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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Nociceptors

The nociceptor is a peripheral sensory neuron that detects nop@nful) stimuli. A noxious
stimulus is one with intensity and quantity of sufficient quality taseareflex withdrawal,
autonomic responses and pain (Sherrington, 1903). Nociceptors argygénaory neurons that
respond to high threshold stimuli (Woolf and Ma, 2007) and are describediag toav
functional parts: peripheral terminal, axon, cell body and centrairtaksynapse; Diag. I).
Peripheral sensory axons and terminals also are called peripheriaharypafferents. The
neuronal cell bodies are found in peripheral ganglia, e.g., dorsal rootgerditral ganglia, and
the peripheral terminal lies in the target tissue (Woolf and Ma, 208&)peripheral terminal
transduces the external noxious stimulus and initiates an action gbtétiaxon conducts the
action potential, whereas the cell body controls the identity angritytef the entire neuron. The
central terminal participates in the first synapse in the centraue system (CNS) sensory
pathway (Woolf and Ma, 2007). The sensitivity of both the peripheraliafrand central
synapse can be altered to augment or diminish nociception. Augmentaticalseof nociception
at the peripheral terminal and central synapse are called peripherahtmati ssnsitization,
respectively. The initial background will focus on aspects common to allepbois followed

later with a more detailed description of corneal nociceptors.



Trigeminal Ganglion Neuron for Corneal Sensory Innervation

Trigeminal Pons/
Cornea Ophthalmic nerve Ganglion Medulla

Peripheral Axon Cell Body Central
Terminal Terminal

Diagram |.A trigeminal ganglion neuron for corneal sensory innervation Schematic
of a primary afferent neuron with its central terminal in the pons atlifa, the cell
body in the trigeminal ganglion and a peripheral terminal that innertfaearget tissue,

e.g., cornea (adapted from Woolf and Ma, 2007).

Nociception is initiated when nociceptive sensory fibers innergaieripheral tissues are
activated by potential or ongoing noxious stimuli. This occurs becagsgeptive sensory
neurons express proteins that respond to specific noxious chemicalpimathad/or thermal
stimuli. These proteins are referred to as transducers (Cadaednulius, 2001; Julius and
Basbaum, 2001) and they respond only to specific, high threshold stimuli. Stuttieskin
have shown the presence of a number of ion channels in peripheral sensorysdehatnal
function as transducers of noxious temperature, chemical, and tosetiees (Suguiura et al.,
2002; Ferreira et al., 2004; Lumpkin and Caterina, 2007). Among these iartbiet receptor
potential (TRP) family of cation channels for response to chemsiicalilation and noxious and
innocuous temperatures. For noxious temperatures in skin, transigpitorepotential vanilloid 1
(TRPV1), a noxious heat transducer, responds in the nociceptive range af #636°C
(Caterina et al., 1997; Rau et al., 2007), and transient receptor glotesitistatin 8 (TRPMS8), a

noxious cold transducer, responds to temperatures less than 15°CtéBztudls 2007). Transient



receptor potential | ankyrin 1 (TRPAL) also is a noxioud ti@nsducer, responding to
temperatures as low as 10°C (Karashimaa et al., 2008). Likewise dotnea, TRPV1 and
TRPM8 have been identified and described (Diag. Il; Madrid et al., 2006, Murdtilasuko,

2006, Mergler et al., 2010).

The peripheral terminal of a nociceptor detects noxious or tissuegaayrsimuli when the

stimulus reaches a threshold to open the transducer ion channdi &tbMa, 2007). An influx

of calcium and sodium ions occurs that depolarizes the peripheral temanmddrane (Caterina et

al., 1997; Mergler et al., 2010 ). Nociceptors express specific ealfaigd sodium (Naion

channels, NA..7, 1.8 and 1.9, that produce action potentials for the conduction of nerve impulses
(Djouhri et al., 2002; Djouhri et al., 2003; Priest et al., 2005). Thaasrtrembrane proteins
transiently open to permit the rapid influx of sodium ions in response to meenbra

depolarization. Influx of sodium ions depolarizes the nociceptor axon membréres fur

generating an action potential that is propagated from the nocigeptpheral terminal via the

axon to the central nervous system (Woolf and Ma, 2007).

With ongoing peripheral stimulation, influx of calcium ions into the peripheralibal can
trigger a number of intracellular signal transduction pathways. For exaaatikation of protein
kinases in the peripheral terminal such as phosphatidylinositol 8&{d3K), protein kinase A
(PKA) or protein kinase C (PKC) causes phosphorylation of proteins sUdRRAg1 and sodium
channels (Zou et al., 2000; Zou et al., 2002; Zhuang et al., 2004). When thergpbgklation
of TRPV1, the activation threshold is lowered thereby increabmgxcitability of the nerve
terminal. Also, phosphorylation of sodium channels reduces the resting gaiktitmmembrane
and further increases the excitability of the nerve terminal. Theffeet forms the basis for
peripheral sensitization leading to heightened sensitivity to innocudodyfgib) and painful
(hyperalgesia) stimuli. Peripheral sensitization, therefore, keidsreased action potentials
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propagated along the axon toward the CNS (Woolf and Ma, 2007).

Peripheral Terminal Central Terminal

Transducer Voltage-Gated

Channels\ Channels

Na,1.7,1.8 &1.9

Na,<1.61.7 & 1.8 o
Noxious TRPV1-4 \ ' e | e
Glutamate

: TRPMS8 o] o
Stimulus TRPA1 o © o Substance P
T 2 ] IR L i
o
o
', w
i Ca2.2
Excitation

Transducer Generator  Action
Potential Potential Potential
Transduction Transmission

Diagram Il.Schematic of events that occur when a noxious stimulus is applienla
sensory afferent nerve Peripheral terminals have transducer channels, TPRV1-4,
TRPM8, TRPAL (1-2 transducer types per neuron), that allow cationte initiate
generator and action potentials by way of specific sodium channgl$,NA.9. At the
central terminal, Cd influx by way of voltage-gated calcium channels,jQaitiates

neurotransmitter release, i.e., glutamate (modified from Woolf and Ma).2007

Arrival of action potential at the central terminal causes thaingef voltage gated calcium ion
channels (Diag. I1). An influx of calcium ions occurs producing a transainiintracellular
calcium (Gover et al., 2003) and depolarization-induced, calciumtfdedi neurotransmitter
release (Chen et al., 1999; Woolf and Salter, 2000). Neurotransmitdeseased by an
exocytosis process using t- and v-soluble NSF (N-ethylmaleimidéigerfigsion proteins)
attachment protein receptor (SNARE) complexes. For example, synajiiafadeo called
vesicular associated membrane protein 2 [VAMP 2]) is a v-SNAIREEIN in synaptic vesicles

that is inhibited by SNARE-master proteins such as synaptophysimst(@e02).
4



Synaptophysin I, therefore, is very important in regulating neurotittesmelease (Lynch et al.,
1994) and is used as a marker for synaptic vesicles (Masliah et al. Ftiéd®ann et al., 1995;
Bacci et al., 2001; Sun et al., 2006; Gonzalez-Jamett et al., 2010; Waghe2@10; Bamiji et
al., 2003). When intracellular calcium levels rise in a termihal synaptophysin/synaptobrevin
complex dissociates (Reisinger et al., 2004) to allow synaptobreviretaghtvith -SNARES,
e.g., syntaxin and SNAP 25, on the plasma membrane (Reisinger et al., 20Q4anthe-
SNARE complex of synaptobrevin, syntaxin and SNAP 25 is a helix protein cothplais

required for vesicle/plasma membrane fusion (Diag. IlI;([{Rg&r et al., 2004).

After dissociation from synaptobrevin and exocytosis, synaptophysin | binds toidyinaan
calcium dependent fashion for recovery of vesicular membrane from plasmbrane by
endocytosis (Daly et al., 2000). During endocytosis, dynamin assembles torfgsmat the base
of membrane invaginations, GTP binds to dynamin, and hydrolysis of GTP causes a
conformational change of the membrane for vesicle fission (Oh et al., 1988pt8yhysin |

thus has a pivotal role in both endocytosis and exocytosis of synaptiesesic



Neurotransmitter release at a nerve terminal

/

Action Potential

Synaptic
Vesicle

Synaptophysin

"-—\H

Synaptobrevin

'ﬁL

o
SNAP 25/Syntaxin C.0

0O
Neurotransmitter
Diagram Ill. Schematic showing the series of events that occur with arrivaF action
potential at a nerve terminal Depolarization of the nerve terminals (action potential)
occurs with voltage dependent opening of sodium (blue channel in diagram) and
potassium (green channel in diagram) channels allowing influx of sodium ionsesind t
efflux of potassium ions. Local depolarization causes voltage gakeidra channels to
open (red channel in diagram) allowing influx of calcium ions and aserén
intracellular calcium concentration. Intracellular calciuipgers the dissociation of the
synaptophysin-synaptobrevin complex thus allowing synaptobrevin to assodate w
SNAP 25 and syntaxin to form functional SNARE complexes, followed by fusion and
exocytosis of neurotransmitters, such as glutamate. After egigyheurotransmitters,

such as glutamate, bind to and open receptors on the postsynaptic neurons.



Synaptophysin | has a molecular homologue, synaptoporin (synaptophysinhiqinvist 60%
sequence homology. Both proteins have four transmembrane domains and two hydoopisi
within the vesicle, i.e., intravesicular loops. Divergence ocdutea N- and C-terminals that
are exposed to the cytoplasmic side. Both synaptophysin | and synaptopaipiaassed in the
central and peripheral nervous systems (CNS, PNS). Synaptophysin | isralyuexiaressed in
the CNS whereas synaptoporin expression is restricted (Mask&h 290, Sun et al., 2006). In
the PNS, both synaptophysin and synaptoporin are expressed in nociceygaleati ganglion
(DRG) neurons, i.e., small diameter DRG neurons, and their aftererinals in the dorsal
spinal cord (Sun et al., 2006). Some of these DRG neurons coexpress caleit@arelgted
peptide (CGRP), a nociceptive peptide transmitter. Abundant synaptopo@maagnnerve
fibers occur in the laminae I-11 of dorsal horn of spinal segmeyssvhile abundant

synaptophysin | containing nerve fibers occur in laminae IlI-IV and venimahéall.

1.2 Glutamate in nociceptors

The glutamate-glutamine cycle. Glutamate is the major excitatory neurotransmitter in the
vertebrate nervous system and is released from nociceptors at bpénigeeral and central
nerve terminals. Glutamate metabolism in the PNS occursghaamate-glutamine cycle (Diag.
III) where glutamate enters the satellite and Schwann glial @edl is converted to glutamine by
glutamine synthetase (Curie and Kelly, 1981; Miller et al., 2002; Mall@l., 2011a). In DRG,
neurons take up glutamine and glutaminase converts glutamine to glutaniitesi\l., 1992;
(Hassel et al., 2003). Glutamate also is produced by aspartate ansfestiae by transamination
of aspartate to 2-oxoglutarate, yielding glutamate and oxaloacetaler @flial., 2002; Miller et

al., 2011a).

Following synthesis, glutamate is packaged into synaptic vesicles ioylaeglutamate
transporters (Juge et al., 2006, Brumovsky et al., 2007). Vesicular gtet&mansporter 1 or 2
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(VGLUTL1, 2) upload glutamate into synaptic vesicles for the trahspaol release of glutamate
(Aihara et al., 2000; Juge et al., 2006; Moechars et al., 2006; Brumovsky e03@j.Miller et

al., 2011a). The VGLUTSs actively transport glutamate into the vesickechange for hydrogen
ions (Bellochio et al., 2000; Juge et al., 2006; Miller et al., 2011a). [€Ebwachemical gradient
for glutamate transport is created by hydrolysis of ATP (Belloehal., 2000; Juge et al., 2006).
This transport is further enhanced in the presence of chloridéBelischio et al., 2000; Juge et
al., 2006; Miller et al., 2011a). Thus, vesicular glutamatesiporters are considered markers of

glutamatergic neurons (Brumovsky et al., 2007; Miller et al., 2011a).

Both VGLUT 1 and VGLUT 2 are expressed by neurons in the DRG (Brumy@tsk., 2007).
VGLUT 1 is localized in medium to large sized neurons that mediatgipception and
discriminative touch. VGLUT 2 is localized in small to medium sizedaeptive neurons that
contain neuropeptides such as calcitonin gene-related peptide J@GBRd lectins, such as
isolectin B4 (IB4; (Brumovsky et al., 2007; Miller et al., 2011a). In the riat SIGLUT 2
immunoreactivity in the dermal and intraepidermal plexus is @tgreéntensity than that DRG
neuronal cell bodies (Brumovsky et al., 2007). In the spinal cord, VGLUT& Hlasse and
homogenous distribution in the grey matter except in the medial aspectimddalll-VI where

VGLUT1has an intense distribution (Brumovsky et al., 2007).



Glutamate—Glutamine Cycle

DRG Neuron Schwann or Satellite Cell

NEAAT3

glu
gluglu

Diagram IV.Schematic of the glutamat-glutamine cycle in DRG In thesatellite or
Schwanrcell, glutamine synthetase (GS) converts gluta (glu) to glutamine(gin)
which is transportetly the sodium coupled neutral amino acid transpg (SNAT) into
the DRG neuronGlutaminase (GLS) converts glutamine into glutansate VGLUT

or 2 packages synthesized glutamate into synapticless\When glutamate is releaset
is taken up backnio the satellittor Schwanrcell by excitatory amino acid transpor,
glutamate-aspartateansporte (GLAST) and glutamate transporter-1(G1L; from

Miller et al., 2011a).

Upon release from a neuronal terminal, glutamatebiad to excitatory amino acreceptors
(EAARS), i.e.,glutamate receptorThere are 2 major types of EAARsnotropic anc
metabotropic EAARsand ach is comprised of different subunit$pgton and Rosenberg, 18;
Lin and Kinnamon, 1999)he ionotropi EAARsare membrane ion channels while

9



metabotropic EAARsire C-protein coupled receptors that use intracellulaosd messenge

(Lipton and Rosenberg, 1994). In tidissertation, the focus will be on tlebtropic EAARS

(Diag. V).
Types of lonotropic EAARs and their Subunits
IONOTROPIC GLUTAMATE
RECEPTORS
NMDA ANPA EATNATE
|
NR1 NR2A2D GluR 1-4 GluR3-7, KAL, 2

Diagram V.Schematic of the different types of ionotropi excitatory amino acid
receptors, i.e,glutamate receptors, and their subunit composition There are 3 type
of ionotropic glutamate recept based on stimulation witpecific agonistsNMDA,;
AMPA (2-amino-3-(5methyl-3-0x0-1,2-oxazol-4-yl) Propanoic Acid)ikate. The
NMDA has NR1 and NR2-D subunits, GIuR% are the subunits for AMPA recept

and GluR 5-7 and KA12 are subunits for kainate receptor.

There are three types of the ionotropic glutamegeptors(Diag. V) named for their selecti\

agonists; N-methyl-Caspartate (NMDA), -amino-3-(5-methyl-3-oxo-1, 23xazo-4-yl)

10



propionate (AMPA) and&inate receptors (Wo and Oswald, 1995, Chen €996, Lu et al.,
2009). Each of these receptor:s subunits as listed: NMDA subunit8lR1 and NR 2,-2D;
AMPA subunits - GIUR X; kainate subunits -KA1-2 and GIuR5W¢ and Oswald, 19¢, Chen
et al., 1996; Lu et al., 20D9onotropic EAARSs exist aetramers, a four suburreceptor,

usually in a heteromerwonstruc (Diag. VI).

lonotropic Glutamate Receptor

Na*, Ca*

Glutamate

Glycine sitt
Glutamate recognition s

Diag.VI. Schematic of the ionotropit NMDA receptor showing the subunit, NR1
and NR2, magnesiunmblock, and glycine andglutamate recognition sites. Glycine
binds to its site where it functions as an activafdhe NMDA receptor complex.he
magnesium block is voltage dependand blocks the inflow of ion&Jponmembrane
depolarizationthe block is removecnd sodium and calcium g¢ans flow irto the cell

(adapted fronMayer and Westbrook, 1987, Monyer et al., 1.

The NMDA NR1gene has a ubiquitous expression throughout beaialdpment and may refle

11



the requirement of NR1 subunit as a part of all NMDA receptor channelsmfmon NMDA
receptor construct consists of two NR1 and two NR2 subunits (Diag. VI; Mehgér 1994)
The NMDA receptor also expresses glycine binding site, a site needdvhforet function
(Oliver et al., 1990; Monyer et al., 1994). When glycine binds to tlsisfunctions as a co-
agonist and positive modulator of the NMDA receptor. This ion channelsatdodked by
extracellular magnesium ions and removal of magnesium block is voltage detp@nager and

Westbrook, 1987; Monyer et al., 1994).

The AMPA receptor subunits exist as tetrameric homomers or heterdsmike
heteromers,homomers have not been observed to contribute significantlytdRiAeexcitatory
postsynaptic potential (EPSP; Lu et al., 2009). AMPA heteromersagréfer GluR2 dimers
with a dimer either of GIuR1, GluR3, or GluR4. Each AMPA subunit Haading site for
glutamate, i.e., four glutamate binding sites per AMPA receptoyéMand Armstrong, 2004;

Greger et al., 2007).

Both KA1 and KA2 subunits of the kainate receptor have been describeda®bkgatory
subunits for the ionotropic kainate receptor function and are termedgthaffinity subunits
(Lucifora et al., 2006; Fernandes et al., 2009). Homomers of KAl or K&A@anfunctional
(Herb et al., 1992, Fernandes et al., 2009), but, when co-expressed with tbe/GluiBunits,
they form functional heteromeric receptors (Herb et al., 1992; Dingletliale, 1999; Fernandes

et al., 2009).

1.3 Glutamatergic function of peripheral nociceptor terminals

Glutamate release from peripheral terminals may occur followiegsetstimulation of the
primary afferent nerves. Stimulated glutamate release occurs duechanical nerve injury
(Belmonte et al., 1997; Du et al., 2001; Julius and Basbaum, 2001; Miller et al.),201kmical

12



activation Belmonte et al., 19¢; Cairns et al., 2001; Du et al., 20@1jius and Basbaum, 2(;
Peng et al., 201 Miiller et al., 2011), or noxious heat (Du et al., 20QIylius and Basbaur
2001).1t has been proposed that glutamate release frameqior peripheral terminals m
sensitize surroundgnnerve fibers causing hyperalg¢, heightened sensation to painful stinr
(Cairns et al., 2001Du et al., 200; Miller et al., 2011a), and allodynipainful sensation to n-

painful stimuli (Diag. VII)

Glutamatergic NociceptivePeripheral Terminal

Peripheral Terminal
Sensitizer Receptors

Noxious Na,<1.7,1.8 &1.9
Stimuli
Glutamine

cle

Glutamate

¢

[
Glutamate ’ EAA-R

TRPV1

Peripheral Sensitization

Diagram VII.Schematic of a peripheral nerve termine. Nociceptive peripheral nen
terminals contaimxcitatory amino acid receptors (EAARGIlutaminas€GLS) converts
glutamine to glutamati| nerve terminals for packagimgto synaptic vesiclesUpon
noxious stimulussynapti vesicles release glutamdtem the peripheral termine.
Extracellularglutamate interacts witEAARS on autologous or nearbgrve termings
causing ion channets openin the membranes. The influx of catiashspolarize:

peripheral nerve terminal membranes and geneaction potentials.

13



Along with phosphorylation of TRP and sodium channels (described eadies)tization also is
due to interaction with EAARs on peripheral afferent terminals. @lata interacts with EAARS
on afferent terminals and directly activates sensory nerve endings @l., 2001; Du et al.,
2003; Du and Carlton, 2006; Miller et al., 2011a). Anatomical studies haalezbat EAARS on
unmyelinated axons in the skin (Carlton et al., 1995; Coggeshall et al.,d8§Jeshall and
Carlton, 1998; Du et al., 2003; Miller et al., 2011a). For example, the fobloBAAR subunits
have been demonstrated on unmyelinated nerve fibers in rat hairy and g&kmedth electron
microscopic immunohistochemistry (Carlton et al., 1995, Coggeshall and Ca9&8): NMDA
NR1 (21-30% of unmyelinated nerves in rat sural plantar nerves), NRER1@3-17% in rat
sural and plantar nerves), GluR2/3 and GIuR5-7 (7-44% in rat sural amdrmherves). Studies
also have demonstrated that the glutamate released from nocicejutoerd terminals
participates in neurogenic inflammation (Du et al., 2001, Richardson and VaskolVi£ 2t

al., 2011a; Hoffman and Miller, 2010). This indicates an interaction of ghieawith EAARS in
peripheral tissues (Cairns et al., 2001, Du et al., 2001, Du et al., 2003, Du and Carlton, 2006,
Miller et al., 2011a). As in spinal cord, glutamate is co-releasedyalith SP and CGRP and
these three neuroactive agents promote the production of other |temainatory mediators such
as prostaglandin and bradykinin (Belmonte et al., 1997; Marfurt et al., 2@BEréson and
Vasko, 2002; Miller et al., 2011a). Prostaglandin and bradykinin alsodhteith peripheral
nerve terminals and the net effect is a reduction in activatiesttbid of the nociceptors (Du et

al., 2001; Miller et al., 2011a).

Evidence for peripheral glutamate release from nociceptors alohdow#lization of EAARS on
peripheral afferents may explain why exogenous glutamate or its agonigseasiization and
pain in experimental animals and humans (Carlton et al., 1995; Coggeshadirdnd,d998;
Cairns et al., 2001; Du et al., 2001; Du et al., 2003; Du and Carlton, 2006; Maler2011a).
This also is consistent with studies that show up-regulation tfrgate receptors in primary
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afferents during inflammation (Peng et al., 2011), such that the semhsitizeeeptor has an
augmented response on further exposure to glutamate. The phenotypioaféngbrimary
afferents during ongoing inflammation or nerve injury are thought to foerbasis for

maladaptive pain, i.e., spontaneous pain, hyperalgesia and allodyrga\{Dja

Although it is clear that glutamate is released from peripherakatfézrminals (Miller et al.,
2011a), it is unknown what cellular synaptic proteins are involved in perigfletamate release.
In the cornea, there is evidence that glutamate and other neurotraissanétpresent (Marfurt et
al., 2001; Muller et al., 2003; Langford et al., 2010; Miller et al., 2011b), howeeglutamate
release mechanism and its role in corneal nociception are notifulgrstood. Glutamate and
excitatory amino acid transporters have been identified recently in humaficialpeorneal
epithelial cells and stroma, but no reference has been made to cornealrgkaifpteents
(Langford et al., 2010). As with skin peripheral afferents, we hypothdsizglutamate in
corneal peripheral afferents may play an important role in sensitizsftcorneal afferent nerves

via EAARS.

1.4 Sensory innervation of the cornea

The cornea receives its sensory innervation from the ophthalmicodivasihe trigeminal
ganglion (Muller et al., 1997, Marfurt et al., 2001). The ophthalmiodiraivides to form the
long and short ciliary nerves that pierce the sclera at the posteroofdble eyeball and around
the optic nerve (Marfurt et al., 2001). The cornea receives its shatfgainnervations from the
superior cervical ganglion and parasympathetic innervations from they@ld pterygopalatine
ganglia (Belmonte et al., 1997, Marfurt et al., 2001). Some corneal gemsge fibers are
nonmyelinated while others are myelinated (Belmonte et al., 1997), buhkeis myelin on entry

into the cornea in order to maintain corneal transparency (Mullér 2083).
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Sensory Innervation of the Cornea

Diagram VIII. Schematic of corneal innervation The ophthalmic division of the
trigeminal ganglion branches to form the long and short ciliary nerveseTraerel
anteriorly in the sclera to enter the corneal stroma in bundles anddiakfaghion. The
figure above shows a large stromal bundle that branches extensivaigteaire the
other parts of the cornea (Chan-Ling, 1989). These branches anastomosethe for
subepithelial plexus (SEP). Branching lease fibers from Bieéhter into the epithelium
where they terminate as free nerve endings (Beckers et al., 1883)s#epithelial
plexus, BL -basal epithelial leashes, IT - intraepithelial ieais. (Diagram from Chan-

Ling, 1989)

Within the cornea, the stromal nerve bundles divide to form plexuses pipdy the anterior
stroma and corneal epithelium (Diag. VIII; Marfurt et al., 2001)uBepithelial nerve plexus is

formed and axons from it innervate the superficial corneal epithellal(@elmonte et al., 1997).
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Studies have demonstrated the presence of corneal epithelialdeaskidns from the
subepithelial plexus (Belmonte et al., 1997, Marfurt et al., 2001, Muller 08B). A leash is
composed of 2 to 6 axons occurring in association with the subepithelial f\iéxidart et al.,
2001). The leashes were described as beaded, running tangential totla¢ funface and are
parallel to one another with a common orientation (Marfurt et al., 20013eThaminate within

the epithelium as free nerve endings (Diag. VIII; Beckers et al., 1993).

There are 2 types of corneal afferent neurons, the thin myelinatelteAdeve fibers and the
unmyelinated C nerve fibers (Belmonte, 1997). The A delta fibers losertyelin on entry into
The cornea (Muller et al., 2003) such that all corneal nereedevoid of myelin sheath. As in
the skin, muscle, and joints, noxious sensing neurons in the corneaedencaiceptors. There
is evidence that different types of corneal nociceptors exist (Beéret al., 2003):
mechanonociceptors, polymodalnociceptors, cold nociceptors and silent tasi¢Bglmonte et
al., 2003). Electrophysiological studies indicate that mechanonociseji$charge in response to
damaging mechanical stimuli, whereas polymodalnociceptors digcharesponse to a number
of stimuli such as carbon dioxide, ATP, endogenous chemicals, low threshold ratkimiuli
and temperatures above 39°C and below 29°C. Cold nociceptors discharghevtesnperature
of the corneal surface falls below normal temperature of g8&monte et al., 2003Filent
nociceptors do not discharge under normal circumstances, but becomeirespdren they are
sensitized (Belmonte et al., 2003). As with other peripheral nocicegdteents, these sensory
neurons express proteins known as transducers to respond to noxious stinexarfple,
TRPV1, the noxious heat transducer, and TRPM8, the noxious cold transiwveebeen

identified and described in the corn@4adrid et al., 2006; Murata and Masuko, 2006;

Mergler et al., 2010.)
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1.5 The Role of Glutamate in the Cornea

Our laboratory has shown that primary sensory corneal afferentfifeex® contain glutamate,
glutaminase, and aspartate aminotransferase (Miller et al., 2GLttHermore, another study has
localized glutamate in the superficial corneal epithelial ceisgford et al., 2010). Even though
there is evidence that glutamate is released into the human coamegofld et al., 2010), its
mechanism of release, the presence of glutamate receptors inrtba, @rd the effect of
stimulation of these receptors on behavior is largely unknown. Thisntdissertation project
will identify the presence of molecular machinery for glutamelease in the cornea as a way of
demonstrating the potential for vesicular release of glutamaltetaer neurotransmitters into the
cornea. It will focus on immunohistochemistry for synaptophysin, a pags¢ marker for
synaptic vesicles, and VGLUT, a marker of glutamatergic synagicles in corneal sensory
afferents. Immunohistochemistry will be verified with a Westeritiblp study. A retrograde
tracing study from the cornea to the trigeminal ganglion (TG) coupled with
immunohistochemistry also will be performed to demonstrate thatalor@eneuronal cell

bodies produce synaptophysin | and VGLUT2. In order to determine if glutanmaiteeaact

with afferents or resident tissue cells, a second study willizecearious subunits of NMDA,
AMPA, and kainate EAARs in the cornea by immunohistochemistry, spdigifica NMDA

NRI, the AMPA GluR1 and GIuR2/3, and the kainate KA2 and GIuR5 stsbunthird study

will determine the relative contributions of corneal glutamatep®rs on the behavioral
response to glutamate and its ionotropic receptor agonists, NMD&RAAMd kainate. The
effect of ionotropic glutamate receptor antagonists on agoniatéddrorneal nociception will be
evaluated using the following antagonists: D-AP5 (D-(-)-2-amipit@sphonopentanoic acid
[NMDA antagonist]), NBQX (2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[flquinaer -
sulfonamide disodium salt [AMPA antagonist]) and CNQX (6-cyano+baqiiinoxaline-2,3-

dione disodium salt [AMPA/kainate antagonist]).
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1.6 Hypotheses
1. Glutamate release into the cornea occurs via synaptic vesicles.
2. lonotropic excitatory amino acid (glutamate) receptors are pristhd rat cornea.
3. Corneal excitatory amino acid receptors play a role in corneateqitin and EAAR

antagonists diminish agonist-induced corneal nociception.

1.7 Aims

1. Determine if molecular machinery for vesicular glutamate relesapresent in rat cornea
with immunohistochemistry. Verify immunohistochemistry with Westeattiolg.
Detect molecular machinery for vesicular glutamate releasemealtrigeminal
ganglion neurons. (Chapter 2)

2. Localize excitatory amino acid receptor subunits in the rat cavitba
immunohistochemistry. Detect excitatory amino acid receptor subnritsneal
trigeminal ganglion neurons. (Chapter 3)

3. Evaluate the effect of glutamate and ionotropic excitatory amirmbraceptor agonists
(NMDA, AMPA and kainate) on behavioral responses in the intact cobetarmine if
antagonism of excitatory amino acid receptors reduces agonist-inokeicadoral

responses. (Chapter 4)
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CHAPTER 2

SYNAPTIC PROTEINS AND VESICULAR GLUTAMATE TRANSPORTERSIIRAT

CORNEA

Abstract

Aim: To determine if molecular machinery for vesicular glutamatexselés present in the rat
cornea. Primary afferents in the cornea contain glutamate, sabgtaand calcitonin gene-
related peptide. It is unclear if these neurotransmitters asseeldy vesicular mechanisms as in
the central nervous system. The aim of this study, therefore, was to egsctite rat cornea,

the localization of proteins involved in synaptic vesicle neurotratesmelease: synaptophysin |
and Il; vesicular glutamate transporter 1 and 2 (VGLUTL1, 2)agtosomal-associated protein 25

(SNAP-25).

Method: Corneas from Sprague Dawley rats were processed for immoobRkisistry. Whole
mounts and tissue sections were incubated in primary antisera afalidi2 and
synaptophysin I. Also, retrograde tracing from the cornea with Fluoregaddused to identify
corneal trigeminal neurons with synaptophysin | and VGLUT2. In addition, cowezas

evaluated with Western blots to detect synaptophysin | and VGLUT2.

Results: VGLUT2- and synaptophysin I-immunoreactive afferent sereee found in the
corneal epithelium, stroma and endothelium. These fibers were vasivd®xhibited an

extensive branching pattern. The presence of VGLUT2 and synaptophysheldornea was
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verified further on Western blots. There was also VGLUT2 and synaptophysin |

immunoreactivity on corneal trigeminal ganglion neurons.
Conclusion: These data indicate a mechanism for release ahgheatinto the cornea. This

mechanism may provide a novel outlook on the pharmacological means of reguiatied c

physiology during inflammation and nerve injury.
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2.1 INTRODUCTION

Glutamate is the excitatory neurotransmitter used by primargigensurons located in
trigeminal and dorsal root ganglia (Miller et al., 2011a). In addibarse as an excitatory
neurotransmitter in the central nervous system, nociceptive greseasory neurons to the skin
and muscle peripherally release glutamate along with substafé® Br(d calcitonin gene-
related peptide (CGRP) as part of the neurogenic inflammatory regjianséal., 2001,
Richardson and Vasko, 2002, Du et al., 2003, Miller et al., 2011a). Glutamatplsepair
transport occurs in synaptic vesicles (Juge et al., 2006) contaesigular glutamate
transporters 1 or 2 (VGLUT1 or VGLUTZ2; Aihara et al., 2000, Bellochia.e2000, Moechars
et al., 2006, Brumovsky et al., 2007, Miller et al., 2011a). These transpogeesponsible for
loading synaptic vesicles with glutamate. There also is evideatglutamate is released into
the cornea (Langford et al., 2010; Miller et al., 2011b) along with otheotmansmitters such as
substance P (SP) and calcitonin gene-related peptide(Sasaoka et aBel®@4s et al., 1992;
Beckers et al., 1993; Marfurt et al., 2001). A mechanism of releasetiootransmitters such as

glutamate from corneal afferents has not been studied.

Synaptophysin (I or 1) is an integral protein of the synaptic veéRua et al., 2006) where it
plays a role in regulating the amount of neurotransmitter released duringesie¢Gonzalez-
Jamett et al., 2010). Synaptophysin binds synaptobrevin, a vesicle-solublé&tBmant
protein receptor (v-SNARE) protein, to prevent synaptic vesiatkidg (Gertz et al., 1999).
Upon depolarization, intracellular calcium levels rise in a nerve tatroausing synaptophysin
and synaptobrevin to dissociate. Synaptobrevin interacts with taxgedRSs (t-SNARE), such

as synaptosomal-associated protein 25 (SNAP-25), for vesicular exscytosi
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Studies show that synaptophysin | and Il are localized to neurons in therdotggdnglion (Sun
et al., 2006) and trigeminal ganglion (Tarsa and Balkowiec, 2009). The patipfferents of
these sensory neurons are distributed to tissues such as the skin andfooonezallafferents
release glutamate from their peripheral terminals, then protspsmsible for release should be
localized to the cornea. This current study, therefore, focused on thpti@saf
immunohistochemical labeling of synaptophysin | and Il, SNAP 25, and VGLUT 1 anth@ i
cornea. The presence of these proteins synaptophysin | and VGLUT2nfiashed with
Western blotting. Retrograde tracing from the cornea was used tp theripresence of

synaptophysin I and VGLUT2 in TG.

2.2 METHODOLOGY

2.2.1 Immunohistochemistry

2.2.1.1Tissue preparation

Adult Sprague Dawley rats (n=12) were euthanized with Averpr) flollowed by xylazine

(i.p.). The thorax was opened and animals were perfused transgandidalie ascending aorta
with 100ml of calcium free Tyrrode’s buffer (23°C) followed with 300mfixétive: 0.8% picric
acid, 0.2% paraformaldehyde and 0.1 M phosphate buffer (23°C), pH 7.4 (Hoffmar2é1@).
The bulbus oculi was enucleated and cornea excised. The tissues whateddor 2 to 3 hours
in fixative and transferred to phosphate buffered saline (PBS) in 10%ssuwmrernight. Corneas
were processed for immunohistochemistry as whole mounts or sagdted 8ections. For tissue
sections, the corneas were frozen in M-lembedding matrix (Lipshaw) andsHgjittal sections
were cut in the cryostat at -21°C. Tissue sections were thaw-mountegedatin coated glass

slides.
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The whole mounts and tissue sections were rinsed three times in PBS. Suhsdbagmnwere
processed for immunohistochemistry using rabbit anti-VGLUT 2 (Sigm&XY/2000), rabbit
anti-SNAP 25 (ABD Serotec, 1/20000), rabbit anti-synaptophysin | (Chemicon, 1/5060), a
rabbit anti-synaptophysin Il (Chemicon, 1/5000). Tissues were incubated dreaahé&°C for
120hr. Tissues were rinsed three times with PBS, 10 minutes each, andeid¢utiédtinylated
goat anti-rabbit IgG (Jackson, 1/8000 dilution). The tissues were rimssdtimes in PBS, 10
minutes each, and incubated in streptavidin-HRP (Invitrogen, 1/1000 dilutio®) fminutes.
The tissues were rinsed three times in PBS, 10 minutes each, anitheudrated for 10 minutes
in 20Qul of tyramide solution (1/400 dilution) and amplification buffer with 0.3% bgen
peroxide. Whole mounts were placed on glass slides. Coverslipsppased using Prolong
Gold mounting medium (Vector) and incubated overnight at room temperanaged were
obtained using a Spot camera (Diagnostic Instruments) attached tgnapu® BX51

epifluorescence microscope.

2.2.1.2Removal of corneal epithdium with thermolysin

In order to examine the stromal corneal afferents, corneas werea tngtitehermolysin (Endo et
al., 2004) in the following manner. Adult Sprague Dawleyrats (n = 3)agrieyxiated with
carbon dioxide. The bulbus oculi was enucleated and corneas excised. sQomediately were
incubated in a solution containing 5ml of thermolysin (1:4 dilution in PER$n&) and &l of 1M
calcium chloride at 4°C for 30 minutes. To stop the enzymatic reactiomssbhed were
incubated in 1ml of 0.5M EDTA and 100ml of DMEM (Dubelcco’s maodification of Eagle
medium; Invitrogen) for another 30 minutes. The epithelium was separatedhe stroma by
gentle scraping with a scalpel blade. The stroma was post fixed i goadi fixative (0.8% picric
acid, 0.2% paraformaldehyde and 0.1 M phosphate buffer at pH of 7.4) and sullgequent

processed for whole mount immunohistochemistry as described above.
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2.2.2 Retrograde tracing:

Adult Sprague Dawley rats (n = 8) were anaesthetized with Isafiapthe eyelids were parted
and 10-2Ql of 5% fluorogold was injected with a Hamilton syringe into thenearusing a
dissecting microscope. Spills from the injection site immediatele wiped off with cotton
tipped applicator and subsequently irrigated with distilled water. Asimeate allowed to
recover from anesthesia before returning them to their cages. Aftgs Slgaanimals were
euthanized with Avertin (i.p.) followed by xylazine (i.p.) and transedlsdperfused with fixative
as described earlier. Ipsilateral trigeminal ganglia were remawedrgiostat sections at 10-

20um were processed for synaptophysin | and VGLUT2 immunoreactivity aslagsabove.

2.2.3 Western blot

Fresh cornea and trigeminal ganglia (positive control) were obtaioedadult Sprague Dawley
rats (n =3)and homogenized using lysis buffer (8M urea, 50mM TrisHCI, 1nhidttiteitol and
1mM EDTA,pH 7.4, 4°C) and phosphatase inhibitor cocktail | and Il and proteab&adnhi
(Sigma). Homogenates were centrifuged (70,000 rpm, 20 minutes) and the oat=ntration
of the supernatant was measured (BCA Protein Assay Kit, Pierce drRihclkf) to normalize the
samples. Rabbit anti-VGLUT2 antibody (Sigma, HY19) and rabbit antiggpphysin |
(Chemicon) were conjugated M-280 Dynabeads (Schechter et al., 20086);e¥ldl., 2012).
Equal amounts of total protein (75mg/ml) were exposed to rabbit anfitsyatgysin | antibody-
beads or rabbit anti-VGLUT2 antibody-beads (16 hr, 4°C) for proteifigation (Schechter et
al., 1998). Samples were exposed to a magnet to collect the bead-antibody-propéex.cdiine
purified VGLUT-2 or synaptophysin | was eluted from the beads using Ldnfoater (10mM
Tris Base, 1mM EDTA, and 2.5% SDS%-®ercaptoethanol and 0.01% bromophenol blue) and

heating the samples at 100°C for five minutes.
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Gel electrophoresis was performed using a 12.5% polyacrylamide gel (BBddesy Phast-
System, Promega) along with molecular weight standards (Novageegi8er et al., 2005).
Separated proteins were transferred to a nitrocellulose membrageheiPhastSystem in a
buffer of 25 mMTris, 192 mM glycine and 20% methanol, pH 8.0 at 25mA for 20 minutes.
Immunoblotting was performed using the Protoblot Il AP System (Promé&dgnbranes were
dried at 37°C, rinsed in 20 mMTris-HCL, 150 mMNacCl and 0.05% Tween 20, pH 7.5 (TBST),
washed in 1% bovine serum albumin (BSA) in TBST and incubated in rahibsyaaptophysin |
(1:1000) or rabbit anti-VGLUT2 (1:2000) antisera for 1 hour at room teatyoe. Membranes
were washed in TBST followed by incubation in alkaline phosphatase conjugateaig-rabbit
antibody for 30 minutes and washed twice in TBST and TBS. Membranes wdvatagtin
Western Blue stabilized substrate for alkaline phosphatase (PapBiegomo-4-chloro-3-

indolyl-phosphate, nitro blue tetrazolium) for immunoreactive detection

2.3 RESULTS

2.3.1 Immunohistochemistry

Immunoreactivity was not observed for synaptophysin Il or VGLUT 1 in eébmakole mounts
or tissue sections. Corneal afferent nerves were immunored&jvier( VGLUT 2. The whole
mounts show intense VGLUTZ2 immunoreactivity in the epithelium suchitthvals difficult to
delineate the layers of the cornea. For this reason, the corneal epitivelsuremoved with
thermolysin. Following the removal of the corneal epithelium, numerous neevs fiere
visualized traveling through the stroma (Fig. 2.1.1). These nerve bulisidmsyed extensive
branching pattern. On the sagittal sections (Fig.2.1.2), VGLUT2-IRerfdyers were found in
the epithelium (Fig 2.1.2 and 2.1.3), stroma and endothelium (Fig. 2.1.2). Inttinedigpi and

endothelium, VGLUT 2-IR afferents fibers exhibit varicositiemgl their trajectories and were
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seen as scattered punctae throughout the stroma. Within the endotheli2uh. 2figaricose IR
fibers travel along most of the entire length of the endothelium. Reti®tyi@cing indicated that
corneal trigeminal ganglion neurons were labeled and that small to mddiomater neurons had

VGLUT 2 immunoreactivity (Fig. 2.2).

Synaptophysin I-IR varicose nerve fibers were localized in corneal whmlatmand tissue
sections (Fig. 2.3). There were numerous synaptophysin I-IR beadedibersarf the

epithelium, endothelium and stroma (Fig. 2.3.2 and 2.3.3). Some synaptophysin I-IR corneal
epithelial nerves fibers initially travel parallel to the calrgurface, but turn abruptly, almost at
right angles, to terminate within the superficial corneal epithelWithin the stroma, varicose
synaptophysin I-IR nerve bundles were observed. In the endothelium, synaptophysinnei&t cor
nerve fibers could be seen along the entire length of the endothelium. Retrogradge t
demonstrated labeled corneal trigeminal ganglion neurons with synagtoplgsunoreactivity

(Fig. 2.4).

In corneal whole mounts, there were numerous varicose SNAP 25-IR corneslibers (Fig.
2.5). The SNAP 35-IR nerve fibers in the stroma had extensive branching befering the

subepithelial plexus.

2.3.2 Western blots

Western blotting was used to verify the presence of VGLUT2 and synaptophysimiddt rat
cornea. A single VGLUT 2-IR band from the cornea occurred at 65 kiloDdk®asFig. 2.6).
A single synaptophysin I-IR band at 38 kDa was obtained from the rat cornea (Fig. 2.7)
Trigeminal ganglia were used as positive controls and showed comparabletbésidd for

VGLUT2 and 38Kd for synaptophysin I.
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Figure 2.1VGLUTZ2 Immunohistochemistry in the rat cornea.ln figure2.1.1 (corneal whole
mount), the epithelium was been removed to reveal the underlying VGLRI$2emal nerve
bundles with their extensive pattern of branching (white arrows). Sagitthon (10um) of the
rat cornea (Fig 2.1.2 and 2.1.3). The white arrows show VGLUT2-IR ni&ess in the corneal
epithelium, stroma and endothelium (Fig 2.1.2). Intensely labeled VGLUT2riR$1ean be

seen within the corneal epithelium (Fig.2.1.3).
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Figure 2.2 Retrograde tracing study for VGLUT 2. Sections from the trigeminal gangli
Trigeminal ganglion neurons were retrogradely latetith fluorogold (Fig .2.1, arrows).
Neuronal cell bodies in the trigeminal ganglion g&v#R for VGLUT2 (Fig :.2.2, arrows &
arrowheads). Smaihedium diameter fluorogold neurons contained VGL2Zilmunoreactivity

(Fig 2.2.3, arrows).

29



Epithelium

Stroma

< 4

Endothelium

Epithelium

Figure 2.3 Synaptophysin | immunohistochemistry in the rat corneaCorneal whole mount
showing synaptophysin I-IR corneal afferents (Fig 2.3.1) as indicated byhtteeasrows.
Sagittal section (10um) of the rat cornea shows IR afferents inithelgpn, stroma and
endothelium (Fig 2.3.2). In figure 2.3.3, the white arrows show varicosggyphysin | IR

afferents within the corneal epithelium.
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Figure2.4 Retrograde tracing study for Synaptophysin I. Sections from the trigemin
ganglion. Trigeminal ganglion neurons were retrdgha labeled with fluorogold (Fi2.4.1,
arrows). Neuronal cell bodies in the trigeminal gjam were IR for synaptophysizi (F2.1.2,
arrows and arrowheads). Fluorogolbeled neurons contained synaptophys

immunoreactivity (Fig.1.5, arrows).
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Figure2.5SNAP25immunoreactivity in rat cornea. In this corneavhole moun, the white
arrows point to SNAP2ER nerve fibers within the cornea. Thasgicose nerve fibe are

numerous and branchadgthin the stroma of the corn.

VGLUT 2 WESTERN BLOT

TRIGEMINAL MOLECULAR
Kd GANGLIA CORNEA WEIGHT Kd

65

Figure 2.6 Western blot detection of VCLUT2 in the rat cornea. At 65 kDa, a single VGLU
2-IR band was detected from the trigeminal ganglh@rnea. Numbers on the right indic

positions of molecular weight markers in kiloDaltons (kI
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Figure2.7 Western blot detection ofsynaptophysin | in the rat cornea At ~38 kDa, a sing|
synaptophysin IR band was detected from the trigeminal ganglih@rnea. Numbers on t

right indicate positions of molecular weight marker kiloDaltons (kDa

2.4 DISCUSSION

In skin and joint, glutamate&SP, and CGRPrareleased from &and C peripheral sensory ne
terminals to sensitize surrounding nerve terminals$ cells and initiate neurogenic inflammat
cascadesWoolf and Ma, 207; Miller et al., 201). Peripheral glutamate release appea
require depolazation of primary afferent terminals with high ¢ishold stimulation (Miller et al
2011a). h the cornea, there is evidence that gluta, SP, and CGRP are contained in cori
nerve fiberdBeckers et al., 1992, Beckers et al., 1993, Madtal.,2002; Miller et al., 2011),
but a mechanism for peripheral release has noté&egaored In this study, we identifie
synaptic vesicle proteinsynaptophysin | and VGLU7, and a tSNARE protein, SNAP 25, i
primary afferentmmunoreactiv nerve fibers in the cornea. The presencgabptophysin | an

VGLUT 2 was verified with Western blotting. Their origirofn AS and C primary afferer
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neuronal cell bodies (small-medium diameter; Hoffman et al., 2010) wamietd by

retrograde tracing coupled with immunohistochemistry for synaptophysthV&LUT 2.

VGLUTSs are required for synaptic vesicle loading and storage of gltéggoraneurotransmission
(Bellochio et al., 2000; Juge et al., 2006; Moechars et al., 2006; Bruynetvak, 2007; Miller et
al., 2011a). Primary sensory neurons in DRG and TG express VGLUT1 or 2 and mdicse scia
nerve axons and intraepidermal afferents contain VGLUT2 (Brumovshky 20a7). Glutamate
and other neurotransmitters are released from nerve terminafsdxocytotic process using
complexes of t- and v-SNARESs. For example, the v-SNARE of synapticegssginaptobrevin,
is inhibited tonically by synaptophysin via a calcium mediated psog&erst, 1999). Upon nerve
terminal depolarization, elevated intracellular calcium legaisse the synaptophysin-
synaptobrevin complex to dissociate and synaptobrevin is able tccintgita syntaxin and

SNAP 25, t-SNARES, on the plasma membrane (Reisinger et al., 2004). The sywaptobr
syntaxin and SNAP 25 helix complex is required for vesicle/plasma meminsioe {Reisinger
et al., 2004). Our results demonstrated the presence of SNAP 25, VGLUT¢haptbphysin |

in rat corneal afferents. One interpretation of these results wotlfchbglutamate is released
into the cornea by vesicular exocytosis, potentially from high threshasbsestimuli (Miller et

al., 2011a).

Previous studies show that branches of the long and short ciliary eeteeshe corneal stroma
in bundles and in a radial fashion (Chan-Ling, 1989; Muller et al., 1997; Matfakt 2001).
These stromal nerve bundles divide to pierce Bowman’s membrane and faubdpihelial
plexus. Branches from this plexus, termed leash fibers, enter into theligpitand they
terminate as free nerve endings (Chan-Ling, 1989; Muller et al., M8Tyrt et al., 2001). This
previously reported sensory innervation pattern of the cornea matches aiibaltion of

VGLUT2 and synaptophysin | in this study. Varicosities in nerve fiberdddda the peripheral
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and central nervous systems are potential sites of “en passagetamesnutter release
(Burnstock, 2007; Fuxe et al., 2010). The presence of VGLUT2 and synaptophysini¢asea
stromal and leash fibers may indicate release in the stroma and epitiélipresence of
immunoreactive varicose stromal and leash fibers may indicate thdtdtie the potential for

glutamate release, as well as epithelial free nerve endings.

In skin, joint, and muscle, glutamate causes sensitization of peripfierahés and other cell
types in both normal and inflamed tissues (Du et al., 2001; Miller et al., ROhtanse stimuli
trigger vesicular release of glutamate from primary afferenesanto peripheral tissues, such as
the skin (Brumovsky et al., 2007; Miller et al., 2011a). Glutamate, ezldasm nerve terminals,
interacts with excitatory amino acid receptors (EAARS) on surroundingaffeerves to lower
their activation threshold, thereby causing peripheral sensitiz@ioet(al., 2001; Miller et al.,
2011a). Itis not known, however, if glutamate has similar sensitizing®ffettie cornea via
EAAR’s. The identification of SNAP25, synaptophysin | and VGLUT2 in corneapperal
afferents provides a foundation for determining the mechanism for peighgiamate release in
the cornea. Understanding the peripheral release of glutamate inriba agay provide insight

into corneal physiology during inflammation and tissue damage.
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CHAPTER 3

IMMUNOLOCALIZATION OF IONOTROPIC GLUTAMATE RECEPTORS

IN THE RAT CORNEA

Abstract

Aim: Immunohistochemical localization of select ionotropic exoitaamino acid receptor

(EAAR; glutamate) subunits in intact rat cornea.

Methods: Corneas from adult Sprague Dawley rats were fixed with paaé@hyde/picric acid
and processed for immunohistochemistry. Whole mounts and saggital éssoaswere
incubated in primary antisera against EAAR subunits: 1. NMDA receptor istNfeh and
phosphorylated NR1 (pNR1); 2. AMPA receptor subunits GIuR1 and GluR2/aji&té
receptor subunits KA2. In addition, retrograde tracing from the cavited-luorogold was used

to identify corneal trigeminal neurons with NR1, KA2, and GIuR5 immunaixéigc

Results: Rat corneas were immunoreactive for NR1, pNR1, GluR1, GluR&/BA@nsubunits.
Immunoreactivity for pNR1 occurred on the membrane of corneal epithellsand as scattered
punctae within the epithelial cell nucleus. In addition, corneal epitheliat fiders were
immunoreactive for the NR1 receptor subunit. Corneal epithelial celsimenunoreactive for
GluR1, as well as GluR1 immunoreactive nerve fibers within the subegithlelkus. Intense
GluR2/3 immunoreactive granules were localized in the cytoplasm dalagpithelial cells, as

well as perinuclear clustering of immmunoreactive punctae. Epitleelialwere immunoreactive
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for KA2 receptor subunit with scattered cytoplasmic punctae. Retgracing from the cornea

localized NR1, KA2, and GIUR5 immunoreactivity in trigeminal neurons.

Conclusion: These results indicate that ionotropic EAARSs ardizedato both rat cornea
epithelial cells and corneal primary afferents. Glutamate reldes® corneal epithelial cells
and/or afferents could produce sensitization of the cornea via NMDA, Abffdl4kainate

EAARs.
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3.1 INTRODUCTION

Glutamate is an excitatory neurotransmitter in central and peaipdbeons of trigeminal and
dorsal root ganglion neurons (TG, DRG; Miller et al, 2011a). Traffickimg) release of
glutamate in these sensory neurons occurs via vesicular glutaamegedrter 1 or 2 (VGLUTL,
2; Aihara et al., 2000, Bellochio et al., 2000, Moechars et al., 2006, Brumovsky2&04],
Miller et al., 2011a; Chapter 2 - Ibitokun, 2012). Glutamate is released g@adlghHrom primary
afferent nerve fibers in skin, muscle and joint as part of the neurdgéaiomatory response
where it exerts a sensitizing effect on surrounding afferents adémeand migrating
inflammatory cells (Cairns et al., 2001, Du and Carlton, 2006, Miller et all,a230This
sensitizing effect occurs via ionotropic and metabotropic exgjitatmino acid (glutamate)
receptors (EAARs; (Du et al., 2001; Du et al., 2003; Du and Carlton, 2006gPahg2011;
Miller et al., 2011a). It is not known, however, whether EAARS are Iddatthe cornea or if

glutamate has a similar effect in the cornea as in other peripisstees.

In the cornea, glutamate is present in human superficial epithelmbnd stroma (Langford et
al., 2010) and rat corneal afferents (Miller et al., 2011b). Rat corfieadrats have VGLUT 2 for
glutamate transport and storage (Chapter 2 - Ibitokun, 2012) and the relelasanoéig from
corneal afferents appears to occur via vesicular exocytosissysiagtophysin | and SNAP 25
(synaptosomalassociated protein 25) (Chapter 2 - Ibitokun, 2012). If gleteamateased from
afferents into the cornea, then sensitization of corneal affenethtsetis may occur by interaction
with iontotropic and/or metabotropic EAARS similar to what has beenideddn the rodent
skin, joint, and muscle (Cairns et al., 2001; Du et al., 2001; Du et al., RaG&d Carlton, 2006;
Brumovsky et al., 2007; Miller et al., 2011a). The current study, therefotéoeuis on

localization of iontropic EAARS in the rat cornea.
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lonotropic glutamate receptors are classified into three typesilmn selective agonists: N-
methyl-D-aspartate (NMDA); 2-amino-3-(5-methyl-3-oxo-1, 2- mtakzyl) propionate

(AMPA); kainate (Wo and Oswald, 1995, Chen et al., 1996, Lu et al., 2009). These ianotropi
receptors are comprised of subunits: NMDA - NR1, NR 2A-2D subunits; ANGMR 1-4

subunits; Kainate- KA1-2, GIuR5-7 subunits (Wo and Oswald, 1995; Chen E9@6; Lu et al.,
2009). Previous immunohistochemical studies have localized EAARs on unngeléatns in

the rat skin. For example, EAAR subunits (NR1, NR2B, GluR1, GluR2/3, GIuR5-7Yeave
demonstrated on unmyelinated nerve fibers in rat hairy and glabrous skiregtitoe!

microscopy (Carlton et al., 1995, Coggeshall et al., 1997, Coggeshall and Carlton, 1998l. Du e
2003, Du and Carlton, 2006). The NMDA NR1 subunit also has been localized to human and rat
skin keratinocytes (Fischer et al., 2004a; Fischer et al., 2004b)r ®titeSchechter —
unpublished observations). To further understand the potential role ohgtetan the cornea,

this study aims at determining EAAR expression and localization in the ra&iacoyn
immunohistochemistry and with retrograde tracing from the cornea td3lo®idpled with

EAAR immunohistochemistry.

3.2 METHODOLOGY

3.2.1 Immunohistochemistry.

Adult Sprague Dawleyrats (n = 12)were euthanized with Avertin foffowed by xylazine

(i.p.). The thorax was opened and animals were perfused transcardidl dscending aorta

with 100ml of calcium free Tyrrode’s buffer (23°C) followed with 300ml of tiixe 0.8% picric

acid, 0.2% paraformaldehyde and 0.1 M phosphate buffer (23°C), pH 7.4 (Hoffman et al., 2010)
The globe was enucleated and cornea excised. The tissues were incubate®fbors in

fixative and transferred to phosphate buffered saline (PBS) in 10% soverysgght. Corneas

were processed for immunohistochemistry as whole mounts or saggte Sections. For tissue
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sections, the corneas were frozen in M-1 embedding matrix (Lipshaw) armdsHgjittal sections
were cut in the cryostat at -21°C. Tissue sections were thaw-mountecetatio goated glass

slides.

The whole mounts and tissue sections were rinsed three times, 10 minhtesRES.
Subsequently, they were processed for immunohistochemistry usingltiérfglantisera: rabbit
anti-phosphoNR1 (recognizing phosphosphorylated Serine 897, 1/500, Upstate), rabiilanti-
(1/250, Epitomics), rabbit anti-GIuR1 (1/2000, AbDSerotec), rabbit anti-GR@2250,
Chemicon), rabbit anti-KA2, (1/1000, Millipore) and rabbit anti-GIuR5 (1/1000, NoVhs).
antisera concentrations were determined after doing a series ajrdgutives for each antibody
on cornea, TG, and DRG. Tissues were incubated in primary antisera oreaahIC for
120hr (Hoffman et al., 2010). Tissues were rinsed three times in PBS, 10 michteseéa
incubated in Alexafluor 488 conjugated goat anti-rabbit IgG (1/2000) for 60k@@tes. Tissues
were rinsed three times in PBS, 10 minutes each. Whole mounts were@iaglads slides.
Coverslips were apposed using Prolong Gold mounting medium (Vector) and incobarteight
at room temperature. Images were obtained using a Spot camera (Déalistrstments)

attached to an Olympus BX5I epifluorescence microscope.

3.2.2 Retrograde tracing.

Adult Sprague Dawley rats (n = 5) were anaesthetized witlhuwaihe, the eyelids were parted
and 1@l of 5% Fluorogold was injected with a Hamilton syringe into the cousésy a
dissecting microscope. The injection site was wipedimmediafigthycotton tipped applicator and
irrigated with distilled water. Animals were allowed to recdvem anesthesia before returning
them to their cages. After 5 days, the animals were euthanized arwhtcialty perfused with

fixative as described above. Ipsilateral trigeminal ganglia werewednand cryostat sections at
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10-2Qum were processed for NR1, GluR1, KA2, and GIuR5 immunoreactivity aslukscr

above.

3.3 RESULTS

On corneal whole mounts (Fig 3.1), there was intense NMDA pNR1 immunorgagtivthe
corneal epithelial cell membrane and as scattered puntae within teesif@n sagittal sections
(Fig. 3.2), NMDA NR1 immunoreactive (IR) varicose nerve fibers waeatified that coursed

through the corneal epithelium.

GluR1 immunoreactivity was localized to the subepithelial cornegbrgexus on corneal whole
mount (Fig. 3.3). The nerve fibers were numerous and they had an extensolrertygpattern.
GluR2/3 immunoreactivity occurred in corneal epithelial cell®iwithe cytoplasm and

perinuclear area (Fig. 3.4).

On whole mounts, corneal epithelial cells contained scattered KAPalRilgs in the cytoplasm

(Fig. 3.5).

Numerous neurons in the TG were identified with Fluorogold labeling (Fiy. BlB1
immunoreactivity was localized to all retrogradely labeled neurogs 8Ff), whereas KA2 and
GIuR5 immunoreactivity was only identified in small-medium diametearores (Hoffman et al.,

2010) that were retrogradely labeled (Fig. 3.8-3.9).
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Figure3.1NMDA pNR1 immunoreactivity in cornea (whole mount) Corneal epithelial cell
membranes are immunoreactive for NMDA pNR 1 (white arrows) and assvatbstered pNR1

immunoreactive granules within the nucleus (yellow arrows).
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Figure3.2,NMDA NRlimmunoreactivity in the rat cornea (10pm sagittd section). There was
intense NMDA NR1 immunoreactivity on corneal epithelial ndilders (white arrows). These
corneal afferent nerve fibers exhibited varicosities aadeted between the superficial corneal

epithelial cells.

43



Figure3.3;AMPA GIuR1 immunoreactivity in cornea (whole mount). Whole mount of the

cornea shows GIUR1 immunoreactivity on subepithelial plexus as indicatbd Wite arrows.
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Figure3.4,AMPA GIuR2/3 immunoreactivity in the rat cornea (10um sagittal setion).
GluR2/3 immunoreactivity occurred in corneal epithelial cellge @Wistribution is mainly within
the cytoplasm (white arrows) of the epithelial cells with a ctirgjearound the nucleus (yellow

arrows).
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Figure3.5;Kainate KA2 immunohistochemistry in cornea (whole mount) There were
numerous scattered immunoreactive granules in corneal epittediéalar KA2 receptor subunit

as indicated by the white arrows.
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Fluorogold labeled neurons in
Trigeminal ganglion

Figure 3.6 Retrograde labeling of trigeminal neurons from correz. Fluorogold was injecte
into the cornea and, after five days, the trigeinjiaaglion was processed for fluoresce
microsc@y. Numerous Fluorogold neurons, arrows point gat@ples, were retrogradely labe

from the cornea.
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Fluorogold

Fluorogold +

Figure3.7;Retrograde tracing study for NR1. NR1 immunoreactivityarrows, arrowheadwas

localized to all retrogradely labeled neur (arrows).
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Fluorogold

Fluorogold +

»

Figure 3.8 Retrograde tracing study forKA2 . KA2 immunoreactivity (arrows, arrowheac

was localized to all retrogradely labeled neur@mso{vs)
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Fluorogold

Fluorogold

Figure3.9;Retrograde tracing study forGIuR5. GIuUR5 immunoreactivity (arrows, arrowhea

was localized to all retrogradely labeled neur@msofvs)
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3.4 DISCUSSION

The present study demonstrates that NR1 (NMDA), GluR1 (AMPA), and GlufRtatk) EAAR
subunits are present in corneal afferent nerves and/or corgeahitnal neuronal cell bodies.
These findings are consistent with previous studies that locatinettrépic EAARS to
unmyelinated axons in the rat dermis (Carlton et al., 1995, Coggeshall et al., 199@digg
and Carlton, 1998, Du et al., 2003). For example, immunohistochemical studieetb&HAR
subunits in rat sural and plantar nerves at the ultrastructurédl MM®A NR1 (21-30% of
unmyelinated nerves), NR2B, GIuR1 (8-17%), GluR2/3 and GIuR5-7 (7-44%). In theiaat fa
skin, most cutaneous afferents have NR2B immunoreactivity (Gazewni2@10a), as well as
muscle afferents in female rat temporalis muscle (Gazeranj 20&Db). In the human hairy
skin, unmyelinated axons (~25%) below the dermal—epidermal junction contain NRL243,
GIuR5/6/7 immunoreactivity (Kinkelin et al., 2000), whereas afferentsiman tendon contain

NR1 immunoreactivity (Alfredson et al., 2001a).

To our knowledge, this is the first demonstration of EAAR subunit immunoregdtiviierve
fibers among epithelial cells. Corneal afferents are both unmyelinatemyelinated, but
myelination is not maintained upon axonal entry into the cornea stroroarfaral transparency
(Belmonte et al., 1997; Muller et al., 2003). Within the cornea, nerve buttigide to form
plexuses to supply the anterior corneal stroma and epithelium (Metrfair, 2001). Afferents
form a subepithelial nerve plexus and corneal epithelial leashes, sethpfi2-6 axons, from the
plexus innervate superficial corneal epithelial cells (Belmentd., 1997; Marfurt et al., 2001,
Muller et al., 2003). The epithelial leashes are varicosesfilagmgential to the corneal surface,
parallel to one another, and terminate in the epithelium as free evatiregs (Marfurt et al.,
2001; Beckers et al., 1993). In the current study, NR1 and GIuR1 immutinitgaccurred in
nerve fibers of the stroma, subepithelial plexus, leashes, and/or freeeneiings. Glutamate

release in the cornea from epithelial cells or peripheral nenvéntals potentially could interact
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with nearby nerve endings in either the stroma or the epithelium.

Glutamate released in the cornea also could interact with corndgwdligpitells. In the current
study, epithelial cells contained immunoreactivity for NR1 (NMDBR2/3 (AMPA), and

KA2 (kainate) EAAR subunits. Other investigators have identified EA#&bunits in cells in the
stratum granulosum of the skin(Fischer et al., 2004b), buccal epithelisohéFiet al., 2004a),
olfactory epithelium (Borgmann-Winter et al., 2009) and renal tuleydethelium (Bozic et al.,
2011). Furthermore, there is evidence that glutamate is presemhaatepithelial cells
(Langford et al., 2010). Stimulation of EAARSs on epithelial cells is thotmgéensitize resident
cells and surrounding afferents. It also has been shown that EAARSs playraregalating
calcium homeostasis in keratinocytes and calcium induced keratinodgteliiation (Fischer et

al., 2004a; Fischer et al., 2004b; Fischer et al., 2009).

Glutamate is released peripherally from nociceptive afferemerierminals in response to high
threshold stimuli in skin, joint, and muscle (Cairns et al., 2001; Du et al.; ROItdr et al.,
2011a). Glutamate interacts with EAARSs on peripheral afferent nemintds to cause
nocifensive behavior and sensitization in both normal and inflamed ti€3aiess et al., 2001;
Du et al., 2001; Miller et al., 2011a). Examples of EAAR that have been r@popeoduce
sensitization in peripheral tissues include NMDA, AMPA and kainatepters (Du et al., 2003;
Du and Carlton, 2006; Miller et al., 2011a). The presence of glutamatergefiters (Miller et
al., 2011b; Ibitokun — Chapter 2) and EAARS in rat cornea suggests tlahgtatmay have a
similar effect in the cornea. The nocifensive role of EAARS in theaiatea will be addressed in

the next chapter.
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CHAPTER 4

IONOTROPIC GLUTAMATE RECEPTORS IN THE RAT CORNEA: BEHAVRAL

EVALUATION

Aim: To determine the relative contribution of excitatory amino aadptors (EAARS) on
behavioral responses to glutamate, ionotropic EAAR receptor agjcemst EAAR antagonists.
Methods: The number of cornea nocifensive or irritation behavidriftd, wiping and head
shaking movements) were counted up to 30 seconds after instillationezsimg concentrations
of: monosodium glutamate , NMDA (N-methyl-D-aspartate), AMPA (2ran8-(5-methyl-3-
0x0-1,2- oxazol-4-yl) propanoic acid) and kainate. The effect of inageasncentrations of
EAAR antagonists were determined on respective EAAR agonists, DEARY-P-Amino-5-
phosphonopentanoic acid, (NMDA antagonist)], NBQX [2,3-diox0-6-nitro-1,2,3,4-
tetrahydrobenzo[flquinoxaline-7-sulfonamide disodium salt, (AMPA antagdrand CNQX [6-
cyano-7-nitroquinoxaline-2,3-dione disodium, (AMPA/kainate antagonist)].

Results: Glutamate, AMPA and kainate independently induced corntslamibehaviors in a
dose dependent fashion. The effects were blocked with complemeAiaR, &htagonists.
NMDA did not induce significant nocifensive responses, however, D-AP5, NMDéganist,
did produce a dose dependent inhibition of glutamate-induced behavior.

Conclusion: These data indicate that EAARS can contribute to ¢amitadion or nocifensive
behavior. Data also show that antagonism of corneal glutamatearscegu inhibit EAAR-
induced corneal irritation behavior. EAARs may be important pharmacaldgigets for

controlling corneal pain/irritation.
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4.1 INTRODUCTION

Glutamate is an excitatory neurotransmitter released fromphmel A and C sensory nerve
terminals (Miller et al., 2011a). The peripheral transport fragemninal ganglion (TG) and
dorsal root ganglion (DRG) neurons occurs in synaptic vesicles simgfaesicular glutamate
transporter 1 or 2 (VGLUT1/2; Aihara et al., 2000, Bellochio et al., 2000, Mogeh al., 2006,
Brumovsky et al., 2007, Ibitokun, 2012 — Chapter 2). Peripheral releaseavhgtatfrom
nociceptive primary afferent nerve terminals in skin, muscle andgoaurs upon strong noxious
stimulation. Glutamate released from peripheral nerve terminattsexsensitizing effect on
surrounding afferents and resident cells and participates in tihegesic inflammatory response
(Cairns et al., 2001, Du and Carlton, 2006, Miller et al., 2011a). The effect of gtetamthe

cornea, however, is not known.

There is evidence that glutamate is present in human corneal siapegithelial cells and
stroma and in corneal afferents (Langford et al., 2010; Miller et al., 20%dbstance P (SP) and
calcitonin gene-related peptide (CGRP), neurotransmittens ofteeleased with glutamate, have
been described in corneal primary afferent nerve fibers and terr{Bzsaoka et al., 1984,
Beckers et al., 1993, Belmonte et al., 1997, Marfurt et al., 2001, Muller et al., 2083). W
previously identified synaptic vesicle-related proteins, vesigildamate transporter 2
(VGLUT?2), synaptophysin | and SNAP 25 (synaptosomal associated protein BBjve fibers

of the rat cornea (Ibitokun — Chapter 2). These results inditagubtential release of glutamate
from corneal primary afferent nerve terminals, similar to affer@ntéher peripheral tissues
(Brumovsky et al., 2007; Miller et al., 2011a). In addition, subunits of excitatoiyo acid
receptors (EAARS) have been identified immunohistochemically in abpmignary afferents and
epithelial cells (Ibitokun, 2012 — Chapter 3). Stimulation of EAARS in s&int,jand muscle

produces nocifensive behavior and pain responses in rodents and humans, ebsf€atims et
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al., 2001, Du and Carlton, 2006, Miller et al., 2011a). The presence of cornealagéugard
EAARSs suggests that similar events may occur from glutamatergiadtiters in the cornea. To
further understand the role of glutamate in the cornea, the prasdgyagns at investigating the

contribution of peripheral EAARS in cornea to irritative/nocifeadbehavior.

4.2 METHODS

4.2.1 Animals

All experiments were approved by the Oklahoma State University Aiiiara and Use
committee. A standardized corneal nociceptive animal model waswsapio determine if
stimulation of corneal glutamate receptors contribute to corméation/nocifensive behavior
(Gonzalez et al., 1993; Karai et al., 2004; Bates et al., 2010). Adult Sppaguey rats (250 to
4509) were used in all experiments. Rats were housed in groups of 2 to 3 ingalgss with
soft bedding under a 12-hour light/dark cycle. They had access to food and widitumd |
Steps were taken to minimize the number of animals used and ticeiméost. Some animals
were used more than once in this study, but this only occurred 7 days atieusati All corneal

stimulations were limited to 30 sec and eyes were irrigated with fediteving stimulation.

4.2.2 Dose response assay for EAAR agonists

In order to detect nocifensive behavioral responses from EAAR stioml#tie following

solutions were prepared: 1. monosodium glutamate (Sigma) - 0.01, 0.03, 0.1, 0.3, 0.5, 1.0M; 2.
AMPA (2-amino-3-(5-methyl-3-0x0-1, 2- oxazol-4-yl) propanoic acitdris)) - 0.1, 0.3, 1.0,

3.0, 10 mM; 3. Kainate (Sigma) - 0.001, 0.033, 0.1, 0.33, 1.0, 3.3 and 10 mM; 4. NMDA(N-
methyl-D-aspartate; (RBI)) - 0.1, 0.33, 1.0, 3.3, 10mM. The concentrations f6AkiR

agonists were based on previous studies using other nociceptive tests inkiodgrings, and

muscle (Miller et al., 2011a). The vehicle of instillation for glutamisitdDA, AMPA and
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kainate was phosphate buffered saline (PBS, pH = 7.4; (Carlton et at.L1985bal., 2002; Du
et al., 2003; Du and Carlton, 2006; Miller et al., 2011a). Each animal waseaertom its cage,
restrained by loosely wrapping it with a surgical towel and thedey&ls parted by hand.
Monosodium glutamate, NMDA, AMPA or kainate solution was topicallylladt{10ul) into the
cornea (n=3-6/ treatment group). Rats were quickly removed from tle¢ o placed on top of
a table with plexiglass walls for observation. The number of nocifefiisitative behaviors, i.e.,
blinking, wiping, scratching, and head shaking movements, were counted upetmBdssafter
instillation and compared with animals that received only vehicle (Ganeaal., 1993, Karai et

al., 2004, Bates et al., 2010).

4.2.3 Antagonism of EAAR agonists

In order to antagonize EAAR-agonist induced behavioral responses, theriglleolutions were
prepared: 1. NBQX (2, 3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[flquinoxalisgftnamide
disodium salt; AMPA antagonist; Tocris) - 0.033, 0.1, 0.33, 1 pg/ul; 2. CNQX §64y-
nitroquinoxaline-2,3-dione disodium salt; AMPA/kainate antagonistri$p- 0.001, 0.01, 0.033,
0.1, 0.33, 1 mM. The concentrations for the EAAR antagonists were based coimentrsed in
previous studies (Miller et al., 2011a). The vehicle of instillation Q& was phosphate
buffered saline (PBS, pH = 7.4; (Liu et al., 2002; Miller et al., 200tdle PBS with 1%
Dimethyl sulfoxide (DMSO) was the vehicle for NBQX (Lin et al., 199|er et al., 2011a).
Solutions were made in vehicle with or without their respective agori&i2AA(0.1mM) or
kainate (0.1mM). All the animals received their drugs by topicallai&in into the cornea as
described above. Animals in each group were pretreated with 10pul NBQX or @NQX After
10 minutes pretreatment with antagonist, animals were co-treated witbfZEOmixture of
AMPA/NBQX or kainate/CNQX solutions. The pretreatment conegioins of the antagonists
were the same as the co-treatment concentrations. Agonist conoantras determined byEp

or the minimum dose that induced corneal irritation on the dose respoageNmsfensive
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responses were counted up to 30 seconds after instillation. These respmesesmpared with

animals that received only agonist or vehicle.

4.2.4Antagonism of glutamate with D-AP5

The NMDA receptor may be activated following AMPA and/or kainatepteceactivation and
membrane depolarization with glutamate, the endogenous neurotransmibteter to
antagonize NMDA-related behavioral responses using glutamate, [theimg solutions were
prepared: D-AP5 (D-(-)-2-amino-5-phosphonopentanoic acid; NMDA antag®oixts) - 0.1,
0.3, 1.0, 3.0 and 10pg/ul. Solutions were made in vehicle with or without monosodium
glutamate (0.5M). Animals were pretreated with 10ul D-AP5 alone &ed 18 minutes
pretreatment, animals were co-treated with 10ul of a mixture afrghie/APS5 solutions.
Nocifensive behaviors were counted up to 30 seconds after instillation.réspsases were

compared with animals that received only agonist or vehicle.

4.2.5 Data Analysis and Statistics

Values were reported as means + SEM. Statistical significaredet@armined using one way
ANOVA and Newman Keul’s post hoc multiple comparison test. P val@e85 was considered
as significant. For comparison with glutamate response, data were cdrintrte percentage of
maximal-minimal responses for determining dose response curves. A hbghmaaioral
response of 24 with glutamate stimulation was considered 100% andameinicle response of
1 was considered 0%. All data were converted into a percentage of neiitimaal responses
for determining dose response curves (Miller et al., 2011b). Stakisgts were performed with

GraphPad Prism software version 5.0 (San Diego, California USA).

Maximum percent effect =__ (Post drug latency — Baseli®e) 00

Cut off — Baseline
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4.3 RESULTS

4.3.1 Glutamate-induced corneal irritation

Topical instillation of monosodium glutamate solution at 0.01-0.1Mim#xt rat cornea
produced no significant behavioral responses compared to responses veit VEQpical
application of 0.3M glutamate was the first dose that produced theveitshaviors of wiping,
blinking, scratching, and head shaking and the behaviors peaked at 1.3M tufaimad.1.1,
P< 0.05). The glutamate-induced behavior, therefore, occurred in a dose depasikient with

an EDQy, of 0.5M (Fig.4.2.1).

4.3.2 AMPA-induced corneal irritation

AMPA-induced corneal nocifensive behavior only occurred at the dose of 1.0mM AMBA
4.1.2; K 0.05) and this was approximately 30% of the maximal response from glui@ingate
4.2.2). Lower (0.1-0.3mM) and higher (3-10mM) doses did not produce responses difterent
vehicle (Fig. 4.1.2). Curve fitting of the dose responses, thereforejqao@n “inverted U-
shaped dose-effect curve” (IUSDEC; Fig. 4.1.2; (Baldi and Buche265). From the 0.1-

1.0mM dose response, an &bf 0.5mM for AMPA was determined.

4.3.3 Kainate-induced corneal irritation

Topical application of kainate induced corneal irritation onlyattmM concentration (Fig.
4.1.3, K 0.05) and this was approximately 20% of the maximal response from glatéfita
4.2.3). Lower (0.001-0.3mM) and higher (3-10mM) doses did not produce respofesentif
from vehicle (Fig. 4.1.3). As was observed with AMPA, curve fitting oh&es responses
produced an IUSDEC (Fig. 4.1.3; (Baldi and Bucherelli, 2005). From the 0.001-1.0mM dose

response, an Epof 0.1mM for kainate was determined.
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4.3.4 NMDA-induced corneal irritation

Instillation of the cornea with NMDA solutions in the concentration eamfg).1-10mM did not

induce significant different nociceptive responses compared to véhRiglet.1.4).

4.3.5 Blockade of AMPA-induced corneal irritation

To block AMPA induced stimulation, a fixed concentration of 1.0mM AMPA was usibd w
varying concentrations of NBQX, a specific AMPA antagonist. At low camagon of
0.033ug/ul NBQX, the nocifensive behavioral responses were not ciontifi different when
compared with animals that received 1.0mM AMPA (Fig. 4.3.1). At highecentrations of
0.1-1pg/ul, NBQX reduced the corneal irritation that was induced by 1.0MAANAR. 4.3.1; B
0.05). Antagonism dose response curves determinedsgof (D03 g/l for NBQX inhibition of

1.0mM AMPA (Fig. 4.4.1).

4.3.6 Blockade of kainate-induced corneal irritation

With the co-treatment of 0.1mM kainate and increasing concensaifddNQX, kainate/AMPA
antagonist, the nocifensive responses were significantly redueedbise dependent fashion (Fig.
4.3.2). The highest concentrations of CNQX used in the study (0.033, 0.1, 0.33 and 1mM)
reduced the kainate-induced responses)(B5). Antagonism dose response curves determined

an IDseof 0.02pg/pl for CNQX inhibition of 0.1mM kainate (Fig. 4.4.2).

4.4.7 Blockade of glutamate-induced corneal irritation

Glutamate activation of AMPA and kainate receptors depolarizeema cellular membranes
and this depolarization removes the¥Mglock of NMDA receptors, allowing activation by
glutamate (Nowak et al., 1984). To explore the role of NMDA recgoglutamate-induced
nociceptive behavior, NMDA antagonism with D-AP5 was used in conjunction witangate

(0.5M). Doses from 0.1-3.3pg/ml D-AP5 had no effect on glutamate, but 10pg/RbD-A
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reduced glutamate induced corneal irritation (Fig. 4.3<3).B5). Antagonism dose response

curves determined an ipof 3ug/ul for D-APS5 inhibition of 0.5M glutamate (Fig. 4.4.3).
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Fig. 4.1.1 Glutamate dose response study Fig. 4.1.2 AMPA dose response study
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Figure4.1Nocifensive behavioral assay — EAAR agonistMonosodium glutamate, AMPA and
kainate (Fig. 4.1.1- 4.1.3) induced corneal irritation in a dose dependanhfa$§MDA did not
produce significant behavioral responses (Fig. 4.1.4). * IndicatgsifiGant difference, one way

ANOVA. P < 0.05.n = 3-6 for each treatment group.
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Fig 4.2.1 Glutamate dose response curve Fig 4.2.2 AMPA dose response curve
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Fig 4.2.3 Kainate dose response curve
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Figure 4.2 Agonist dose response curves§ig. 4.2.1-4.2.4 are dose response curves for
glutamate (Fig. 4.2.1), AMPA (Fig, 4.2.2) and kainate (Fig. 4.2.3). GatsmPAMPA and
kainate elicited significant nocifensive responses in a dose depéasigion (ELR, = 0.5M,

0.5mM and 0.1mM respectively). There was no significant response with NMDA.
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Fig. 4.3.1 AMPA Inhibition with NBQX Fig. 4.3.2 Kainate Inhibition with CNQX
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Figure4.3Nocifensive behavioral assay — EAAR antagonistBlBQX, AMPA antagonist,
significantly blocked responses induced by AMPA in the cornea (Fig. 4.8.5ig 4.3.2,
CNQX, kainate/AMPA antagonist, did not decrease responses sigtiifitam 0.1mMkainate.
D-AP5, NMDA antagonist, significantly blocked glutamate-induced nociengsponses in a
dose dependent fashion (Fig. 4.3.3).  (* Indicates a significant difesrene way ANOVA, P

< 0.05. n = 3-6 for each treatment group.)
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Fig 4.4.1 Antagonist inhibition curve of AMPA with NBQX
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Fig 4.1.2 Antagonist inhibition curve of glutamate with D-AP5
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Figure 4.4Antagonist dose response curves§ig. 4.4.1 is antagonist inhibition curve for
inhibition of AMPA-induced nocifensive behavior. Fig. 4.4.2 is the antagorhgiition curve

for D-AP5, NMDA antagonist, exhibiting inhibition of glutamate-induced balralBQX and
APS5 significantly blocked AMPA and glutamate induced responsegs£ID.03pg/pl and 3pg/ul,

respectively).
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Fig 4.5 Comparison of responses between EAAR in rat cornea
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Figure 4.5.Comparison of responses to AMPA, kainate and glutamate in the coraeAMPA
and kainate have higher potency when compared with glutamate. Gluteamaidigher efficacy

than AMPA and kainate in the cornea.
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4.4 DISCUSSION

Glutamate is the excitatory neurotransmitter used by primary semsorons. In addition to
release in the central nervous system, nociceptive affereraseejitamate from peripheral
terminals in response to noxious or tissue damaging stimuli (Juliuseafcuim, 2001; Woolf
and Ma, 2007; Miller et al., 2011a). Glutamate interacts with EAARs on pealgkeninals and
excites the nociceptive afferents (Carlton et al., 1995; Du et al., 208dlf and Ma, 2007;

Miller et al., 2011a). This produces nocifensive responses and is perdaiieallg as pain
(Carlton et al., 1995; Du et al., 2001; Julius and Basbaum, 2001; Milley 20&1a). The present
study demonstrated that topical instillation of glutamate, AMd kainate into the cornea
induces corneal irritation and nocifensive responses in a dose dependent Fiadiegs in this
study suggest that corneal glutamate receptors can play an importantcaieeal nociception.
These results are consistent with studies done in skin and musclejnjdeien of glutamate
and glutamate receptor agonists cause peripheral sensitiabpomary afferents (Carlton et al.,
1995; Cairns et al., 2001; Du et al., 2003; Du and Carlton, 2006; Quintao et al., 20d0etMi

al., 2011a).

The findings in the current behavioral study corroborate data from owrmptstochemical
study demonstrating that EAARs are present on corneal affereesramd epithelial cells. We
also previously reported that glutamate and VGLUT2 is present natloerneal afferent nerves
(Miller et al., 2011b; Ibitokun — Chapter 2). Additionally this is supgubtiy studies localizing
glutamate in superficial corneal epithelial cells and strdraadford et al., 2010). These
observations from the current study further indicate that glutamzt@cts with its receptors in
the cornea to produce nociception. Furthermore, blockade of EAARSs in mata@duced

EAAR-induced corneal irritation and nocifensive responses. This oliserisconsistent with
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studies reporting that EAAR antagonists attenuate glutamate indudtdiewdén peripheral

tissues (Carlton et al., 1995; Lin and Kinnamon, 1999; Peng et al., 2011; Mdlerz011a).

4.4.1 GlutamateA number of studies have evaluated the nocifensive responses to glutamate

EAAR agonists, and EAAR antagonists from the skin of rats and mice. Injetwumtamate
into the rat hindpaw or tail produces thermal hyperalgesia in thedhptamtar, hot water bath,
and tailflick tests (Jackson et al., 1995; Carlton et al., 1998; Jin ed@®).2These responses are
enantiomer selective, dose dependent, occur within minutes of injectidlasang to 4 hr
(Jackson et al., 1995; Jin et al., 2009; Lin et al., 2009; Carlton et al., 1998)ioinjdct
intraplantar (i.pl.) glutamate into the rat hindpaw or subcutaneousiiigectjon into the rat tail
produces mechanical hyperalgesia and allodynia in several behavitzattg@s Randall-Selitto,
plantar anesthesiometer, and von Frey filaments (Follenfant andnNek&raig, 1992; Carlton
et al., 1995; Coggeshall et al., 1997; Leem et al., 2001; Zanchet and Cury, 2003)anatgut
but not D-glutamate, produces a dose dependent mechanical hyperalgesrdgjfiodind
Nakamura-Craig, 1992; Carlton et al., 1995; Coggeshall et al., 1997; Walke2604)., The
mechanical-evoked responses occur within minutes and can last up to 2 hefZartCury,
2003; Leem et al., 2001; Carlton et al., 1995; Coggeshall et al., 1997). Glutapta®e(i-
0.3mM) causes dose dependent mechanical hyperalgesia, but little tpartseesccurs at a
higher dose of 1ImM. This has been interpreted to be due to desensitizatiohRd E2arlton et
al., 1995; Coggeshall et al., 1997). In the present study, glutamate causedpbrsdedt
behavioral responses, but we did not observe decrease in response at higintratimms, up to

1.3M glutamate.

Mechanical and thermal tests evoked nocifensive responses froutaswdaus (s.c.) injections,
whereas our study observed spontaneous irritative behaviors in response tapgtication of

glutamate. In this regard, s.c. injection of glutamate evokes ndgdeesponses or spontaneous
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pain in rodents (Carlton et al., 1998; Lin et al., 2009; Beirith et al., 2002, 2008AQet al.,
2010). Spontaneous tail flicks occur when 5.0mM glutamate is co-administeredts.

0.01mM Substance P (SP), but no response occurs with glutamate aloten(€taal., 1998). In
mice, i.pl. injection of glutamate produces dose dependent licking ofjtuteid foot (Beirith et
al., 2002; Lin et al., 2009). Licking behavior occurs within 15 min and lasts 30 mimth{&¢

al., 2002). Also, there is evidence that injection (s.c.) of glutaimat¢he forehead of men and
women elicits dose dependent pain and skin sensitization (Gazerani €d@)., ZBe pain is
reported as moderate in intensity and lasts 5-10 min. In addition, at higintration (100mM,
100ul), glutamate produces secondary hyperalgesia in humans (Gazatard@6). Glutamate
injection into the human masseter muscle causes dose dependent musclegpiiops for 5-
10 min that spreads to other areas, e.g., temporomandibular joint (TMJ)atektemple (Cairns
et al., 2001a,b, 2003; Wang et al., 2004; Svensson et al., 2003, 2005, 2008; Arendt-Nielsen et al.,
2008). The present experimental design was constructed to evaluatmthatisth of EAARS in
the corneal epithelium by topical instillation. Most behavioral respdosgtutamate and other
EAAR agonists occurred within 15 sec following topical applicatithpagh nocifensive
behavior was observed up to 30 sec. Activation of EAARS on stromal affesemiot be
excluded in this design, but EAARSs in the corneal epithelium most ketg the first to be
activated. Compared to other reports, response times in our study occurreg guickiere of
short duration. S.c. injection of glutamate and EAAR agonists most pketiuce a depot effect
(Moll et al., 2004)causing longer responses than topical delivery.natteely, the EAARS on
corneal afferents or cells could desensitize quickly and behavispainses, thereby, promptly
curtailed. Future studies should explore this issue, possibly with langgeg EAAR agonists, as
well as determining if the corneal afferents have been sensititedEWNAR agonists. This could
be examined by using electrophysiological recording of ophthalmic afferenthdhe/use of

evoked mechanical and thermal responses (Belmonte et al., 1997).
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4.4.2 AMPA 1.pl. application of AMPA in rats dose-dependently produces thermal hypsiealge
within 15 min lasting for 3-4 hr (Jin et al., 2009). I.pl. AMPA-induced mechaniqarajgesia
occurs within 20 min and persists for 1hr (Zhou et al., 1996). In mice, i.gitiojeof AMPA
produces mechanical hyperalgesia dose dependently, but with lower potencyetbtapa
glutamate (Walker et al., 2001). Potency is the amount of drug tleajused to produce an
effect while efficacy is the maximal response that can be producaditmg. In our study,

AMPA was only 30% effective in eliciting nocifensive behavior compaoeglutamate (Fig.

4.5), although the concentration for AMPA'’s response was 1.0mM compared to 1.0M for
glutamate. Thus in the cornea, AMPA has a lower efficacy but higherqyotehen compared

with glutamate.

As with i.pl. injection of AMPA (Zhou et al., 1996), the maximal effieci pl. AMPA occurs at
1mM with a sharp decrease in response at 3.0 and 10.0mM. This has beertéataspre
desensitization of EAARs (Carlton et al., 1995; Zhou et al., 1996; Coggeshlall1€97;
Gonzalez et al., 2010). Desenstization of AMPA and kainate receptdoss$taseen studiad
vitro from dissociated CNS neurons or expressed in immortalized caligl€bine et al., 1999;
Gonzalez et al., 2010). It has been hypothesized that the AMPA receptormdenghase is not
coupled together at rest. When AMPA binds to its receptor, a dimer interighfasmed and it
stabilizes the open channel form of the receptor, i.e., the recepttiveged (Fig. 4.5). With
continued exposure to AMPA, the dimer interphase decouples and the chansetalsseg
desensitization (Chaudhry et al., 2009; Gonzalez et al., 2010). The t@ominfaonotropic
glutamate receptor response has also been explained in terms ofvateac{(loss of bound
agonist) and desensitization (conversion into an unresponsive gtisliefgeters and Oswald,
2004). Desensitization of AMPA receptors is due to subunit composition and Rdhgif

AMPA receptor, e.g., the“flip/flop” region (Mcfeeters and Oswald, 2004hdrkainate receptor,
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desensitization is due to differences in the amino acid residules sfibunits (Swanson et al.,

1997).
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Model of AMPA or kainate receptor channel activation and desensitizatio

in the presence of agonist

Resting Desensitized

. Agonist

Diagram IX.Model of channel activation and desensitization ithe presence of agonist il
kainate and AMPA receptors. In the resting state, no agonist is bound and lilagmel is closec
When agonist binds to the ligand binding doma cleft in the ligand binding tmain closes and
a conformational changeccur: leading to channel activation, i.ehannel opeing. In the
desensitized state, there is decoupling of theatigainding domain dimer interface due
mechanical stres§vanson et al., 19; Mcfeeters and Oswald, 2008pnzalez et al., 20) and
even though the agonistbsund, the channel remains closed. The desensstagslis a lowe

energy state (Chaudhry et al., 20

Co-application of CNQX, AMPAkainateantagonist, dose dependently blocks AN-induced
mechanical hyperalgesidlfou et al., 199t. Spontaneous ndensive responses caused by i
glutamate can be blocked by i.pl. pretreatmentin(89) with NBQX (Beirith et al., 2002). In tF

current study, NBQX was used because it is speftifithe AMPA receptor. Similar to effec
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observed from s.c. injection of skin, pre- and co-treatment with NBQX dpsadently inhibits

spontaneously evoked, corneal nocifensive responses.

4.4.3 KainateKainate injected s.c. causes mechanical hyperalgesia in raitsat&s.c. causes a
dose-dependent reduction in mechanical threshold within 20 min and lasting f@u étral.,
2006; Zhou et al., 1996). 1.0mM kainate produces a maximal response with a shapedacre
response at 5mM). Potency is the amount of drug that is required to proddieztwliale
efficacy is the maximal response that can be produced by a drug. Our dats tieatea kainate
concentration of 1mM induced significant nocifensive response, budritys20% of behavior
elicited by glutamate (1.3M), (Fig 4.5). Thus in the cornea, kainate loasaefficacy but
higher potency when compared with glutamate. As with mechanical hypéaalgeseal
nocicfensive responses at higher concentrations (3.3- 10mM showedhe debkehavioral
responses observed, probably due to desensitization, as describedEailien ¢t al., 1995;

Cairns et al., 1998; Cairns et al., 2001).

Co-application of CNQX with kainate dose dependently blocks the 1.0mMt&aithuced
mechanical hyperalgesia(Du et al., 2006; Zhou et al., 1996). |.pl. glutamatesipducécking

in mice (Beirith et al., 2002) and pretreatment (30 min) wilrglutamylaminomethyl sulfonic
acid (GAMS; kainate antagonist; 0.1-3.0 mmol/20ul) decreases the nefessponses (Zhou et
al., 1993).Glutamate injected into the rat tail produces mechanicaidhygsathat is blocked by
co-injection of CNQX (Zanchet and Cury, 2003). Inhibition of glutamatparses by CNQX
could occur by interaction of AMPA, kainate, or both receptors. In our study,etledNQX
(kainate/AMPA receptor antagonist) to block responses induced by kavateund that

CNQX (0.033-1pg/ul) produced no significant responses. This most likeheito the kainate
concentration that was used as it did not produce significant responsesioaghiesponse

study.
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4.4.4 NMDA Injection of NMDA s.c. dose-dependently produces thermal hyperaigesia rat
hindpaw within 15 min lasting for 3-4 hr (Jin et al., 2009) and in the rat ithilnd min lasting
for over 2 hr (Lin et al., 2009). I.pl. injection of NMDA produces mechanical hygesia,
butwith lower potency compared to glutamate (Walker et al., 2001). I.pl. adeatioistof
NMDA produces dose dependent mechanical hyperalgesia within 20 min fastingre than 1
hr and mechanical allodynia for 30-40 min (Zhou et al., 1996). Following i.gkiofeof
NMDA, mice undergo licking the injected foot (Lin et al., 2009). Unlikes¢hgrevious studies
with NMDA injection, NMDA did not produce any nocifensive behavior when iestiihto the
cornea. This may be due to the magnesium block of NMDA receptors, a lack wapenef

NMDA to access receptors, or the concentration used was too lowif@tiact

Mechanical hyperalgesia induced by NMDA i.pl. administration is biddkeMK-801, NMDA
antagonist (Zhou et al., 1996). Since NMDA at the doses used in the curdsndist not
produce behavior responses, D-AP5 did not show an effect, but we did see anitffect
glutamate-induce behavior. Previous studies had demonstrated that tgutaduaed thermal
hyperalgesia is inhibited by MK-801 or AP-7 co-administration l{@aet al., 1998; Follenfant
and Nakamura-Craig, 1992). Glutamate i.pl. produces mechanical hyperalgeshis effect is
attenuated by concurrent administration of MK-801 and AP5 (Zanchet and CuryC2008n et
al., 1998). Furthermore, i.pl. glutamate-induced paw licking in mice ibitediby pretreatment
with MK 801 (Beirith et al., 2002). When injected into the masseter musch,gluamate
produces pain responses in human males, but co-injection of ketamine, NMDQArastta
attenuates glutamate induced pain responses (Cairns et al., 2003)nKetaiuces the peak

response to glutamate as well as the overall amount of pain (Ca#tin2603).
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Under resting membrane potential, the NMDA receptor is blocked By (@iagram V1), but
depolarization causes phosphorylation of the NR1 subunit at the serineeB@6dsielease from

the Mdf*block (Chen and Huang, 1992; Xiong et al., 1998; Lan et al., 2001). We did not observe
pNR1 in corneal afferents, but did observe pNR1 immunoreactivity in epitoelis This would
indicate that the Mg block in corneal afferents is intact (Mayer and Westbrook, 1987, Monyer et
al., 1994) and may be the reason for a lack of response to NMDA in the ptadgnt¢e tested

if D-AP5, NMDA antagonist, could block glutamate induced responses in trentstudy. We
observed that pre- and co-instillation with DAP-5 blocked glutamate-inducefemgice

responses in a dose dependent fashion. This may indicate that gludativatiion of AMPA and
kainate receptors lead to membrane depolarization and removal ofghesnan block of the

NMDA receptor, and activation of the NMDA receptor (Mayer and Wesk, 1987). As a result

in the current, D-AP5 was able to have an antinociceptive effect.

The observations from the current study indicate that EAARS can producarsiabstritative or
nocifensive behaviors and inhibition of EAARS attenuates tresgmnses. Future studies should
be directed toward investigating EAARs under corneal inflammation or danfdee results

from the current and future studies may aid in the development of topinabtpain relief by

addressing EAAR activation and inhibition.
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CHAPTER 5

CONCLUSIONS

Corneal nerves are often damaged and/or inflamed during accidentakirgmasions and
penetration by foreign objects leading to ocular pain and discomfort. Oclgarasyorocedures
for correction of refractive errors, such as photorefractivateetomy (PRK) and Laser in-situ
Keratomileusis (LASIK) also have been implicated(Belmonte et al.,; R@8enthal et al., 2009).
Likewise, infections such as herpes simplex keratitis or autoimmeeas# like Sjrogren
syndrome (Rosenthal et al., 2009) are known causes of ocular discordfpgianUncontrolled

corneal inflammation can impair corneal transparency and eveniegdiyo loss of vision.

Steroids and non-steroidal anti-inflammatory drugs (NSAIDs) matgasics of choice, but their
use often is limited due to unwanted side effects like desquanedtoamnneal epithelial cells and
corneal perforation (Kimura et al., 1962; Guidera et al., 2001). Locsttaties are limited
because of their short duration of action(Borsook and Rosenthal, 2011) amdbdieeffect on
the cornea (Boljka et al., 1994). Opioids sometimes are used for oculabpiause is limited
due to their addictive properties and other side effects, such agpatingtiand respiratory

depression. Thus, long lasting management of corneal pain is a atieézhl

In this study, the focus was on neurotransmitters, receptors and chismnmeticeptors within the
primary sensory neuron family. Since glutamate previously was démai@asin superficial
corneal epithelial cells and stroma (Langford et al., 2010) and gltgasnaleased peripherally

from nociceptors in other tissues, the focus was on the mechanisraasferelf glutamate in the
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cornea, the presence of corneal excitatory amino acid receptod&REAe., glutamate
receptors) and the role of EAARs in the cornea. At the celleNel,| synaptic vesicle proteins,
vesicular glutamate transporters, and EAAR subunits were esdlwéh immunolocalization
techniques. Behavioral studies were performed to determine éhefrgpecific EAARS in the

cornea under basal conditions.

In chapter 2, synaptophysin | (Fig. 2.3-2.4), VGLUT2 (Fig. 2.1 and 2.2) and SNAP25(Fig. 2.5)
were evaluated with immunohistochemistry and Western blotting coraea. Retrograde

tracing from the cornea demonstrated that these proteins were fromitiddjganglion neurons.
Their presence in corneal sensory afferents, therefore, provigdalaranechanism for release
into the cornea via synaptic vesicles. In chapter 3, ionotropic EAAR sulierigsdetected with
immunohistochemistry in the cornea. EAARS are expressed on copitbalial cells (pNR1; fig.
3.1, GluR2/3; fig 3.4) and afferent nerve fibers in the cornea (NB3B. 2, GluR1,; fig 3.3, KA2;
fig 3.5). Retrograde tracing from the cornea demonstrated that EAARs@ressed by corneal
trigeminal ganglion neurons. Since studies in skin, muscle and joint shbgluteamate interacts
with its receptors to cause sensitization (Carlton et al., 1998 <Catial., 2001; Du et al., 2001;
Du et al., 2003; Du and Carlton, 2006; Miller et al., 2011a), we hypothesized tlzamglatin the
cornea interacts with EAARSs to cause irritation/nocifensive behalius issue was addressed in
chapter 4. Glutamate (Fig. 4.1.1 and 4.2.1), AMPA (Fig 4.1.2 and 4.2.2) and kainatel (Big
and 4.2.3) produced significant corneal irritative and nocifensive behaacdose dependent
fashion. NMDA, however, did not elicit nocifensive behavior ( Fig. 4.1.4 and 4.2.4) podsibly
to the magnesium block in the NMDA channel while cellular membranes arpbigrezed. My
study demonstrated that glutamate interacts with EAARS in theactonroduce irritative and
nocifensive behavior. Another important finding was that EAAR antagpmN8QX (Fig. 4.3.1
and 4.4.1) and AP5 (Fig. 4.3.3 and 4.4.3), were observed to attenuate coratiahicéused by

glutamate or respective glutamate receptor agonists. If cdEA&dRs contribute to corneal
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nociception and their antagonists can control glutamate induced paif5ARRS may serve as
an important pharmacological target for controlling corneal pain CAbEAAR antagonists may
help to control corneal irritation/pain, thereby circumventing possihi® §ide effects, lessening

systemic concentrations, and minimizing systemic side effects.

CORNEA |

NOXIOUS
STIMULUS
CORNEAL AFERENT
SN NERVE

Diagram X.Summary of study. This is an illustration of an afferent nerve terminal in
the cornea. On application of noxious stimulus, glutamate is released ictriea by
synaptic vesicle exocytosis (Chapter 2). A stimulus at one nerva&may cause
glutamate release from a collateral axonal terminal by way oftineahreflex (Yaprak,
2008). Released glutamate acts via its receptors on corndeligpitells and afferent
nerve fibers in the cornea (Chapter 3) to sensitize resident coelisakhe afferent nerve
from where it is released, and surrounding afferent nerves (Chap@&u4 the figure

represent glutamate and dotted arrows represent the direction of geutatan.
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Future directions

Although this study localized VGLUT2 and EAARs in the cornea (Ch&péerd 3), it did not
establish if they are up regulated during corneal inflammation ageimasnstrated by studies
done in the skin. Studies should be done to determine if expression of VGLtHE2darnea is
augmented in sensory afferents during corneal inflammation. Alsauhient study localized
ionotropic EAARSs in the rat cornea, but did not determine presence abotetpic EAARS. If
these receptors are present in the cornea, they may also contribotedal irritation/pain. A
future direction will be to investigate for the expression of b@tapic glutamate receptors in rat
cornea which may reveal more effective glutamate receptalisiteto the possible development
of more potent topical ocular analgesics. This study demonstratdeAAR antagonists block
glutamate-induced corneal irritation/pain (Chapter 4) in experimantadals under basal
conditions. However, it does not represent how the antagonist might beingzdiglbecause,

as in any basic science research, interpretation of data in raltgastga limitations, i.e.,
behavioral responses in rats are interpreted based on our percepticsatibeerin rats.
Nevertheless, behavioral responses observed in rats are comparebpotses due to corneal
irritation/pain in man such that our data may be translatable to humans. Tituse alirection
will be to formulate EAAR antagonists in ophthalmic solutions thattwe topically instilled into
the cornea during inflammation or before ocular surgeries. Bfgutsiological studies should be
done to explore the possibility of the use of longer acting EAAR agonistseangitize corneal
nerves. This is based on the finding that corneal afferent can kasiesensitized (Chapter 4).
Further studies also should be done to determine if there is hyperafjesiBAAR agonists are

applied to the cornea.

On antagonist studies, AMPA and kainate receptor antagonism of gletardated nocifensive
behavior should be further explored. Studies on corneal inflammation, gtiantif EAARS

followed by behavioral responses to EAAR agonists and antagonists will genseél
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information on antagonist concentration that will be beneficial for paf.rélitrastructural
studies will also give information on changes that occur to EAARs icdimea during
inflammation. Studies comparing varying concentrations of EAAR agonigigpaiency (1G)

of their corresponding antagonists should be pursued.(Zhou et al., 1996)
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