL-8  in  HCEC.

ELISA was performed after  24 h to

evaluate  increases  in  IL-6  and  IL-8

release  into  DMEM/F12  in  the

presence or absence of CAP (1 μM).

Values  are  normalized  to  the

respective control.  Following 30 min

exposure  to   CPZ  (1  or  10  μM),

SB203580 (10 μM) ,  SP600125 (10

μM),  U0126  (10  μM),  or  Ca2+-free

medium counterpart containing 2 mM

EGTA,  the  effects  of   CAP (1  μM)

were  determined  on  release  of  IL-6

and  IL-8.   The  rank  order  of

suppression of CAP augmentation of

IL-8  and  IL-6  release  was  Ca2+-free

(EGTA) = CPZ (10 μM) > SP600125,

SB203580, and U0126 (significantly

different from  control,  #  p<0.001;

significantly  different from  CAP

treatment, * p<0.05, **p<0.001). 


	
	Differential PKC isoform contributions to EGF and PDBu augmented CCE
	In corneal epithelial cells, EGF mediates activation of a myriad of cell signaling pathways that includes mobilization of intracellular calcium through increases in CCE and SOC activity.�5, 14� However, the dependence of these responses on EGF-induced increases in PKC activity was not known. Furthermore, there was no information regarding which of the PKC isoforms identified in this tissue are specifically involved in the mediation of CCE. In order to approach these questions, we delineated: 1) the specific PKC isoforms eliciting CCE during exposure to either EGF or PDBu; 2) which PKC isoforms are preferentially translocated to different subcellular fractions as a result of being stimulated by either EGF or PDBu; 3) the role of EGF-induced PKC stimulation in mediating SOC activation.
	The specific roles of four different PKC isoforms in inducing CCE were estimated based on the rank order of inhibition by: 1) rottlerin (PKC); 2) hispidin (PKC); 3) HBDDE (PKC); 4) PKC V1-2 (PKC) of the enhanced CCE responses resulting from exposure to either EGF or PDBu. Figure 2A shows that EGF-induced augmentation of CCE was most effectively inhibited with either rottlerin or hispidin suggesting that both PKC and  preferentially mediate this enhanced response. On the other hand, following direct stimulation of CCE through PKC activation (c.f. Figure 2B), rottlerin had a larger inhibitory effect than any of the other three inhibitors that only partially suppressed this response. This difference in isoform mediation of CCE augmentation may be reflective of other cell signaling mediators besides PKC affecting regulation of CCE.
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