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1. Introduction
Corneal transparency maintenance depends on continuous renewal of its outermost epithelial
layer. This process replaces the uppermost terminally differentiated layers that are being
sloughed off into the tears. Their replacement assures preservation of epithelial integrity and
its smooth optical properties. In addition, epithelial renewal preserves other needed
functions for visual clarity that include: 1) tight junction barrier intactness, which protects
the cornea from becoming translucent due to tissue swelling caused by exposure to
environmental stresses such as pathogens and anisosmotic challenges (Lu et al., 2001); 2)
innate immune responsiveness, which detects the presence of pathogens and provides
signals that activate the corneal defense system (Zhang et al., 2005); 3) aldehyde
dehydrogenase expression, which protects this layer against UV- and 4-hydroxynonenal-
induced cellular damage (Pappa et al., 2005).

As epithelial turnover is modulated by a host of cytokines, extensive effort is devoted to
identifying cognate receptor-linked cell signaling drug targets for hastening this process
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subsequent to corneal injury (Reinach and Pokorny, 2008). These studies employ injury-
induced in vitro epithelial and in vivo wound healing models to determine which receptor-
linked cell signaling pathways mediate control of cell proliferation, migration,
differentiation, inflammation and apoptosis. In addition to improving our understanding of
corneal biology, these studies have identified potential novel drug targets to lessen corneal
scarring and inflammation that can persist subsequent to wound closure. These
complications may be severe enough to prevent restoration of corneal transparency and
visual function (Saika et al., 2007). In human corneal epithelial cells (HCEC), epidermal
growth factor receptors (EGFRs) contribute to mediating corneal epithelial renewal. EGFR
activation by EGF results in stimulation of cell proliferation and migration through
activation of: a) the three member pathways of the mitogen-activated protein kinase
(MAPK) signaling cassette (i.e., ERK, p38 and JNK); b) the phosphoinositide 3-kinase (PI3-
K)/Akt/GSK-3 pathway; c) adenylate cyclase and phospholipase C (PLC)-induced Ca2+

signaling as well as phospholipase D (PLD)-mediated phosphatidic acid formation (Islam
and Akhtar, 2000; Kang et al., 2000; Kang et al., 2001; Mazie et al., 2006; Wang et al.,
2006; Wang et al., 2009; Yang et al., 2005; Yang et al., 2001; Yin and Yu, 2009; Zhang and
Akhtar, 1998). EGFR activation also can occur through transactivation by other receptors
and mediators (Block and Klarlund, 2008; Lyu et al., 2006; Spix et al., 2007; Xu et al.,
2006; Xu et al., 2007). In this process, agonists other than EGF activate their cognate
receptors, which leads to matrix metalloproteinase activation and scission of EGF from
membrane bound heparin. Therefore, the EGFR-linked cell signaling pathways serve as a
conduit for eliciting tissue responses to a number of different mediators besides EGF.

Members of the transient receptor potential (TRP) protein superfamily are polymodal in that
they are activated by numerous different stimuli. In the corneal epithelium, some members
of the vanilloid (V) TRP subfamily were identified. In HCEC, there is functional expression
of TRPV1, 3 and 4 (Pan et al., 2008; Yamada et al., 2010; Zhang et al., 2007). TRPV1 is a
nonselective ion channel which is activated by injury-induced endogenous mediators such as
endocannabinoids, endovanilloids, declines in pH, elevated temperature and hypertonicity as
well as capsaicin, which is present in red pepper extracts. Capsaicin (CAP) is a selective
TRPV1 agonist and in HCEC induces increases in the release of proinflammatory cytokine
mediators, such as interleukin (IL)-6 and the chemoattractant, IL-8. MAPK activation is a
contributor to their increases (Zhang et al., 2007). These rises induced by CAP have
physiological relevance since TRPV1 activation by injury in a mouse corneal wound healing
model contributes to the development of severe inflammation that persists subsequent to
wound closure. Evidence of its role stems from our finding that in homozygous TRPV1(−/−)

knockout mice the wound healing response to injury is more favorable. This is apparent
since inflammation and scarring are less severe at the time of wound closure (Okada et al.,
2008). Even though EGFR-linked pathways are activated by CAP, it is not known if EGFR
transactivation contributes to the development of inflammation and scarring.

The cannabinoid receptor subtype 1 (CB1) modulates, through the GTP binding protein (Gi),
a number of important physiological processes in different tissues including
neurotransmitter release, pain and analgesia, energy homeostasis regulation, and control of
immune cell function (Graham et al., 2009; Howlett, 2005; Kress and Kuner, 2009; Pertwee,
2006; Stephens, 2009). CB1 activation by cannabinoids has immunosuppressive effects,
which have beneficial effects in the treatment of autoimmune disorders. These results
suggest that the cannabinoid system has various roles in disease pathologies and provides
potential therapeutic targets. A functional role for CB1 in the human corneal epithelium has
not yet been described even though CB1 expression was detected in the corneas of isolated
human eyes (Straiker et al., 1999). In some other tissues, TRPV1 and CB1 are coexpressed
and functionally interact with one another. Such is the case in the colonic epithelium, in
neuronal enriched mesencephalic cultures, primary sensory neurons and myometrial smooth
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muscle cells (Brighton et al., 2009; Kim et al., 2008; Mahmud et al., 2009; Sibaev et al.,
2006). The coexpression of TRPV1 and CB1 in the corneal epithelium prompted us to probe
for a functional interaction between them in HCEC.

We show in HCEC that there is a functional interaction between TRPV1 and CB1. Together
they mediate increases in cell proliferation and migration through EGFR transactivation and
MAPK/Akt-linked signaling. On the other hand, other EGFR independent TRPV1-linked
pathway(s) contribute to mediating TRPV1 stimulation of IL-6 and IL-8 release. In contrast,
CB1 activation counters TRPV1-induced increases in IL-8. It is conceivable in a clinical
setting that drugs targeted to activate CB1 receptors may be effective in reducing TRPV1-
induced inflammation caused by corneal injury.

2. Methods
2.1. Materials

The following chemicals were purchased from Sigma-Aldrich (St. Louis, MO):
WIN55,212-2 (WIN), anandamide (AEA), capsazepine (CPZ), CAP, AM251, AG1478,
GM6001, CRM197, EGF, bovine insulin, gentamicin and TrypLE™ Express Stable Trypsin-
Like Enzyme. Dulbecco’s modified Eagle’s medium (DMEM)/F12 medium fetal bovine
serum (FBS) and fura-2 acetoxymethyl ester were purchased from Invitrogen (Carlsbad,
CA). Anti-CB1, anti-EGFR, phospho-EGFR, anti-Erk1/2, phospho-Erk1/2, phospho-Akt,
phospho-GSK, phospho-p38; goat anti-mouse IgG-HRP, goat anti-rabbit IgG-HRP antibody,
anti (H196) actin, anti-Erk1/2, anti-p38, and β-actin antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-EGFR neutralizing clone, LA1, was purchased
from Millipore Corporate (Billerica, MA).

2.2. Cell culture
SV40-adenovirus immortalized HCEC were obtained as a generous gift from Dr. Kaoru
Araki-Sasaki. The cells were cultured at 37°C in an incubator with 5% CO2 and 95%
ambient air in DMEM/F12 medium, supplemented with 6% FBS, 5 ng/ml EGF and 5 μg/ml
insulin. Cell cycle arrest was achieved by culturing cells in serum-free and EGF-free
DMEM/F12 medium for 24 h before experimentation.

2.3. Single cell fluorescence imaging
Cells grown on 40-mm circular coverslips (Bioptechs Inc, Butler, PA) were loaded with 2
μM fura-2 AM at room temperature for 30 min and then washed 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) with osmolarity 300 mOsm and pH 7.4. Cells were
continuously superfused at 34°C in a Focht Closed System 2 (FCS2) perfusion chamber
with temperature control (Bioptechs Inc, Butler, PA) and placed on the stage of an inverted
microscope (Nikon Diaphot 200). Cells were then alternately illuminated at 340 and 380 nm,
and emission was monitored every 5 sec at 510 nm using a Roper Scientific CCD camera.
Each field of interest contained 15~20 cells. Changes in intracellular Ca2+ levels, [Ca2+]i,
were analyzed using Ratio Tool software (Isee Imaging, Durham, NC). The n values
provided indicate the number of experiments per data point.

2.4. Western blot analysis
HCEC were gently washed twice in cold phosphate-buffered saline (PBS) and harvested in
0.5 ml cell lysis buffer. Cell lysates were centrifuged and supernatants were collected for
measuring proteins with a bichinchoninic acid assay (BCA) protein assay kit (Pierce
Biotechnology, Chicago, IL). Twenty to 50 μg of denatured protein was electrophoresed on
10% polyacrylamide sodium dodecylsulphate (SDS) minigels and polyvinylidene difluoride
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(PVDF) membranes were blocked with nonfat dry milk. The blots were exposed to the
appropriate primary antibody overnight at 4°C and then exposed to an appropriate secondary
antibody (e.g., anti-rabbit, anti-goat or anti-mouse) HRP labeled IgG for 1 h at room
temperature. The immunoreactive bands were detected with an Amersham ECL Plus kit and
band density was quantified using SigmaScan Pro 5.0 software. The monoclonal anti β-actin
antibody tested for protein loading equivalence.

2.5. Immunocytochemistry
CB1 immunocytochemical localization was determined as described (Yang et al., 2005).
Briefly, cells were seeded onto a Lab-Tek chamber slide system (Nunc, Naperville, IL) and
after reaching confluence, they were washed twice with HEPES-buffered Ringer’s solution,
fixed on ice for 30 min in 4% paraformaldehyde, washed three times with HEPES Ringer’s
solution, and then rendered permeable using 0.1% Triton solution. After blotting with 10%
normal goat serum, cells were exposed to anti-CB1 antibody (sc-20754, 1:100; Santa Cruz
Biotechnology) plus 1% bovine serum albumin (BSA) overnight at 4°C. After three washes
with HEPES Ringer’s solution, cells were incubated with goat anti-rabbit IgG TR (sc-3842,
1:800; Santa Cruz Biotechnology) for 30 min and 1 μM SYTO16 green fluorescent nucleic
acid stain (Invitrogen) for 5 min at room temperature. Fluorescence was visualized using a
Nikon fluorescence microscope with a 60x oil objective lens. Images were processed using
Adobe® Photoshop 5.5 software (Adobe Systems, Inc., San Diego, CA).

2.6. Scratch wound assay
Cells were grown to confluence in 35-mm culture plate wells. They were then washed twice
with PBS and placed in the appropriate serum-free medium. A small wound spanning the
diameter of the culture was made with a sterile cell scraper and was marked. The monolayer
was washed twice with basic medium to remove suspended cells and re-fed with medium in
the presence or absence of EGF (10 ng/ml) immediately after wounding. Hydroxyurea (2.5
mM) was also added to the medium to reduce proliferation during the experiment. This
inhibitor reduced cell proliferation by about 95% with minimal effects on cell viability (data
not shown). Time-dependent wound closure was recorded for 24 h after wound creation.
Images were obtained using a Roper Scientific CCD camera attached to Nikon Diaphot
inverted-stage microscope (Nikon Inc., Morton Grove, IL). The remaining denuded area of
each field was measured using SigmaScan Pro 5 software. Statistical analyses were
performed using unpaired Student’s t-test. A P value less than 0.05 was assumed to be
significant. Data are shown as mean ± SEM.

2.7. Cell proliferation
[3H] thymidine incorporation was performed as described (Wang et al., 2009). Following 20
h of serum starvation in medium supplemented with 0.5% BSA, the cells were incubated at
37°C for 1 h with 1μCi/ml [3H] thymidine (3.3 to 4.8 TBq/mmol). They were then washed
twice with cold PBS, three times with ice-cold 5% trichloroacetic acid (TCA) and twice with
cold 90% alcohol. Cell lysis was obtained with 0.2 N NaOH/2% SDS. The radioactivity was
monitored in a Tri-Carb 2900TR Liquid Scintillation Analyzer (Perkin-Elmer, Boston, MA)
and the data were normalized to cellular protein content determined with a BCA Protein
Assay Kit.

2.8. Enzyme-linked immunosorbent assay (ELISA)
IL-6 and IL-8 levels in the supernatants were measured according to the manufacturer’s
instructions using ELISA kits (QuantiGlo Human IL-8 or IL-6 Chemiluminescent
Immunoassay; R&D Systems, Minneapolis, MN). The cells were washed with basic
medium and then exposed to CPZ, or AM251, for 30 min before exposing them for 24 h to
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either CAP or EGF. Supernatants were harvested on ice and centrifuged at 2,000 rpm for 5
min at 4°C to remove cell debris. The supernatants were stored at −80°C until analysis.
Their amounts in the culture medium were normalized to the total amount of cellular protein
lysed with 2% SDS and 0.2 N NaOH and measured using a Micro BCA protein assay
(Pierce, Rockford, IL). Results are expressed as mean picograms of IL-6 or IL-8 per mg cell
protein ± SEM (n=3).

3. Results
3.1. CB1 expression

To ascertain whether there is CB1 expression in HCEC, immunocytochemistry and Western
blot analysis were performed. CB1 expression is evident in Fig. 1A based on bright diffuse
staining around the cell periphery. Fig. 1B validates primary antibody selectivity since
following its preadsorption to an epitope blocking peptide there is no staining. Western blot
analysis was performed on a subcellular fraction to validate CB1 protein expression. Fig. 1C
shows a band with an apparent molecular weight of 63 kDa, which closely corresponds to
the reported apparent molecular weight of CB1 in rat, monkey and human bladder (Gratzke
et al., 2009).

3.2. CB1 functional expression
To probe for CB1 functional expression, we determined if WIN, a CB1 agonist, induced a
rise in [Ca2+]i. Fig. 2A indicates that 10 μM WIN caused a transient rise in [Ca2+]i after
about 10 min that was approximately 4-fold above the control. This transient then slightly
declined and stabilized after another 10 min at a level that was nearly 3-fold above the
baseline level. On the other hand, preincubation with 10 μM AM251, a CB1 antagonist,
blocked the subsequent rise in [Ca2+]i by 93%. In a Ca2+-free NaCl Ringers supplemented
with 2 mM EGTA, the responses were essentially the same as those in the Ca2+-containing
counterpart (data not shown). Figure 2B shows that AEA (10 μM), an endogenous
cannabinoid analogue which is a mixed CB1 and TRPV1 agonist, elicited after 10 min a 2-
fold [Ca2+]i transient, which then gradually fell after another 10 min to reach a level that
remained about 65% above the control level. A component of this rise is attributable to
TRPV1 activation since preincubation with a TRPV1 antagonist, 10 μM CPZ suppressed the
transient by about 65%.

3.3. CB1 and TRPV1 stimulation mediate EGFR transactivation
EGFR transactivation by ligands activating growth factor receptors and GTP binding
coupled receptors induces a host of different responses that are dependent on the duration
and magnitude of activation of EGFR linked signaling pathways. EGFR transactivation by
CB1 activation was evaluated by determining if preincubation with the specific EGFR
inhibitor, AG1478 (5 μM) suppressed 10 μM WIN-induced rises in [Ca2+]i (Levitzki and
Gazit, 1995; Osherov and Levitzki, 1994). The results shown in Fig. 3A indicate that WIN
induced a transient rise in the F340/F380 nm ratio after 6 min that reached more than 3-fold
above the baseline followed by stabilization at a level that remained about 2.5-fold above its
baseline level prior to WIN stimulation. On the other hand, in the continued presence of
AG1478, WIN only initially increased the F340/F380 nm ratio to a level that was about 25%
above the baseline. Subsequently, this ratio decreased to a level that was about 10% above
the control level. This diminution suggests a large portion of CB1-induced increases in
plasma membrane Ca2+ influx is attributable to EGFR transactivation by CB1.
Transactivation of EGFR by direct TRPV1 stimulation was similarly assessed. Fig. 3B
shows that 10 μM CAP increased the F340/F380 nm ratio maximally by about 70% whereas
preincubation with AG1478 suppressed this rise by 42%. These partial declines induced
during AG1478 exposure suggest that a component of the overall increase in Ca2+ influx
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elicited by WIN or CAP are accounted for EGFR transactivation by CB1 and TRPV1
agonists.

3.4. CB1 and TRPV1 induce EGFR phosphorylation
Western blot analysis of changes in the phosphorylation status of EGFR was used to assess
for its transactivation by CB1 and TRPV1. This was done by determining if WIN and CAP
induced phosphorylation of EGFR at Tyr1078. Fig. 4A indicates that exposure for 5 min to
either 10 μM WIN or 10 μM CAP increased EGFR phosphorylation status by 3-fold
whereas EGF (10 ng/ml) caused it to rise 5-fold. The effect of the CB1 agonist was fully
suppressed by preincubating cells with 10 μM AM251. Similarly, during continuous
exposure to 10 μM CPZ the CAP-induced rises in EGFR phosphorylation status declined by
about 90%. Pre-exposure to 5 μM AG1478 also completely blocked increases in the EGFR
phosphorylation status induced by either 10 ng/ml EGF, 10 μM CAP or 10 μM WIN. These
results provide further substantiation that either CB1 or TRPV1 activation induces EGFR
transactivation.

To determine whether CAP and/or WIN induces EGFR transactivation through HB-EGF
shedding, cells were pretreated 30 min with either GM6001 (50 μM), a matrix
metalloproteinase (MMP) inhibitor, CRM197 (10 μg/mL), a heparin binding EGF-like
growth factor inhibitor, or for 2 h with a EGFR ligand-binding domain antibody LA1 (10
μg/ml) (Block et al., 2010). Figure 4B shows that GM6001 and CRM197 eliminated CAP
and WIN stimulated EGFR phosphorylation. Furthermore, the anti-EGFR neutralizing clone
LA1 abolished EGFR phosphorylation (n=3).

3.5. CB1 and TRPV1 induce EGFR-linked signaling activation
As CB1 and TRPV1 stimulation induced EGFR transactivation, we determined if this
response induced phosphorylation of some of the EGFR-linked signaling pathways. Fig. 5A,
shows that EGFR stimulation with either 10 ng/ml EGF, 10 μM CAP or 10 μM WIN at 10
min increased the phosphorylation status of Akt, p38 and Erk1/2 with similar magnitudes.
This time point was chosen since we previously found that these signaling mediators were
maximally stimulated at 10 min (Wang et al., 2009). In all cases, these increases were
diminished if the cells were instead exposed at the same time to either AG1478, CPZ or
AM251. The patterns of the time-dependent changes in the phosphorylation status of Erk1/2,
p38 and JNK1/2 during exposure to either EGF or CAP shown in Figs. 5B and C are
essentially the same. On the other hand, EGFR is not the sole route for their activation since
pre-exposure to AG1478 only partially attenuated the CAP-induced increases in MAPK
phosphorylation.

3.6. CB1 and TRPV1 stimulate mitogenesis through EGFR transactivation
Since selective CB1 and TRPV1 activation induced EGFR-linked pathway stimulation, we
assessed if such changes are linked to increases in cell proliferation. Fig. 6 compares the
respective effects of selective stimulation of either CB1 or TRPV1 with 10 μM WIN or 10
μM CAP on [3H] thymidine incorporation with that of EGF (10 ng/ml). Following 24 h
serum starvation and exposure to each of these agonists for another 20 h, both EGF and CAP
increased proliferation by nearly 2-fold. The rise induced by WIN was about 1.4-fold. The
selectivity of these agonist-induced responses was documented by showing that
preincubation for 30 min to either 5 μM AG1478, 10 μM AM251 or 10 μM CPZ fully
suppressed each of their effects on proliferation. Therefore, CB1 and TRPV1 activation
mediates increases in cell proliferation through EGFR transactivation.
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3.7. CB1 and TRPV1 stimulate cell migration through EGFR transactivation
The scratch wound assay determined if CB1 and TRPV1 activation stimulates cell migration
through EGFR transactivation. The inset to Fig. 7 (upper panel) shows micrographs of the
extent of closure at 6 and 24 h obtained under control conditions compared to those with
either 10 ng/ml EGF, 1 μM CAP or 1 μM WIN. The extent of wound closure is compared to
the control during exposure for 24 h to either EGF, CAP or WIN. Lower panel shows CAP
and WIN stimulated wound closure by 1.65 and 1.52-fold, respectively, relative to the
untreated control. These increases are comparable to that of EGF, which increased this
response by 2-fold. These responses are dependent on EGFR transactivation since 5 μM
AG1478 fully blocked them. The selectivity of AM251 and CPZ are indicated by their lack
of inhibition of the respective increases in migration induced by CAP and WIN. On the
other hand, the somewhat smaller increases in migration induced by WIN and CAP may be
due to cytotoxicity based on some rounding up of cell morphology after 24 h exposure to
these two agonists. A recent report shows a similar result in which the mixed CB1 and
TRPV1 agonist, 1 μM AEA, reduced smooth muscle cell viability and inhibited cell
migration (Brighton et al., 2009).

3.8. Independent effects of TRPV1 and EGFR activation on IL-6 and IL-8 release
We have preliminary evidence that TRPV1 activation is an important player in mediating
inflammation to injury in vivo. In a mouse alkali burn cornea wound healing model, loss of
TRPV1 gene function markedly improved corneal wound healing outcome due to more
complete restoration of corneal transparency (Okada et al., 2008). This difference between
the wound healing outcomes in wildtype and TRPV1 knockout mice prompted us to
compare the effects of selective TRPV1 and EGFR activation on IL-6 and IL-8 release. This
was done to determine if there is any disconnect between the effects of EGF and CAP on
this response even though both EGF and CAP stimulate the JNK pathway, which in many
other tissues is linked to inducing increases in the release of these proinflammatory
cytokines and pain (Ji et al., 2009). The ELISA results shown in Fig. 8 indicate that
exposure to 10 μM CAP for 24 h induced about 3 and 6-fold increases in IL-6 and IL-8
levels whereas 10 ng/ml EGF did not stimulate their release. The selectivity of CAP to
induce these increases through TRPV1 activation is indicated by the full blockage by 10 μM
CPZ of these effects. The dependence was determined of increases in IL-6 and IL-8 release
by CAP-induced EGFR transactivation. Pretreatment with AG1478 (1 μM) partially blocked
CAP induced rises in IL-6 and IL-8 secretion by 21% in both cases. This partial decline
suggests that EGFR linked signaling does not fully account for all of the pathways
mediating CAP-induced increases in IL-6 and IL-8 release.

3.9. CB1 activation dampens TRPV1 induced increases in IL-8 release
In vivo, costimulation by AEA of CB1 and TRPV1 in inflammatory conditions elicited
decreases in the electrical activity stemming from TRPV1-induced nociceptive activity and
subsequent pain-related behavior (Mahmud et al., 2009). We probed with ELISA for an
interaction between CB1 and TRPV1 by determining if CB1 activation altered CAP-induced
increases in IL-8 release. Fig. 9 shows that without modulating CB1 activity CAP by itself
induced after 24 h about a 3-fold increase in IL-8 release. On the other hand, 10 μM AEA
fully suppressed the CAP-induced increase in IL-8 release. Interestingly, preincubating with
a selective CB1 antagonist AM251 (5 μM), instead enhanced the 10 μM CAP induced rise.
IL-8 release rose about 8-fold above the control level. Therefore, blocking the CB1
component of the overall response to AEA with AM251 enhanced the CAP-induced
increase in IL-8 release. This result suggests that CB1 activation counters the increases in
IL-8 release induced by CAP.
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4. Discussion
Our results show that TRPV1 activation elicited increases in HCEC proliferation, migration,
IL-6 and IL-8 release through EGFR transactivation. However, the predominant contributor
to eliciting rises in IL-6 and IL-8 levels is attributable to activation of another EGFR-
independent pathway. TRPV1 control of the first two responses is dependent on EGFR-
mediated MAPK as well as PI3-K/Akt signaling. CB1 receptor activation also induced
increases in cell proliferation and migration through the same process as that induced by
TRPV1. However, CB1 activation instead suppressed the increase in IL-8 release induced
through TRPV1 activation by CAP. Suppression by CB1 activation of a TRPV1-mediated
response was also described in myometrial smooth muscle cells, rat primary sensory neurons
and in mesencephalic dopamine neurons (Brighton et al., 2009; Kim et al., 2008; Mahmud et
al., 2009). This study broadens our understanding of the roles played by TRPV1 and CB1 in
eliciting through EGFR transactivation and linked signaling pathways responses underlying
injury-induced corneal epithelial wound healing.

CB1 and TRPV1 receptors elicit control of cell proliferation through three MAPK parallel
signaling pathways as well as the Akt system linked to EGFR. Such control is indicated by
the finding that either CB1 or TRPV1 activation induced changes in the duration and
magnitude of increases in the phosphorylation status of the signaling components that were
similar to those induced by EGF. Furthermore, the magnitudes of the resulting increases in
cell proliferation and migration were also similar to one another. TRPV1 and CB1 receptors
may also be linked to other cell signaling pathways than those linked to EGFR. This is
possible because TRPV1 and CB1 receptor activation modulated IL-8 release whereas EGF
had no effect on this response. Another indication that EGFR-linked signaling makes only a
small contribution to mediating TRPV1 control of IL-6 and IL-8 release is that AG1478
only slightly decreased CAP-induced such rises. Recently, we obtained preliminary data
suggesting that a component of this alternate pathway may be transforming growth factor-
beta activated kinase 1 (TAK1), which is linked to TNF-α receptor control of cell survival in
corneal epithelial cells (Wang et al., 2005). Such a pathway is referred to as a non-canonical
TAK1 dependent MAPK independent pathway and is inhibited by a selective inhibitor,
5Z-7-oxozeaenol (Ninomiya-Tsuji et al., 2003). We found that 5Z-7-oxozeaenol suppressed
CAP-induced increases in IL-6 and IL-8 release (data not shown).

CB1 receptors are seven transmembrane-domain neuronal receptors coupled to pertussis
toxin (PTX)-sensitive Gi/o proteins. CB1 activation can inhibit adenylate cyclase and/or
activate as well as inhibit ion channels. They are activated by endogenously activated lipidic
compounds such as N-arachidonoylethanolamine (AEA) and 2-arachidonoylglycerol (2-
AG). In addition, CB1 receptor coupling to PLC-dependent Ca2+ mobilization from
intracellular stores has been reported in different cell types (De Petrocellis et al., 2007;
Fimiani et al., 1999; McIntosh et al., 2007; Netzeband et al., 1999). The WIN-induced
[Ca2+]i transients shown in Fig. 2A indicate that CB1 activation by this selective CB1
agonist induced mobilization from intracellular Ca2+ stores as these responses were
essentially the same irrespective of the presence or absence of Ca2+ in the bathing solution.
The specificity of this response was validated by showing that preincubation with AM251
nearly fully attenuated this response. Fig. 2B provides further indication of CB1 coupling to
TRPV1-induced Ca2+ signaling. The mixed CB1 and TRPV1 agonist, AEA, also induced a
rise in [Ca2+]i levels that was attenuated by about 65% during exposure to CPZ. Therefore,
CB1 and TRPV1 induced increases in Ca2+ occur independently of one another since
inhibition of CB1 activation does not fully suppress TRPV1 activation. As CB1 activation
suppressed TRPV1-induced increases in IL-8, selective CB1 activation in a clinical setting
may provide a novel drug strategy to reduce TRPV1-induced proinflammatory cytokine
release.
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EGFR transactivation in HCEC has been described in response to exposure to
lysophosphatidic acid (LPA), purinergic receptor activation and exposure to either ATP or
insulin (Block and Klarlund, 2008; Lyu et al., 2006; Spix et al., 2007; Xu et al., 2006; Xu et
al., 2007). Fig. 3A and B are supportive of the notion that the Ca2+ transients induced by
either CB1 or TRPV1 stimulation are in part accounted for by EGFR transactivation. This is
evident since AG1478 suppressed these maximal rises by about 90% and 35%, respectively.
As the inhibitions were only partial, some of the Ca2+ rise induced by CB1 activation may
not be dependent on EGFR transactivation. Nevertheless, EGFR transactivation by exposure
to either WIN or CAP is evident based on the increases in EGFR phosphorylation shown in
Fig. 4A. The selectivity of the CB1 and TRPV1 agonists is indicated by the finding that
either AM251 or CPZ suppressed EGFR phosphorylation to a level similar to that obtained
with AG1478. EGFR transactivation by CB1 and TRPV1 agonists occurs through the
activation of the same matrix metalloproteinases that elicit this response in the corneal
epithelium during exposure to either lysophosphatidic acid, pseudomonas aeruginosa or
following its wounding (Xu et al., 2004; Xu et al., 2007; Zhang et al., 2004). This
correspondence is shown by the fact that their inhibition with either GM6001 or CRM197
blocked EGFR phosphorylation (c.f. Figure 4B). Similarly, functional blockage of EGFR
activation with LA1 eliminated WIN and CAP-induced EGFR phosphorylation.

EGFR activation induces control of linked responses through sequential transient changes in
the MAPK phosphorylation status. Such regulation is modulated through changes in the
duration and magnitude of these phosphorylation events. The level of phosphorylation
increases and their duration are under the control of dual specific protein phosphatases
(DUSPs) (Patterson et al., 2009). DUSP1 is broad spectrum in that it elicits a negative
feedback on Erk1/2, p38 and JNK1/2 MAPK phosphorylation. We previously showed that
phosphorylation of DUSP1 in HCEC alters the balance between EGF-induced increases in
proliferation and migration (Wang et al., 2009). Specifically, prolongation of Erk1/2
phosphorylation resulting from declines in DUSP1 (or MKP-1) levels resulting from GSK-3
inhibition reduced the mitogenic response to EGF whereas cell migration was enhanced. In
the current study, we found that even though CB1 and TRPV1-induce EGFR transactivation
followed by Erk1/2, p38 and JNK pathway signaling (Fig. 5A and C), only TRPV1 and CB1
activation modulate proinflammatory IL-6 and IL-8 release. Fig. 8 shows that CPZ blocked
CAP-induced increases in IL-6 and IL-8 whereas EGF had no effect on the control. Our
results indicating an interaction between CB1 and TRPV1 shown in Figure 9 are consistent
with another study in which toll-like receptor 4 (TLR4) activation is controlled by CB1. In
this report, the lipopolysaccharide-induced increase in IL-8 was enhanced 2-fold through
blockage of CB1 activation by AM251. Such an augmentation reveals an interaction
between CB1 and TLR4 in regulating hyperinflammatory reactions by periodontal tissues
(Nakajima et al., 2006). It remains to be determined if CB1 blunts through changes in
GSK-3 activation CAP-induced increases in IL-8. Such changes could modulate MAPK or
TAK1 signaling control of IL-8 release.

In summary, CB1 and TRPV1 activation induces in HCEC through EGFR transactivation
increases in proliferation and migration. However, only TRPV1 activation induced increases
IL-6 and IL-8 release, which are blunted through CB1 activation. These differences between
the effects of CB1, TRPV1 and EGFR activation on IL-6 and IL-8 release suggest that the
EGFR-linked pathway does not solely mediate CB1 and TRPV1 control of this response.
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Fig. 1.
CB1 protein expression in HCEC. (A) Following permeabilization with Triton X-100, CB1
expression was detected using a primary antibody (i.e., anti-rabbit polyclonal IgG) followed
by incubation with a conjugated secondary antibody (i.e., goat anti-rabbit IgG-TR).
Calibration bar is 50 μm. (B) Selectivity of the primary antibody was documented through
its omission. (C) Western blot shows CB1 protein expression with an apparent molecular
mass of 63 kDa.
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Fig. 2.
CB1 functional expression in HCEC. (A) HCEC were loaded with fura2-AM (2μM).
WIN55, 212-2 (WIN, 10 μM) induced [Ca2+]i transient whereas preincubation with AM251
(10 μM) blocked CB1 activation by 95%. (B) Anandamide (AEA), induced a [Ca2+]i
transient. Following exposure to 10 μM capsazepine (CPZ) this response was suppressed.
The data represents the means ± SEM (n=3, P < 0.05).

Yang et al. Page 15

Exp Eye Res. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
CB1 and TRPV1 mediate EGFR transactivation. (A) WIN55, 212-2 (WIN; 10 μM) induced
[Ca2+]i transients in the presence and absence of AG1478 (5 μM). (B) Similarly, capsaicin
(CAP; 10 μM) induced [Ca2+]i transients in the presence and absence of AG1478 (5 μM).
The data represents the means ± SEM (n=3, P < 0.05).
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Fig. 4.
CB1 and TRPV1 induce EGFR phosphorylation. (A) Growth factor starved cells were
preincubated 30 min with capsazepine (CPZ; 10 μM), AM251 (10 μM) or AG1478 (5 μM)
prior to being exposed to either EGF (10 ng/ml), WIN55, 212-2 (WIN; 10 μM) or capsaicin
(CAP; 10 μM). Western Blot was used to evaluate EGFR phosphorylation status. (B) HCEC
were exposed to WIN55, 212-2 (WIN; 10 μM) or capsaicin (CAP; 10 μM) with or without
GM6001 (50 μM) or CRM197 (10 μg/ml) preincubation for 30 min. Anti-EGFR,
neutralizing clone LA1 (10 μg/ml) preincubation occurred for 2 h. Cells were lysed at the
end of stimulation and equal amounts of cell lysate were blotted by an antibody against
phosphorylated EGFR. The data represents the means ± SEM (n=3, *P < 0.05).
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Fig. 5.
CB1 and TRPV1 induce EGFR-linked signaling activation. (A) Changes in Akt, p38 and
Erk1/2 phosphorylation status induced by either EGF, WIN55, 212-2 (WIN; 10 μM) or
capsaicin (CAP; 10 μM). HCEC were incubated with either 5 μM AG1478, 10 μM AM251
or 10 μM capsazepine (CPZ) for 30 min; then exposed to 10 ng/ml EGF, 10 μM CAP or 10
μM WIN. In some cases, the cells were exposed to EGF, CAP or WIN alone. Following the
incubation, the cells were exposed to either an anti p-Akt, p-p38 or p-Erk1/2 antibody and
phosphorylation status was detected based on Western blot analysis. (B) Time-dependent
changes in the phosphorylation status of p-p38, p-JNK/SAPK and p-Erk1/2 induced by
exposure to 10 ng/ml EGF. (C) Time-dependent changes in the phosphorylation status of p-
p38, p-JNK/SAPK and p-Erk1/2 induced by exposure to 10 μM CAP. Equal loading of
proteins in each lane was always confirmed by reprobing the same blot with an anti β-actin
antibody. The data represent the means ± SEM (n=3, P < 0.05).
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Fig. 6.
CB1 and TRPV1 stimulate mitogenesis through EGFR transactivation. HCEC were
pretreated for 30 min with either 5 μM AG1478, 10 μM capsazepine (CPZ), or 10 μM
AM251. Under some conditions, cells were then exposed for an additional 20 h to either 10
ng/ml EGF 10 μM capsaicin (CAP) or WIN55, 212-2 (WIN; 10 μM). Cells were then
incubated for 1 h with 1 μCi/ml [3H] thymidine. Protein content was determined with a BCA
protein assay kit. The data represent the means ± SEM (n=3, P < 0.05).
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Fig. 7.
CB1 and TRPV1 stimulate cell migration through EGFR transactivation. HCEC confluent
monolayers were preincubated with either AM251 (2 μM), capsazepine (CPZ; 1 μM) or
AG1478 (5 μM) for 30 min and scratches were created across the culture diameter. The
same conditioned medium was then supplemented with either 10 ng/ml EGF, 1 μM
capsaicin (CAP) or 1 μM WIN55, 212-2 (WIN) for up to another 24 h. Inset shows
representative micrographs of wound closure extent at the indicated times for untreated cells
or in the presence of either EGF, CAP or WIN. The data represent the means ± SEM (n=3, P
< 0.05).
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Fig. 8.
Independent effects of TRPV1 and EGFR activation on IL-6 and IL-8 release. 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 either EGF (10 ng/ml) or CAP (10 μM). Values were normalized to
the respective control. In some cases, cells were first exposed to 10 μM capsazepine (CPZ)
or 1 μM AG1478 for 30 min before supplementation with capsaicin (CAP; 10 μM) or EGF
(10 ng/ml). Cytokine levels were measured in the supernatants using ELISA kits according
to the manufacturer’s instructions. The data represent the means ± SEM (n=3, *P < 0.001).
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Fig. 9.
CB1 activation eliminates TRPV1 induced increases in IL-8 release. HCEC were pretreated
with Anandamide (AEA; 10 μM) and/or AM251 (5 μM) for 1 h and then incubated with
capsaicin (CAP; 10 μM). At the end of the incubation period, the levels of IL-8 were
determined by ELISA. The data represent the means ± SEM (n=3, *P < 0.01).
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