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1. Introduction

The first member of transient receptor potential (TRP) channel superfamily was discovered
in photoreceptors of Drosophila over 30 years ago.! Since then this protein superfamily has
been extensively characterized based on exponential increases in the number of publications
related to TRP channels. With 28 TRP homologous genes identified in mammals, TRP
channels have been detected in both neural and non-neural tissues.

In humans, 27 different TRP genes are classified into two groups and six different subfamilies
based on their amino acid homology and phenotypes associated with mutant genes. The genes
of TRP channel in Group 1 and Group 2 are only distantly related. The Group 1 of TRP genes
are comprised of TRPC (canonical), TRPM (melastatin), TRPV (vanilloid) channel subfamilies,
with TRPA (ankyrin) being more recently assigned to this group.2Such categorization is based
on their resemblance to the amino acid sequence of the Drosophila TRP channel. The
nomenclature of TRP channel genes in Group 2 is based on the human phenotypes generated
by the mutation of the founding genes of each subfamily, including polycystic kinase disease
(PKD) and mucolipidosis type IV (MCOLN, mucolipin). Their encoded proteins have also
been referred to as TRPP (polycystin) and TRPML (mucolipin), respectively (Figure 1).

The TRP superfamily is evolutionally conserved from nematodes to mammals.? The
common features of TRP channels are six putative transmembrane spanning domains and a
cation-permeable pore formed by a short hydrophobic region between transmembrane
domains 5 and 6. They are configured as homo- or hetero-tetramers to form non-selective
cation channels (Figure 2). Their permeability ratios to Ca2*/Na* vary significantly among
individual members. TRPV5 and TRPV6 channels exhibit a Ca2*/Na* permeability ratio of
greater than 100, indicating high Ca2?* selectivity.# In contrast, TRPM4 and TRPM5 channels
are impermeable to Ca2* but are selective for monovalent cations (Na*, K*).> ¢ Such intra-
family variability is unique to the TRP channel superfamily whereas most other ion channel
families have little difference in ionic permeability within a family.”

www.intechopen.com



36 Advances in Ophthalmology

TRPC1
TRPC4

L TRPCS
TRPCS3
— TRPC?
TRPCS8
TRPM1
TRPM3
TRPME
TRPM7
TRPM2

—
—
—1 rRPME
]
my

TRPM4
TRPMS5
TRPV7T
TRPVZ
TRPV4
TRP3
TRPVS
L TRPVE
TRPA7
—_ PKD2

1 PKD2L1
PKD2LZ
MCOLNT
MCOLNZ
— MCOLN3
ECFR
L cP

-I TR
MAPKT
INMP

Fig. 1. Human TRP channel superfamily dendrogram. Random proteins bound to the
plasma membrane (i.e., EGF receptor, EGFR), endoplasmic reticulum (i.e., calreticulin
precursor, CP), mitochondria (thioredoxin reductase, TR), cytosolic protein (i.e., mitogen-
activated protein kinase 1, MAPK1) and nuclear membrane (i.e., inner nuclear membrane
protein, INMP) are shown to illustrate that PKD and MCOLN are evolutionarily related to
TRP channels or are the results of convergent evolution. The dendrogram shows that PKD
and MCOLN belong to the TRP channel superfamily, since random genes extend from
branches distinct from the TRP channel superfamily.8

TRP channel subfamilies in Group 1 share substantial sequence homology in the
transmembrane domain 6. What divides each subfamily is differences in their intracellular
domains. TRPC, TRPV and TRPA channels contain ankyrin repeats near the intracellular N-
terminal domain, whereas the TRPC and TRPM channels subfamilies possess proline-rich
“TRP domain” in the region of the C-terminal near the putative transmembrane segment.
TRPM6 and TRPM7 channels have a protein kinase domain in the C-terminal.
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The TRPC subfamily consists of seven genes (TRPC1-7) in mammals, but TRPC2 channel is
a pseudogene in humans. TRPC channels are widely expressed in multiple systems. TRPC4,
TRPC5, TRPC6 and TRPC7 channels are identified in the wvarious ocular tissues of
mammals.>12 The TRPM channel subfamily comprises eight genes (TRPM 1-8), of which
three encode channel-like proteins and five non-channel proteins. TRPM1 channels are
expressed in retinas and TRPMS8 channels in corneas.’® 14 The TRPV channels subfamily
contains six members (TRPV1-6). TRPV1, TRPV2, TRPV3 and TRPV4 channels are
expressed in the cornea whereas TRPV1, TRPV2, TRPV5 and TRPV6 channels are expressed
in the retina.’520 The TRPA channel subfamily has only one member, TRPA1.
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Fig. 2. Domain structure of the TRP channel superfamily. There are five TRP channel
subfamilies in Group 1 (TRPN, no mechanoreceptor potential C channels are expressed in
mammals) (a) and two TRP channel subfamilies in Group 2 (b). All subfamilies contain a six-
transmembrane domain unit with a cation-permeable pore between domains 5 and 6. Four
of such units are assembled as a homo- or hetero-tetramer to form a TRP channel. Domain
indications: ankyrin repeats (A), coiled-coil domain (cc), protein kinase domain (TRPM6 and
TRPM? channels only), cation-permeable pore (P), transmembrane (TM) domain, cation-
permeable (+++), TRP channels domain (TRPC and TRPM channels only), large extracellular
loop between transmembrane domains 1 and 2 (TRPP and TRPML channels only). Adapted
with permission from Venkatachalam and Montell.2!
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TRPP and TRPML channel subfamilies belong to Group 2. They contain limited sequence
homology to TRP channels in Group 1, although such resemblance to classical TRP channels
is still larger than those of random genes (e.g., EGFR, INMP) (Figure 1). TRPP channel
proteins share 25 percent amino acid sequence homology to TRPC3 and TRPC6 channels
over a region including transmembrane domains 4 and 5 and the hydrophobic pore loop
between domains 5 and 6. TRPML channel proteins consist of three small proteins
compared with other TRP channel proteins. Homology of their amino acid sequence with
TRPC channels proteins is restricted to the region spanning transmembrane domains 4 to 6
(amino acids 331 to 521). TRP channels in Group 2 have a unique large extracellular loop
between their first and second transmembrane domains. They are named as TRP channels
based on the six transmembrane domains that they contain and function as cation-
permeable channels.

The activation mechanisms of TRP channels are unique in that there are a diverse host of
stimuli that can activate TRP channels and exhibit sharp differences in stimulatory modes
even within each TRP channel subfamily. TRP channels were initially recognized as sensory
mechanisms to a variety of stimuli, ranging from light, temperature, osmotic pressure,
smell, taste, mechanical stress and acidity. There is also increasing awareness of their roles
in mediating wound healing, inflammation, apoptosis and excretion. These channels are
sensitive to intracellular and extracellular messengers, as well as declines in the calcium
content of intracellular calcium stores (ICS).

Their activation following conformation changes modulates Ca2*/Na* cell permeability
ratios, which is dependent on TRP channel subunit composition. Transient increases in
intracellular calcium concentration trigger intracellular activation of mediators including: 1)
phospholipase C (PLC) by coupled GTP-binding protein, leading to stimulation of store-
operated Ca?* channels; 2) transactivation of EGF tyrosine receptors through MMP-
mediated HB-EGF shedding.* 1016 The physiological significance of TRP channel expression
is indicated by the finding that TRP channel mutations are linked to human diseases.?2

There is compelling evidence that the TRP channel superfamily plays a critical role in ocular
homeostasis and pathogenesis. Functional importances of TRP isotypes expressed in
different ocular tissues are multi-faceted. Their activation is essential for retaining corneal
deturgescence and clarity, mediating aqueous humor outflow through trabecular meshwork
and ciliary body as well as inducing light sensation in retina. Mutation of TRP channels is
associated with ocular pathological phenotypes either due to loss of its homeostatic role or
over-activation of its function. The realization of the importance of TRP channel has
prompted much research effort to investigate novel strategies for regulating TRP channels
function in a number of ocular diseases.

2. Roles of TRP channels in corneal sensation and wound healing

Continuous renewal of corneal epithelial layer is essential to maintain corneal transparency.
The intact epithelium not only offers a smooth and clear optical surface, but also provides
corneal barrier function. This property protects the underlying stroma from swelling and
pathogenic invasion. Should such protection become compromised by ocular surface
diseases, outcomes can range from mild symptoms, such as irritation, photophobia, to
severe consequences including corneal opacity, ulceration and even perforation. TRP
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channel functions have been indicated to associate with maintaining corneal sensation and
integrity. Corneas express ample collection of TRP channel isotypes in various mammalians.
There are TRPC1, TRPC3, TRPC4, TRPC6 and TRPC7 as well as TRPV1-4 channels in the
corneal epithelium, TRPV1-4 in the corneal endothelium, TRPV1, TRPA1, and TRPMS in the
corneal nerves.10, 1517, 23, 24, 2527 These channels are involved in corneal regenerative,
protective and sensory mechanisms.

TRPC4 channels protein is localized in plasma membranes of cultured human corneal
epithelial cells (HCEC) and mediate epidermal growth factor (EGF)-promoted epithelial
proliferation. They are activated by EGF-induced depletion of ICS content in the
endoplasmic reticulum. This depletion occurs as a consequence of stimulation of PLC
activity which results in increases in inositol 1,4,5-trisphosphate (IP3) formation. This
response leads to declines in ICS content and activation of TRPC4 store operated channel
(SOC) function. Its activation induces intracellular Ca?* influx leading to stimulation of
downstream signalling cascades. They include the mitogen activated protein kinase (MAPK)
cascade composed of ERK, JNK and p38 casettes as well as protein kinase A (PKA), protein
kinase C (PKC), JAK/STAT and PI3-K/AKT/GSK-3. All of their activations contribute to
the control of increases in cell survival and proliferation elicited by EGF. The importance of
TRPC4 channels activation to mediate EGF-induced mitogenic responses is indicated by the
finding that knockdown of its gene expression in HCEC eliminated the mitogenic response
to EGF.10

TRPV1 channel expression was first identified on the ophthalmic branch of the trigeminal
nerve. More recently, the functional expression of this channel was also identified in the
corneal epithelial and endothelial layers. A hallmark of its activity is that the vanilloid
compounds (such as capsaicin isolated from hot chilli pepper), hyperosmolarity, acidity (pH
below 6) and high temperatures (above 43°C) stimulate TRPV1 channels. In the mouse
corneal epithelium, severe chemical injury to corneal epithelium induces TRPV1 channel
activation leading to dysregulated inflammation, scarring and loss of corneal transparency.
On the other hand, its activation stimulates in HCEC proliferation and migration through
EGF receptor (EGFR) transactivation.28 The involvement of TRPV1 channel activation in
inducing these diverse responses is indicated by the finding that in homozygous TRPV1
knockout mice the wound healing response to an alkali burn does not result in losses of
corneal transparency. Similarly, TRPV1 channel activation in some types of dry eye disease
resulting from exposure to hyperosmolar tears may account for chronic inflammation since
TRPV1 channels activation caused by exposure to a hyperosmolar challenge induced large
increases in a host of proinflammatory cytokines (e.g., IL-6, IL-8, TNFa and IL-183) and
chemoattractants (e.g., MCP-1) in HCEC. On the other hand, pre-exposure to a selective
TRPV1 channel antagonist obviated all of these responses, suggesting that TRPV1 channels
are potential drug target for the treatment of dry eye syndrome because suppression of its
activation may reduce ocular surface inflammation.16 23

In contrast with TRPV1, its cohort, TRPV4 channel reacts to a different spectrum of stresses.
Unlike TRPV1, which is thought to only be activated by a hyperosmolar stress, TRPV4
channels may instead be an osmosensor for a hypoosmolar challenge.l” Such a stress is
encountered by the cornea during exposure to fresh water (e.g., swimming, bathing, use of
some eye drops). This hypotonic exposure results initially in corneal epithelial swelling due
to obligatory water influx in order to reach equilibration between the cell interior and
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surface tears. However, excessive swelling can lead to cell lysis. To counter the initial
swelling, corneal epithelial cells mediate regulatory volume decrease (RVD) behavior by
stimulating volume-sensitive potassium and chloride channels as well as potassium-
chloride co-transporter (KCC) activity to restore isotonic cell volume through osmotically
coupled net fluid efflux.

TRPV1-4 channel isoforms also serve as thermosensors over defined temperature ranges in
the corneal epithelium. In addition, TRPV3 channel activation, either by temperatures above
33°C or by its selective agonist, carvacrol, not only contributes to thermosensation, but also
accelerates epithelial wound recovery by enhancing cell survival, proliferation and
migration.’5 22 TRPV1-3 and TRPC4 channels are also expressed in corneal endothelial
cells.% 30 TRPV1-3 channels are sensitive to temperatures from 25 to 40°C, similar to their
epithelial counterparts.

TRP channels play an important role in mediating corneal sensations. The cornea has the
highest sensory nerve density of any tissue in the body. The corneal sensory nerves originate
from the ophthalmic branch of the trigeminal ganglion and are responsible for eliciting
nociception to thermal, chemical and mechanical stimuli.3 TRPV1 channels colocalize with
substance P (SP) and calcitonin-gene-related peptide (CGRP) in the ophthalmic branch of the
trigeminal nerve indicating their role in eliciting nociceptive perception. This realization makes
TRPV1 channel tenable as a potential drug target for treating neurotrophic keratopathy.31 32
Additionally, the TRPMS8 channel contributes to corneal cold sensation and basal tear secretion
required to maintain corneal surface hydration.14 33

Taken together, these studies on the corneal epithelial, endothelial cells and corneal nerves
indicate that functional expression of TRP channels are essential for maintaining corneal
transparency and eliciting adaptive responses to stresses. This indicates the importance of
further studies on TRP channel regulation since such insight may lead to novel strategies for
treating corneal diseases and better management of ocular surface inflammatory pain.

3. Roles of TRP channels in glaucoma

Some members of the TRPC and TRPV channel subfamilies are expressed in trabecular
meshwork, ciliary muscle and retinal ganglion cells.3* 35 Their roles have been associated
with regulating intraocular pressure through modulation of aqueous humor flows and
ganglion cell survival. The trabecular meshwork contains contractile elements whose
tension modulation changes fluid drainage rate from the anterior chamber into the Canal of
Schlemm. The contractile state of trabecular meshwork is governed by tension imparted
from the ciliary muscle and possibly trabecular meshwork itself.35 3¢ The trabecular
meshwork and the ciliary muscle act as functional antagonists. Such opposition is evident
since ciliary muscle contraction leads to relaxation of the trabecular meshwork with
subsequent increases in fluid outflow whereas trabecular meshwork contraction has the
opposite effect.3> Malfunction of trabecular meshwork and ciliary muscle contractility often
leads to ocular hypertension and glaucoma.’” Their contractile states are modulated by
changes in intracellular Ca2?* concentration and Ca2* channel activity. Specifically, increases
in cytoplasmic Ca2* resulting from the stimulation of TRP channels enhance contractility.
Other types of Ca2* channels that regulate intracellular CaZ*concentration include L-type
voltage-gated Ca2* channels, receptor operated Ca2?* channels and store-operated calcium
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entry (SOCE) pathways. In bovine trabecular meshwork cells, TRPC1 and TRPC4 channels
are implicated in the formation of heteromeric SOCE channels which contribute to rises in
cytoplasmic Ca2* store and therefore trabecular meshwork contractility during exposure to
bradykinin or endothelin-1.4

Similarly TRPC1, TRPC3, TRPC4 and TRPC6 channels are also present in ciliary muscle
cells. The ciliary muscle is densely innervated by parasympathetic nerves that stimulate
muscle contraction through acetylcholine-mediated muscarinic receptor stimulation on
neighboring muscle cells. Such activation leads to a surge in intracellular Ca2?* concentration
resulting in membrane voltage depolarization via receptor-operated non-selective cation
channels. TRPC1, TRPC3, TRPC4 and TRPV6 channels are considered as potential
candidates for such channels as they are co-localized with muscarinic receptor type 3 in
ciliary muscle fibres.38, 3

Modulation of TRPC channel activity in turn alters aqueous humor outflow and therefore
intraocular pressure through changes in trabecular meshwork contractility. The dual
localization of TRPC channels on ciliary muscles and trabecular meshwork cells suggests
that strategies targeted towards their selective modulation may prove to be advantageous in
providing better control of intraocular pressure in patients with ocular hypertension or
glaucoma. Such an outcome is possible once there is definitive identification of the TRP
channels subtypes on each of these tissues. At this point, it may be possible to maximize
fluid outflow rates by selectively decreasing trabecular meshwork resistance through a
decrease in its contractile state. Accordingly, additional studies are needed to map the TRP
channels subtypes and characterize their mechanisms of regulation in the ciliary muscle and
trabecular meshwork.

Chronic intraocular hypertension is a risk factor which in some cases can induce glaucoma due
to damage to retinal ganglion cells. Such damage can result from either increased hydrostatic
pressure, declines in retrograde neutrophin flow, ischemic or oxidative stress. Irreversible loss
of retinal ganglion cells leads to gradual and often insidious vision impairment and possible
blindness. Elevated intraocular pressures can activate TRP channels in retinal ganglion cells.
TRP channel sensitivity to hydrostatic pressure has been described in the bladder, lungs and
skin.40-42 Sappington et al. showed in vitro that exposure of retinal ganglion cells to elevated
hydrostatic pressure induced transient rises of intracellular Ca2* accumulation due to TRPV1
channel activation. This effect promoted apoptosis of retinal ganglion cells whereas
suppression of TRPV1 channel activation protected retinal ganglion cells from pressure-
induced death.3* Recently, similar stresses were identified to stimulate TRPV4 channel and
induce apoptosis in retinal ganglion cells.#* The increased levels of cytoplasmic Ca2* are the
underlying mechanism leading to retinal ganglion cells apoptosis.# Ca2*-dependent
calcineurin and calpain are a phosphatase and a protease, respectively, that trigger apoptosis
signalling. Both of them induce cytochrome c release from mitochondria and trigger pro-
apoptotic signalling. In contrast, the TRPV1 channel in the retinal microglia appears to have a
retinoprotective effect. Retina microglia cells are essential to neuronal homeostasis and
provide innate immunity for retina to defend against pathogenic infiltration. Exposure of
microglia to chronic stress is associated with various neurodegenerative diseases, including
retinal dystrophies. TRPV1 channel activation in the cultured retinal microglia cells by
hydrostatic pressure induces increases in IL-6 and TNF-a release through transient rises in
intracellular Ca?* levels. Rises in IL-6 suppress pro-apoptotic signalling pathways and cell
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death.#5 Therefore, provided strategies can be devised to selectively induce increases in
microglial TRPV1 channels expression, TRPV1 channels may be a potential drug target in
managing pressure-induced retinal ganglion cell loss in glaucoma.

4. Possible roles of TRP channels in cataract development

Maintenance of intracellular Ca2* levels is imperative to crystalline lens clarity.* Lenses
with cortical cataracts have intracellular Ca2* levels that are above those in the physiological
range.” Accordingly, a better understanding of the mechanisms mediating control of lens
intracellular Ca2* levels is pertinent for identifying economical and novel drug strategies to
preserve lens transparency or slow cataract progression.

As previously described, store-operated calcium entry (SOCE) channels are composed of
TRP subunits and are heterogeneously expressed in the lens epithelial cells. Epithelial
cells in the lens equatorial region have higher SOCE expression than that in the central
anterior region. This difference is attributable to the fact that the size of the intracellular
calcium storage is larger in the equatorial than the central anterior epithelial cells.4® The
higher intracellular Ca2?* load in the equatorial epithelium is required for its more rapid
proliferative rate than other parts of the lens epithelium. However, the equatorial
epithelium is more susceptible to damage that can induce cortical cataracts since the
development of such cataracts is associated with Ca2* overload in the lens epithelial cells.
The identity of the TRP channels isoforms constituting SOCE channels is elusive since
drugs that modulate SOCE channels activity have poor selectivity for each of the different
TRP subunits in the TRPV and TRPC channel subfamilies. For example, the inhibitory
effects of lanthanum are used as a criterion to distinguish between SOCE and TRPC
channel involvement in the development of cataract. At lower concentrations (i.e., in the
nanomolar range), lanthanum inhibits SOCE channels, whereas at higher concentrations it
blocks TRPC-containing channels.4 50 However, this approach is problematic because a
cut-off between lanthanum concentration ranges having the inhibitory effect on either
SOCE or TRPC channel is poorly defined. Another complication is that, in the micromolar
range, Ca?* influx is potentiated through TRPC4- and TRPC5-containing pathways.
Nevertheless, the current understanding is that SOCE channels are the major pathway for
Ca?* influx in the lens. Better insight into the specific involvement of TRP channels
dysfunction in cataractogenesis will be clarified once either more selective Ca2* channel
modulators become available or genetic approaches are employed to selectively modulate
levels of TRP channel isoform expression.

5. Roles of TRP channels in retinopathy

TRP channels are abundantly expressed in the entire retinal layer including the retinal
pigment epithelium (RPE), photoreceptors, retinal ganglion cells, Miiller cells, and
microglia. Initially, TRP channel-mediated phototransduction was identified in Drosophila
and 13 of the known 28 homologues of the mutant insect channels were next identified in
the mammalian retina.5! For example, the TRPC channels in mammals are most closely
related to the Drosophila TRP channels. The difference is that in mammals the six TRPC
subfamily genes (i.e., trpc 1, 3-7) encode seven proteins (TRPC1-7 channels), since TRPC2 is
a pseudogene.
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In Drosophila retinal photoreceptors, TRPC channels lead to photoexcitation. Light
absorption converts rhodopsin to active metarhodopsin, which activates PLC. PLC
hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP») to IP; and diacylglycerol (DAG).
DAG can be degraded to release polyunsaturated fatty acids and protons. TRPC channel
activation occurs as a consequence of phosphoinositide depletion and acidification
resulting from PLC-induced PIP, hydrolysis and proton release associated with IP3
formation.3* TRPC channel activation by phosphoinositide metabolites suggests that these
channels are part of the light-sensing mechanism for Drosophila, but their role in humans
is still unclear.

TRP channel dysfunction has been implicated in mammalian retinopathy. Mutation of
TRPM1 channels in ON bipolar cells has been linked to autosomal-recessive congenital
stationary night blindness (CSNB), a heterogeneous group of retinal disorders characterized
by non-progressive impaired night vision and variable decreased visual acuity.52 On the
other hand, Wang et al. reported that TRPC6 channel activation has a neuroprotective effect
on retinal ischemia-reperfusion (IR) injury in the rat.5® Following IR, the expression of
TRPC6 channels decreases in retinal ganglion cells. Activation of TRPC6 channels before IR
reduces retinal ganglion cell losses whereas suppression of TRPC6 channels has an opposite
effect. Such protection by TRPC6 channels of retinal ganglion cells is dependent on brain-
derived neurotrophic factor (BDNF) signalling.

The RPE layer has essential roles in sustaining normal retinal function. It regulates the
hydration and ionic composition of the subretinal space, as well as rod outer segment
function. RPE also secretes cytokines that are essential for retinal health. TRPV5 and TRPV6
expressions were identified in vitro in the human RPE, implicating that these two most
calcium-selective channels of the TRP channel superfamily contribute to the regulation of
the subretinal space calcium composition accompanying light/dark transitions.’® TRPV2
channels were shown in another study to control RPE release of vascular endothelial growth
factor (VEGF). Insulin-like growth factor-1 (IGF-1) is a TRPV2 channel activator that
selectively induces the intracellular Ca2* transients required for inducing VEGEF release.
Control of this response is needed to reduce retinal neovascularization, since wet age-
related macular degeneration (AMD) is decreased or stabilized by treatment with anti-VEGF
antibodies. These results suggest that reducing TRPV2 channels activity may provide
another option for managing wet AMD.>4

6. Summary

TRP channels are involved in ocular sensory and cellular functions. In mammals, TRP
channel subunit proteins are encoded by 27 genes and are classified into two groups and six
different subfamilies, based on differences in amino acid sequence homology. Group 1 and
Group 2 of TRP channels are only remotely related, but share similar cation channel-forming
structures of six transmembrane domains. Their cation selectivity and activation
mechanisms are very diverse and depend on individual TRP channel. TRP channel
activation induces a host of responses to variations in ambient temperature, pressure,
osmolarity and pH. In addition, their activation by injury induces inflammation,
neovascularization, pain and cell death, as well as wound healing. There is emerging
interest in characterizing their roles in inducing ocular surface disease, glaucoma, cataracts
and retinopathy. Such efforts could lead to the identification of novel drug targets for
improving management of many ocular diseases.

www.intechopen.com



44 Advances in Ophthalmology

7. References

[1] Minke B. Drosophila mutant with a transducer defect. Biophys Struct Mech 1977;3:59-64.

[2] Clapham DE. TRP channels as cellular sensors. Nature 2003;426:517-524.

[3] Harteneck C, Plant TD, Schultz G. From worm to man: three subfamilies of TRP
channels. Trends Neurosci 2000;23:159-166.

[4] Montell C. The TRP superfamily of cation channels. Sci STKE 2005;2005:re3.

[5] Launay P, Fleig A, Perraud AL, Scharenberg AM, Penner R, Kinet JP. TRPM4 is a Ca2+-
activated nonselective cation channel mediating cell membrane depolarization. Cell
2002;109:397-407.

[6] Hofmann T, Chubanov V, Gudermann T, Montell C. TRPMS5 is a voltage-modulated and
Ca(2+)-activated monovalent selective cation channel. Curr Biol 2003;13:1153-1158.

[7] Voets T, Janssens A, Droogmans G, Nilius B. Outer pore architecture of a Ca2+-selective
TRP channel. ] Biol Chem 2004;279:15223-15230.

[8] Pan Z, Yang H, Reinach PS. Transient receptor potential (TRP) gene superfamily
encoding cation channels. Hum Genomics 2011;5:108-116.

[9] Xie Q, Zhang Y, Cai Sun X, Zhai C, Bonanno JA. Expression and functional evaluation of
transient receptor potential channel 4 in bovine corneal endothelial cells. Exp Eye
Res 2005;81:5-14.

[10] Yang H, Mergler S, Sun X, et al. TRPC4 knockdown suppresses epidermal growth
factor-induced store-operated channel activation and growth in human corneal
epithelial cells. | Biol Chem 2005;280:32230-32237.

[11] Warren EJ, Allen CN, Brown RL, Robinson DW. The light-activated signaling pathway
in SCN-projecting rat retinal ganglion cells. Eur | Neurosci 2006,23:2477-2487.

[12] Da Silva N, Herron CE, Stevens K, Jollimore CA, Barnes S, Kelly ME. Metabotropic
receptor-activated calcium increases and store-operated calcium influx in mouse
Muller cells. Invest Ophthalmol Vis Sci 2008;49:3065-3073.

[13] Oancea E, Vriens ], Brauchi S, Jun J, Splawski I, Clapham DE. TRPM1 forms ion
channels associated with melanin content in melanocytes. Sci Signal 2009;2:ra21.

[14] Madrid R, Donovan-Rodriguez T, Meseguer V, Acosta MC, Belmonte C, Viana F.
Contribution of TRPMS8 channels to cold transduction in primary sensory neurons
and peripheral nerve terminals. | Neurosci 2006;26:12512-12525.

[15] Mergler S, Garreis F, Sahlmuller M, Reinach PS, Paulsen F, Pleyer U. Thermosensitive
transient receptor potential channels (thermo-TRPs) in human corneal epithelial
cells. | Cellular Physiol (in press) 2010.

[16] Pan Z, Wang Z, Yang H, Zhang F, Reinach PS. TRPV1 Activation is Required for
Hypertonicity Stimulated Inflammatory Cytokine Release in Human Corneal
Epithelial Cells. Invest Ophthalmol Vis Sci (in press) 2010.

[17] Pan Z, Yang H, Mergler S, et al. Dependence of regulatory volume decrease on transient
receptor potential vanilloid 4 (TRPV4) expression in human corneal epithelial cells.
Cell Calcium 2008;44:374-385.

[18] Sappington RM, Calkins DJ. Contribution of TRPV1 to microglia-derived IL-6 and
NFkappaB translocation with elevated hydrostatic pressure. Invest Ophthalmol Vis
Sci 2008;49:3004-3017.

[19] Kennedy BG, Torabi AJ, Kurzawa R, Echtenkamp SF, Mangini NJ. Expression of
transient receptor potential vanilloid channels TRPV5 and TRPV6 in retinal
pigment epithelium. Mol Vis 2010;16:665-675.

www.intechopen.com



Transient Receptor Potential (TRP) Channels in the Eye 45

[20] Leonelli M, Martins DO, Kihara AH, Britto LR. Ontogenetic expression of the vanilloid
receptors TRPV1 and TRPV2 in the rat retina. Int | Dev Neurosci 2009;27:709-718.

[21] Venkatachalam K, Montell C. TRP channels. Annu Rev Biochem 2007;76:387-417.

[22] Nilius B, Voets T, Peters J. TRP channels in disease. Sci STKE 2005;2005:re8.

[23] Zhang F, Yang H, Wang Z, et al. Transient receptor potential vanilloid 1 activation
induces inflammatory cytokine release in corneal epithelium through MAPK
signaling. | Cell Physiol 2007;213:730-739.

[24] Yang H, Sun X, Wang Z, et al. EGF stimulates growth by enhancing capacitative
calcium entry in corneal epithelial cells. | Membr Biol 2003;194:47-58.

[25] Yamamoto Y, Hatakeyama T, Taniguchi K. Immunohistochemical colocalization of
TREK-1, TREK-2 and TRAAK with TRP channels in the trigeminal ganglion cells.
Neurosci Lett 2009;454:129-133.

[26] Salas MM, Hargreaves KM, Akopian AN. TRPA1l-mediated responses in trigeminal
sensory neurons: interaction between TRPA1 and TRPV1. Eur | Neurosci
2009;29:1568-1578.

[27] Bang S, Kim KY, Yoo S, Kim YG, Hwang SW. Transient receptor potential A1 mediates
acetaldehyde-evoked pain sensation. Eur | Neurosci 2007;26:2516-2523.

[28] Yang H, Wang Z, Capo-Aponte JE, Zhang F, Pan Z, Reinach PS. Epidermal growth
factor receptor transactivation by the cannabinoid receptor (CB1) and transient
receptor potential vanilloid 1 (TRPV1) induces differential responses in corneal
epithelial cells. Exp Eye Res 2010;91:462-471.

[29] Yamada T, Ueda T, Ugawa S, et al. Functional expression of transient receptor potential
vanilloid 3 (TRPV3) in corneal epithelial cells: involvement in thermosensation and
wound healing. Exp Eye Res 2010;90:121-129.

[30] Mergler S, Valtink M, Coulson-Thomas V], et al. TRPV channels mediate temperature-
sensing in human corneal endothelial cells. Exp Eye Res 2010;90:758-770.

[31] Murata Y, Masuko S. Peripheral and central distribution of TRPV1, substance P and
CGRP of rat corneal neurons. Brain Res 2006;1085:87-94.

[32] Okada Y, Reinach PS, Kitano A, Shirai K, Kao WW, Saika S. Neurotrophic keratopathy;
its pathophysiology and treatment. Histol Histopathol 2010;25:771-780.

[33] Parra A, Madrid R, Echevarria D, et al. Ocular surface wetness is regulated by TRPMS-
dependent cold thermoreceptors of the cornea. Nat Med 2010;16:1396-1399.

[34] Sappington RM, Sidorova T, Long DJ, Calkins DJ. TRPV1: contribution to retinal
ganglion cell apoptosis and increased intracellular Ca2+ with exposure to
hydrostatic pressure. Invest Ophthalmol Vis Sci 2009;50:717-728.

[35] Wiederholt M, Thieme H, Stumpff F. The regulation of trabecular meshwork and ciliary
muscle contractility. Prog Retin Eye Res 2000;19:271-295.

[36] Wiederholt M. Direct involvement of trabecular meshwork in the regulation of aqueous
humor outflow. Curr Opin Ophthalmol 1998;9:46-49.

[37] Weinreb RN, Khaw PT. Primary open-angle glaucoma. Lancet 2004;363:1711-1720.

[38] Salmon MD, Ahluwalia J. Discrimination between receptor- and store-operated Ca(2+)
influx in human neutrophils. Cell Immunol 2010;265:1-5.

[39] Sugawara R, Takai Y, Miyazu M, Ohinata H, Yoshida A, Takai A. Agonist and
antagonist sensitivity of non-selective cation channel currents evoked by
muscarinic receptor stimulation in bovine ciliary muscle cells. Auton Autacoid
Pharmacol 2006;26:285-292.

www.intechopen.com



46 Advances in Ophthalmology

[40] Goto M, Ikeyama K, Tsutsumi M, Denda S, Denda M. Calcium ion propagation in
cultured keratinocytes and other cells in skin in response to hydraulic pressure
stimulation. | Cell Physiol 2010;224:229-233.

[41] Yin J, Kuebler WM. Mechanotransduction by TRP channels: general concepts and
specific role in the vasculature. Cell Biochem Biophys 2010;56:1-18.

[42] Birder LA. TRPs in bladder diseases. Biochim Biophys Acta 2007;1772:879-884.

[43] Ryskamp DA, Witkovsky P, Barabas P, et al. The polymodal ion channel transient
receptor potential vanilloid 4 modulates calcium flux, spiking rate, and apoptosis
of mouse retinal ganglion cells. | Neurosci 2011;31:7089-7101.

[44] Qu ], Wang D, Grosskreutz CL. Mechanisms of retinal ganglion cell injury and defense
in glaucoma. Exp Eye Res 2010;91:48-53.

[45] Sappington RM, Chan M, Calkins DJ. Interleukin-6 protects retinal ganglion cells from
pressure-induced death. Invest Ophthalmol Vis Sci 2006;47:2932-2942.

[46] Duncan G, Williamsa MR, Riacha RA. Calcium, cell signalling and cataract. Progress in
Retinal and Eye Research 1994;13:623-652.

[47] Duncan G, Bushell AR. Ion analyses of human cataractous lenses. Exp Eye Res
1975;20:223-230.

[48] Rhodes JD, Russell SL, Illingworth CD, Duncan G, Wormstone IM. Regional differences
in store-operated Ca2+ entry in the epithelium of the intact human lens. Invest
Ophthalmol Vis Sci 2009;50:4330-4336.

[49] Gwack Y, Srikanth S, Feske S, et al. Biochemical and functional characterization of Orai
proteins. | Biol Chem 2007;282:16232-16243.

[50] Nilius B, Owsianik G, Voets T, Peters JA. Transient receptor potential cation channels in
disease. Physiol Rev 2007;87:165-217.

[61] Gudermann T, Mederos y Schnitzler M. Phototransduction: keep an eye out for acid-
labile TRPs. Curr Biol 2010;20:R149-152.

[52] van Genderen MM, Bijveld MM, Claassen YB, et al. Mutations in TRPM1 are a common
cause of complete congenital stationary night blindness. Am | Hum Genet
2009;85:730-736.

[63] Wang X, Teng L, Li A, Ge ], Laties AM, Zhang X. TRPC6 channel protects retinal
ganglion cells in a rat model of retinal ischemia/reperfusion-induced cell death.
Invest Ophthalmol Vis Sci 2010;51:5751-5758.

[54] Cordeiro S, Seyler S, Stindl J, Milenkovic VM, Strauss O. Heat-Sensitive Trpv Channels
Regulate Vegf-a Secretion in Retinal Pigment Epithelial Cells. Invest Ophthalmol Vis
Sci 2010;51:6001-6008.

www.intechopen.com



Advances in Ophthalmology

ADVANCES IN

OPHTHALMOLOGY Edited by Dr Shimon Rumelt

Editnd by Shimen Rumeln

ISBN 978-953-51-0248-9

Hard cover, 568 pages

Publisher InTech

Published online 07, March, 2012

_ Published in print edition March, 2012

This book focuses on the different aspects of ophthalmology - the medical science of diagnosis and treatment
of eye disorders. Ophthalmology is divided into various clinical subspecialties, such as cornea, cataract,
glaucoma, uveitis, retina, neuro-ophthalmology, pediatric ophthalmology, oncology, pathology, and
oculoplastics. This book incorporates new developments as well as future perspectives in ophthalmology and
is a balanced product between covering a wide range of diseases and expedited publication. It is intended to
be the appetizer for other books to follow. Ophthalmologists, researchers, specialists, trainees, and general
practitioners with an interest in ophthalmology will find this book interesting and useful.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Zan Pan, José E. Capé-Aponte and Peter S. Reinach (2012). Transient Receptor Potential (TRP) Channels in
the Eye, Advances in Ophthalmology, Dr Shimon Rumelt (Ed.), ISBN: 978-953-51-0248-9, InTech, Available
from: http://www.intechopen.com/books/advances-in-ophthalmology/transient-receptor-potential-trp-channels-
in-the-eye

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE BHIERFARK6SS HiBEFR R ARIRE I AE40582TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Atiribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.




